ENCLOSURE 1

Response Tracking Number: 00097-00-00 RAI: 3.2.2.1.2.1-2-001

RAI: Volume 3, Chapter 2.2.1.2.1, Second Set, Number 1:

The FEP 1.2.04.07.0B Ash Redistribution in Groundwater is excluded from the
performance assessment model based on low consequence (Safety Analysis
Report Section 2.2, Table 2.2- 5; Sandia National Laboratories, 2008a). The staff
considers that the technical bases of the screening argument are not sufficient to
support exclusion of the FEP from the performance assessment model.

RAI #1: For the fraction of contaminated tephra that is deposited or redistributed
fluvially in Fortymile Wash in the volcanic eruption modeling case, evaluate the
potential transport of radionuclides that could be leached into groundwater and
transported to the compliance location from Fortymile Wash. Compare the
potential contributions to dose from this short groundwater transport pathway
with the reported contributions to dose for the volcanic eruption modeling case
(e.g., SAR Figure 2.4-32). This information is needed to verify compliance with
10 CFR 63.114 (e).

Basis: Depending on timing of the eruptive event in the volcanic eruption
modeling case, the released inventory leads to dose exposures from short-lived
radionuclides (e.g., Cs-137, Sr-90, Am-241, Pu-240, and Pu-239) that are not
transported to the accessible environment in significant quantities in any of the
other modeling cases in the performance assessment model. The volcanic eruption
modeling case calculated the dose consequences of an eruptive event by using a
model for the airborne transport of tephra and subsequent redistribution of the
particles in the accessible environment, leading to exposure of the Reasonably
Maximally Exposed Individual by inhalation, external radiation, and ingestion of
radionuclides from contaminated particles (Sandia National Laboratories, 2008).
DOE has not assessed the relative importance of a dose contribution from
radionuclides leached into near-surface groundwater from the contaminated
tephra in the vicinity of Fortymile Wash, where the transport pathways to the
accessible environment may be short compared to transport from the repository.

1. RESPONSE

The U.S. Department of Energy has performed an assessment of the potential consequences of
radionuclides leaching from contaminated tephra that is deposited or redistributed fluvially in
Fortymile Wash in the volcanic eruption modeling case. As is described below, this analysis
supports the determination to exclude FEP 1.2.04.07.0B, Ash Redistribution in Groundwater,
from the performance assessment model based on low consequence.

The analysis evaluates the potential transport of radionuclides present in the inventory at the time
of eruption, including short-lived radionuclides (e.g., 37¢s, °Sr, ' Am, **°Py, and 239Pu) that
could be leached into groundwater and transported from Fortymile Wash to the compliance
location. This transport pathway has the potential to expose the RMEI to radionuclides in
groundwater that are not transported to the accessible environment in significant quantities in
other modeling cases. The consequences associated with leaching of radionuclides from
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contaminated tephra have been evaluated in order to compare the potential contributions to mean
dose from this short groundwater transport pathway with the reported contributions to mean dose
from other modeling cases. This comparison concludes that the contribution to mean dose from
radionuclide leaching from contaminated tephra is considerably less than the contributions from
any of the modeling cases included in the performance assessment model. Thus, this response
provides corroboration of and additional technical bases for the screening justification provided
in Features, Events, and Processes for the Total System Performance Assessment: Analyses
(SNL 2008) that ash redistribution in groundwater can be screened out of the performance
assessment on the basis of low consequence.

The consequence of radionuclides present in the contaminated tephra leaching from the tephra
deposit, entering into the saturated zone, and being transported to the compliance point is
evaluated by a transport calculation. The calculation includes a number of simplifying
assumptions that incorporate substantial conservatism as well as parameter values that are meant
to be representative of expected conditions. The calculation assumes that all of the waste present
in the erupted tephra is evenly distributed on the land surface of the Fortymile Wash drainage
basin between the repository and the boundary of the accessible environment and is susceptible
to leaching. Transport to the water table is assumed to occur as a contaminant pulse through the
vadose zone, with radionuclide travel times to the water table being influenced by the thickness
of the unsaturated zone, the vertical flow rate of water, and the transport mode (e.g., dissolved
and/or attached to colloids and degree of retardation due to sorption). Radioactive decay of each
radionuclide is accounted for during transport through the unsaturated zone. It is further
assumed that all radionuclides that reach the water table are captured in the 3,000 acre-ft/yr used
by the RMEI. Radionuclide concentrations in groundwater are calculated by assuming that each
radionuclide arrives at the boundary of the accessible environment as a contaminant plume. The
initial arrival is from radionuclides originating from tephra deposited immediately north of the
boundary of the accessible environment, with the last arrival from tephra deposited in the
Fortymile Wash drainage basin above the repository. The duration of the plume is assumed to be
equal to the time it takes for groundwater to flow from the repository to the boundary of the
accessible environment multiplied by the retardation factor for each radionuclide. The resulting
concentration in the groundwater at the RMEI is converted to a time-dependent dose history after
a volcanic eruption. Dose histories are computed for a series of eruption times and are used to
estimate expected and mean doses due to the leaching process.

