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ABSTRACT

This is an intermediate milestone report evaluating the models that will be used in an example analysis
of the feasibility of a quantitative evaluation of "Substantially Complete Containment" requirement in
Code of Federal Regulations (CFR) Title 10 Part 60.113. The models for corrosion potential; pit
initiation, growth and repassivation; crevice corrosion initiation, growth and repassivation; stress
corrosion cracking; buckling; and fast fracture are evaluated. Simple parametric equations for the critical
potentials associated with these phenomena are suggested. An overall approach for the example analysis
is outlined.
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1 EXECUTIVE SUMMARY
An approach to the analysis of the feasibility of a quantitative definition of "Substantially Complete
the
Containment" in 10 CFR 60.113 is outlined in this report. The approach consists of modeling
and
conditions
environmental
various
for
time
corrosion potential of a container material as a function of
comparing this to critical potentials for various corrosion phenomena such as pitting, crevice corrosion,
and stress corrosion cracking. For the corrosion models, the containers are assumed to come into contact
with an aqueous environment. The containers which are exposed only to dry conditions are assumed to
be uncorroded. A simplified model for corrosion potential of a thin-walled container made of type
304/304L stainless steel is recommended. This model is based on an analysis of coupled charge-transfer
and transport processes occurring at the container surface. The uncertainties in the input parameters for
the corrosion potential model are discussed. The models for pitting, crevice corrosion, and stress
corrosion cracking that are available for the purpose of the example analysis are reviewed briefly. Simple
parametric equations for predicting the critical potentials as a function of major environmental factors,
such as chloride concentration and temperature, are recommended. Simple analysis of mechanical failure
modes, buckling and overload fracture, are suggested and their limitations are pointed out.
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2 AN APPROACH TO QUANTIFICATION OF SUBSTANTIALLY
COMPLETE CONTAINMENT
2.1

INTRODUCTION

The ambiguity in the regulatory requirement in 10 CFR 60.113 for "Substantially Complete
reports were
Containment" has resulted in the exploration of ways to quantify the requirement. Three
"substantially
of
demonstration
produced by the CNWRA that dealt with the feasibility of a quantitative
necessary for
complete containment". The first of these reports listed the technical considerations
evaluating "substantially complete containment", butdid not address approaches to quantitativeprediction.
The second report detailed the uncertainty evaluation methods for waste package performance assessment,
be applied.
but did not address any specific information to which these uncertainty analysis methods will
concept of
the
clarifying
The third report delineated the various alternatives for quantitatively
task is to
this
"substantially complete containment" in the current regulation. The main objective of
through an
demonstrate the feasibility of a quantitative assessment of substantially complete containment
example analysis.
(i) the
Quantitative assessment of substantially complete containment involves two activities:
example
selection of failure modes and the development/modification of models that will be used in the
analysis,
example
the
of
purposes
the
For
analysis, and (ii) coding and performing the example analysis.
Although
the loss of containment is defined as the through-wall penetration of a container by a defect.
designs,
(EBS)
the analysis can be generalized for a variety of materials and Engineered Barrier System
stainless
it is assumed here that the container is a thin-walled (6 mm thick) cylinder made of type 304L
Site
(DOE)
Energy
of
Department
U.S.
the
in
steel designed according to the reference design presented
boundary
package
waste
the
that
Characterization Plan (SCP) for Yucca Mountain. It is also assumed
is the container boundary. It is anticipated that the example analysis will yield both a set of deterministic
Functions
measures and a methodology for obtaining a family of Complementary Cumulative Distribution
years.
t
in
containers
breached
(CCDF) in the form of the probability of having N or more
The objective of this report is to describe the type of models required to assess the performance
is to
of the container and the justification for the choice of specific approaches. A secondary objective
designs.
container
of
adequacy
point out the type of experimental data necessary to demonstrate

2.2

INITIAL ASSUMPTIONS

In selecting appropriate models for the example analysis, the following general assumptions have
been made:
* The container surface is exposed to an aqueous environment, at least for some containers.
This is a departure from the intended design (Farmer et al., 1991) where the surface
of
temperature of the containers was assumed to be above the unconstrained boiling point
the
contacting
environment
aqueous
of
water for over 1000 years. However, the assumption
container is justifiable for the following reasons: (i) It represents an extreme case. The
corrosion rate in the vapor/steam phase is negligible (Farmer et al., 1991), and, hence, the
the
temporal origin of failure events can be shifted to the time at which liquid water contacts
some
phase,
vapor
the
in
containers. Although stress corrosion cracking has been observed
2-1
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of these observations are related to the presence of a thin condensate film; (ii) The
gravity-driven back flow of water through a fracture intersecting the borehole has been
suggested by a number of investigators (Pruess et al., 1990; Buscheck et al., 1992); and
(iii) Back flow of water has been observed in a number of field heater experiments
(Zimmerman et al., 1986; Patrick, 1986; Ramirez et al., 1991). The effect of alternating
wet and dry environment is taken into consideration in terms of the changes in the
concentration of various ionic species in the aqueous environment contacting the container.
* Spatial variability in the corrosion and critical potentials throughout the surface of any given
container is ignored. This is not a realistic assumption given the metallurgical
inhomogeneities and the environmental variations within a borehole. However, this is used
as a simplifying assumption in the example problem.
* The contribution of components of the EBS other than the outer container, is not considered.
It is expected that the stainless steel canister (in the case of glass waste), Zircaloy fuel
cladding, and any buffer/backfill may provide added containment.
* The effects of welding are not explicitly calculated, although the stresses for mechanical
failure are assumed to be from residual stresses in terms of a certain fraction of the yield
stress. This is partly because a reference welding process has not been chosen although a
list of preferred welding processes has been identified (Robitz et al., 1992). Further, many
of the factors affecting the performance of weldments such as residual stresses and heataffected-zone (HAZ) microstructure are critically dependent on welding process, joint
design, and fixturing. Finally, the effect of welding on localized corrosion behavior can be,
as a first approximation, considered in terms of an empirical correction term to the behavior
of the base metal.

