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ABSTRACT

In the United States the present pol icy for disposal of high level
nuclear wastes is focused on isolat ion of so l i d i f i ed wastes in a mined geo-
logic reposi tory.1 Safe iso la t ion is to be achieved by u t i l i z i n g both
natural and man-made barr iers which w i l l act in concert to assure the overall
conservative performance of the disposal system. The incorporation of pre-
dictable man-made barriers in to the waste disposal strategy has generated some
new and unique problems fo r the sc ien t i f i c community.

1. INTRODUCTION

There are three agencies in the United States responsible for the
national effort to dispose of high level radioactive wastes. The Department
of Energy (DOE) has the burden of research and development as well as demon-
strating that the waste package, the repository, and the geologic environment
will meet all applicable standards and criteria. The Environmental Protection
Agency (EPA) must develop and promulgate criteria and standards governing the
rsdioactive release from the repository to the biosphere. The Nuclear Regu-
latory Commission (NRC), which is charged with insuring the public's health
and safety has the pivotal role of regulating and licensing all aspects of a
high level waste repository.

The overriding standard will be that developed by the EPA. However, in
an effort to provide guidance to the DOE, the NRC is in the process of pro-
posing its own criteria and standards. The Proposed Rule 10 CFR 60^
contains two performance objectives which relate to the waste package itself
and the waste package as part of the engineered system.

These two performance objectives2 are containment and a controlled
release rate:

1. Containment of Wastes - The engineered system shall be designed so
that even if full or partial saturation (flooding) of the underground
facility were to occur, and assuming anticipated processes and
events, the waste packages will contain all radionuclides for at
least the first 1000 years after permanent closure.
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2. Control of Releases - For HLW, the engineered system shall be
designed so that, after the first 1000 years following permanent
closure, the annual release rate of any radionuclide from the
engineered system into the geologic setting, assuming anticipated
processes and events, is at most one part in 100,000 of the maximum
amount of that radionuclide calculated to be present in the under-
ground facility (assuming no release from the underground facility)
at any time after 1000 years following permanent closure. This
requirement does not apply to radionuclides whose contribution is
less than 0.1% of the total annual curie release as prescribed by
this paragraph.

Containment applies to the time period when the hazard is dominated by
short lived fission products and controlled release applies to a much longer
time after the fission products have decayed when the hazard is due to long
lived actinides.

These two criteria, as they relate to the waste package, require that the
basic chemical, and physical properties of man-made materials maintain some
level of integrity over thousands of years. These criteria further re-
quire that behavior of the waste package and the engineered system be pre-
dictable over extended periods of time. The requirements on the waste package
contained in these performance objectives have raised unique problems
associated with the ability to demonstrate the behavior of man-made barriers
under a wide range of conditions and to predict with some level of assurance
their behavior over extended periods of time.

This paper addresses the problems associated with predicting long term
behavior from short term experiments and considers several possible solutions
to the problem.

2. CONTAINMENT FOR A THOUSAND YEARS

The waste package as presently defined by the NRC will include:

• a waste form to immobilize the waste and to resist leaching;

• a container system to contain the waste and provide both structural
and corrosion resistance;

• a discrete backfill which may act as a sorptive medium, a heat trans-
fer medium, a radionuclide migration retardant, and a means of
restricting water flow to the canister.

One of the presently proposed stategies for achieving 1000-year contain-
ment with reasonable assurance is through the use of metallic barriers which
are made from either:

• a highly corrosion resistant metal (e.g., Ti or TiCode-12);



• or a sacrificial metal of sufficient thickness to insure containment
for long periods of time (e.g., cast iron or cast steel).

In both instances it is the corrosion behavior of the material that must be
understood and extrapolated to about 1000 years. In order to have complete
assurance that a corrosion barrier will last 1000 years, the mechanism of cor-
rosion leading to failure of the barrier should be determined and validated by
explicit rate expressions at the appropriate temperatures.

2.1 Isothermal Predictions

Corrosion is a kinetic, non-equilibrium process. The rate and mechanisms
of corrosion are dependent upon, among other parameters, the reactants and
products of the various corrosion processes. The initial problem then is to
determine what the reactions are, the stoichiometries, and if there is more
than one, whether the reactions are simultaneous, sequential, catalytic, or
inhibiting. One of the major obstacles in determining corrosion mechanisms
results from observations that rates of corrosion can be seriously altered by
the corrosion products and how they are distributed or removed from the
corroding surfaces.

In general, there are more requirements for heterogeneous systems than
for homogeneous systems on the use of isothermal rates to predict for times
much longer than the time over which the rates were measured. Homogeneous
kinetic systems tend toward equilibrium states that are usually well defined.
If the isothermal rate expression is rigorously correct and truly represents
the mechanisms of the reaction, it will include all the chemical, physical and
geometric factors that are known to alter the rate. For homogeneous systems
this can be tested by using the known equilibrium values and showing that the
rate goes to zero.

