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Abstract

This report describes a study of high activity nuclear waste canister corrosion in a deep geological disposal. In
this canister design, the vitrified nuclear waste stainless steel container is shielded by a 100 mm thick lead wall.
For mechanical resistance, the canister will also have a thin carbon steel external liner.
Experimental and mathematical modeling studies are aimed to asses the corrosion kinetics of the carbon steel
liner in first instance and then, once this liner has been corroded away, the corrosion kinetics of the main lead
barrier.
Being the oxygen reduction the main cathodic reaction that supports the anodic oxidation of iron, a model is
described predicting the rate of oxygen consumption in a sealed deep nuclear waste disposal vault as a result of
the canister corrosion. Oxidation processes other than container corrosion, and that can account also for oxygen
depletion, are not taken into consideration.
Corrosion experimental studies on lead and its alloys in groundwater are also reported. These experiments are
aimed to improve the corrosion resistance of commercial lead in groundwater.

INTRODUCTION

In a repository study, based on the concept of multiple barriers to assure a long term isolation
from the biosphere, lead could be chosen as one of the metal components for the high activity
nuclear waste canisters.

This metal has a good radiological protection quality and good corrosion resistance in natural
waters. A canister based on lead as a main metal barrier, must have a thick lead wall. In this
canister design, the vitrified nuclear waste stainless steel canister is shielded by a 100 mm
thick lead wall. For mechanical resistance, the canister will also have a 10 mm thick external
carbon steel liner.

For the disposal, the canisters will be placed 500 meters deep in a granitic rock vault.
Bentonite/sand mixture will be used as a buffer once the container has been placed in the
repository borehole. Temperature of the rock, once the repository has been completed, will be
60° C, while the canister external wall surface temperature is expected to reach 75°C.

Taken into account that the main degradation phenomenon of the metallic barrier is corrosion
in groundwater, a model based on oxygen diffusion and depletion on the buffer is being
developed. The model proposed takes into account the oxygen retained in the bentonite pores
of the buffer in the borehole where the canister is placed and in the gallery, as the main
source. For this particular canister design, other oxygen sources such as water radiolysis and
groundwater are not taken into consideration. This model can predict the long term corrosion
kinetics of the canister metallic barrier that must be compatible with the isolation period of the
nuclear waste disposal (1000 years). Long term experiments are being performed to validate
the model.

Experimental studies are also under way to improve the corrosion resistance of commercial
lead in groundwater.
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Lead corrosion behaviour in groundwater and in other corrosive environments has already
been studied [1,2]. High purity lead showed good corrosion behaviour in natural carbonated
groundwater, the corrosion rate being of the order of micrometers per year (0.001 mm/year at
75°C) [2]. This good corrosion performance is due to the presence of a basic lead carbonate
passivating film on the lead surface [3].

Lead corrosion is affected mainly by some types of salts present in the environment. Nitrates
and acetates induce high lead corrosion rates [4]. Chloride effect depends on its concentration.
Very low chloride concentration produces lead corrosion rates almost as high as those found
in distilled water (0.56 mm/year) [1]. This corrosion rate decreases with the increase of
chloride concentration [5, 6].

In a galvanic corrosion evaluation it has been found that commercial lead has higher corrosion
rates than high purity lead [7].

In order to improve the corrosion resistance of commercial lead, several lead binary alloys
with Tin, Antimony and Bismuth have been tested in synthetic groundwater and seawater. In
the present paper, results of these tests will be given. A model for the canister long term
corrosion processes will also be proposed along with the proposal for experiments to validate
this model.

EXPERIMENTAL

In order to validate the proposed model long term experiments are under way. A disk sample
of SAE 1010 carbon steel are placed at the bottom of a PTFE tube which then is filled with a
bentonite/sand 50:50 mixture and compacted to a 1.45 g/cnT density. That mixture is
previously humected with groundwater (synthetic seawater). In the top of the buffer a frit glass
is placed and fixed with an open cap. Then the tubes are immersed in synthetic seawater
contained in a vessel that is kept in an oven at 75°C. The carbon steel samples are removed
after long periods of time and weight loss and corrosion rates are measured. Oxygen transport
process is controlled by varying the density of compacted buffer material.