2.3

OVERALL APPROACH

All the aqueous corrosion processes are dependent on the corrosion potential of the metal
exposed to a particular environment under consideration. The modeling of corrosion potential is
considered to be the backbone of the performance assessment of metallic containers (Walton and Sagar,
1988; Macdonald and Urquidi-Macdonald, 1990; Marsh et al., 1987). The corrosion potential is defined
as the potential at which the current due to all the cathodic processes is equal to the current due to all the
anodic processes including the electrochemical dissolution of the metal.
n

n
j=1

I

E
j=1

I- =0

(2-1)

where Ij refer to the anodic (oxidation) currents including that of the metal dissolution (called the
corrosion current, I.,,) and Ij refer to the cathodic (reduction) currents. The corrosion potential of a
given metal will vary with time depending on a number of factors such as temperature, environment
composition, radiolysis, transport processes near the metal-environment interface, and
photoelectrochemical processes in the passive film. Ideally, once the corrosion potential is known at any
time, the initiation, propagation, or repassivation (cessation) of various corrosion processes can be
determined by comparing the corrosion potential to the "critical potential" for those processes. For
2-2

a
example, most pitting models, be they stochastic or deterministic, assume that pitting is initiated on
critical
a
Similarly,
potential.
critical
a
freely corroding metal once the corrosion potential exceeds
potential for initiation of crevice corrosion can be identified. In reality, however, the response of the
metal is more complex because the time for initiation or repassivation is potential dependent. For the
present analysis, the initiation and repassivation times are ignored, and the lowest potentials for initiation
or repassivation are used. The case of stress corrosion cracking is more complex, but regions of potential
where stress corrosion cracking can occur have been identified in many alloy-environment systems
(Staehle, 1990).
The general approach to predicting the performance of a single container or a set of "identical"
containers is illustrated in Figure 2-1, where pitting is considered to be the only failure mechanism. The
corrosion potential initially increases, perhaps driven by radiolytic generation of oxidizing species such
as H2 0 2. However, the increase in temperature in the initial period has an opposing influence because
of decreased solubility of oxygen and increased decomposition or recombination of radiolytically
generated species. The corrosion potential finally decreases to a value dictated by the diffusion limited
reduction of oxygen at the metal surface. In addition to the cathodic processes, changes in anodic
reaction kinetics, such as a decrease in passive current density due to film aging, can influence the
corrosion potential. There can also be other processes influencing the variation of corrosion potential
including the presence of active pits or crevice sites and incidental galvanic contact with carbon-steel
borehole liner. For the case of failure by pitting, there is a distribution of pit initiation potentials even
for a single container which is dictated by factors such as inclusion distribution (Stewart and Williams,
1992). As shown in Figure 2-1, after time t1, pits begin to initiate for the container under consideration
and grow. After time period t2, the corrosion potential is below the pitting potentials, and, hence, no new
pits initiate. The pits that have already been initiated at times t, through t2, continue growing till the
corrosion potential drops below the repassivation potential at time t3. After this time period, the pits will
cease to grow. Hence, the performance of this container in terms of its resistance to pitting penetration
is dictated by the maximum depth of pits grown in the time period between t, and t3. If this maximum
The
depth is equal to the thickness of the container, the containment is considered to be lost.
damage
methodology described above, when carried out for a number of containers, is similar to the
function approach proposed by Macdonald and Urquidi-Macdonald (1992).
In the following sections, models for predicting corrosion potential of a container material will
be reviewed. Empirically developed equations for critical potentials will be reviewed for use in failure
time calculations. The need to develop more detailed models for justifying the use of these empirical
equations will be discussed.
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Figure 2-1. Schematic illustration of the use of corrosion, pitting, and repassivation potential to
predict the performance of a container
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3 CORROSION POTENTIAL MODELS
3.1

PRESENT MODELS

Calculation of the corrosion potential as a function of time has been made by Walton and Sagar
(1988) for carbon-steel in a saturated environment for the Basalt Waste Isolation Project (BWIP).
Calculation of the corrosion potentials for a variety of austenitic stainless steels and Cu-base alloys in an
unsaturated environment for the Yucca Mountain repository site was made by Macdonald and
Urquidi-Macdonald (1990). The approaches used in both these models are essentially the same with
differences introduced by the differences in the materials and environments.
As mentioned in the previous section, the corrosion potential is the potential at which the net
current due to anodic and cathodic processes is zero (Eq. 2-1). The dependence of the anodic and
cathodic current densities on potential is determined by the rate determining step of the overall process.
If the rate controlling process is charge transfer on an active, unfilmed surface, then the net current
density on the metal is given by a Butler-Volmer type equation (Vetter, 1967):
=j

i01 exp ccj F
i RT })

43

(3-1)

U-c
(1 1)F 7.

ep

RT

-

where,
i01 is the exchange current density for the j h reaction
qj = Ej - Eeqi is the overpotential

F is the Faraday constant
ctj is the charge transfer coefficient
R is the gas constant
T is the temperature in 'K.
The exchange current density is given by:
i

-- Eeqj == k -j
k.j Cjrj exp (- RT
=
OJ

exp (

0)ex

RT

C

Iq))