Figure 1 shows the contribution to mean annual dose due to the leaching process and from each
of the modeling cases included in the performance assessment model. The analysis shows that
the mean annual dose to the RMEI due to the leaching process is considerably less than the mean
annual dose in the volcanic eruption modeling case, which includes exposure to radionuclides
deposited at the compliance point from direct airborne deposition and fluvial redistribution of
ash (tephra). In particular, the mean annual dose for the leaching process is about 400 times less
than the mean annual dose from the volcanic eruption modeling case at 10,000 years. Moreover,
the mean annual dose for the leaching process is considerably less than the contributions from
any of the modeling cases included in the performance assessment model. Thus, the analysis
supports the determination to exclude FEP 1.2.04.07.0B, Ash Redistribution in Groundwater,
from the performance assessment model on the basis of low consequence.
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2. COMMITMENTS TO NRC
None.
3. DESCRIPTION OF PROPOSED LA CHANGE
None.
4. REFERENCES
SNL (Sandia National Laboratories) 2008. Features, Events, and Processes for the Total System

Performance Assessment: Analyses. ANL-WIS-MD-000027 REV 00. Las Vegas, Nevada:
Sandia National Laboratories. ACC: DOC.20080307.0003.
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Response Tracking Number: 00098-00-00 RAI: 3.2.2.1.2.1-2-002

RAI Volume 3, Chapter 2.2.1.2.1, Second Set, Number 2:

The FEPs 2.1.03.02.0B Stress Corrosion Cracking (SCC) of Drip Shields and
2.1.03.10.0B Advection of Liquids and Solids through Cracks in the Drip Shield
are excluded from the performance assessment model based on low consequence
(Safety Analysis Report Section 2.2, Table 2.2-5; Sandia National Laboratories,
2008). The technical basis for exclusion of FEP 2.1.03.02.0B depends on the
exclusion of FEP 2.1.03.10.0B, Advection of Liquids and Solids through Cracks
in the Drip Shield. The staff considers that the technical bases of the screening
arguments are not sufficient to support exclusion of these two FEPs from the
performance assessment model.

Analyze water flow rates through open cracks (i.e., initially open cracks, cracks
that open at a later time, or cracks that are not effectively plugged), or
alternatively provide the technical bases for disregarding non-plugged cracks on
the drip shield. This information is needed to verify compliance with 10 CFR
63.114 (e), ().

Basis: Water flow rates of the order of 4 mL/yr through cracks were estimated in
the screening argument for FEP 2.1.03.10.0B Advection of Liquids and Solids
through Cracks in the Drip Shield (Sandia National Laboratories, 2008). These
flow rates were estimated using the hydraulic conductivity of plugged cracks with
mineral precipitates or corrosion products. Based on these low flow rates, DOE
concluded that the consequences of advective flow through cracks would be
negligible. However, there was no consideration in the screening argument of
initially open cracks, cracks that open at a later time, or cracks that are not
effectively plugged. Information is needed to assess the extent of flow rates
through a broader range of crack conditions.

1. RESPONSE

This response provides additional technical basis for disregarding non-plugged cracks on the drip
shield. The presentation begins with a review of key features of the original screening justifications
for the indicated features, events, and processes (FEPs), combined with additional supporting
information on stress corrosion cracking (SCC) and modes of drip shield damage. The review
emphasizes that stress corrosion cracks are unlikely to form, and if formed they are unlikely to
penetrate the plate thickness. The response then presents a probabilistic analysis of drip shield
damage which shows that even if stress-corrosion cracks are assumed to penetrate the drip shield
plates and remain open to water flow, and if drift seepage flows through the cracks and contacts the
waste package during the thermal period, that the potential consequences to waste isolation are
insignificant.
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1.1 Review of the Basis for Excluding Drip Shield Stress Corrosion Cracking from
Performance Assessment

This section of the response is based on the screening justifications for FEPs 2.1.03.02.0B, Stress
corrosion cracking of drip shields and 2.1.03.10.0B, Advection of liquids and solids through
cracks in the drip shield (SNL 2008a), with supporting information on SCC (SNL 2007a, Section
6.8), and insights from numerical simulation of the stress condition in drip shields subject to rubble
loading and seismic ground motion (SNL 2007b, Sections 6.8 and 6.10). The discussion shows that
the exclusion justifications for SCC FEPs are consistent with available data on the initiation and
propagation of stress corrosion cracks in Titanium Grade 7 alloy, and that the screening does not
critically depend on bounding estimates for the rate of liquid water flow through plugged cracks.

