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4.1 CORROSION OF CONTAINER MATERIALS UNDER
CLAY REPOSITORY CONDITIONS

W. Debruyn
Studiecentrum voor Kernenergie (SCK/CEN)

Mol, Belgium

In this presentation I will discuss the work, done in Belgium on steels and
on a number of corrosion-resistant materials. First, I will review the
work done to date, and then I will describe what we are doing presently and
intend to do in the (near) future.

Our project on container corrosion can be described as follows:

(i) A variety of laboratory screening tests have been performed to
determine which materials look promising as candidate container
overpack materials in a clay environment, the proposed disposal
environment in Belgium.

(ii) We have performed a series of tests in surface clays. These
tests are precursors to experiments we are performing in our clay
mine.

(iii) Tests are under way in deep clay formations at the Mol site. So
far, these tests have been concentrated on characterizations of
the clay environment, both under equilibrium conditions and under
conditions where the clay has been disturbed by excavation. In
these last tests, we are simulating the emplacement of waste
containers by examining the effects of heat sources on clay
properties. We likewise have materials present whose performance
we intend to monitor for exposure times up to 50,000 hours.
These materials are in the form of convention. 1 -orrosion
specimens. Eventually, we intend to perform corrosion and
general performance tests on full-size, or reduced-size,
containers.

(iv) In our supplementary laboratory program we intend to study, in
more detail, the effect of various parameters on the corrosion
rates. The parameters studied will be those we identify as
important based on our characterization of the clay environment.
We have recently started electrochemical measurements and
experiments in the presence of 7 radiation. Eventually, we
intend to place a cobalt-60 source inside a container emplaced in
our clay mine. Also, in the future, we intend to focus on the
effects of microbiological corrosion.

(v) Finally, on the basis of the results gathered in these tests, we
will choose the most suitable container material.

We have some results from our laboratory screening tests and from surface
clay tests performed in our quarry. All our tests have been performed in
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clay environments (under both aerated and deaerated conditions). In some
of the tests the specimens were in direct contact with solid clay. In
other tests the specimens were exposed to interstitial clay water or to a
humid clay atmosphere. Finally, we have specimens exposed to the
Antwerpian groundwater adjacent to the Boom clay. The maximum temperature
achieved in a humid steam environment was 170cC. The materials we have
been screening are listed in Table 1.

TABLE 1

CANDIDATE OVERPACK MATERIALS TESTED
IN CLAY ENVIRONMENTS

Corrosion Allowance
Materials

Carbon steel

Cast iron (unalloyed)

Cast iron (Si and Ni-
alloyed)

Corrosion Resistance
Materials

Stainless steels
(A1S1 304, 316, 430)

Aluminum alloys

Nickel 200

Inconel 600, 625

Incoloy 800

Hastelloy C4

Hastelloy B

Titanium Grade-2 (0.03% Fe)

Titanium Grade-7 (0.2% Pd)

The results of our tests on corrosion allowance materials yielded the
following results:

(i) Corrosion rates in the range 50 to 150 /iin'a"1 were obtained in
wet clay and in humid clay atmospheres. Rates around 50 /im'a'1

were obtained under deaerated conditions compared to around
150 /im'a"1 under aerated conditions.

(ii) In solid clays, the corrosion rate depends on whether the clay is
under equilibrium conditions, when rates around 2/im*a'x are
obtained, or whether the specimen is exposed to disturbed clay,
when rates closer to 50 fim^a'1 are obtained.

(iii) For specimens exposed to clay water, the corrosion rate is
initially high but drops to much lower values after about one
month.
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For corrosion-resistant materials:

(i) Stress corrosion cracking was observed on stainless steel U-bend
coupons (304, 316) in both clay water and humid clay atmospheres
at temperatures around 90°C.

(ii) Except for the two titanium alloys, all the alloys tested
exhibited localized corrosion either in the form of crevice
corrosion or pitting.

(iii) For the two grades of titanium and the Hastelloy C4, the
corrosion rates were < 1/im'a"1. Analytical examination showed
the buildup of protective layers on these materials.

The objectives of our program presently under way in the clay mine are:

(a) to determine the corrosion rates of materials under realistic
repository conditions over long exposure periods;

(b) to determine the in situ chemistry of the clay and how it evolves
after the introduction of hot waste containers;

(c) to evaluate the effect of gamma radiation on corrosion and on the
clay environment;

(d) to predict the extent of corrosion over repository lifetimes.