At regular periods of time, PTFE tubes are removed from the oven and, after begin allowed to
cool and opened, carbon steel sample and buffer columns are analyzed for weight loss, localized
corrosion and corrosion products at the metal-buffer interface. The model will be validated if it
is found that carbon steel corrosion rate decreases with time and no severe localized corrosion is
detected.

Corrosion resistance of lead alloys are tested trough electrochemical and weight loss
experiments. The electrochemical experiments were performed trough potentiostatic
polarization experiments in synthetic seawater at 75°C. Extension and current densities of the
passive range of alloys and commercial lead are comparatively evaluated. These tests are
complemented with long term weight loss experiments in the same conditions of temperature
and environment.

EXTRAPOLATION METHOD

Taking into account that the canister is placed in a rock bore hole filled with a buffer material
(bentonite and silica sand mixture), the corrosion process to take place in the repository will be
controlled by the diffusion of reactants and corrosion products through a porous medium.
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Therefore, diffusion processes must be considered in the corrosion kinetics, in order to predict
the long term canister corrosion behaviour.

Oxygen in saline water plays a relevant role in canister corrosion processes in deep repository
vaults. The main cathodic reaction that supports the anodic reaction of metal corrosion, is that of
oxygen reduction.

In a first stage, the model is aimed to predict the corrosion behaviour of the 10 mm thick S AE
1010 carbon steel external canister wall in groundwater. The corrosion of the lead canister main
barrier will be modeled in a second stage. Because localized corrosion is the most dangerous
phenomenon for the integrity of the canister, corrosion in saline water, such as seawater, will be
studied. Generally, groundwaters in deep granitic repositories are saline waters, with high
contents of aggressive anions, such as chlorides and sulfates.

Usually, localized corrosion processes are much faster than uniform corrosion and therefore they
will account for a large fraction of the overall corrosion allowance of the canister metallic
barrier. This type of corrosion refers to isolate penetrations, like pits and crevices.

Rock temperature, once the repository has been filled, will be 60°C, while the external surface
canister temperature has been estimated to be 75°C.

Electrochemical behaviour of low alloy steel in chloride containing saline waters is similar to
that of high purity iron. There is a corrosion potential with very low current densities (low
uniform corrosion rate) in these anaerobic corrosion conditions. We observed three zones in the
anodic curve: an active zone, a narrow passivity zone and, at higher overpotentials, a big
increase in the current associated to a pitting phenomenon. Cathodic curve is related to a
hydrogen reaction evolution [8].

When oxygen is present in saline water, the corrosion potential of iron equals its pitting potential
(oxygen reduction curve intersects the anodic curve at pitting potential). Therefore, iron will
suffer fast localized corrosion. When oxygen concentration is very low, when it has been
depleted due to corrosion processes, the potential decreases to the corrosion potential value in
anaerobic conditions, and a general corrosion will take place. As the oxygen reduction current is
controlled by a diffusion process, its value will be proportional to the oxygen flow to the iron
surface. Consequently, according to its corrosion potential value, carbon steel may corrode by
localized corrosion or by general corrosion.

In deep disposal vaults, the amount of oxygen in water-saturated geological formations is
expected to be limited. Most of the available oxygen is trapped in the air-filled pores of the
compacted buffer and backfill materials that will surround the canister. In this particular canister
design, where no water radiolysis is expected to occur, the other oxygen source is the
groundwater itself. Over time, this oxygen will be gradually depleted due to the corrosion
process of the canister external wall (cathodic reaction), and also by other oxydizable materials
present in minerals containing Fe(II), and organic compounds. Provided that there is no other
oxygen source, usually deep groundwaters have very low oxygen concentrations (few ppb), and
when the oxygen was consumed by those reactions, the canister corrosion process will be
governed by the cathodic hydrogen reduction reaction.

According to the literature, two distinct corrosion periods for canisters placed in a deep vault can
be defined [9]:
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— A hot, oxidizing period, where a localized corrosion process is expected.
— A cool, non-oxidizing period, where stifling and repassivation of localized corrosion sites

should occur, followed by a general corrosion process.

The fastest corrosion process should occur at the initial oxidizing period of the vault, when
oxygen saturated groundwater in the buffer pores reaches the metal canister surface. There will
be a time delay for groundwater to wet the entire thickness of the buffer material before reaching
the metal surface. This time delay will depend on the buffer compaction and the hydraulic
pressure, among other factors. A swelling pressure will develop during the wetting process,
therefore the total pressure on the canister surface will be the sum of this buffer swelling process
and the hydraulic components [10].