FEP 2.1.03.10.0B — The exclusion justification for this FEP finds that residual stresses in the
drip shield plates, made from Titanium Grade 7 alloy, will relax because of creep so that
through-wall SCC cracks are not expected to result (SNL 2008a). The justification states that
drip shields may be subject to SCC from damage induced by seismic motion or rock block
impacts, but that through-wall cracks are not expected.

The justification then presents a conditional analysis of the potential flow through stress
corrosion cracks penetrating the drip shield, if such cracks were to form. This conditional
analysis covers the tight, tortuous nature of stress corrosion cracks (observed in Stainless Steel
Type 316, for which SCC could be readily produced), and the limited rates of water flow
observed in laboratory testing with open cracks. It describes the limited interaction of falling
drops, splashing, and rivulets with localized damage, (e.g., from rock block impacts in
nonlithophysal tuff), and limitations on the incidence of localized corrosion initiation. The
conditional analysis goes on to discuss plugging processes in the repository environment, and the
insignificant potential for flow through cracks in the drip shield and waste package.

Exclusion of FEP 2.1.03.10.0B from total system performance assessment (TSPA) is not
changed by this response. Rather, the response reviews the basis for exclusion, including
information on stress corrosion cracking, and provides new information that supports the original
justification (SNL 2008a). The original bounding analysis of flow through plugged cracks is not
addressed by this response.

FEP 2.1.03.02.0B — The exclusion justification for this FEP (SNL 2008a) states that the
propagation time for stress corrosion cracks in the drip shields is conservatively neglected
(i.e., stress corrosion cracks are assumed to propagate through wall instantaneously), citing the
stress corrosion model report (SNL 2007a, Section 6.8.4.2.2). This assumption is used only in
the conditional analysis for FEP 2.1.03.10.0B discussed above, as SCC is excluded from
performance assessment on multiple lines of reasoning. The conservative treatment of crack
penetration time in the conditional analysis of flow through cracks is intended to reinforce the
exclusion of SCC, and not to establish the likelihood of crack penetration. One of the reasons for
excluding SCC is stated in the justification, that creep relaxation will prevent crack formation or
arrest crack growth as observed in representative laboratory tests.
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The exclusion justification proceeds to show that thermal stress in drip shield elements is not
sufficient to cause SCC. It also recognizes that there is no effect from SCC on the surrounding
material, and that stress corrosion cracks, if they were to form, would not initiate crevice
corrosion because that process is also excluded (SNL 2008a; excluded FEP 2.1.03.03.0B,
Localized corrosion of drip shields). The justification then reviews the conditions for “hot salt”
cracking, which is not observed below 260°C and is therefore implausible for drip shields in the
repository environment. Peak EBS (waste package) temperatures are predicted to be much
cooler for intact drift conditions (SNL 2008b, Figure 6.3-76[a]). Partial or complete drift
collapse sufficient to produce temperatures exceeding 260°C is not expected to occur
(SNL 2008c, Section 6.5.1), moreover, seepage cannot penetrate drift collapse rubble to reach
the drip shield at such high temperatures (SNL 2008b, Section 6.3.7.3). Note that excluded
FEP 2.1.03.10.0B (Advection of liquids and solids through cracks in the drip shield) is used as
part of the basis for screening FEP 2.1.03.02.0B; bounding estimates of flow rates through
plugged drip shield cracks, while relevant to the screening justification, are not critical to the
FEP exclusion.

Exclusion of FEP 2.1.03.02.0B from TSPA is not changed by this response. Rather, the response
provides new information that supports the original justification (SNL 2008a).

Stress Corrosion Cracking — The SCC report (SNL 2007a, Section 6.8) reviews the technical
literature and available laboratory test data for Titanium Grade 7 creep and SCC responses.
Cracking was not observed in U-bend specimens of Titanium Grade 7 in the Lawrence
Livermore National Laboratory Long-Term Corrosion Test Facility after five years exposure to
conditions that are aggressive to crack initiation in titanium alloys; only Titanium Grade 12
specimens exhibited cracking damage, consistent with known characteristics of these alloys
(SNL 2007a, Section 6.8.3.1.2). Stress relaxation was observed in U-bend samples of Titanium
Grades 7 and 16 on post-test examination, demonstrating that creep occurred (SNL 2007a,
Section 6.8.3.1.2).

