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Note Regarding the Status of Supporting Technical Information

This document was prepared using the most current information available at the time of its development.  This
Technical Basis Document and its appendices providing Key Technical Issue Agreement responses that were
prepared using preliminary or draft information reflect the status of the Yucca Mountain Project’s scientific
and design bases at the time of submittal.  In some cases this involved the use of draft Analysis and Model
Reports (AMRs) and other draft references whose contents may change with time.  Information that evolves
through subsequent revisions of the AMRs and other references will be reflected in the License Application
(LA) as the approved analyses of record at the time of LA submittal.  Consequently, the Project will not
routinely update either this Technical Basis Document or its Key Technical Issue Agreement appendices to
reflect changes in the supporting references prior to submittal of the LA.
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APPENDIX M

CORROSION RATES, UNCERTAINTY/VARIABILITY DETERMINATION,
AND PROPAGATION OF UNCERTAINTY

(RESPONSE TO TSPAI 3.01, TSPAI 3.04, TSPAI 3.05,
AND GEN 1.01 (COMMENT 11))

This appendix provides a response to Key Technical Issue (KTI) agreements Total System
Performance Assessment and Integration (TSPAI) 3.01, TSPAI 3.04, and TSPAI 3.05 and
addresses General Agreement (GEN) 1.01 (Comment 11).  These KTIs relate to the
characteristics of the uncertainty and variability treatment of the general corrosion rates of the
drip shield and waste package materials.  Specifically, TSPAI 3.01 relates to propagation of
significant sources of uncertainty into projections of waste package and drip shield performance,
TSPAI 3.04 relates to risk dilution due to representation of the variation of general corrosion
rates, and TSPAI 3.05 relates to providing the technical basis for the representation of
uncertainty and variability in the general corrosion rates.

M.1 KEY TECHNICAL ISSUE AGREEMENTS

M.1.1 TSPAI 3.01, TSPAI 3.04, TSPAI 3.05, and GEN 1.01 (Comment 11)

Agreements TSPAI 3.01, TSPAI 3.04, and TSPAI 3.05 were reached during the U.S. Nuclear
Regulatory Commission (NRC)/U.S. Department of Energy (DOE) Technical Exchange and
Management Meeting on Total System Performance Assessment and Integration held August 6
to 10, 2001, in Las Vegas, Nevada (Reamer and Gil 2001a).  There have been no previous
submittals to the NRC related to these KTI agreements.

Agreement GEN 1.01 was reached during the NRC/DOE Technical Exchange and Management
Meeting on Range of Thermal Operating Temperatures, held September 18 to 19, 2001 (Reamer
and Gil 2001b).  At that meeting, the NRC provided an additional comment (Comment 11) that
related to TSPAI 3.05.

The wording of these agreements and the DOE initial response to the general comment are as
follows:

TSPAI 3.01

Propagate significant sources of uncertainty into projections of waste package and
drip shield performance included in future performance assessments.  Specific
sources of uncertainty that should be propagated (or strong technical basis
provided as to why it is insignificant) include: (1) the uncertainty from measured
crevice and weight-loss samples general corrosion rates and the statistical
differences between the populations, (2) the uncertainty from alternative
explanations for the decrease in corrosion rates with time (such as silica coatings
that alter the reactive surface area), (3) the uncertainty from utilizing a limited
number of samples to define the correction for silica precipitation, (4) the
confidence in the upper limit of corrosion rates resulting from the limited sample
size, and (5) the uncertainty from alternative statistical representations of the
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population of empirical general corrosion rates.  The technical basis for sources of
uncertainty will be established upon completion of existing agreement items
CLST 1.04, 1.05, 1.06, and 1.07.  DOE will then propagate significant sources of
uncertainty into projections of waste package and drip shield performance
included in future performance assessments.  This technical basis will be
documented in a future revision of the General and Localized Corrosion of Waste
Package Outer Barrier AMR (ANL-EBS-MD-000003) expected to be available
consistent with the scope and schedules for the specified CLST agreements.  The
results of the AMR analyses will be propagated into future TSPA analyses for any
potential license application.

TSPAI 3.041

Provide the technical basis that the representation of the variation of general
corrosion rates (if a significant portion is lack of knowledge uncertainty) does not
result in risk dilution of projected dose responses (ENG1.3.3).  DOE will provide
the technical basis that the representation of the variation of general corrosion
rates results in reasonably conservative projected dose rates.  The technical basis
will be documented in an update to the WAPDEG Analysis of Waste Package and
Drip Shield Degradation AMR (ANL-EBS-PA-000001).  This AMR is expected
to be available to NRC in FY 2003.  These results will be incorporated into future
TSPA documentation for any potential license application.

TSPAI 3.052

Provide the technical basis for the representation of uncertainty/variability in the
general corrosion rates in revised documentation.  This technical basis should
provide a detailed discussion and analyses to allow independent reviewers the
ability to interpret the representations of 100% uncertainty, 100% variability, and
any intermediate representations in the DOE model (ENG1.3.6).  DOE will
provide the technical basis for the representation of uncertainty/variability in the
general corrosion rates.  This technical basis will include the results of 100%
uncertainty, 100% variability, and selected intermediate representations used in
the DOE model.  These results will be documented in an update to the WAPDEG
Analysis of Waste Package and Drip Shield Degradation AMR (ANL-EBS-PA-
000001) or other document.  This AMR is expected to be available to NRC in
FY 2003.

GEN 1.01 (COMMENT 11)3

The analyses of the drip shield corrosion rate and the treatment of drip shield
corrosion rate uncertainty in the SSPA is not transparent.

                                                
1 The content of ENG1.3.3 (Cornell 2001) is adequately represented within the text of TSPAI 3.01 and 3.04.
2 The content of ENG1.3.6 (Cornell 2001) is adequately represented within the text of TSPAI 3.05.
3 The SSPA, Volumes 1 and 2, referred to in GEN 1.01 Comment 11 and the DOE response, is FY01 Supplemental
Science and Performance Analyses, Volume 1: Scientific Bases and Analyses (BSC 2001a) and FY01
Supplemental Science and Performance Analyses, Volume 2: Performance Analyses (BSC 2001b).
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Basis: In the supplemental model for drip shield corrosion the uncertainty due to
variability is reduced. The effect of this change is in the treatment of uncertainty
is that the drip shield failure occurs at later times (failure is delayed
approximately 10,000 years with respect to the TSPA-SR base case). No details
are provided on how the corrosion rate uncertainty was treated.

DOE Initial Response to GEN 1.01 (Comment 11)

The drip shield corrosion rate variance is considered to be 100% due to
uncertainty. For each realization, one corrosion rate is sampled for outside-in
corrosion and another corrosion rate is sampled for inside-out corrosion (the drip
shield underside). Each drip shield in a given realization has the same two general
corrosion rates.  Drip shield failure times differ only by the varying times at
which the relative humidity threshold for the initiation of general corrosion is
satisfied.

A comparison of SSPA Volume 1 Figure 7.4-14 and SSPA Volume 2
Figure 4.2.5-1 shows that the two mean drip shield failure curves are nearly
identical differing only in the time of the first drip shield failure (e.g., the 5th
percentile curves for first drip shield failure overlap).  If a drip shield corrosion
model is used for a potential LA, the modeling approach and rationale for the
modeling approach will be qualified and documented in accordance with KTI
Agreements (TSPAI 3.05 and TSPAI 4.03).