This test is generally not feasible for complicated heterogeneous reac-
tions such as solids corroding in liquids. Here too, it is necessary in de-
termining the mechanism to show that the isothermal rate expression includes
the correct functional dependence of the corrosion rate on all the chemical
and physical variables known to affect the rate of corrosion. For heterogene-
ous reactions, however, it is also necessary to prove that neither the metal
nor the metal-solution interface undergoes any structural, physical, or chem-
ical change that can alter the corrosion rate over the total time for which
the prediction is intended.

For metals such changes might include:

• isothermal bulk annealing;

• formation and subsequent spallation of a surface film;

• stresses developed or removed by formation or cracking of a corrosion
product or film;



• diffusion of corrosion products into or out of the metal surface;

• diffusion of elements into surface depleted zones;

• in i t ia l selective attack at a site that eventually is depleted;

• grain size changes;

0 grain boundary or bulk precipitation.

Any or all of these might lead to a change in the corrosion rate with time.
In general, the overall corrosion rate of most metals represents contributions
from several different mechanisms with different temperature dependencies.
These can interact with each other sequentially. For example, consider a cor-
rosion process where an oxide layer, formed by one component in an alloy,
eventually builds up, spalls, and continues to form depleting the zone beneath
the surface. Over long periods of time, the component will continuously dif-
fuse from the bulk to the surface depleted zone. If this component is in
equilibrium with its own carbide, for example, depletion of the bulk concentra-
tion by formation of a surface oxide will eventually cause the carbide to de-
compose thereby increasing the carbon activity of the alloy. This, in turn,
could lead to formation of a new carbide with a different component of the
alloy so that short term corrosion rates will not represent the corrosion
rates that would occur over longer times.

A concrete example of the possible interaction of two mechanisms can be
found in recent data from BNL3 on the corrosion of TiCode-12 in brine. This
work indicates that TiCode-12 and titanium may in fact undergo crevice corro-
sion in brine solutions. One mechanism considered as an explanation predicts
that there is a depletion of oxygen within the crevice. This depletion re-
sults in an increase in the corrosion within the crevice due to a loss in
passivation. Even in the case of uniform corrosion, Uhlig has noted,Bf
"...it is often not safe to extrapolate a reported rate to times of exposure
far exceeding the test period." T. M. Ahn et al.3 have found that for both
Ti and TiCode-12 corroded in brine solution, the oxide film had significant'
amounts of Mg and Si incorporated into it. Not only is it difficult to extra-
polate rates reported as weight changes to times exceeding the test period,
but simple weight changes often cannot be converted to corrosion rates.. In
the above case, the loss of passivation in Ti or TiCode-12 may be associated
with the presence of these elements in the films.

A method of testing the validity of a given mechanism involves varying
the terms in the isothermal rate equation. Altering concentrations of reac-
tants and products to test if a single rate expression accounts for the ob-
served corrosion behavior may be more significant for uniform corrosion than
for pitting corrosion. Nevertheless, it is, even for uniform corrosion, a
necessary but not sufficient condition for justifying time predictions.

In the case of pitting corrosion, the basic properties of the pitting
phenomena indicate that several mechanisms operate simultaneously. For a sin-



gle mechanism, pits should be uniformly distributed, proceed with the same
depth dependence on time, and develop the same shapes. In real systems, pit-
ting generally occurs at structural irregularities or chemical inhomogeneities
that vary from sample to sample. Measurements within the pits, of solution
compositions and corrosion product concentrations, show that each pit can be a
different chemical system with different mechanisms operating at different
times. This is also supported by the wide variability in induction periods,
the variability in rates of penetration, and the variabilities in shape
development and pit morphology.

An illustration of some of the problems associated with describing
specific pitting corrosion, is found in a discussion from a recent report on a
Westinghouse conceptual design for a waste package5 which relies on a sacri-
ficial layer of cast iron or cast steel to provide containment. While it is
assumed that uniform corrosion dominates in the degradation of the barrier, it
is noted that pitting can and probably will occur and it is specifically
pointed out that:

"Pitting can have its inception in a microscopic surface ~hemical
inhomogeneity, in a physical irregularity, or even in a statistical
fluctuation in local corrosion rate. If incipient conditions stabilize
sufficiently, pit formation occurs; rapid dissolution occurs within the
pit while the cathodic reaction occurs outside it, on adjacent surfaces.
The process is autocatalytic, tending to produce an excess of positive
charge within the pit, which attracts negatively charged chloride ions
(the less mobile 0H~ ions remain outside the pit and participate in the
cathodic reaction); these further stimulate metal dissolution and create
more positive charge. The hydrolysis of excess FeCl2 accumulating
within the pit produces excess hydrogen ions, and the pH decreases (pH
values as low as t:-.'o have been measured in pits occurring in basic bulk
solution environments); this further stimulates dissolution. At the
pit/solution interface, insoluMe corrosion products' tend to form due to
a reaction between the OH" ions outside the pit and the fermis ions
within it.