On the other hand, the effective oxygen diffusion coefficient in the buffer material will depend
on its water saturation degree [11].

According to the literature, groundwater in a deep granite repository has very low oxygen
concentration (about 3.1 x 10~7 mol/dm3) [12]. As groundwater flows through the buffer
material towards the canister surface, it will be gradually saturated with the oxygen present in the
buffer material pores. To estimate the initial oxygen concentration other different approach have
been taken, according to the models adopted. In the Canadian model oxygen concentration in the
buffer is supposed to be equal to the oxygen solubility in water at room temperature and at 25°C
(2.54 x 1O~7 mol-cm"3) [12]. In the UKAEA (UK) model it is considered that all the oxygen
trapped in the back-fill material is completely solubilized in the groundwater at 25°C at normal
pressure. This assumption gives higher oxygen concentration than in the former model (8.16 x
10"6 mol-cnT3) [13]. In the model proposed here, the initial oxygen concentration in the buffer
pores groundwater, is the oxygen solubility that corresponds to the pressure and temperature in a
deep disposal site.

Once oxygen solubility in groundwater attains the saturation concentration for this conditions,
the excess of oxygen will be displaced from the buffer pores, which became filled with oxygen
saturated groundwater.

Taking into account that the hydraulic conductivity in the buffer material is very low, less than
10~10 m-seg"1 [12], we shall focus on a system in which mass transport dominates, so the
advective flow term can be ignored. Therefore, the oxygen cathodic reduction reaction will be
controlled by the oxygen diffusion through the water retained in the buffer pores. Buffer material
thickness between the canister and the rock wall is 20 cm.

In order to solve analytically the mass transport process by diffusion, Fick's differential equation
law has been applied. In a first approximation, it was considered a one-dimensional diffusive
mass transport with a planar plate geometry, with a perpendicular unidirectional diffusion
through the buffer material. This arrangement will represent the buffer/canister lateral wall
interface and where the oxygen is supposed to be quickly consumed by the cathodic reaction. At
the opposite planar surface, the rock/buffer material interface, it is supposed that oxygen
diffusion is restricted. According to these assumptions, the initial conditions for this model are:

for t = 0 c=C. Vx

where:
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t: time after buffer material has been saturated with groundwater

c: oxygen concentration (mol-cnf3)

Co: initial oxygen concentration (mol-crrf3)

x: co-ordinate perpendicular to the plate

(buffer/steel interface)

(buffer/rock interface)

where L/2 is the buffer material thickness (20 cm).

The boundary conditions being fixed, the problem is equivalent to that of the oxygen discharge
on both sides of a plate with thickness L and x = 0 in its center. In this case, the second boundary
condition is accomplished due to symmetry conditions. Other authors have studied the
concentration profile in function of time [14]. Once the differential equation (second Fick's law)
has been solved:

Boundary
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0 ;
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and c = c(x,t) is obtained, then J = - D
dc_

dx
is calculated.

Thus the following oxygen flux equation for the buffer/steel interface is obtained for the oxygen

diffusion to the lateral and bottom walls of the canister:

(-1)"
-U+\f

For the top of the canister the following equation is valid:

00 -„-

J = -

being:

J: oxygen flux on the steel surface (mol-cm^seg"1)

D=Deir: effective diffusion coefficient for wet bentonite (1.7 x 10~7 cm2-seg~1) [ 13]
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Co: initial oxygen concentration in the occluded water in buffer pores at 25°C

(2.54xl0^mol-dm3)[14]

Li: buffer thickness between canister and rock

L2: diffusion path between the gallery floor and the top of the canister

T]=Deft/Li2 Adimensional time (t in seconds)

T2=Deft/L2
2

It can be seen that for short exposure times (Tj « 1, T2 « 1), the equations between brackets
tends to be 1 in both cases. The resulting expression is that of diffusion in a semi-infinite
medium, independent of L] or L2:

J = Co

therefore, J vs t log-log plot has a slope of-1/2.