M.1.2 Related Key Technical Issue Agreements

Agreements Container Life and Source Term (CLST) 1.04, 1.05, 1.06, and 1.07 relate to the
disposition of agreements TSPAI 3.01, TSPAI 3.04, TSPAI 3.05, and GEN 1.01 (Comment 11).
CLST 1.04, 1.05, 1.06, and 1.07 deal with testing of Alloy 22 and titanium materials in the Long-
Term Corrosion Test Facility under various environments and conditions and with the evaluation
of the associated uncertainties in the models and data.  The agreements assess the different test
methods.  These KTI agreements provide the information needed to support the understanding of
the uncertainties associated with predicting long-term corrosion behavior of the waste package
and drip shield.  TSPAI 3.01 integrates the outputs of CLST 1.04, 1.05, 1.06, and 1.07 for use in
total system performance assessment (TSPA).  As of the development of this appendix for
TSPAI 3.01, TSPAI 3.04, TSPAI 3.05, and GEN 1.01 (Comment 11), CLST 1.05 is closed,
CLST 1.07 is addressed in Appendix A, and CLST 1.04 (Appendix R) and CLST 1.06 AIN-1
(Appendix J) are in preparation.

M.2 RELEVANCE TO REPOSITORY PERFORMANCE

General corrosion is the uniform thinning of a material typically at its open-circuit corrosion
potential.  General corrosion is likely to occur throughout the repository postclosure period and
is one of the key corrosion degradation processes for drip shields and waste packages in the
repository.

General corrosion is the only corrosion process of any consequence (in the absence of disruptive
events, such as seismic or igneous activity) relevant to drip shield performance in the repository.
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As shown in WAPDEG Analysis of Waste Package and Drip Shield Degradation (BSC 2003a,
Section 6.6), penetration of the drip shield by general corrosion is not expected during the
10,000-year regulatory period.

In the integrated waste package degradation model (BSC 2003a), corrosion processes within a
single waste package are represented by dividing the waste package surface into sub-areas called
patches and stochastically sampling the degradation model parameter values for each patch.  The
use of patches allows the representation of variability (aleatory uncertainty) in degradation
processes within a single waste package at a given time.  Based on the assumptions of the model,
general corrosion results in relatively large patch openings through which radionuclide transport
can occur.  Therefore, general corrosion is relevant to waste package performance in the
repository.

M.3 RESPONSE

TSPAI 3.01–Significant sources of uncertainty were propagated into projections of waste
package and drip shield performance.

Part 1 of TSPAI 3.01 states that the uncertainty from measured crevice and weight-loss sample
general corrosion rates and the statistical differences between the populations should be
propagated into future performance assessments.  The uncertainty treatment of general corrosion
rates is based on analysis of weight-loss measurements of samples with creviced and weight-loss
geometry.  For the waste package outer barrier material, the general corrosion rates used at 60°C
are based on general corrosion rates derived from weight-loss measurements of samples with a
creviced geometry conducted at 60°C and 90°C.  The statistical differences between the Alloy 22
crevice and weight-loss geometry populations are discussed in Section M.4.2.1.  For the waste
package outer barrier material, the majority of the variation (about 97%) in the general corrosion
rates used at 60°C determined from the weight-loss measurements was due to variability
(aleatory uncertainty).  On this basis, the modeling assumption was made and implemented in
TSPA that all of the variation in the general corrosion rates determined from the weight-loss
measurements would be assigned to variability.  For use at temperatures other than 60°C, a
temperature-dependent general corrosion model was developed for the waste package outer
barrier material based on polarization resistance measurements.  The temperature-dependence is
represented with an Arrhenius temperature term (slope) whose variation is due entirely to
epistemic uncertainty.

For the drip shield material, none of the variation in the general corrosion rates determined from
the weight-loss measurements of samples exposed at 60°C and 90°C could be attributed to
variability (aleatory uncertainty).  Therefore, all of the variation in the general corrosion rate was
attributed to epistemic uncertainty.  In addition, no dependence on temperature was observed
over the range of temperatures at which tests were conducted, perhaps because the corrosion
rates were so low (Figure M-1) that measurement uncertainties masked the effect of temperature.
Therefore, the general corrosion model developed for the drip shield material has no temperature
dependence (a potential source of variability).  The statistical differences between the Titanium
Grade 16 (an analog for the Titanium Grade 7 drip shield material) creviced and weight-loss
geometry populations is shown in Figures M-1 and M-2 and discussed in Section M.4.1.  As
discussed in Section M.4.1, general corrosion rate distributions are developed from these
measured data and used in TSPA to model general corrosion of the drip shield.
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Source: DTN: LL990610605924.079.

Figure M-1. Distribution of General Corrosion Rates of Titanium Grade 16: (a) Long-Term Corrosion
Test Facility 1-Year Weight-Loss Samples (31 Measurements) and (b) 1-Year Creviced
Samples (35 Measurements)
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Source: DTN: MO0306SPAGLCDS.001.

Figure M-2. Distribution of General Corrosion Rates of Titanium Grade 16: (a) Long-Term Corrosion
Test Facility 5-Year Weight-Loss Specimens and (b) 5-Year Creviced Specimens

Based on the above discussion, the uncertainty from measured creviced and weight-loss sample
general corrosion rates and the statistical differences between the populations have been
analyzed and propagated into TSPA.

Part 2 of TSPAI 3.01 states that the uncertainty from alternative explanations for the decrease in
corrosion rates with time (e.g., silica coatings that alter the reactive surface area) should be
propagated into future performance assessments.  The most likely explanation for the observed
decrease in general corrosion rates with time (see Figures M-1, M-2, and M-3) is improvement in
passive film properties with time.  The Long-Term Corrosion Test Facility weight-loss
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measurements, on which the general corrosion models are based, resulted from samples exposed
to repository-relevant silica-containing solutions.  Since silica is present in the test solutions and
the repository, effects of silica coatings, if any, on the reactive surface area are appropriately
reflected in the data used for TSPA. CLST 1.06 AIN-1 (Appendix J) provides additional
information on the effect of silica based on the 5-year corrosion data.  Results presented in this
document show that the measured corrosion rates are the same in environments with and without
silica.

Source: BSC 2003b, Figure 6-25.

NOTE: SAW = simulated acidified water; SCW = simulated concentrate water; BSW = basic saturated water.
General corrosion rate of Alloy 22 in multiionic solutions at 90°C decreases as exposure time increases.
The trend line was obtained by a linear regression fit for the data shown in the figure.

Figure M-3.  Time-Dependent General Corrosion Rate of Alloy 22

Based on the above discussion, the insignificant effects of silica are appropriately reflected in the
data and uncertainty treatment used for TSPA.

Part 3 of TSPAI 3.01 states that the uncertainty from utilizing a limited number of samples to
define the correction for silica precipitation should be propagated into future performance
assessments.  The sample cleaning procedure has been improved (e.g., TIP-CM-51), leading to a
high degree of confidence that the silica deposits were removed from the specimen surfaces.
Therefore, the general corrosion rates calculated from the weight loss of the 5-year exposed
samples appropriately account for the effects of silica deposits in the data used for TSPA
(Section M.4.3 provides the supporting basis).  On this basis, no correction factor for silica
precipitation was necessary in TSPA.