Creep rupture was found to be the cause of failure for Titanium Grade 7 samples subjected to
direct-tension (Keno) testing, using multiple lines of evidence including comparison to crack
growth rates for samples exposed to air instead of aqueous corrosion conditions, such that SCC
did not occur. Nevertheless, although SCC of Titanium Grade 7 was demonstrated by these tests
to be of little concern for the repository environment, the SCC report identified the measured
SCC penetration rates for 20% cold-worked Titanium Grade 7 as most representative of
stress-damaged drip shield plates, among the materials tested, if SCC damage were to occur in
this material, and for loading conditions in which tensile stress does not relax (SNL 2007a,
Section 6.8.5.1). The fastest measured growth rate identified as representative corresponds to
penetration time of 2,400 years for the 15-mm drip shield plate thickness.

Use of data from testing of 20% cold-worked material to represent the response of the drip shield
plates, is appropriate because rockfall damage produces permanent deformation that affects the
material in a manner similar to cold-work. Rockfall damage ensues from impact with only the
largest rocks (at least the 90th percentile of impact energy among the blocks simulated;
SNL 2007b, Tables 6-50 and 6-51). Although the residual strain from rockfall damage may be
less than 20%, much smaller strains have a comparable effect on the yield stress, as shown from
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stress-strain curves (Boyer et al. 2003, p. 239). The curves show that for commercial purity
titanium, the stress required to achieve 20% strain is only moderately greater than the yield
strength, which is the minimum needed to produce residual stress (and greater stresses are
produced by impacts). Among the rock block impacts simulated, those that caused damage
produced maximum plastic strains of at least 0.5% for the 15-mm drip shield plate thickness
(SNL 2007b, Table 6-51) which is well beyond the typical 0.2% offset criterion for yield
strength (see for example, ASTM B 265-02). Hence rockfall damaged material is likely to
behave more like 20% cold-worked material, than the as-annealed form, especially for rock
blocks with energies greater than the 90th percentile that cause damage.

Numerical Simulation of Drip Shield Damage — The seismic consequences abstraction model
(SNL 2007b, Sections 6.8 and 6.10) considers the following different types of degradation for
the drip shield plates, which include residual stress that can cause SCC (i.e., “damage,” which is
subject to relaxation), and rupture (i.e., “failure” from exceeding a maximum plastic strain
criterion):

e Residual stress “damage” due to seismically induced rock block impacts in the
nonlithophysal tuff, limited to discrete impact locations randomly located on the drip
shield crown (SNL 2007b, Section 6.10.2).

e Residual stress “damage” from dynamic loading with accumulated drift collapse rubble
in the lithophysal tuff, distributed over the drip shield plates on the crown (SNL 2007b,
Section 6.10.1).

e Plate rupture at discrete locations on the crown, from exceedance of maximum plastic
strain during seismically induced impact of large rock blocks, in the nonlithophysal tuff
(SNL 2007b, Section 6.10.2).

e Plate rupture from dynamic loading with accumulated drift collapse rubble in the
lithophysal tuff, which can cause plastic strain rupture of drip shield plates, for the most
extreme seismic events and/or for seismic response of plates that are substantially
thinned by general corrosion (SNL 2007b, Section 6.8.2).

The fourth bullet (FEP 1.2.03.02.0C, Seismic-induced drift collapse damages EBS components)
is included in the TSPA (SAR 2.4.2.3.2.1.12.3), while the third bullet (FEP 1.2.03.02.0B,
Seismic-induced rockfall damages EBS components, SNL 2008a) is excluded on the basis of low
consequence. The first and second bullets above are excluded from TSPA (SNL 2008a, FEPs
2.1.03.10.0A and 2.1.03.10.0B); these two modes are addressed by the probabilistic analysis in
the next section of this response.

The stress condition in the drip shield plates from static loading by lithophysal rubble (100%
collapse) is below yield, even for plates that are partially thinned by corrosion, as indicated from
numerical simulations. Structural response calculations for the drip shield show zero damaged
area (defined as residual stress or long-term load producing tensile stress at least 80% of yield for
Titanium Grade 7) for rubble loading pressures corresponding to static collapse (compare
loading pressures from SAR Table 2.3.4-35 or SNL 2007c, Table 6-136, with damaged area from
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SAR Figure 2.3.4-75). Moreover, rubble is likely to accumulate to only a minor extent in
10,000 years (less than complete collapse; SAR Figure 2.1-14). Thus rubble loading, by itself
(without seismic acceleration), will not cause significant creep rupture response, especially for
the first 10,000 years during which there will be little thinning of the plates by corrosion.
Accordingly, the bullets listed above describe all the potentially significant consequences from
drip shield interaction with rockfall or collapse rubble. The probabilistic analysis presented in
the following section, which is based on details of the seismic consequences abstraction model,
plus models for seepage occurrence and chemistry, and localized corrosion initiation, considers
the first and second bullets above and shows that there is low likelihood of significant dose
consequence to result from either.