(3-2)

where k+j and kj refer to the anodic (oxidation) and cathodic (reduction) reaction rate constants,
respectively, and C,7 and C., are concentrations of reduced and oxidized species, respectively. Eqj is the
equilibrium potential for a given partial electrochemical reaction given by the Nernst equation:
E, j = Eoj +-RTE v
nF

a,

(3-3)

where Ej is the standard potential (equilibrium potential where the reaction species are in their standard
states) and vf is positive for oxidized species and negative for the reduced species. It must be noted that
the reaction rate constants in Eq. 3-3 are dependent on the assumed reference potential (Vetter, 1967).
Typically, the values of exchange current density are used directly from experimental measurements
without recourse to Eq. 3-3. It must be emphasized that the Eq. 3-1 is strictly valid only when charge
transfer process is the rate determining step. It does not consider transport process as the rate
3-1
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the
determining step. At potentials sufficiently cathodic to the equilibrium potential, 1I > RT/zF, and
first term in Eq. 3-1 vanishes (71 is negative) and Eq. 3-2 has the form of a Tafel relationship
(71 = a - b logi).

At the other extreme in many electrochemical corrosion processes, is the case where transport
step. In a
of reacting species to or away from the electrode (container) surface is the rate determining
by
controlled
is
reaction
partial
the
pure diffusion limited case, the current density corresponding to
are
processes
transfer
diffusion. In a sense, this represents an equilibrium situation because the charge
Nernst
assumed to be sufficiently fast to have attained equilibrium (Vetter, 1967). In other words,
equation (Eq. 3-3) can be used to calculate the potential with an important difference: the surface
is
concentration of species (outside the diffuse double layer) involved in the calculation of potential
and
cj,
termed
are
species
of
determined by the diffusion current density. If the surface concentrations
the equilibrium (bulk) concentrations are Cj, the overpotential due to purely diffusion controlled process
is given by (Vetter, 1967):
Ediff-E~q = RLT

nF

V

(34)

ij

ilcO

Where vj are the stoichiometric coefficients and n is the net electron transfer. The concentrations are used
instead of activities for simplicity. The concentrations cj at the metal-electrolyte interface are determined
by transport given by (Walton and Sagar, 1988):
YRd dJ = V[yDVc+yDuVcJ-vcj]

dt

+ Ri

(3-5)

where
=
=

Retardation factor
Coefficient of hydrodynamic dispersion

DM

=
=

v

=

'
Ri

=

Rd

Cj

D

=

Concentration of species
Molecular diffusion coefficient
Darcy velocity
Porosity
Reaction terms including radiolysis

The overall polarization behavior of a cathodic process such as oxygen reduction is illustrated
the
schematically in Figure 3-2. As the electrode is polarized away from the equilibrium potential,
at
current-voltage relationship is represented initially by Eq. 3-1 (charge transfer process). However,
reaction
and
transport
by
dictated
high polarization potentials, the current density assumes a limiting value
process
controlled processes (Eq. 3-4). The overall current-potential relationship for any of the cathodic
can then be represented as (Vetter, 1967):
Co exp(

i = io| Cr exp( az

1C

RT')c

3-2

(1X RTC)
RT)

(3-6)

CHARGE TRANSFER
CONTROLLED REGIME
X

Di

TAFEL
REGIME

F0\

DIFFUSION
CONTROLLED REGIME

LOG (Current)

-

Figure 3-1. Schematic illustration of a cathodic polarization curve indicating charge transfer
(activation) polarization, Tafel regime, and transport/reaction polarization
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where c, and c0 are the surface concentrations of reduced and oxidized species, respectively, and C,' and
C0" are the equilibrium (bulk) concentrations. The surface concentrations are determined by Eq. 3-5.
This is somewhat different from the approach used by Macdonald and Urquidi-Macdonald (1990) where
a strictly charge-transfer controlled process was assumed to calculate the redox potential.
In order to calculate the corrosion potential, the anodic polarization behavior of the container
metal is needed. It is difficult to represent the total active-passive-transpassive behavior of a metal
mathematically, and, hence, it is generally assumed that the sum of the relevant cathodic reactions
intersect the anodic polarization curve of the metal either in the active or the passive regime (Walton and
Sagar, 1988). In the passive regime (Fig. 3-3), the anodic current is essentially potential independent,
given by the passive current, Ip. In such a simplified case, the corrosion potential can be calculated by
summing all the cathodic currents to equal Ipand using this value in Eq. 3-6.

3.2

LIMITATIONS OF THE PRESENT MODELS

The major limitation of the present models is the lack of availability of kinetic parameters for
Macdonald and Urquidi-Macdonald (1990), while acknowledging
the various cathodic reactions.
uncertainties, were forced to use values of exchange current density on the basis of a general classification
into slow, fast, and intermediate reactions. However, these values are extremely sensitive to the substrate
and solution compositions. For example, the exchange current density used for oxygen reduction reaction
was 10`12 A/cm2 . In a review of the oxygen electrode, Will (1976) suggests that the exchange current
density can range from 10-' A/cm2 for gold to 1051 A/cm 2 for palladium. Similar uncertainties
accompany the other important reduction reaction, that of H 2 02 . The tremendous dependence of the
kinetics of these reduction reactions on substrate can be seen in the effect of these oxidized species on
the corrosion potentials of Pt and alloy 825 (Sridhar, Cragnolino, and Machowski, 1990). Aeration
increased the corrosion potential of alloy 825 by 247 mV whereas it increased that of Pt by 648 mV.
In contrast, the addition of H 2 02 increased the corrosion potential of alloy 825 by 663 mV, but that of
Pt by 557 mV. The catalytic decomposition of H202 on Pt and transition metals is also a factor in the
overall reduction kinetics.
Another limitation is the lack of systematic data on the change in the passive current density
with time of exposure. In particular, Macdonald and Urquidi-Macdonald (1990) calculate the timeaverage passive current density of all the alloys from the weight-loss data in long-term exposure tests.
Firstly, this is not mechanistically justified for copper based alloys because, under some environmental
conditions relevant to the Yucca Mountain repository site, they exhibit active behavior. Secondly, it does
not take into consideration the changes in the electronic properties of the film as a function of time. For
example, Gorse, Joud, and Baroux (1992) showed that aging the film under dry conditions can produce
significant changes in the corrosion and pitting potentials of stainless steels.
A third limitation, particularly of the Macdonald and Urquidi-Macdonald (1990) model, is the
assumption that a thin film of aqueous phase is present even at temperatures of 250'C. It is more likely
that the temperature of those containers which are exposed to an aqueous environment will remain close
to the boiling point of water. Thus, the variation in temperature, at least during the initial period of
intense radioactivity, may not be an important factor for these containers.