Since no correction factor for silica precipitation was used in TSPA, no uncertainty exists from
utilizing a limited number of samples to define the correction for silica in the TSPA analysis.
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Part 4 of TSPAI 3.01 states that the confidence in the upper limit of corrosion rates resulting
from the limited sample size should be propagated into future performance assessments.  A high
degree of confidence in the upper limit of corrosion rates resulting from the limited sample size
was obtained for the TSPA.  For the case of the Titanium Grade 7 drip shield material, the
measured general corrosion rates used were based on the 1-year exposed Long-Term Corrosion
Test Facility weight-loss measurements.  The 1-year measurements were compared to the 5-year
measurements; it was found that the general corrosion rates decrease significantly with time
(including the maximum measured values).  Given the high degree of confidence that the silica
deposits were removed from the specimen surfaces for the 5-year exposures, and the fact that the
general corrosion rates based on the 5-year exposed specimens are lower than those based on the
1-year exposed specimens (including the maximum measured values), there is also high
confidence that the maximum general corrosion rates determined from the 1-year exposed
samples are a reasonable upper bound.  For the Alloy 22 waste package outer barrier material,
the measured general corrosion rates were fit to a two-parameter Weibull distribution, which has
an infinite upper tail (i.e., no upper limit exists except that imposed by the computer hardware or
software).  Furthermore, the Alloy 22 general corrosion rates were adjusted for the change in
scale (physical size) between the creviced geometry samples measured in the laboratory
(5,787 mm2) and the patch size used in the integrated waste package degradation model and
TSPA model (23,150 mm2) (BSC 2003a, Section 6.3.2).  The effect of this adjustment is to shift
the median general corrosion rate used in the models to higher values, decrease the probability of
sampling lower general corrosion rates, and increase the probability of sampling higher general
corrosion rates.  Overall, the scale adjustment approach is conservative.

Based on the above discussion, the upper limits of the general corrosion rate distributions are
appropriately and conservatively defined for TSPA.

Part 5 of TSPAI 3.01 states that the uncertainty from alternative statistical representations of the
population of empirical general corrosion rates should be propagated into future performance
assessments.  Alternative conceptual models of general corrosion, including alternative statistical
treatment of the data, were investigated in reports generated by the DOE (BSC 2003b,
Section 6.4.3.5; BSC 2003c, Section 6.3.6).  One alternative conceptual model developed for
general corrosion of the waste package outer barrier and drip shield materials (BSC 2003b,
Section 6.4.3.5.1; BSC 2003c, Section 6.3.6) was based on the observation (e.g., Figure M-3)
that general corrosion rates decrease with time.  Use of this model would increase waste package
and drip shield lifetimes by a considerable amount.  Another alternative conceptual model
developed for general corrosion of the waste package outer barrier (BSC 2003b,
Section 6.4.3.5.2) involved estimating the effective weight-loss of the creviced area (under the
crevice former) from the creviced geometry samples.  Development of this model used several
very conservative assumptions and resulted in a general corrosion rate that was higher than the
base-case general corrosion model for the waste package outer barrier.  This model was
determined to be unrealistic and was therefore not recommended for use in TSPA.

Those alternative conceptual models (and alternative statistical representations of the data) that
are realistic are less conservative than the primary model adopted and implemented within the
TSPA.  In addition, from a risk-based performance perspective, analyses documented in
WAPDEG Analysis of Waste Package and Drip Shield Degradation (BSC 2003a, Section 6.6)
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show that waste package and drip shield lifetimes are expected to far exceed the 10,000-year
regulatory period using the adopted models.

Based on the above discussion, uncertainty from the realistic alternative statistical
representations of the population of empirical general corrosion rates has an insignificant impact
on the level of confidence that the repository will satisfy the regulatory requirements.

TSPAI 3.04–TSPAI 3.04 relates to variation in general corrosion rates causing risk dilution on
the projected dose rates determined for the repository.  Risk dilution is defined as the lowering of
the risk, or dose, from an unsupported parameter range and distribution (BSC 2003d, Section 3.5;
NRC 2003, Section 2.2.1) or a situation in which an increase in the uncertainty of the input
parameters of a model may lead to a decrease in the mean of an output quantity (BSC 2002a,
Section 2.1.1).  The modeling approach used by the DOE for TSPA utilized a process that
provides a consistent treatment in categorizing, quantifying, evaluating, and documenting
parameters and parameter uncertainties.  This modeling approach is summarized in Total System
Performance Assessment–License Application Methods and Approach (BSC 2003d, Section 3.5)
and Guidelines for Developing and Documenting Alternative Conceptual Models, Model
Abstractions, and Parameter Uncertainty in the Total System Performance Assessment for the
License Application (BSC 2002a, Section 2.2.1).

The reports documenting the general corrosion models used for the waste package (BSC 2003b)
and drip shield (BSC 2003c) provide sufficient technical basis for the representation of epistemic
uncertainty and variability (aleatory uncertainty) in the TSPA model.  These uncertainty and
variability treatments were adequately implemented within the integrated waste package
degradation model, which is a part of the TSPA model.  Given that sufficient technical basis for
the representation of epistemic uncertainty and variability (aleatory uncertainty) in model
parameters was supplied, no risk dilution with respect to projected dose rates is present.

Based on the above discussion, the DOE adopted a process for eliminating the possibility of risk
dilution and has used this process to provide technical basis that the representation of the
variation of general corrosion rates results in reasonably conservative projected dose rates.

TSPAI 3.05–TSPAI 3.05 relates to the representation of epistemic uncertainty and variability
(aleatory uncertainty) in the general corrosion rates.  The reports generated by the DOE
documenting the general corrosion models used for the waste package (BSC 2003b) and drip
shield (BSC 2003c) provide sufficient technical basis for the representation of epistemic
uncertainty and variability (aleatory uncertainty) in the TSPA model.  The discussion provided
above for TSPAI 3.01 and TSPAI 3.04 covers how the various uncertainties and variabilities in
general corrosion rates are treated in the TSPA model.

GEN 1.01 (Comment 11)–GEN 1.01 (Comment 11) stated that the analyses of the drip shield
corrosion rate and the treatment of drip shield corrosion rate uncertainty in the Supplemental
Science and Performance Analyses (BSC 2001a; BSC 2001b) is not transparent and also noted
that the uncertainty due to variability is reduced.  Furthermore, the time of failure for the first
drip shield was delayed approximately 10,000 years with respect to the base case for the TSPA
for site recommendation.  The information provided in the DOE initial response is sufficient to
answer the concerns raised in relation to the Supplemental Science and Performance Analyses
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(BSC 2001a; BSC 2001b) drip shield general corrosion model.  However, since then the
modeling approach has been modified.  For the TSPA for license application, the modeling
approach and rationale for the modeling approach for general corrosion of the drip shield is
documented in General Corrosion and Localized Corrosion of the Drip Shield (BSC 2003c).
The model is incorporated into TSPA through the integrated waste package degradation model,
which is documented in WAPDEG Analysis of Waste Package and Drip Shield Degradation
(BSC 2003a).  The modeling approach used in the TSPA for license application is similar to that
used in the Supplemental Science and Performance Analyses (BSC 2001a; BSC 2001b) in that
one corrosion rate is sampled for outside to inside general corrosion of the drip shield outer
surface and another corrosion rate is sampled for inside to outside general corrosion of the drip
shield underside.  Unlike in the Supplemental Science and Performance Analyses (BSC 2001a;
BSC 2001b), the two general corrosion rates (one for the outer surface of the drip shield and
another for the inner surface of the drip shield) are sampled (once per realization of the
repository) from two different general corrosion rate cumulative distribution functions.  The
reason for the two different general corrosion rate cumulative distribution functions is to better
represent the differences in exposure environments between the outer and inner surfaces of the
drip shields.  The drip shield outer surface may be exposed to a more complicated chemistry
since dust or mineral films or both (from evaporation of dripping water) may form crevices and
the possibility of dripping water chemistries.  In contrast, the inner surfaces of the drip shield
will not be exposed to dripping water or significant dust film formation.  Each drip shield in a
given realization has the same two general corrosion rates, and all drip shields in a given
realization fail at the same time.  Based on the above discussion, the models of drip shield
general corrosion of the Supplemental Science and Performance Analyses (BSC 2001a; BSC
2001b) and the TSPA for license application have been clearly explained.