1.2 Probabilistic Analysis of Waste Package Damage Caused by Flow through Open Drip
Shield Cracks

This section presents the results from a conditional analysis of the mean probability that one or
more waste packages are breached by localized corrosion within 10,000 years, caused by
seismic-induced residual-stress “damage” to the drip shields, which is assumed to produce
penetrating stress corrosion cracks that remain open to flow. Details of the conditional analysis
are presented in Sections 1.4 and 1.5. The analysis is conditional because it is based on the
following conservative assumptions which are addressed in the original screening justification
(SNL 2008a, FEP 2.1.03.10.0B): 1) stress corrosion cracks form, and penetrate the drip shield
plate thickness, and are not arrested by creep relaxation; and 2) once these cracks penetrate they
are open with respect to flow, do not plug, and remain open for 10,000 years. Thus the analysis
addresses the request to provide technical basis information for initially open cracks, cracks that
open at a later time, or cracks that are not effectively plugged. The analysis provides
supplemental technical justification for disregarding non-plugged cracks on the drip shield on the
basis of low consequence. It demonstrates that exclusion of flow through stress corrosion cracks
does not affect the TSPA results that are compared to the individual protection standard or to the
separate standards for the protection of groundwater, nor does it impact the exclusion of
postclosure criticality events on the basis of low probability.

Initiation of localized corrosion of the waste package outer barrier is the most significant
potential consequence of flow through open cracks in the drip shields. Leakage through open
drip shield cracks could only occur where there is seepage, and seepage that is diverted around
the drip shield directly affects flow and transport processes in the invert, i.e., transport in the
invert is already dominated by advection if there is significant flow through drip shield cracks.
Besides the potential for localized corrosion initiation, the only other potential effect of leakage
through drip shield cracks is flow of seepage through cracks in the waste package outer barrier.
Stress corrosion cracks in the waste package outer barrier may form due to seismic ground
motion, principally from impacts between the waste package and pallet (SNL 2007b, Sections
6.5.4 and 6.6.4). As discussed in screening for excluded FEP 2.1.03.10.0A (Advection of liquids
and solids through cracks in the waste package; SNL 2008a) the combined reduction of seepage
flow by SCC-damaged drip shields and waste packages, would allow potential rates of waste
package inflow that are comparable to moisture influx as vapor that is already included in TSPA.
Vapor influx sufficient to satisfy the chemical demand of waste form and material degradation
processes within breached waste packages, including moisture sorption onto corrosion products,
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is implicitly included in TSPA. Whereas the probabilistic analysis presented here assumes that
cracks are always open to flow, the reported laboratory tests on flow through cracks (SNL 2008a,
FEP 2.1.03.10.0A) show strong attenuation of seepage even by open cracks (including
non-tortuous parallel plate cracks formed with machined blocks). With SCC damage in the drip
shield and the waste package outer barrier, seepage flow would be attenuated by several orders
of magnitude (this result is discussed further at the end of this response). Hence, the interaction
of leakage through drip shield cracks with cracks in the waste package outer barrier is not
significant to performance assessment (SNL 2008a, FEP 2.1.03.10.0A) and the potential for
localized corrosion of the waste package outer barrier is the only potentially significant
consequence of seepage flow through drip shield cracks.

The analysis described below is a modification of an analysis performed for criticality screening
(SNL 2008d, Section B.2.3). One major difference is that this analysis computes the likelihood
of drip shield “damage” instead of the likelihood of drip shield “failure” by rupture (SNL 2007b,
Section 6.10.2.2). Thus, the analysis considers the plate area for which sustained tensile stresses
associated with inelastic deformation due to rock block impacts exceeds a residual stress
threshold (80% of yield strength for Titanium Grade 7) instead of considering the maximum
plastic strain that is the criterion for plate rupture (SNL 2007b, Table 6-51). Like the previous
work, this analysis considers the probability of damage to waste packages in the lithophysal or
the nonlithophysal tuff (SNL 2008d, Table 7-4 and Appendix B). Finally, this analysis
conservatively neglects the finite time for penetration of the waste package outer barrier once
localized corrosion initiates, as a simplification of the approach used in the TSPA (SNL 2008e,
Section 6.3.5.2.1). This is appropriate because if localized corrosion were to initiate, the
penetration time for localized corrosion breach of the 25-mm Alloy 22 waste package outer
barrier thickness (SAR Table 1.5.2-7; SAR Table 1.9-9, Control Parameter 03-03) could be
short, on the order of hundreds of years (SNL 2007d, Section 6.4.4.7).