34

00~~

~

z

0

LIJ

I

LOG (Current)

IP

Figure 3-2. Schematic diagram illustrating the concept of a corrosion potential for an activepassive alloy. Both the anodic and cathodic curves are represented on the same side of the axis
for convenience. IL is the limiting current. I. is the exchange current for the cathodic reaction
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RECOMMENDED APPROACH

as a
As observed in the preceding paragraphs, the model for obtaining the corrosion potential
input
in the
function of time is relatively well established. However, there is much uncertainty
example
containment"
complete
"substantially
the
parameters. Hence, one of the important tasks of
in input
changes
to
potentials
analysis will be to evaluate the changes in the predicted corrosion
of
concentration
and
parameters such as exchange current density, passive current density, temperature,
uncertainty
radiolytic species. This will be done initially as a parametric study and a more complete
of the
version
simplified
a
that
recommended
is
it
analysis will be explored later. For this purpose,
species
radiolytic
oxidizing
most
the
only
Macdonald and Urquidi-Macdonald model be considered where
as
with high values of yield G, are considered. This may include H2 02 , OH, and HO2 . Species, such
oxidizing
and
H and e-,, need not be considered because of their highly negative standard potentials,
and
species, such as 02', need not be considered because of their low radiolytic yield (Macdonald
Urquidi-Macdonald, 1990).
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4 PITTING MODELS
4.1

PRESENT MODELS

4.1.1

Pit Initiation

as part
A more detailed review of the available models for pitting corrosion is being performed
Because
program.
of the Engineered Barrier System Performance Assessment (EBSPAC) development
equations
of the need to balance rigor of the models with the speed of computation, simple parametric
auxiliary
will be used in the "Substantially Complete Containment" example analysis and more detailed
into
divided
be
can
pitting
2-1,
Figure
in
models will be developed in the EBSPAC program. As shown
and
initiation
pit
of
initiation, growth, and repassivation steps. The fundamental mechanisms
least
at
for
repassivation are still under debate with many mechanistic interpretations being able to account
has been
some of the pitting phenomena. More recently, the stochastic nature of pit initiation process
and
Westcott
Williams,
1992;
Henshall,
recognized and quantified (Shibata and Takeyama, 1977;
where
events
pitting
unstable
by
Fleischmann, 1985). These models suggest that stable pits are preceded
minimum
pits are continually generated and repassivated. However, even the stochastic models invoke a
model is
critical potential below which neither unstable nor stable pits nucleate. Hence, a mechanistic
analysis,
needed to provide a fundamental justification for a critical pitting potential. For the example
for the
examined
be
will
steel
stainless
the experimental data on pit initiation potential of type 304/304L
most appropriate values.
in
Experimental investigations on type 304 stainless steel (Wang, Su, and Smialowska, 1988)
initiation
pit
the
that
shown
have
200'C
aerated chloride solutions at temperatures ranging from 25 to
potential is dependent on both the chloride concentration and temperature as shown below.
Ep = A - Blog[CIl]

(4-1)

80 to
where B was 0. 15V/decade for temperatures up to 80'C and 0.1 V/decade for temperatures from
1986).
200'C. This is in general agreement with many other experimental data (Szklarska-Smialowska,
shown
More recent results at temperatures ranging from 100 to 150'C (Yashiro and Tanno, 1992) have
chloride
and
temperature
with
the relationship in Eq. 4-1 to be true even when activity coefficient changes
increase in
concentrations are taken into account. The value of A in Eq. 4-1 decreases with an
alloy systems
temperature for many materials, but its functional dependence varies for different
linearly with
(Szklarska-Smialowska, 1986). For type 304/304L stainless steels, the value of A decreases
0
that pitting
found
also
have
temperatures in the range of 30 to 95 C. However, some investigators
(Szklarska-Smialowska,
potential for type 304 stainless steel increases linearly with l/T, where T is in 'K
the example
1986). For simplicity, a linear dependance of A with temperature will be assumed in
range of pH
wide
a
over
pH
of
independent
is
analysis. Results in the literature also show that the EP
at the
generated
results
recent
values up to a pH of 10. These results are in agreement with more
CNWRA.