The information in this report is responsive to agreements TSPAI 3.01, TSPAI 3.04, TSPAI 3.05,
and GEN 1.01 (Comment 11) made between the DOE and NRC.  This report contains the
information that the DOE considers necessary for NRC review for closure of these agreements.

M.4 BASIS FOR THE RESPONSE

KTI agreements TSPAI 3.01, TSPAI 3.04, TSPAI 3.05 and GEN 1.01 (Comment 11) relate to
the characteristics of the uncertainty and variability treatment of the general corrosion rates.
This section provides the technical basis for the responses provided in Section M.3.  The
presentation in this section takes the issues in TSPAI 3.01, TSPAI 3.04, TSPAI 3.05 and GEN
1.01 (Comment 11) and describes the uncertainty and variability in terms of effects of general
corrosion on the barriers that contribute to the isolation of waste, namely, drip shield and waste
package. As a result, Section M.4.1 presents the treatment of drip shield general corrosion, and
Section M.4.2 presents the treatment of waste package general corrosion. In addition,
Section M.4.3 presents observations relevant to the effects of silica deposits on general
corrosion.

M.4.1 Treatment of Drip Shield General Corrosion

General corrosion is uniform thinning of a material at its open-circuit corrosion potential.  The
general corrosion rate of the drip shield material, although uncertain, is constant
(i.e., independent of environment and time).  Therefore, the depth of penetration or thinning of
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the drip shield by general corrosion is equal to the general corrosion rate multiplied by the time
that the drip shield is exposed to the environment in which general corrosion occurs.  This
modeling approach is considered conservative because the general corrosion rate of metals and
alloys tends to decrease with time (BSC 2003c, Section 6.3.6).  General corrosion rates of the
Titanium Grade 7 drip shield plate material are based on weight-loss measurements of descaled
Titanium Grade 16 samples after 1- and 5-year exposure in the Long-Term Corrosion Test
Facility.  When specimens were loaded in the Long-Term Corrosion Test Facility, the final
material selection for the drip shield had not been made; therefore, no Titanium Grade 7 samples
were emplaced at that time.  The chemical composition of Titanium Grade 7 is shown in
Table M-1, as well as the chemical composition of Titanium Grade 16.  The two alloys differ in
palladium content (0.04% to 0.08% palladium for Titanium Grade 16 and 0.12% to 0.25%
palladium for Titanium Grade 7).  In addition, the allowable carbon content is slightly different.
The two alloys have identical mechanical properties (ASTM B 265-02).  Titanium Grade 16 can
be used as an analog for Titanium Grade 7 due to its similarity in composition and mechanical
properties.  The corrosion performance of Titanium Grade 7, because of its higher palladium
content, will be superior to that of Titanium Grade 16 (BSC 2003c, Section 1.1) in the range of
expected repository environments.  The properties of titanium alloys are also addressed in
Section 10 and Appendix H.

Table M-1.  Chemical Composition of Titanium Grade 7 and Titanium Grade 16

Type N C H O Fe Pd
Residual

(each)
Residual

(total) Titanium
Titanium
Grade 7

0.03
(max)

0.10
(max)

0.015
(max)

0.25
(max)

0.30
(max) 0.12 to 0.25 0.1 (max) 0.4 (max) Remainder

Titanium
Grade 16

0.03
(max)

0.08
(max)

0.015
(max)

0.25
(max)

0.30
(max) 0.04 to 0.08 0.1 (max) 0.4 (max) Remainder

Source: DTN: MO0003RIB00073.000.

Drip shield general corrosion rates are calculated using weight-loss data obtained from the Long-
Term Corrosion Test Facility (McCright 1998, Section 2.2).  Four generic types of samples,
U-bends, creviced samples, weight-loss samples, and galvanic couples were mounted on
insulating racks and placed in the tanks.  Approximately half of the samples were submersed,
approximately half were in the saturated vapor above the aqueous phase, and a limited number
were at the water line.  Condensed water was present on specimens located in the saturated vapor
(BSC 2003b, Section 6.4.3).  In this section, results for weight-loss specimens and creviced
specimens are discussed.  Both types of specimens were exposed to repository-relevant
environments for 1 and 5 years.  The general corrosion rate distribution obtained using corrosion
rate data from weight-loss geometry specimens was used to model the general corrosion rates on
the inner surfaces of the drip shield.  The general corrosion distribution used for the outer surface
of the drip shield utilizes a combination of corrosion rate data from both weight-loss geometry
specimens and creviced geometry specimens.

The weight-loss testing includes a wide range of relevant environments, including simulated
dilute water, simulated concentrated water, and simulated acidified water described in General
Corrosion and Localized Corrosion of the Drip Shield (BSC 2003c) (see Table M-2).  The
simulated concentrated water test medium is three orders of magnitude (1,000 times) more
concentrated in some species than well J-13 water and is slightly alkaline (pH approximately 10).
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The simulated acidified water test medium is three orders of magnitude more concentrated in
some species than well J-13  water and is acidic (pH approximately 2.7).  The test solution
compositions and the predicted in-drift chemistry are compared in Appendix A of the technical
basis document addressing in-drift chemical environment (Tables A-3 and A-5).  That appendix
addresses agreements CLST 1.01, TSPAI 3.12, and TSPAI 3.13, which are directly related to
establishing credible ranges of environments and comparison with the test environments.
Section A.3 states that the range of environments in which the corrosion tests have been
performed encompasses the range of environments that have been projected to be relevant for the
waste package under expected repository conditions (Agreement TSPAI 3.12).  Two temperature
levels (60°C and 90°C) are included in this testing program.  The general corrosion
measurements and corrosion rate calculation are based on ASTM G 1-90, Standard Practice for
Preparing, Cleaning, and Evaluating Corrosion Test Specimens.

Table M-2.  Target Composition of Standard Test Media Based on Well J-13 Water

Ion

Simulated Dilute
Water
(mg/L)

Simulated
Concentrated

Water
(mg/L)

Simulated Acidified
Water
(mg/L)

Simulated
Saturated

Water
(mg/L)

Basic
Saturated
Water-12

(mg/L)
K+ 3.400 × 101 3.400 × 103 3.400 × 103 1.420 × 105 6.762 × 104

Na+ 4.090 × 102 4.090 × 104 3.769 × 104 4.870 × 104 1.0584 × 105

Mg2+ 1 <1 1.000 × 103 0 0

Ca2+ 5.000 × 10−1 <1 1.000 × 103 0 0

F− 1.400 × 101 1.400 × 103 0 0 1.470 × 103

Cl− 6.700 × 101 6.700 × 103 2.425 × 104 1.280 × 105 1.3083 × 105

NO3
− 6.400 × 101 6.400 × 103 2.30 × 104 1.313 × 106 1.3965 × 106

SO4
2− 1.670 × 102 1.670 × 104 3.86 × 104 0 1.470 × 104

HCO3
− 9.470 × 102 7.000 × 104 0 0 0

Si 27 (60°C),
49 (90°C)

27 (60°C),
49 (90°C)

27 (60°C),
49 (90°C)

0 0

pH 9.8 to 10.2 9.8 to 10.2 2.7 5.5 to 7 12
Source: DTN: LL000320405924.146.