Presently, we are installing corrosion tubes. We have two types of tube.
Some are in direct contact with solid clay. These tubes are already
installed. The second type of tube will be exposed to humid clay
atmospheres. We have experienced some difficulties during installation. We
are attempting to measure the instantaneous corrosion rates using
electrochemical techniques such as the linear polarization method, and an
electrical resistance measurement using corrosometer probes. Our in situ
characterization of the clay includes Eh and pH measurements. Experiments
on the effects of gamma radiation have been confined to laboratory studies,
but we hope to have an in situ experiment installed by June 1988. In
support of these studies we have started a series of laboratory
electrochemical tests.

For the study of materials in contact with solid clay, we are using
internally heated pressure tubes 5.3 m in length. The corrosion specimens
are in the form of welded rings around the outside of the tubes. The
materials being used in these tests are carbon steel, Hastelloy C4 and
titanium Grade-7 (0.2% Pd), since these are the materials chosen by ». e
European Community. The specimens include heat-treated and welded
specimens, as well as specimens of other promising materials. These
include a high alloyed austenitic steel (UHB 904L), a ferritic steel with
high molybdenum concentration (1803 MOT) Inconel 625, titanium Grade-2 (IMI
115) and stainless steol AISI 316. Since we observed no difference in
performance in our screening tests between Grade-2 and -7 titanium, we have
included both. The duration of the tests will be 50,000 h at temperatures
from ambient to 90°C and 170°C.
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What is the diameter of the tube?

The dimensions of the tube are shown in Figure 1.
Unfortunately, the diameter is not shown but is ~ 15 m.
Besides the container material specimens, we have samples
of waste glass also exposed on the outside of the tubes.

FIGURE 1: Schematic View of the Experimental Loop for the Direct Clay In
Situ Corrosion Tests: (1) Gallery; (2) Container Samples; (3)
Waste-Form Samples: and (4) Heating Elements

In the second series of tests we are examining interactions in a humid clay
atmosphere. In these tests we expose our corrosion specimens to the humid
gas evolving from the clay. As carrier gas, we use either an inert
(helium) or oxidizing (air) gas to sweep the space in contact with the clay
in which the specimens are exposed. Again, tests are planned to last
50,000 h at ambient temperature, 90°C, and 170°C. The materials being used
are the same as in the first series of tube tests with the main emphasis on
carbon steel, Hastelloy C4, and titanium Grade-7. Figure 2 shows a

FIGURE 2: Schematic View of the Experimental Loop for the Clay Atmosphere
In Situ Corrosion Tests: (1) Gas Inlet; (2) Container and Waste
Form Samples; (3) Heating Elements; (4) Porous Filter; and (5)
Gallery
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schematic view of such a tube. The gas stream enters at the end of the
tube (1 in Figure 2), sweeps over the specimens, and leaves the tube where
it is analyzed.

The tubes in contact with clay have been installed for about one year.
However, we have experienced some difficulties with the tests in humid clay
atmospheres, due to the unexpectedly high flux of clay water through the
filters into the tubes. Consequently, we are reconstructing our system so
that we can purge the excess water out of the tube. This will allow us to
perform corrosion studies in the humid clay atmosphere as intended. We are
also designing a system to collect the clay water and measure its flux
which is predicted to be very dependent on temperature.

Our laboratory is located at a depth of 225 m and the tubes are installed
horizontally into the clay walls.

STAHL What is the humidity in the room?

DEBRUYN The humidity is kept constant with an air-conditioning
system. However, after the initial excavation, we had to
continuously pump water (intruding through the shaft) from
the room. The water content of the clay is about 15%.

We will attempt to measure the instantaneous corrosion rates using the
linear polarization technique with corrator probes, and the electrical
resistance method using corrosometer probes. The equipment to do this was
installed about two weeks ago. We hope to be able to relate the corrosion
rates to the degree of disturbance of the clay. We would also like to
determine whether either of these techniques can be used to monitor the
corrosion rates during the first stages of repository operation.

In our attempts to characterize the clay environment we are trying a number
of different measurements. We are attempting to measure redox potentials
(Eh) in the clay using either Pt or Au measuring electrodes, and a solid
body Ag/AgCl reference electrode. The two electrodes are connected via a
salt bridge containing a solid acrylic. Such an arrangement will allow us
to continue making measurements even if broken, and will not dry out.
These systems have been installed on the surface of our tubes and in the
clay around the tubes. The pH measurements are being made with high-
pressure-resistant glass electrodes placed in the vicinity of the corrosion
tubes. Again, the reference electrode is our solid body Ag/AgCl reference
electrode. The main purposes behind Eh and pH measurements are:

(i) to monitor the restoration of clay equilibrium conditions after
disturbance by drilling and;

(ii) to see what effect the presence of a heat source has on the
condition of the clay. The arrangement, which has been partially
installed, is shown in Figure 3. The figure is only two-
dimensional, but the electrodes are in fact placed in a circle
around the cubes. The electrode assemblies around the 90°C and
170°C loops will be installed in March/April 1988.
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Figure 4 shows some pH measurements recorded in direct contact with solid
clay from October 1986 up to March 1987. The earliest data points were
recorded when the electrodes were emplaced. The pH shifted to higher
values as the clay restabilized, a process which was completed after one
month. Figure 5 shows this stable value, around 9.2 to 9.4, was maintained
throughout 1987 up to the beginning of 1988.