For localized corrosion breach of the waste package outer barrier to occur in this conditional
analysis, the following sequence of events is required:

1. Drip shield plate damage occurs due to seismic-induced rockfall in the
nonlithophysal tuff (or damage from dynamic loading with drift collapse in the
lithophysal tuff)

2. Stress corrosion cracks penetrate the drip shield plate thickness

3. Seepage occurs at the affected waste package locations, and flows unrestricted (so
that contact with the underlying waste package always occurs in sufficient quantity
to initiate localized corrosion, although seepage flow may be reduced) through
cracks in the damaged areas on the drip shields

4. Temperature and seepage chemistry on the waste package surface are such that
localized corrosion is initiated.

Localized corrosion is selected as the mode of waste package damage with the greatest potential
impact on waste isolation performance in the conditional analysis. Note that the seismic events
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that produce drip shield damage may also damage the underlying waste packages, the
consequences of which are already included in the TSPA (SAR Section 2.3.4.5).

A key conservative assumption used in this analysis is that stress corrosion cracks allow seepage
water contacting the upper surface of the drip shield, to contact the waste package underneath.
This assumption always allows seepage to contact the waste package outer barrier, wherever
seepage occurs at the location of a damaged drip shield, without considering that seepage may
not interact with the damaged area, and that seepage flow will be attenuated even for flow
through open cracks (see Section 1.3). Other assumptions are: (1) general corrosion (thinning) of
the drip shield and waste package can be neglected because thinning during the few thousands of
years when localized corrosion initiation in Alloy 22 is possible, is not significant to the seismic
damage model; (2) there is one drip shield per waste package, located over that package; (3) the
repository contains 11,629 waste packages, 8,213 of which are spent nuclear fuel, while the
remainder are codisposal (SAR p. 2.4-49); and 4) waste package types are randomly distributed
in the repository.

Table 1 presents the results of the probabilistic analysis, conducted by implementing the
methodology outlined in Sections 1.4 and 1.5 using MathCAD® 14. For waste packages in each
rock type (nonlithophysal or lithophysal), Table 1 gives estimates of the mean probability that
one or more waste packages would fail by the combination of stress corrosion cracking of drip
shields (due to seismic events) and localized corrosion of the waste package outer barrier,
conditional on the assumptions that: 1) stress corrosion cracks form and penetrate the drip shield
plate thickness without being arrested by creep relaxation; and 2) once these cracks penetrate
they are open with respect to flow, do not plug, and remain open until at least 10,000 years after
repository closure.

Table 1. Probability and Expected Number of Waste Package Failures Assuming Advection through
Stress Corrosion Cracks
Nonlithophysal Tuff Lithophysal Tuff
Mean Probability of Mean of the Mean Probability of Mean of the
One or More Failures | Expected Number of | One or More Failures | Expected Number of
within 10,000 years Failures within 10,000 years Failures
1.9%x107° 1.7 %107 1.0x 107" 9.4x107°

The probability of failures and the mean number of failures are greater in the nonlithophysal tuff
than in the lithophysal tuff primarily because (as shown in Section 1.4 and 1.5) the frequency of
events that cause damage is higher in the nonlithophysal tuff (1, = 6.03 x 10~ yr ') than in the
lithophysal tuff (1, = 1.9 x 10° yr ).

The results in Table 1 can be compared to similar quantities from the Early Failure Drip Shield
modeling case and the Seismic Fault Displacement modeling case, shown in Table 2 along with
the means of the expected annual doses from those modeling cases. These two modeling cases
represent events (early failure or fault displacement) which result in advection through the waste
packages. This analysis (results shown in Table 1) is not carried through to a dose calculation
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because comparison with two similar cases that are included in the TSPA (Table 2) shows that
the resulting mean dose would be insignificant. If there were sufficient flow of seepage through
open stress corrosion cracks in the drip shield to cause localized corrosion of the waste package
outer barrier, the consequences (if estimated) would be similar to these two modeling cases, both
of which represent minor contributions to the total mean annual dose (SAR Figure 2.4-18).

Table 2. Comparison of Probabilities and Mean Numbers of Waste Package Failures for Different
Modeling Cases

Probability of One or
More Waste Package Mean of the Expected Maximum of the Mean
Failures within Number of Waste Package | Annual Dose from Modeling
10,000 Years Failures Case within 10,000 Years
Early Failure Drip
Shield 0.0166 0.0181° 2.8 x 10" mrem/yr ®
Seismic Fault
Displacement 25 x10°3° 0.12 ¢ 1.5 x 10™> mrem/yr ©
Assuming Not calculated; would be
Advection less than the modeling
througl_l Stress 20x 107" 26 x 107" cases above due to limited
Corrosion Cracks volume of water flow
through stress corrosion
cracks

Sources:

SNL 2008e, Section 8.2.2, p. 8.2-4; values given are for drip shield early failures; failure of the
underlying waste packages is assumed if seepage occurs.

® SNL 2008e, Section 8.2.2.1 [a].
Based on maximum event frequency of 2.5 x 10’7/yr, multiplied by 10,000 years.