Pit growth can be impeded by the resistance thus interposed to the
migration of ions, or it can be impeded by the pit's own depth and low
aspect ratio, which also reduces the rate of ionic migration. Thus, a
pit can stop growing if choked with its own debris. However, in a
solution which is sufficiently aggressive, so many pits may form that
they tend to coalesce. When this occurs, the effect is that of general
corrosion, advancing, however, at the higher rate associated with pit
formation.

The solution within a pit tends to be concentrated, and therefore
more dense than the bulk solution. Accordingly, gravity has an effect,
so that lateral and especially inverted pits tend to cease growth
quickly, as the denser solution drains out. On the other hand, lateral
pits can turn downward from gravitational influence and can form long
channels underneath and parallel to a vertical surface. Further general



corrosion will then expose such undercut grooves, and the groove surfaces
can be sites for further pits. Top surfaces, of course, represent the
worst pitting sites, because the gravity effect tends to stabilize pit
growth and pit progress is exactly in the direction for maximum depth of
penetration."

Stressing that the most valid justification for predicting long term cor-
rosion rates is the existence of an explicit, highly precise isothermal re-
action rate which includes the correct functional description of the corro-
sion rate on all possible parameters involved in corrosion, we believe that
there is as yet no such evidence for any metal being considered for use in a
high level waste package.

2.2 Temperature Acceleration

The use of elevated temperatures to increase corrosion rates for the pur-
pose of predicting long term corrosion behavior at a lower temperature can be
theoretically unjustified and technically unsound. The effects of changing
temperatures in chemical kinetics are covered by Arrhenius1 concepts and
theories. These concepts are valid only if the same mechanism occurs over the
temperature range studied. If this assumption is valid, the ratio of the
rates at different temperatures can be used to obtain the numerical value of
the activation energy. This numerical value can then be used to speculate on
what processes are involved in delaying the reactants from forming the
thermodynamically more stable products instantaneously.

If rate measurements are made at several temperatures, and if they are
precise enough to demonstrate a single numerical value for the activation
energy, this type of result can be used to claim that the data are consistent
with the assumption that the mechanism did not change over the temperature
range used. Rigorously, however, these measurements do not prove the exis-
tence of a single mechanism. Activation energies for different mechanisms can
have similar values. An additional necessary test to verify a constant
-mechanism is to demonstrate that the individual, rate constants at all tempera-
tures are identical in functional form with respect to all the variables
involved in the corrosion process. This requirement implies that temperature
acceleration is subject to all the problems and uncertainties of isothermal
prediction techniques in addition to many complications that can be introduced
by the temperature variation itself. It should be clear that a temperature
change that causes a phase change in any reactant (i.e., water going to steam)
has the potential to drastically alter the corrosion process. Recalling, that
if the overall corrosion rate is the result of several mechanisms with
different activation energies, changing the temperature, in principle, will
change the mechanism and will invalidate any use of the high temperature rate
in predicting long term behavior of the low temperature corrosion process.

In summary, if these tests are used aTitaFdaTcTprocedures then the ex-
isting isothermal corrosion data are inadequate for demonstrating long term
integrity for any metallic component being considered for a high level waste



package and the use of temperature accelerated corrosion rates to estimate
long term corrosion at lower temperatures is, by itself, unacceptable for
assuring long term integrity for metallic components of the waste package.

3. CONTAINMENT AND REASONABLE ASSURANCE

Although corrosion data on individual metallic components are at present
inadequate to satisfy regulatory criteria for long term containment of high
level waste, containment can, in principle, be achieved through any of several
design concepts.

The NRC Proposed Rule requires containment of radionuclides by the waste
package, which is in principle a multicomponent system. Some of the options
available for achieving containment with reasonable assurance include:

• isolation of the waste package from the corroding environment;

t sacrificial materials which consume or deplete the corroding environ-
ment and delay water access tc the waste form;

• materials which slow the corrosion rate;

t combinations of the above. _ •

For example, containment might be achieved by a can-in-a-can-in-a-can
etc. system where the individual cans or overpacks fail sequentially. The
advantage of such a system would be that the individual canisters need not
have lifetimes of a 1000 years. The annular spaces could be filled with
adsorbents, graphites, zeolites, etc. to inhibit access to the next container
and to condition the corroding medium. BNL has also suggested that borosili-
cate glass with a sufficiently thick layer of compatible nonradioactive
borosilicate glass also may be a useful means of obtaining 1000-year contain-
ment. In this instance the nonradioactive layer forms a sacrificial layer
whose thickness is such that in the first 1000 years only the outer layer is
leached.

BNL has also proposed that a 3 to 10-ft bed of zeolites and/or titanate
may provide 1000-year containment with-reasonable assurance and should
significantly contribute to the waste package's ability to comply with the
controlled release rate criterion.6 ;

We believe it is evident that combinations of these components should in
fact provide a high degree of assurance of containment for 1000 years.
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