NOTE: pH measured for actual solutions at room temperature.

The posttest specimen treatments were different for the 1- and 5-year tests.  The 1-year
specimens were physically cleaned with deionized water and a nylon brush (McCright 1998,
Section 2.2.7).  In contrast, the 5-year specimens were chemically cleaned.  For 5-year
specimens exposed to simulated concentrated water and simulated dilute water, the posttest
specimens were descaled for 2 minutes in a cleaning solution prepared by diluting 150 mL of
concentrated HCl acid (37% HCl of specific gravity of 1.19) with deionized water to make
1,000 mL of solution (TIP-CM-51).  The cleaning temperature was ambient.  For 5-year
specimens exposed to simulated acidified water, the posttest specimens were first exposed for 2
minutes to the same HCl solution used for descaling samples exposed to simulated concentrated
water and simulated dilute water (TIP-CM-51).  The samples were then immersed at 95°C for 2
minutes in a solution prepared by dissolving 200 g of NaOH and 30 g of KMnO4 in deionized
water to make 1,000 mL of solution.  Finally, the specimens were immersed for 3 minutes in a
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solution prepared by dissolving 100 g of diammonium citrate in deionized water to make
1,000 mL of solution.  Weight-loss measurements and scanning electron microscopy analysis
showed that these cleaning methods removed the scale from tested samples yet did not
significantly affect untested foil samples (TIP-CM-51).  The only modifications to the
ASTM G 1-90 methods were an increased immersion time and the use of a drying oven and
desiccator to minimize air exposure.  No corrections for scale deposits were needed as complete
descaling was observed (BSC 2003c, Section 7.2).  Since little cleaning was performed for the
1-year samples, the incomplete removal of oxide may well account for the large negative values
observed in the 1-year data (Figure M-1).  The corrosion rates calculated based on the weight
loss show some scatter and are presented as cumulative distribution functions.

Corrosion Rates Based on 1-Year Weight-Loss Measurements–The general corrosion rates
for Titanium Grade 16 based on Long-Term Corrosion Test Facility 1-year weight-loss samples
are shown in Figure M-1a.  These measurements were found to be independent of temperature
between 60°C and 90°C (BSC 2003c, Section 6.3.3).  Furthermore, the composition of the test
medium (simulated dilute water, simulated concentrated water, or simulated acidified water) had
little impact on the measurements.  With the exception of four outliers, the rates plotted in
Figure M-1a are between approximately –200 and +200 nm/yr.  The outliers with large negative
rates are believed to be due to improper cleaning or measurement errors.

Similarly, the general corrosion rates for Titanium Grade 16 based on Long-Term Corrosion Test
Facility creviced geometry samples (DTN: LL990610605924.079) are shown in Figure M-1b.  In
this case, it was found that the measurements are independent of temperature and test medium.
Most of the rates plotted in Figure M-1b are between −350 and +350 nm/yr.  The largest
measured rate shown in Figure M-1b, which is less than 350 nm/yr, will not lead to failure of the
drip shield during the first 10,000 years.  Based on these data, the life of the drip shield will not
be limited by general corrosion in the first 10,000 years.

Corrosion Rates Based on 5-Year Weight-Loss Measurements–General corrosion rates of
Titanium Grade 16 in simulated concentrated water and simulated dilute water for 5 years at the
Long-Term Corrosion Test Facility were also obtained.  The general corrosion rates for Titanium
Grade 16 based on Long-Term Corrosion Test Facility 5-year weight-loss specimens and
creviced samples in simulated dilute water and simulated concentrated water are shown in
Figure M-2.

The 5-year weight-loss specimen data had a maximum value of about 58 nm/yr (annualized from
5-year exposure), with most of the other values under 20 nm/yr.  The 5-year creviced specimen
data show a maximum value of about 77 nm/yr, with most of the values below about 30 nm/yr.
The median is at approximately 5 and 10 nm/yr for weight-loss specimens and creviced
specimens, respectively.

In contrast to the 1-year exposure results, the corrosion rates obtained from the 5-year exposure
tests contain very few negative values.  The median corrosion rate for the 5-year data is higher
than that for the 1-year data.  This is not surprising, considering the difference in posttest sample
treatment between the 1- and 5-year tests.  As previously discussed, the 1-year specimens were
physically cleaned with deionized water and a nylon brush, whereas the 5-year specimens were
chemically cleaned.
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The maximum and median values of 1- and 5-year corrosion rate data are summarized in
Table M-3.

Table M-3.  Summary of 1-Year and 5-Year Corrosion Data Comparison

1 Year (nm/yr) 5 Year (nm/yr)
Specimen Type Weight-Loss Creviced Weight-Loss Creviced

Median 0 0 5 10
Maximum 113 319 58 77

Source: DTN: MO0306SPAGLCDS.001, 1_Year_CDFs.pdf.

Composite Model for the General Corrosion Rates for Drip Shield–The exposure
environments on the inner and outer surfaces of the drip shield differ.  The drip shield outer
surface may be exposed to a more complicated chemistry since dust or mineral films (from
evaporation of dripping water) may form crevices on the drip shield outer surfaces.  In contrast,
the inner surfaces of the drip shield will not be exposed to dripping water or significant dust film
formation.  Therefore, the general corrosion of the inner surface and the outer surface of the drip
shield are modeled using different sets of corrosion data: the general corrosion of the inner
surface of the drip shield is represented by a cumulative distribution function generated from the
Long-Term Corrosion Test Facility 1-year exposed weight-loss samples only (Figure M-4),
while the general corrosion rates of the outer surface of the drip shield are represented by a
cumulative distribution function generated from combining both the Long-Term Corrosion Test
Facility 1-year exposed weight-loss samples and the creviced samples (Figure M-5).  The
negative values of the weight loss for both cases were conservatively removed from the
distribution.  For the weight-loss case (with the zero values removed), the rate at the
50th percentile is approximately 18 nm/yr, the rate at the 90th percentile is approximately
75 nm/yr, and the maximum rate is less than 113 nm/yr.  For the weight-loss plus creviced case
(with the zero values removed), the rate at the 50th percentile is approximately 25 nm/yr, the rate
at the 90th percentile is approximately 100 nm/yr, and the maximum rate is less than 319 nm/yr.
About 10% of the values fall between 100 and 319 nm/yr.

As discussed previously, the 1-year exposed weight-loss and creviced samples displayed higher
general corrosion rates than did the 5-year exposed weight-loss and creviced samples.  On this
basis, use of the 1-year data to model general corrosion of the drip shield is conservative since
the general corrosion rate decreases with increasing exposure time.
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Source: DTN: MO0306SPAGLCDS.001.

Figure M-4. Distribution of General Corrosion Rates of Titanium Grade 16: LTCTF 1-year Weight-Loss
Samples—No Negative Rates

Source: DTN: MO0306SPAGLCDS.001.

Figure M-5. Distribution of General Corrosion Rates of Titanium Grade 16: LTCTF 1-year Weight-Loss
and Crevice Samples—Negative Rates Removed
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Implementation of Drip Shield General Corrosion–Details of the general corrosion rate
distributions used for the drip shield are given in General Corrosion and Localized Corrosion of
the Drip Shield (BSC 2003c, Section 6.3.5; DTN: MO0306SPAGLCDS.001).  In that report,
general corrosion rates of Titanium Grade 16 are assumed to be representative of those for
Titanium Grade 7 (BSC 2003c, Section 1.1).  Details of implementation of the drip shield
general corrosion model are documented in WAPDEG Analysis of Waste Package and Drip
Shield Degradation (BSC 2003a, Section 6.5.6).