Obtained by summing the products of the expected number and the annual frequency, for all ranges
and package types in Table 6.6-1, and multiplying by 10,000 years.

¢ SNL 2008e, Section 8.2.4.2[a].
Summed from Table 1.

The results in Table 2 show that, if flow through open stress corrosion cracks is assumed as
outlined above, the expected number of waste package failures is less than either the Early
Failure Drip Shield modeling case or the Seismic Fault Displacement modeling case. Moreover,
as discussed in Section 1.3, the volumetric flow through stress corrosion cracks would be
significantly less than the volumetric seepage. Consequently, radionuclide transport from a
failed waste package resulting from flow through stress corrosion cracks in the drip shield would
also be much less than transport from a failed waste package in either the Early Failure Drip
Shield case or the Seismic Fault Displacement case. Neither of these two modeling cases is a
major contributor to the mean annual dose to the RMEI for 10,000 years postclosure
(SAR Figure 2.4-18). Thus inclusion of flow through stress corrosion cracks in the drip shield
would not significantly alter the total mean dose (summed over all modeling cases) that is
compared to the individual protection standard.
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SAR Figures 2.4-178 to 2.4-180 show the contributions of modeling cases (including the Early
Failure Drip Shield modeling case) to the separate standards for the protection of groundwater.
Because the expected number of waste package failures and the consequent radionuclide
transport resulting from flow through stress corrosion cracks in the drip shields would be smaller
than in the Early Failure Drip Shield modeling case, inclusion of flow through stress corrosion
cracks in the drip shields would not significantly alter the TSPA results that are compared to the
separate standards for the protection of groundwater. Thus, exclusion of FEPs 2.1.03.10.0B and
2.1.03.02.0B from the TSPA is appropriate.

The probability that one or more waste packages would fail by the combination of stress
corrosion cracking of drip shields (due to seismic events) and localized corrosion of the waste
package outer barrier, conditional on the assumptions listed above, was not considered in the
estimate of the probability of criticality summarized in SAR Section 2.2.1.4.1. This was because
seepage flow through stress corrosion cracks in the drip shield plates is insignificant as discussed
in the exclusion justification (SNL 2008a, FEP 2.1.03.10.0B). However, the estimate of the
probability of criticality included two similar event sequences in which seepage causes localized
corrosion of the waste package outer barrier: rupture of the drip shield by nonlithophysal rockfall
combined with failure of the waste package outer barrier by localized corrosion; and failure of
the drip shield due to accumulated lithophysal rockfall combined with dynamic loading and
failure of the waste package outer barrier by localized corrosion (SAR Section 2.2.1.4.1.3.2.2,
p. 2.2-54). In these event sequences considered previously for criticality screening, drip shields
fail at the time of the seismic event, rather than by the slow growth of stress corrosion cracks
through the drip shield plates. The likelihood of water ingress into one or more waste packages
resulting from these two event sequences was quantified to be less than 4.2 x 10 and 2.2 x 107
per repository realization, for commercial SNF waste packages, and less than 2.8 x 107> and
9.6 x 107 per repository realization, for codisposal waste packages, for the lithophysal and
nonlithophysal units respectively, over 10,000 years (SAR Section 2.2.1.4.1.3.2.2 p. 2.2-54).
The sum of these probabilities (10™*) is compared below to the results from the analysis
presented in this response. Note that this sum does not include the independent probabilities for
any of the other conditions required for postclosure criticality.

The probability of water ingress into one or more waste packages resulting from flow through
open stress corrosion cracks in the drip shield, and localized corrosion of the waste package outer
barrier, and combining the responses in lithophysal and nonlithophysal tuff (2.0 x 107°; Table 2)
is less than the sum of the probabilities discussed above for similar event sequences considered
in the criticality analysis. Noting that the total probability of criticality is dominated by seismic
damage to codisposal waste packages (as a separate mode that does not involve localized
corrosion, with probability of 0.24 that one or more packages is breached in 10,000 years; SAR
p. 2.2-55), the potential contribution for flow through stress corrosion cracks in the drip shields
leading to localized corrosion of the waste package outer barrier and potential water ingress to
waste packages (2.0 x 10™°) is insignificant. Accordingly, inclusion of waste package failure due
to flow through drip shield cracks would not alter the conclusions of the criticality screening
analysis. To summarize the impact on the probability of criticality, for those event sequences in
which waste packages are breached by localized corrosion, inclusion of seepage flow through
open stress corrosion cracks in the drip shield would have no significant effect. The probability
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of criticality is dominated by a sequence in which direct seismic damage causes breach of
codisposal waste packages, and which is unaffected by the conditional analysis of localized
corrosion damage from seepage flow through open cracks in the drip shield.