4.1.2

Pit Repassivation

steel
The effect of environmental factors on repassivation potential of type 304/304L stainless
potential
repassivation
has not been as widely investigated. Yashiro and Tanno (1990) investigated the
They found
for pitting of type 304 stainless steel in NaCl at temperatures ranging from 150 to 250'C.
4-1

that the repassivation potential also showed a logarithmic relationship similar to Eq. 4-1. However, the
slope B was smaller by a factor of 4 than that for pit initiation potential. This is understandable if one
realizes that the chloride concentration inside a growing pit is much higher than the bulk chloride
concentration. They also found that the value of A in Eq. 4-1 for repassivation potential decreased with
an increase in temperature. Repassivation potentials were independent of pH for a pH range of 2 to 13.
This type of relationship is in qualitative agreement with more recent investigations conducted at lower
temperatures at the CNWRA.
4.1.3

Pit Growth

Bohni and Hunkeler (1990) reviewed the growth kinetics of pits on a variety of alloy systems
including austenitic stainless steels. Essentially, three regimes of pit/crevice corrosion growth can be
delineated: (i) diffusion controlled regime, (ii) charge-transfer controlled regime, and (iii) ohmic potential
drop controlled regime. In the case of austenitic stainless steels, it has been shown that a salt film of
metal chlorides (FeCl 2 and NiCl 2 ) precipitates on the walls of an actively growing pit at relatively
moderate applied potentials (200 mV vs. SCE), and the growth of the pits is then controlled by the
diffusion of these highly soluble species away from the pit bottom. Under these conditions, it has been
shown that the pit depth, dp, is given by
dp

60 + [(80)2 + 2zFDACt]2

(4-2)

where 6° is a correction factor for effective diffusion path, AC is the concentration difference of the
diffusing metal ion between the pit bottom and the bulk, D the diffusion coefficient of the metal chloride
species under consideration, and c a conversion factor for units (B13hni and Hunkeler, 1990). The
concentration inside pits corresponds to the solubility limit for FeCl2 in the case of type 304 austenitic
stainless steel. From Eq. 4-2, it can be seen that the pit growth rate is independent of applied potential
in the diffusion controlled regimes. The pit growth velocity in this regime is approximately
10-2 mm/minute, which is indeed quite large. At lower applied potentials, a semi-logarithmic dependence
of growth velocity on potential was found, indicating a charge transfer controlled regime. For the case
of type 304 stainless steel, the pit growth velocity decreased by two decades for a 200 mV decrease in
applied potential. It can also be seen from Eq. 4-2 that once a diffusion controlled pit growth is
established, the growth rate increases as the bulk metal ion concentration decreases because AC increases.
In situations where there is significant stirring of the solution, pit growth rate is controlled by the ohmic
potential drop in the solution. In this case, pit growth rate decreases as the bulk chloride concentration
decreases due to the increase in solution resistivity.
From the foregoing discussions, it can be seen that stable pit growth has a maximum velocity
corresponding to a diffusion controlled limit of about 10-2 mm/minute. For the example problem, this
type of growth will be assumed. However, the experimental investigations that are underway in the
Integrated Waste Package Experiments Program (IWPE) will provide input into the pit growth kinetics
appropriate to the environmental conditions expected in the repository.
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4.2

LIMITATIONS OF THE PRESENT MODELS FOR PITTING

The main limitation of the present models is the lack of a mechanistic model that can account
for all the observed environmental effects on pitting. The mechanistic models also require many
parameters that are difficult to measure. The stochastic models, while successful in explaining the
distributed nature of pit initiation parameters, depend on a critical pit initiation potential as the lowest
value of the potential below which no pits nucleate. Again a fundamental mechanistic explanation must
be provided for this critical pit initiation potential. In the case of repassivation potential, there is still a
controversy as to the existence of a unique repassivation potential for pitting. However, empirical
evidence of a repassivation potential independent of prior pit growth exists and can be used for the
example analysis. A detailed examination of mechanistic models addressing the issue of critical pitting
potential will be conducted in the EBSPAC program in FY93.

4-3

5 CREVICE CORROSION
5.1

CREVICE CORROSION MODELS

5.1.1

Initiation and Repassivation

Detailed models of crevice corrosion initiation have been developed elsewhere in the program
and by many investigators in the literature (Walton, 1992; Sridhar et al., 1990; Sharland 1991; Tsujikawa
et al., 1987, Alin, 1984). However, these models are difficult to incorporate in bigger codes because of
their need for long computational time, although the models can be used for auxiliary analysis. One of
the main limitations of all the crevice corrosion initiation models developed in the literature is that they
cannot explain the observed critical potential for crevice corrosion initiation. A critical potential for
crevice corrosion initiation, albeit in short term tests, has been observed, notably by Tsujikakwa and
his colleagues (Tsujikakwa and Hisamatsu, 1984; Tsujikawa and Okayama, 1990). Tsujikawa and
Hisamatsu (1984) established that a crevice initiation potential exists below which no crevice corrosion
was found to occur up to about 15 hours of testing. This potential was dependent on chloride
concentration and crevice geometry. A logarithmic dependence on chloride concentration0 similar to Eq.
4-1 was found where the slope was about 0.1 V/decade for type 316 stainless steel at 80 C. They also
found that the repassivation potential for crevice corrosion, under slow scan rate testing (0.017 mV/sec)
coincided with the critical crevice corrosion initiation potential. The effect of crevice geometry on
repassivation potential was found in terms of the effect of crevice forming materials. The torque used
to tighten the crevice surfaces together was not found to have a significant effect. This is probably
because the soft crevice forming materials, such as asbestos, conformed to the surface profile of the
metal, while the hard crevice forming material flattened the surface profile.
of a number of
Tsujikawa and Okayama (1990) measured the crevice repassivation potential
0 C. Yashiro et al.,
80
to
25
from
ranging
materials in various concentrations of chloride at temperatures
(1990) investigated the crevice corrosion initiation and repassivation of type 304 stainless steel in 0.5 M
NaCI at temperatures ranging from 250 to 250'C. They showed that the repassivation potential for
crevice corrosion is lower than the initiation potential for crevice corrosion. Additionally, they showed
that the repassivation potential for crevice corrosion was lower than that for pitting up to a temperature
of 150'C, above which they coincided. Below 150'C, the repassivation potential for crevice corrosion
in the 0.5 M NaCl solution was given by