General corrosion of the inner surface and outer surface of the drip shield are modeled using
different cumulative distribution functions (BSC 2003c, Section 6.3.5).  The variations in the
drip shield general corrosion rate distributions are considered to be entirely due to epistemic
uncertainty (BSC 2003c, Section 6.3.4).  For each realization of the integrated waste package
degradation model (BSC 2003a), a single general corrosion rate is sampled from each general
corrosion rate distribution: one general corrosion rate value is sampled from the general
corrosion rate distribution, which is applicable to the drip shield underside (Figure M-4), and one
general corrosion rate value is sampled from the general corrosion rate distribution, which is
applicable to the drip shield outer surface (Figure M-5).  The two sampled values are then
applied, one to the drip shield outer surface and one to the drip shield inner surface of each drip
shield simulated during the given realization.  On each time step, general corrosion of the drip
shield occurs.  Using this conceptual model for drip shield general corrosion, the drip shields in
the repository for a given realization fail by general corrosion at the same time.

The maximum general corrosion rate for the cumulative distribution functions applied to the
underside of the drip shield is approximately 1.13 × 10−4 mm/yr, and the maximum general
corrosion rate for the cumulative distribution functions applied to the top side of the drip shield is
approximately 3.19 × 10−4 mm/yr (BSC 2003c, Section 6.3.5); therefore, the earliest possible
penetration time for the 15-mm-thick drip shield plates by general corrosion is about 35,000
years (BSC 2003a, Section 6.3.3), if disruptive events are not considered.

M.4.2 Treatment of Waste Package Outer Barrier General Corrosion

The general corrosion rate of the waste package outer shell is modeled as being temperature
dependent and, for a given temperature, a constant (i.e., independent of time).  For a given
temperature, the depth of penetration or thinning of the waste package outer shell by general
corrosion is equal to the general corrosion rate at that temperature multiplied by the time that the
waste package is exposed to the environment in which general corrosion occurs.  This modeling
approach is considered conservative because the general corrosion rate of metals and alloys tends
to decrease with time (BSC 2003b, Section 6.4.3).  General corrosion rates of the waste package
outer shell have been estimated based on weight-loss measurements of Alloy 22 samples after a
5-year exposure in the Long-Term Corrosion Test Facility.  In addition to Long-Term Corrosion
Test Facility results, general corrosion rates were also measured electrochemically to help model
the temperature dependence of general corrosion in Alloy 22.

M.4.2.1 Long-Term Weight-Loss Measurements

The Long-Term Corrosion Test Facility is equipped with an array of fiberglass tanks.  Each tank
had a total volume of approximately 2,000 L and was filled with approximately 1,000 L of
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aqueous test solution.  The temperature of the solution in a particular tank was controlled at
either 60°C or 90°C, covered with a blanket of air flowing at approximately 150 cm3/min, and
agitated.  Four generic types of samples (U-bends, creviced samples, weight-loss samples, and
galvanic couples) were mounted on insulating racks and placed in the tanks.  Approximately half
of the samples were submersed, approximately half were in the saturated vapor above the
aqueous phase, and a limited number were at the water line.  Condensed water was present on
specimens located in the saturated vapor (BSC 2003b, Section 6.4.3).

The testing includes a range of plausible test media, including simulated dilute water, simulated
concentrated water, and simulated acidified water.  The compositions of these solutions are
summarized in Table M-2.  In addition, these data and a detailed discussion of corrosion rate
measurement and analysis results are presented in General Corrosion and Localized Corrosion
of Waste Package Outer Barrier (BSC 2003b, Section 6.4.3).  The corrosion rate of Alloy 22
was measured according to ASTM G 1-90.  Results from the two types of coupons were used.
These were labeled weight-loss coupons and creviced coupons (BSC 2003b, Section 6.4.3).
Figures M-6 and M-7 show the corrosion rates determined on these types of samples after a
5-year exposure period.

After a 5-year exposure to each solution and environmental condition, specimens were removed
from their respective test vessels to determine the corrosion rate by weight-loss measurements.
Some samples had been previously removed after 6-month, 1-year, and 2-year exposures.  In all
of the tested conditions, the coupons were covered with mineral deposits.  Therefore, the
coupons were cleaned prior to final weighing.  Cleaning was carried out consistent with
ASTM G 1-90 (see Section M.4.1 for details).

Source: DTN: SN0308T0506303.004.

NOTE: SAW = simulated acidified water; SCW = simulated concentrated water; SDW = simulated dilute water.

Figure M-6. Corrosion Rates for Alloy 22 Weight-Loss Coupons in Simulated Acidified Water, Simulated
Concentrated Water, and Simulated Dilute Water
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Source: DTN: SN0308T0506303.004.

NOTE: SAW = simulated acidified water; SCW = simulated concentrated water; SDW = simulated dilute water.

Figure M-7. Corrosion Rates for Alloy 22 Creviced Coupons in Simulated Acidified Water, Simulated
Concentrated Water, and Simulated Dilute Water

A detailed analysis of these results based on weight-loss coupons exposed to these environments
at 60°C and 90°C for more than 5 years is reported in General and Localized Corrosion of Waste
Package Outer Barrier (BSC 2003b, Section 6.4.3) and summarized here.  The average
corrosion rates and 95% confidence levels (the range bars) are given for the uncreviced
specimens (designated as weight-loss specimens) and the creviced specimens in Figures M-6 and
M-7, respectively.  For the purposes of graphing, a normal distribution of measurements was
used.

The measured corrosion rates determined from the weight-loss geometry coupons ranged from
0 to about 12 nm/yr, with the lowest rates observed for the coupons in the simulated dilute water
solution.  The individual corrosion rates for the creviced coupons, shown in Figure M-7, ranged
from 0 to about 23 nm/yr, with the highest rates observed in the simulated acidified water
solution and the lowest rates observed in the simulated dilute water solution.  In most cases, the
creviced coupons exhibited corrosion rates two to five times higher than the weight-loss coupons
in the same solutions.  The machining grooves remained uniform and sharp throughout each
coupon surface.  Although the creviced coupons exhibited a higher corrosion rate than the
weight-loss coupons, no evidence of crevice corrosion was found.  It is possible that the higher
corrosion rates are due to differences in surface finish between the two types of sample coupons.
Among the test specimens, a very low measured corrosion rate of 23 nm/yr was observed (BSC
2003b, Section 6.4.3).

For both the weight-loss and creviced coupons, the corrosion rates were generally lower for
those specimens exposed to vapor than immersed in liquid, regardless of the test temperature or
electrolyte solution.  For the weight-loss coupons exposed to liquid, the corrosion rates were
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generally lower at 90°C than at 60°C.  For the weight-loss coupons exposed to vapor, the
corrosion rates were generally higher at 90°C than at 60°C.  Overall, coupons in the simulated
dilute water solution exhibited slightly lower corrosion rates at the higher temperature.  Similar
to the weight-loss coupons, the corrosion rates for the creviced coupons exposed to liquid were
lower at 90°C than at 60°C, while the corrosion rates were generally higher at 90°C than at 60°C
for the creviced coupons exposed to vapor.  In general, for corrosion processes, the corrosion rate
increases with temperature.  However, since in this study the corrosion rates were so low and the
temperature range studied (60°C to 90°C) is small, a clear connection with the temperature
cannot be established for any set of coupons.  Finally, for the weight-loss coupons, there
appeared to be no effect of the presence of welds on the corrosion rate; however, the nonwelded
creviced coupons exhibited slightly higher corrosion rates than their welded counterparts (BSC
2003b, Section 6.4.3).