FIGURE 3: Configuration of pH, Eh, and Ag/AgCl Electrodes Implanted in
Direct Contact with Clay
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FIGURE 4: Initial Evolution of pH as Measured In situ in Solid Clay at
Ambient Temperature. The effect due to disturbance of the clay
by drilling is illustrated.
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FIGURE 5: Evolution of pH as Measured In Situ in Solid Clay at Ambient
Temperature over Longer Periods of Time. The equilibrium value
is reached.

With redox measurements, we observed similar behaviour, Figure 6. The
electrodes were installed on October 10, 1988, and initially showed
positive values. Over a period of two months or so the potentials fell to
steady-state values around -250 mV to -300 mV, quoted on the standard
hydrogen electrode (SHE) scale. Figure 7 shows the data recorded for
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FIGURE 6: Initial Evolution of Eh as Measured In Situ in Solid Clay at
Ambient Temperature. The effect due to disturbance of the clay
by drilling is illustrated.
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FIGURE 7: Initial Evolution of Eh as Measured In Situ in Solid Clay at
Ambient Temperature. The equilibrium value is achieved.

September 1987. These values are as read and hence are quoted against the
reference electrode used in the actual measurement, the Ag/AgCl electrode.
From these measurements, we can conclude that the clay has a high capacity
to recover from the disturbances we introduce when excavating the hole. We
can envisage many different mechanisms for chemically removing the oxygen
introduced during the excavation. One possible reaction is the oxidation
of pyrite particles present throughout the clay,

7/2H2O Fe(OH)3 + 4H
+

Other reactions are, of course, possible.

Figure 8 shows the arrangement used to measure Eh and pH in humid clay
atmospheres. The purging installation is shown in the lower part of the
Figure. This is the apparatus to be used to drain out the clay water
flowing into the tubes. The analytical part of the installation is shown
in the top half of the figure.

We are also attempting to measure the effects of gamma radiation on clay,
and clay-water mixtures under inert, and oxidizing cover gas conditions. A
dose rate of 105 rad^h"1 is being used with irradiations lasting between
one and three months. The number of materials being studied is limited by
the size of the basket placed close to our cobalt-60 source. Consequently,
we are limited to the study of carbon steel, Hastelloy C4 and Ti/Pd. We
are also attempting Eh and pH measurements in the radiation field. So far,
we have performed some studies in interstitial clay water and in clay/clay
water mixtures at a temperature of 90°C for exposure times of 50, 100, 340,
670, and 1000 h.

The pH of the clay prior to irradiation is 5.8 under oxic conditions and
9.0 under anoxic conditions, and very little change is observed after
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40 days of irradiation. Under oxic conditions, there is some evidence for
slight acidification. Hydrogen production is also observed. The measured
amount of hydrogen produced is in close agreement with that calculated
using accepted G-values in standard water radiolysis models.

1 ABSOLUTE HUMIDITY

2 FLOW CONTROLLER
3 FLOW METER

A VALVE

5 CONDENSATION (»7'C)

6 PH METER

7 FLASK

8 CONDENSATION ( - 8 0 * 0

FIGURE 8: Installation to Purge the Excess Interstitial Clay Water from
the Corrosion Tubes in Contact with a Humid Clay Atmosphere

The corrosion rates of Hastelloy C4 and Ti/Pd are within the error of our
measurements. The maximum rate is equivalent to a penetration of 200 nm
after 1000-h exposure. No significant effect of radiation and no localized
corrosion were observed. For carbon steel, a maximum corrosion rate of
150 /im»a~ was measured in the absence of radiation. In the presence of
radiation, the corrosion rate was unaffected for anoxic conditions but
increased by about 100% (from ~ 150 /im'a"1 to 300 /jm'a"1) under oxic
conditions. Pitting was observed whether radiation was present or not, and
the extent of pitting was independent of the presence of radiation.
Metallographic cross sections of corroded carbon steel samples in the
presence and absence of irradiation are shown in Figure 9. The depth of
penetration by pitting is about the same in both cases.
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FIGURE 9: Metallographic Sections of EC-Reference Carbon Steel After
40 Days' Exposure in "Oxic" Synthetic Interstitial Clay Water:
Magnification, 500 x; Right, no 7 Irradiation; Left, 105 rad'h"1

7 Irradiation

BREHM Were those pits isolated or was the whole surface just one
continuous sawtooth?