E.rcv (mV vs. SHE at Temp.) = 1268-3.21T

(5-1)

where T is in 'K. Yashiro, Koshiyama, and Tanno (1991) also investigated the dependence of crevice
repassivation potential of type 304 stainless steel in various chloride concentrations at 423°K and found
a semi-logarithmic dependence on chloride concentration similar to Eq. 4-1 with a slope of 0.1 V per
decade. However, the crevice repassivation potential, thus measured, was not a conservative figure since
it depended on the extent of prior crevice corrosion.
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5.1.2

Growth

The crevice corrosion growth models are not fundamentally different from pit growth models.
However, there are significant differences in the geometry of crevices compared to pits. Unfortunately,
modeling efforts have not focused as much on crevice corrosion growth as on initiation. In the absence
of detailed models, the growth rate of crevices will be assumed to be the same as that of pits in terms
of current density. The current density will be converted to a uniform corrosion rate of the crevice walls.
However, it must be noted that this position is not defensible rigorously. For example, the polarization
behavior of an actively corroding crevice can vary tremendously from the mouth to the bottom of the
crevice. Secondly, in a deep crevice that is actively growing, the potential drop due to solution resistance
will be significant so that the deepest part of the crevice may not be corroding at the same velocity as the
mouth of the crevice. Finally, crevice corrosion growth can occur as pits inside the crevice rather than
uniform wall thinning as shown by Yoshiro, Koshiyama, and Tanno (1991).

5.2

LIMITATIONS OF CURRENT MODELS

As can be seen from the above discussion, a number of empirical evidence for a critical crevice
initiation and repassivation potential has been found. For long-term exposures, the current experimental
data suggest that a lower-bound crevice repassivation potential will be sufficient to predict both initiation
and repassivation. A limitation of most of the current models of crevice corrosion is that they cannot
predict a critical potential for crevice corrosion initiation of austenitic stainless steels. The model
proposed by Tsujikawa et al., (1987) for crevice corrosion repassivation cannot be readily used to predict
the repassivation potential as a function of external solution chemistry or crevice geometry. Hence,
further model development is needed to understand the repassivation of actively growing crevice
corrosion.
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6 STRESS CORROSION CRACKING
6.1

STRESS CORROSION CRACKING MODELS AND APPROACHES

Stress corrosion cracking (SCC) is a phenomenon by which ductile metals and alloys fail in a
brittle manner through the initiation and propagation of cracks resulting from the combined action of a
sustained tensile stress (applied and/or residual) and a specific corrosive environment. For High-Level
Waste (HLW) containers, the environments of interest are aqueous, and they can be condensed layers of
moisture or bulk solutions, both derived from groundwater compositions typical of the vadose zone. The
alloy of interest in this particular example is type 304L stainless steel, which is known to be susceptible
to SCC in chloride-containing solutions. Chloride is the main detrimental species present in groundwater.
Although the SCC of austenitic stainless steel in chloride environments has been extensively studied and
several SCC mechanisms have been postulated, no agreement exists in the literature regarding the
mechanisms, despite a relatively good phenomenological understanding. This statement is valid for both
the initiation and the propagation stage. A detailed review of different mechanisms, and the
corresponding mathematical models where available, is being done as part of the development work in
EBSPAC. What follows is a brief discussion of the important issues regarding SCC of HLW containers
and the technical approach that will be adopted in the example problem.
Crack propagation, assuming the pre-existence of cracks and the validity of linear elastic
fracture mechanics (LEFM), is not valid as a criterion for predicting the performance of HLW containers.
At the lowest crack growth rate that can be measured in a reasonable test period with the existing
technology (i.e., 2 x 10-12 m/s), a thin-wall container will be penetrated by a through-wall crack in
approximately 200 years. This means that, unless a plausible mechanism for crack arrest can be
postulated, the valid criterion for eliminating SCC failure of containers should be based on avoiding crack
initiation. As discussed recently (Cragnolino and Sridhar, 1992), SCC of austenitic stainless steel,
particularly types 304/304L and 316/316L SS, in chloride-containing solutions at temperatures higher than
800C only occurs at potentials above a critical potential (E,). It appears (Tamaki et al., 1990) that E.
in neutral chloride solutions corresponds to the repassivation potential for crevice corrosion (E1,). As
known, this potential increases with decreasing chloride concentration and with decreasing temperature.
SCC initiation and propagation will occur if the corrosion potential of the alloy in the repository
environment (E.) is higher than E. as determined under the same environmental conditions. As an initial
approximation, it will be assumed in this example that E. is equal to E.., in a chloride-containing
solution simulating the near-field repository environment.
Contrary to the case of pitting and crevice corrosion, the existence of a second characteristic
potential, equivalent to the repassivation potentials defined for both localized corrosion phenomena, has
not been demonstrated for SCC. In some particular cases, however, crack growth of an actively growing
crack has been arrested by decreasing the corrosion potential or the applied potential to values just below
En.. This effect of potential has been observed for the intergranular SCC of sensitized type 304 SS in
high temperature (> 2500 C) aqueous solutions (Cragnolino, 1985; Indig, 1986), and probably is valid also
for the transgranular SCC of the same alloy in chloride-containing solutions.
The approach to be adopted in the example analysis will be to assume that the initiation and the
arrest of a propagating crack is controlled by the difference between E.00 and E. for the same
environment. At corrosion potentials above Es, an appropriate mathematical model for calculating crack
growth rate will be used. One of the available models is that developed by Ford and Andresen (1985,
6-1