The empirical cumulative distribution functions for the general corrosion rates of Alloy 22
weight-loss and creviced samples are documented (BSC 2003b, Section 6.4.3.2).  These
functions provide a comparison of the effect of various experimental factors on the general
corrosion rate, such as for the solution chemistry, temperature, and metallurgical condition.  For
the weight-loss samples, the mean corrosion rate is 2.75 nm/yr, and the standard deviation is
2.74 nm/yr.  For the creviced samples, the mean corrosion rate is 7.24 nm/yr, and the standard
deviation is 4.95 nm/yr (Figure M-8).

Source: DTN: SN0308T0506303.004.

Figure M-8. Cumulative Distribution Function of R0 of Base-Case General Corrosion Rate for Alloy 22
Waste Package Outer Shell at 60°C

The creviced coupon corrosion rates were used as the base-case general corrosion rate of the
waste package outer shell.  A Weibull distribution, with scale factor of 8.88 nm/yr, shape factor
of 1.62, and location factor of 0 nm/yr, best fits the corrosion rate distribution (BSC 2003b,
Section 6.4.3).  The scale factor of a Weibull distribution is sometimes referred to as the
characteristic life and is approximately the 63rd percentile of the distribution (Evans et al. 1993,
Chapter 41).
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M.4.2.2 General Corrosion Model for the Waste Package Outer Barrier

The temperature dependence of general corrosion rate can be represented by the logarithmic
form of the Arrhenius relationship.

T
CCRT

1
0)ln( += (Eq. M-1)

where RT is the temperature-dependent general corrosion rate in nanometers per year, T is the
absolute temperature in Kelvin, and C0 and C1 are constants.  The temperature-dependence term
(C1) is determined from short-term polarization resistance data for Alloy 22 specimens tested for
a range of sample configurations, metallurgical conditions, and exposure conditions (temperature
and water chemistry).  Figure M-9 shows the temperature dependence of Alloy 22 corrosion
rates measured by the polarization resistance technique over the temperature range from 45°C to
170°C in 1 and 1.25 mol/L NaCl solutions and 1.25 to 9 mol/L CaCl2 solutions (some with
nitrate (NO3

−) additions).  From fitting the data to the Arrhenius relationship, the
temperature-dependence term (C1) was found to obey a normal distribution with a mean of
approximately 3,000 K and a standard deviation of approximately 300 K.  This temperature
dependence is characterized by the activation energy of about 26 kJ/mol.  Sample configuration
(crevice, disk, or rod), metallurgical conditions (mill-annealed or welded), and water chemistry
within the range expected in the repository appear to have no significant effect on the
temperature dependence of general corrosion rate.

Source: DTN: SN0308T0506303.004.

NOTE: Corrosion rates were determined from 24-hour polarization resistance measurements. MA = mill-annealed;
MCA = multiple crevice assembly.

Figure M-9. Temperature Dependence of Corrosion Rates for Mill-Annealed Alloy 22 for Various
Metallurgical Conditions and Sample Configurations in a Wide Range of Test Solutions
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The Arrhenius relationship is used to predict the temperature-dependent general corrosion rate
(RT) from the general corrosion rate at 60°C (R0) and the temperature-dependence term (C1).

)
15.333

11()ln()(ln 10 −+=
T

CRRT (Eq. M-2)

Predictions of the variability (aleatory uncertainty) distribution of the temperature-dependent
general corrosion rate, RT, at 25°C, 50°C, 75°C, 100°C, 125°C, and 150°C given the mean
epistemic uncertainty term are shown in Figure M-10.

Source: BSC 2003b, Figure 6-23; DTN: SN0308T0506303.004.

NOTE: The calculation was performed using the mean value (−3116.47 K) of the temperature-dependence term
(C1).  The calculated general corrosion rate range represents the variability of the rate.

Figure M-10. Calculated Model Outputs of the Base-Case Temperature-Dependent General Corrosion
Model, Based on the Creviced Sample Data at 25°C, 50°C, 75°C, 100°C, 125°C, and
150°C

M.4.2.3 Uncertainty Analysis of Waste Package Outer Barrier General Corrosion
Rate Data

Uncertainties in the general corrosion rate of Alloy 22 resulted from insufficient resolution of the
weight-loss measurements of the samples due to the extremely low corrosion rates of Alloy 22 in
the test media.  It was concluded that measurement uncertainty was the main source of
uncertainty.  The combined standard uncertainty is estimated to be approximately 0.185 nm/yr in
the case of creviced samples and 0.314 nm/yr in the case of weight-loss samples (BSC 2003b,
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Section 6.4.3).  These estimates correspond to one standard deviation.  Therefore, for the
creviced samples, about 3% of the variation in the measured general corrosion rate is due to the
measurement uncertainty, and 97% of it is from the variations of the corrosion rate among the
specimens (i.e., aleatory uncertainty or variability).  For the weight-loss samples, most of the
variation (about 89%) in the measured corrosion rate is due to variations among the specimens,
and the rest is from measurement uncertainty.

M.4.2.4 Time-Dependent General Corrosion Behavior of the Waste Package Outer
Barrier

In the general corrosion model implemented in the TSPA for license application, general
corrosion of the Alloy 22 waste package outer shell progresses uniformly over a surface.  The
general corrosion rate is temperature dependent; for a given temperature, it is constant
(i.e., independent of time).  Therefore, for a given temperature, the depth of penetration or
thinning of the waste package outer shell by general corrosion is equal to the general corrosion
rate at that temperature multiplied by the time that the waste package is at that temperature.  In
general, however, the corrosion rates of metals and alloys decrease with time.  This is shown in
Figure M-3 for the mean general corrosion rates of Alloy 22 after 6-month, 1-, 2-, and 5-year
exposures in the Long-Term Corrosion Test Facility and for shorter exposure time results based
on other measurement techniques, such as weight-loss, polarization resistance, and potentiostatic
polarization tests.  The mean general corrosion rate after a 5-year exposure in the Long-Term
Corrosion Test Facility is 7 nm/yr.  The trend of decreasing general corrosion rate with time is
consistent with the expected corrosion behavior of passive alloys, such as Alloy 22, under
repository-type aqueous conditions.  The time-dependent general corrosion behavior of the waste
package outer shell was not included in the TSPA because the constant (time-independent) rate
model is more conservative and should bound the general corrosion behavior of the waste
package outer shell over the repository time period.  Since the longer-term rates will be lower
than the 5-year rates, the 5-year corrosion rates were conservatively selected for extrapolation
over the repository time scale.