DEBRUYN The pits were isolated. We had to study the whole surface
in order to locate them and it was necessary to carefully
cross section the surface in order to obtain a cross
section through a pit.

In our electrochemical laboratory experiments, we intend to use techniques
such as linear polarization resistance, Tafel analyses, and cyclic
polarization to investigate corrosion process under a wider range of
conditions than we can achieve in our in situ experiments.

In order to determine the wall thickness required for our containers, we
will take into account:
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(i) The extrapolation of corrosion rate data obtained under short-
term "equilibrium" clay conditions to long exposure times.

(ii) The evaluation of corrosion rate data obtained in disturbed clay
so that we can account for the initially faster rates anticipated
under these conditions.

(iii) The results of laboratory experiments designed to identify
critical environmental factors, and to explore more aggressive
conditions.

Finally, we have yet to start tests to investigate the possible effects of
microbiological corrosion and sulphate-reducing bacteria.

INTERRANTE

DEBRUYN

STAHL

DEBRUYN

Your program amounts to a series of short-term tests that
will be extrapolated to extremely long times, and will con-
tain a lot of uncertainties.

Our tests under equilibrium clay conditions will continue
for up to 50,000 h. This represents the last data point
beyond which we will have to extrapolate. We hope to
produce predictions of corrosion rates from our
electrochemical experiments, and test them by comparison to
our actual corrosion rates obtained in the tube
experiments. These experiments are, of course, being
performed under actual disposal conditions.

Did you consider any copper alloys in your program?

They were included in the materials we selected for initial
screening but failed because of sulphide formation.

BREHM

DEBRUYN

KASS

DEBRUYN

INTERRANTE

DEBRUYN

What is the chemistry of the clay water?

I don't have an exact composition with me. However, it
contains roughly 10 ppm fluoride, 60 ppm chloride, 60 ppm
sulphate, and about 80 ppm carbonate.

What is the oxygen content of your clay water?

Under equilibrium conditions it should be anoxic, although
I could not give you a lower limit for the oxygen
concentration. When you disturb the clay during excavation
you introduce oxygen, but its effects disappear in one to
two months.

You must be extrapolating steady-state data, not
equilibrium data.

The term equilibrium is used to describe the condition of
the clay. We will extrapolate corrosion rates measured
under equilibrium clay conditions.
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SHOESMITH

DEBRUYN

SHOESMITH

DEBRUYN

GARISTO

DEBRUYN

GARISTO

SHOESMITH

IVES

SHOESMITH

Why did you drop the titanium Grade-2, yet retain the
titanium Grade-7 (0.2% Pd) when both performed equally well
in your screening tests?

We have not eliminated titanium Grade-2 from our studies.
We have samples attached to our corrosion tubes. Titanium
Grade-7 was retained because it was one of the materials
selected by the European Community.

Do you consider your clay to be a good pH buffer? Your
results show that the pH rapidly returns to about 9.2 after
the initial disturbance caused by excavation. Will the
clay always prevent the pH from becoming acidic?

So far, we only have data at ambient temperatures,
those conditions it is a good buffer.

Under

Under your conditions can titanium Grade-2 lose its passiv-
ity? If you have no oxygen and no radiation will titanium
depassivate?

I cannot answer that question at the moment. You will have
to wait until we have examined some of our samples.

Can anyone else comment on whether titanium Grade-2 will
depassivate under anoxic conditions?

Yes. We have studied this alloy using planar specimens.
If the pH remains neutral, then titanium will maintain its
passivity by reaction with water. When the temperature is
high (150°C) in strong chloride solutions, or under acidic
conditions, corrosion potential measurements suggest the
metal "depassivates" slightly. However, there is no
evidence to indicate that corrosion rates increase
significantly. Such a partial depassivation is unlikely in
the low-chloride clay waters discussed here.

What do you mean when you say titanium "slightly
depassivates"?

I cannot give you a definitive answer. When we start an
experiment in oxygen-containing solution, the corrosion po-
tential we measure is in the passive region. As the oxygen
in our autoclave is consumed, the potential switches to a
less-positive value, but it does not shift into the active
region. Therefore, we conclude that the surface is still
passive, but the nature of the oxide is slightly different.
Since we cannot remove our sample to analyze the oxide we
cannot sa.y whether it is still TiO2 or not.