1988). Based on the film rupture, slip dissolution, and repassivation concepts the crack propagation rate
expressed as follows:
(6-1)

da/dt = M Qf e¢, / z p F ej

where M and p are the atomic weight and density for the alloy respectively, F is the Faraday constant,
z is the number of electrons involved in the oxidation of the alloy, ef is the fracture strain of the oxide,
e4,is the strain rate at the crack tip, and Qf is the oxidation charge density. Equation (6-1) can be restated
in a general form
(6-2)

da/t = f(n) (e,)-

where the parameter n represents the effect of the environment and the alloy composition on the crack
propagation rate andf()n is a coefficient which is a function of n. Under constant loading conditions e,
is proportional to KI, where K is the stress intensity factor.
This model is currently available as a code, PLEDGE, developed with the sponsorship of
Electric Power Research Institute (EPRI) for the environmental, mechanical, and material conditions
prevailing in recirculating lines of boiling water reactors. If arrangements can be made to have this code
available, the possibility of extrapolating parameters and variables to the repository conditions will be
evaluated to obtain at least approximate expressions of crack growth rate as a function of temperature and
potential, even though other environmental variables, such as the effect of solution composition, cannot
be properly considered with the existing database.

6.2

LIMITATIONS OF THE PRESENT MODELS

The existing models have many limitations for the proposed analysis. The Ford-Andresen
0
model, for example, was developed for very low conductivity water at temperatures around 290 C to deal
specifically with the intergranular SCC of sensitized type 304 SS on the basis of a relatively extensive
database. Its validity for a nonsensitized material in more concentrated solutions at lower temperatures,
in which SCC is transgranular, could be questionable in the absence of a comparable database, especially
when much lower crack growth rates and greater associated uncertainties can be expected. Extensive
work within the context of EBSPAC is needed to adapt existing models to the environmental conditions
of the near-field in a HLW repository, taking into consideration heat transfer, distribution of residual
stresses, and the effect of temperature variation with time as the input variables of the SCC models.
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7 MECHANICAL FAILURE
7.1

BUCKLING FAILURE

Buckling can be caused by the sudden collapse of the borehole plug or the borehole walls, and
by dynamic loads caused by seismic activity. For a given design, a time dependent waste package failure
criteria due to buckling can be developed. The buckling of waste packages is essentially a threedimensional phenomenon. Very often, detailed three-dimensional finite-element analysis is required to
obtain a failure loading (static and dynamic) envelope for a given design. There are, in the literature,
several analytical expressions for the buckling of cylindrical and plate structures. These are primarily
for static loads that are symmetrically loaded with respect to a simplified geometry. In this version of
Source Term Code (SOTEC), the buckling loads are based on analytical expressions (Bazant and Cedoltin,
1991) with significant simplifying assumptions.
The waste package is assumed to be a long slender cylinder subject to axial and vertical
symmetric loads. The cylinder is unconstrained in the radial direction. As a conservative assumption,
the stiffening effect of the wasteform inside the cylinder is neglected. The additional stiffness due to end
plates is also not considered. The material properties are assumed to be functions of temperature. Only
static or quasi-static loads are considered.
The buckling equations are developed for general conditions for various thickness to radius
ratios. The approach adopted here considers two aspects of cylinder buckling. In the first evaluation,
the load safety factor and critical buckling load are determined for three loading conditions: uniform
radial load, uniform axial load, and uniform radial and axial load. Based on the current design
configuration, only elastic buckling needs to be considered. Thus, in the second evaluation, only the
critical thickness in the elastic buckling criteria is calculated by using the corresponding initial buckling
load and safety factor.

7.1.1

Case 1 Evaluation

For safety reasons, the load factor must be applied to the original critical buckling load in order
to determine a conservative buckling criteria. In this version, three load factors are determined using the
following empirical forms:
* Plastic Buckling
(7-1)

F = 1.5 for (R/t) <5

* Elastic-Plastic Buckling
F = 1.5+1.5 I(gt), 5

for 5 < (R/t) <(R/t)e

(7-2)

* Elastic Buckling
(73)

F = 3.0 for (R/t) 2 (R/t)e
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(Rlt)

=

4(1 -VE2 )o PI
(7-4)

where
= load factor

F

t
R
(Rit)

= wall thickness, 0.01 (original) m
= radius, 0.33 (original) m

0 p1

= radius to thickness ratio
= minimum R/t for elastic buckling
= proportional limit stress = 0.8 x yield stress, CY

GY

= yield stress, MPa = 170 x [1-lx10r3 x (T-20)]

(R/t),

T
E
V

= current temperature ( 0C)

4
= elastic modulus, MPa = 182000 x [1-6xlO x(T-20)]
= Poisson's ratio = 0.25 x [1+4x10 4 x(T-20)]

The critical buckling loads under uniform radial, uniform axial, and uniform radial and axial
external loads are calculated. Buckling formulas for long thin-walled cylinders under uniform radial
external loads are derived by:
*

Elastic Buckling
pcEr
cr

*

l

_V2)[ R.

(7-5)

Elastic-Plastic Buckling
p/=

*

4(1

[1

t
E1
4(1 -v2) [R.

(7-6)

Plastic Buckling
t a"
p//cr = R

where
Pcr

=

elastic buckling pressure, MPa

P c

=

elastic-plastic buckling pressure, MPa

P /"

=

plastic buckling pressure, MPa
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(7-7)

0

*
E,

=

4
tangent modulus, MPa = 1600 x [1-6x10 4 xT-20)] x [1-3.9x10 x (a-275)]
(a represents the current pressure and T represents temperature OC).