It can be seen that up to 10 years both fluxes are identical. For longer times, Ti « 1 is not longer
valid and the oxygen flux at the lateral and bottom walls of the canister decays very fast due to
the oxygen depletion in the buffer, considering that there is no oxygen flux from the rock. By
other hand, the oxygen flux from the gallery to the top of the canister does not change (diffusion
in a semiinfinite medium, with a flux inversely proportional to the square rot of time). The
condition of T2 « 1 will be valid to time up to 2000 years. For longer times, the oxygen flux at
the top of the canister will approach to the value of steady state.

The oxygen flux J at the metal/buffer interface being known, it is possible to calculate the
limiting current for the oxygen reduction reaction:

IL= J (mols.cnC2.s~'). F' (coulombs.mot1), e

Being F the electrochemical equivalent (9.65 x 104 coulombs-moF1) and e the electrons involved
in the reduction reaction:

O2 + 2H2O + 4e -> AOH~

Localized iron corrosion in saline waters is closely related to the pitting potential. Through
current-time measurements at constant potential for iron in 0.5M NaCl solutions, a pitting
phenomenon at electrode potentials higher than -0.32 VH has been found [8]. The current
increase observed at this potential is due to pit nucleation and growth. In saline waters, this
pitting potential is closely related to the oxygen concentration. For high oxygen concentrations
(6-8 ppm) in the bulk electrolite, the cathodic oxygen reduction and the anodic iron dissolution
curves intersect at the pitting potential, and therefore, iron and low alloy steel will undergo
localized corrosion (pitting).

As mentioned above, this cathodic oxygen reduction reaction is governed by diffusion. When the
oxygen flux is not enough to sustain the anodic iron dissolution current, the corrosion potential
will decrease below the pitting potential, and uniform corrosion and low corrosion rates are
expected to occur.
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Limiting currents values for different reaction times have been calculated and it was found that
these currents decay very fast in a short period of time. By comparing these current values with
those minimum current values necessary to sustain the pit grow in the current-time experiments
for iron we can assume that pitting corrosion on the steel canister wall will be unlikely,
according to this model.

Therefore, the model predicts that the oxygen flux on the steel/buffer interface is inadequate to
sustain the corrosion potential at the pitting potential value and we can expect that the corrosion
potential will correspond to a uniform corrosion in an active dissolution potential region.

For longer times, when the oxygen limiting current falls to very low values (10~9 A-cnf2), the
iron corrosion potential will be fixed by the hydrogen reduction reaction, and very low corrosion
rates are expected to occur (anaerobic conditions).

This corrosion behaviour prediction is based on experimental data at 25°C.

Average rock temperature near the canister can be estimated to be 75°C. In order to make an
approach to these conditions, the work will be focused on the study of the electrochemical
behaviour of SAE 1010 carbon steel at 75°C in saline water. These results will be compared
with the oxygen fluxes in the buffer material at the same temperature, using the present model.
Preliminary calculations show that there is limited influence of temperature on oxygen limiting
current.

This effect will accelerate the initiation and propagation of localized corrosion at the carbon steel
canister external wall in the initial oxidizing period of the vault.

In this study, we are beginning to perform simple exposure tests designed to simulate disposal
result conditions. Under these conditions, electrochemical techniques to study the individual
reactions are very difficult to perform.

RESULTS AND DISCUSSION

Experiments being carried out are:

Validation the canister corrosion model

These are long term experiments where carbon steel samples are exposed to compacted buffer
material (50:50 bentonite/sand mixture) humected with synthetic seawater at 75°C in a closed
PTFE containment in order to reduce the oxygen flux. At the moment qualitative results were
obtained. In these conditions it was found uniform corrosion in the steel samples.

Improvement of commercial lead corrosion resistance in groundwater

Binary lead alloys with tin, antimony and bismuth have been tested in synthetic groundwater and
seawater at 60 and 75°C by electrochemical and long term weight loss tests. It was found that
lead-tin alloys with tin content of 3.5% or higher have a better corrosion resistance than
commercial lead and that Pb-Sb and Pb-Bi alloys.
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Lead corrosion products characterization

Corrosion products developed on commercial lead in groundwater with and without chloride at
75°C were characterized by X-ray diffraction technique. In both environments, lead carbonate
and basic lead carbonates were detected.