M.4.2.5 Implementation of Waste Package Outer Barrier General Corrosion Model

In the integrated waste package degradation model, the waste package surface is divided into
sub-areas referred to as patches (Figure M-11), which are used to simulate variability across the
barrier surfaces.  It is at the patch level that the degradation models are applied (e.g., each patch
might have a different general corrosion rate or crack growth threshold).
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Figure M-11.  Schematic Representation of Waste Package Patches

Details of implementation of the waste package outer barrier general corrosion model are
documented in WAPDEG Analysis of Waste Package and Drip Shield Degradation (BSC 2003a,
Section 6.5.7).  The Alloy 22 general corrosion rate is considered a function of exposure
temperature.  The temperature dependence follows an Arrhenius relationship; that is,
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0exp (Eq. M-3)

where

R = general corrosion rate
T = temperature (Kelvin)
C0 = intercept term
C1 = slope term (Kelvin)

as discussed in General Corrosion and Localized Corrosion of Waste Package Outer Barrier
(BSC 2003b, Section 6.4.3).  The sign of the slope term in this appendix is negative with respect
to the slope term in General Corrosion and Localized Corrosion of Waste Package Outer
Barrier (BSC 2003b, Section 6.4.3) to be consistent with the input requirements of the
WAPDEG software (BSC 2002b).  The slope term is determined from short-term polarization
resistance data for Alloy 22 specimens tested for a range of sample configurations, metallurgical
conditions, and exposure conditions (BSC 2003b, Section 6.4.3).  From fitting the data to an
Arrhenius relation of the form of Equation M-3, the slope term, C1, was found to be given by a
truncated (at ±3 standard deviations) normal distribution with a mean of 3,116.47 K and a
standard deviation of 296.47 K (BSC 2003b, Section 6.4.3; DTN: SN0308T0506303.004).

The intercept term, C0, is determined from the general corrosion rate distribution derived from
the weight loss of the 5-year creviced geometry samples exposed in the Long-Term Corrosion
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Test Facility (BSC 2003b, Section 6.4.3) and the value of the slope term, C1.  The general
corrosion rate distribution derived from the weight loss of the 5-year creviced geometry samples
exposed in the Long-Term Corrosion Test Facility is considered to represent the distribution of
long-term general corrosion rates of the waste package outer barrier at 60°C.  Therefore,

K15.333
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CCR −= (Eq. M-4)

or
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CRC += (Eq. M-5)

where R0 is the general corrosion rate distribution from the 5-year creviced geometry samples.
Substituting for C0 in Equation M-3,
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R0 is given by a Weibull distribution with parameters of scale (α) equal to 8.88 nm/yr, shape (β)
equal to 1.62, and location (θ) equal to 0 nm/yr (BSC 2003b, Section 6.4.3).  This is a
two-parameter Weibull distribution since the location parameter is zero.

The general corrosion model used for the waste package is based on weight-loss measurements
for samples exposed in the Long-Term Corrosion Test Facility (BSC 2003b, Section 6.4.3).  For
the waste package outer barrier, samples with the creviced geometry were used to generate the
general corrosion rate distribution (R0, applied at 60°C).  The creviced geometry samples have
nominal dimensions of 2–by-2–by-1/8 in. and a 0.312-in.-wide hole in the center for sample
mounting (BSC 2003b, Section 6.4.3).  Therefore, the exposed surface area, A, for a creviced
geometry sample is calculated as follows
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(Eq. M-7)

where a is the length, b is the width, c is the thickness, and d is the diameter of hole.  Using the
dimensions mentioned above (converted to millimeters), the exposed surface area for a creviced
sample is 5,787 mm2.

In the integrated waste package degradation model (BSC 2003a, Section 6.3.2), the patch size
used to model the waste packages is four times the area of the creviced geometry sample size.
Therefore, the general corrosion rates are adjusted to account for the effects of this change of
scale (BSC 2003a, Section 6.3.4).  Conceptually, the method employed corresponds to using the
highest of four sampled corrosion rates (from the two-parameter Weibull distribution) to model
general corrosion of the waste package patch.  This approach is conservative and appropriate for
this application because it is not likely that all four samples from the Weibull distribution will
have the highest rate; therefore, a more realistic representation of the overall general corrosion
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rate would be the average of the four sampled corrosion rates.  However, this approach would
not account for the fact that 1/4 of the patch has the maximum of the four sampled corrosion
rates.  On this basis, the proposed approach is conservative and appropriate for this application.

Mathematically stated, if F(x) is the cumulative probability distribution, then the probability
that x will be the largest among n observations is [F(x)]n (Aziz 1956; Shibata 1996).  In this
context, n can be called the size factor.  The effect of this method is to shift the median general
corrosion rate to higher values and to decrease the probability of sampling lower general
corrosion rates.  This is shown in Figure M-12, where the original probability density distribution
for R0 is plotted along with the probability density distribution for R0 resulting from a size factor
of 4.

Source: DTN: MO0310MWDWAPAN.002.

Figure M-12.  Effect of Scaling General Corrosion Distribution by a Size Factor of 4

The variation in R0, the general corrosion rate distribution determined from the 5-year creviced
geometry samples, is considered to be entirely due to variability (i.e., a cumulative distribution
function for ln(R0) is passed to the WAPDEG software and sampled for each waste package
patch).  General Corrosion and Localized Corrosion of Waste Package Outer Barrier (BSC
2003b, Section 6.4.3) states that C1 is given by a truncated (at ±3 standard deviations) normal
distribution with a mean of 3,116.47 K and a standard deviation of 296.47 K (BSC 2003b,
Section 6.4.3).  The variation in the general corrosion rate slope term, C1, is considered to be
entirely due to uncertainty.  For each realization of the integrated waste package degradation
model, a single general corrosion rate slope term is sampled and applied to the Alloy 22 waste
package outer barrier surfaces to model variation in the Alloy 22 general corrosion rate with
exposure temperature.  Spatial and temporal variability in the temperature of the repository led to
spatial and temporal variability in the general corrosion rates used to model general corrosion of
Alloy 22.
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M.4.3 Observations on the Effects of Silica on General Corrosion

The expected environments relevant to the drip shield and waste package corrosion in the
repository will contain silica. The Long-Term Corrosion Test Facility weight-loss measurements,
on which the general corrosion models are based, resulted from samples exposed to repository-
relevant silica-containing solutions (Table M-2).  Additional discussion of the effects of silica on
the corrosion rate are presented in the response to CLST 1.06 AIN-1 (Appendix J) in which
technical information is presented which shows:

• In long-term immersion testing, the presence of silica in solution had little impact on the
corrosion potential of Alloy 22.  The short-term corrosion potential data were randomly
spread, but no strong influence from silica was observed.

• Short-term corrosion rates measured by the linear polarization resistance technique in
solutions with and without silica indicated that the corrosion rate of Alloy 22 was not
influenced by silica; it was much more strongly influenced by other environmental
factors, such as pH, aeration–deaeration, and temperature that affected the corrosion
potentials.  The corrosion rate of Alloy 22 decreased at higher corrosion potential.

• Presence of silica in NaCl solutions did not affect the general corrosion rate behavior.
The general corrosion rate decreased as exposure time increased.

Also, from a risk-based performance perspective, any potential effects of silica deposition on
general corrosion rates will have insignificant impact on the waste package lifetimes.  Analyses
documented in General Corrosion and Localized Corrosion of Waste Package Outer Barrier
(BSC 2003b, Section 8) and General Corrosion and Localized Corrosion of the Drip Shield
(BSC 2003c, Section 6.3.6) indicate that, under the condition of general corrosion, waste
package and drip shield lifetimes are expected to far exceed the 10,000-year regulatory period.
Any potential uncertainty in general corrosion rates because of silica deposition will not lead to
waste package failure times during the regulatory period.  This is also consistent with the view
expressed by the Waste Package Materials Peer Review Panel, which concluded that the results
to date indicate that it is unlikely that uniform corrosion of Alloy 22 in the passive state will
result in failure of the waste packages in the repository at Yucca Mountain in less than
10,000 years (Beavers et al. 2002, Section 7.2.2).
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