Buckling formulas for long, thin-walled cylinders under uniform axial external load (for elastic
buckling only) are derived from:
Per =

E

I

(7-8)

t

7.1.2 Case 2 Evaluation
As discussed earlier, the elastic buckling is considered more important because of the current
design configuration. In the following, the critical thickness for elastic buckling criteria under different
loading conditions is calculated. Assuming a uniform radial external load, PE, and a safety factor of
three, buckling occurs when
PE

P" 2

E

C,

4(1-v 2 )

3

rt1
[RJ

(7-9)

The critical thickness, t,, can be

t

c

0.32(a)

(7-10)

1-(a)

where
4 PE(l -v2)II 3

3E
For a uniform axial external load in the elastic range with a safety factor of three, buckling occurs
when
PE 2 P, 21
a
3r3'

E t
r -- R

(7-11)

The critical thickness is
t=

we

0.32(a)

-(a)

where
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(7-12)

(a)- PELF

T/E

For a uniform axial and radial external load, buckling failure occurs when
> P" 2:
_ 2 c

PE

0.92E

L][Rf5

(7-13)

where L is the length (height) of the container.
The critical thickness, t:, can be derived by using numerical analysis. Failure due to buckling is
assumed to occur when the calculated critical thickness is greater than the current (corroded) thickness
or when the external load exceeds the critical buckling load.

7.2

OVERLOAD FAILURE

7.2.1 Linear Elastic Fracture Mechanics Approach
The overload failure can occur if the combination of net section stress and defect size exceeds
a critical condition for fast fracture. In the case of cracks in an elastic field, the critical condition for fast
fracture is usually calculated using LEFM in terms of a stress intensity factor, which under plane strain
conditions, is termed Kic or plane strain fracture toughness of the material. The stress intensity factor,
K;, is given by
5
K1 = Ya (a)fs

(7-14)

where a is the crack length, a is the nominal stress, and Y is a geometric constant dependent on the
loading and crack configurations. However, the plane strain fracture toughness provides a conservative
lower limit criterion for fast fracture. For the containers, the stress field and defect size will be a
function of time. In the example analysis, the stress field is assumed to originate mainly from the
residual stresses due to circumferential closure welding. Thermal, lithostatic, and hydrostatic stresses
are neglected.

7.2.2 Limitations of LEFM Approach
A limitation in using Kic as a failure criterion is that, for type 304 stainless steel, it is quite high
and the wall thickness is low so that the condition for plane strain condition implied in the use of Kjc will
not be strictly valid. For example, the K,, value for an annealed type 304 stainless steel is likely to be
over 200 Ksi.,in., and its yield strength is about 40 Ksi. Based on these values, the minimum thickness
for plane strain conditions to be valid is 62 inches! A second, more compelling, limitation of this
approach is the assumption of long cracks which permits the use of a single parameter, K, to characterize
the crack-tip stress field. This is valid if the crack length is approximately twenty times the plastic zone
size. Since the crack length, a, cannot be greater than the container thickness, t, the maximum stress
intensity factor below which LEFM can be used to predict container failure is given by
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r s t = 1 (K)2
2nr a,
,20

(7-15)

where ry is the plastic zone radius and ay is the yield strength. Using the yield strength for type 304L
stainless steel of 40 Ksi and thickness of 0.5 inch, the maximum stress intensity for validity of LEFM
is about 16 Ksi. Vin. It can be seen that this low value of stress intensity factor can be met only under
severe conditions of SCC corrosion fatigue. In future developments, elastic-plastic fracture mechanics
approach will be considered to overcome some of the above described limitations
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8 SUMMARY AND RECOMMENDATIONS
The approach and models that will be used in the example analysis of the feasibility of quantification of
the term "Substantially Complete Containment" in 10 CFR60.113(a) are evaluated in this report. For
the purpose of the example analysis, at least some of the containers will be assumed to come into contact
with an aqueous environment. The corrosion rate for the containers that remain dry will be assumed to
be negligible. The focus of the example analysis will be type 304/304L stainless steel. The basic
approach will consist of modeling the corrosion potential of the container as a function of time and
comparing this to critical potentials for initiation and repassivation of pits, crevices, and stress corrosion
cracks. The models for corrosion potential were reviewed. A diffusion-charge transfer controlled
corrosion potential model is recommended. Of the radiolysis reactions, only three involving oxidizing
species may need to be considered for the initial model development. The formation of nitrogen species
is not considered to be important in the initial stages of this model development as they are formed
mainly in moist vapor environments. The limitations of the input parameters to the corrosion potential
models were pointed out. Because of the uncertainties involved in the input parameters, it is
recommended that sensitivity analysis of the corrosion potential model be conducted as the first step of
the example analysis.
Models for pitting, crevice corrosion, and stress corrosion cracking were reviewed briefly. More detailed
reviews of these models are part of the EBSPAC program that is ongoing. However, sufficient empirical
data exists to formulate parametric equations of the critical pit initiation and repassivation potentials in
terms of chloride concentration and temperature. The dependence on other environmental factors such
as pH, sulfate, and nitrate are relatively minor, at least for type 304/304L stainless steel. The type of
parametric relationship for crevice corrosion is the same as for pitting. For the case of stress corrosion
cracking, not much empirical data is available to determine a critical potential for initiation of stress
corrosion cracking. However, crevice corrosion repassivation potential will be used as the critical
potential for stress corrosion cracking in the example analysis based on the experimental results of Tamaki
et al., (1990). The limitations of the current models for all three corrosion processes and mechanical
failure modes are pointed out.
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