Taking into account the oxygen reduction reaction current, it is possible to estimate the life
prediction of the 10 mm thick carbon steel liner of the canister. If for conservative reasons the
maximum current density is taken into account, which corresponds to few days elapsed time and
with a high oxygen flux to the canister wall, a 0.926 mm y"1 uniform corrosion rate can be
estimated. According to this result, the carbon steel liner will have an estimate life of 92.6 years.
This value should be higher because the oxygen flux decays with time and therefore the
corrosion rate should decay also. The extrapolation of short term tests, such as those in progress,
to very long times, should be complemented with corrosion rates of archaeological artifacts.
Nevertheless, there are limited ancient metallic artifacts (copper, lead, iron) whose corrosion
rates could be evaluated and be useful for deep nuclear waste disposal studies.

On the other hand, short term corrosion techniques for life prediction must be re-evaluated for
their usefulness. In general, for systems other than nuclear waste disposal, the goal of being able
to compare life prediction versus actual performance is yet to be achieved.

CONCLUSIONS

These preliminary studies show that the oxygen flux towards the steel/buffer interface is not
enough to sustain a pitting phenomenon on the canister steel external wall. Therefore it can be
expected than this steel liner will last for decades after the repository has been sealed. Lead-tin
alloys have a better corrosion resistance than commercial lead.

This work should be continued with the modeling the corrosion of the lead main barrier in order
to predict its long term integrity . hi this model, iron oxides from the former carbon steel liner as
well as lead corrosion products, should be taken into account in lead corrosion mechanism.

REFERENCES

[1] S.M. DE MICHELI, S.B. DE WEXLER, R.O. CASSIBBA, S.FERNANDEZ, "Uso del
plomo en contenedores de residuos radiactivos de alta actividad", Siting, Design and
Construction of Underground Repositories for Radioactive Wastes (Proc. Symp.
Hannover, Germany, 1986), IAEA, Vienna (1986).

[2] R.O. CASSIBBA, S. FERNANDEZ, J. Nucl. Mater. 161, 93 (1989).
[3] P.C. FROST, E. LITTAUER, H.C. WESSON, in: Corrosion (L.L. Shreir, R.A. Jarman,

G.T. Burstein, Eds), Butterworth, 1995, p. 4-76.
[4] J.F. SMITH, in: Corrosion, Metals Handbook, Vol.13, ASM, Metals Park, OH (1987)

p. 784.
[5] S.M. DE MICHELI, S.B. DE WEXLER, R. CASSIBBA, CJ. SEMINO, Corrosion del

Plomo Para Uso Como Material en Contenedores de Residuos Radiactivos de Alta
Actividad, Final Report, Contract CNEA/IAEA 4539, June 1986.

[6] A.A. ABDUL AZIM, V.K. GOUDA, L.A. SHALABY, S.E. AFIFL Br. Corros. J. 8, 76
(1973).

[7] C.J. Semino, A.L. Burkart, M.E. Garcia, R.Cassibba, J. Nucl. Mater. 238, 198 (1996).

34



[8] CJ. SEMINO, J.R. GALVELE, Passivity breakdown of high purity iron and AISI 4340
steel in 0.5M NaCl soution. Corrosion Sci. 16, 297 (1976).

[9] D.W. SHOESMITH, B.M. IKEDA, F. KING, in Modelling Aqueous Corrosion (K.R.
Trethewey and P.R. Roberge, Eds), NATO ASI Series, Kluwer, Boston (1994) p. 201.

[10] D.A. DIXON, A.W.-L. WAN, M.N. GRAY, S.H. MILLER, Water uptake and stress
development in bentonites and bentonite-sand buffer materials, AECL-11591 (1996).

[11] CD. LITKE, S.R. RYAN, F. KING, A mechanistic study of the uniform corrosion of
copper in compacted clay-sand soil, AECL-10397/COG 91-304, AECL Research
(1992).

[12] F. KING, M. KOLAR, D.W. SHOESMITH, "Modelling the effects of porous and
semipermeable layers on corrosion processes", Corrosion 96, NACE (1996) paper 380.

[13] G.P. MARSH, J. HENSHAW, D.W. SHOESMITH, Evaluating the general and
localized corrosion of carbon steel containers for nuclear waste disposal, IAEA 641-Tl-
TC-703/4.

[14] J.R. COLLET, P. BRUZZONI, "Metodos para determinar el coeficiente de difusion de
hidrogeno en aceros por analisis de transientes de permeacion", CNEA internal report
D/Q/FQ-91.

35