1.3 Evaluation of Other Potential Effects from Flow through Drip Shield Cracks

This section discusses the effects from leakage through drip shield cracks on radionuclide
transport from the package, and on the potential for waste package water flooding as it relates to
in-package criticality. As such, this discussion is conditioned on the cracks not plugging, which
as described in the screening justification for FEP 2.1.03.10.0B (SNL 2008a) is unlikely
especially for the thousands of years between seismic events for which transport and criticality
evaluations pertain.

For waste packages that are not attacked by localized corrosion as analyzed in Section 1.2 of this
response (because there is no seepage or because localized corrosion does not initiate), for the
seismic scenario class, damage to the waste package outer barrier will be limited to seismically
induced SCC. Diffusion-dominated releases from such waste packages would be substantially
unchanged from the base case, even with leakage through drip shield cracks, because advection
of seepage water through cracks in both the drip shield and the waste package outer barrier
would be insignificant (SNL 2008a, FEP 2.1.03.10.0A). This justification is supported by the
flow attenuation observed in laboratory tests on open, single cracks (expressed as a percentage of
incident flow; see Figure 1). Comparing the rate of water dripping onto the cracked areas in the
tests, with the rate of flow through the cracks, shows that open cracks can reduce seepage flow
by as much as two orders of magnitude. Plugging, tortuosity, and partial crack penetration will
further decrease this transmission. Note that TSPA takes no credit for radionuclide transport
delay from the waste package wall to the invert (SAR Section 2.3.7.13.3, p. 2.3.7-92).
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Figure 1. Summary of Flow Results from Laboratory Tests on Flow through Open Cracks (a)in a
Stainless Steel Type 316 Plate, and (b) Formed from Machined Block Separated by Shim
Stock

Applying the flow attenuation observed in the laboratory, to SCC damaged drip shields and
waste packages, the net inflow of seepage into waste packages would be attenuated by
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approximately four orders of magnitude, or even more because the cracked areas of the drip
shield and waste package are not likely to be aligned as a result of being formed by different
modes of seismic damage. Thus, a seep with strength of 1,000 kg/yr (near the upper limit of
seeps predicted to occur; SAR Figure 2.3.3-45) would be attenuated to on the order of 0.1 kg/yr,
even for flow through open cracks. Tortuosity effects and plugging would further decrease the
net flow. The resulting net flow rate would be less than the lower limit of seepage considered in
the definition of seepage fraction (0.1 kg/yr; SNL 2007e, Section 6.8) and less than the lower
limit considered important to in-package chemistry and transport in TSPA (0.1 kg/yr;
SAR Section 2.4.2.3.2.1.8).

After the waste package has cooled sufficiently, the presence of moisture on the waste package
surface (e.g., condensation) will produce a saturated (or very nearly so) boundary condition at
the openings of cracks in the waste package outer barrier (SNL 2008d, Section 6.2.1). Internal
temperatures are warmer, so this condition corresponds to an unsaturated condition (relative
humidity less than 100%) anywhere inside the package. Thermal-hydrologic processes
(i.e., moisture movement in the gas and liquid phases) will disperse moisture that enters a
breached package, so that the inner vessel and the inner canister will be progressively drier. The
slow rate of potential inflow through cracks, combined with the heat output of the packages, will
allow evaporation, vapor flow, and capillary or adsorptive condensation to be important moisture
distribution processes within the waste package. Whereas quenching of such a system by high
inflow is possible, flooding of the waste packages will not occur because of the slow rate of
liquid inflow through cracks in the waste package outer barrier.

Although localized corrosion damage to the waste package outer barrier is taken as the end-point
consequence for the analysis in Section 1.2, such damage would not necessarily produce
significant advective radionuclide releases or cause flooding of waste packages, because of
limitations on seepage flow through drip shield cracks, and because the most likely site of
localized corrosion damage is at the package-pallet contact. Even using the mean conditional
probability estimates presented in Section 1.2 for waste package flooding, the joint probability of
criticality would be well below the screening threshold (i.e., less than 10~* in 10,000 years).

1.4 Methodology for Probabilistic Analysis in Nonlithophysal Units

This section outlines the methodology for computing the probability that one or more waste
packages fail by the combination of drip shield failure by stress corrosion cracking and waste
package failure by localized corrosion of the outer barrier, for waste packages in the
nonlithophysal tuff, assuming that seepage waters advect through open stress corrosion cracks in
the drip shield.
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The abstraction for the occurrence and extent of damage to drip shields from seismically induced
rockfall in the nonlithophysal tuff is described in Seismic Consequence Abstraction (SNL 2007b,
Section 6.10.2). The probability that drip shields are damaged given that a seismic event occurs
is computed by:

pD = j- pD, (v)dv (V)dv (Eq. 1)

where

vmin Lower limit of peak ground velocity (PGV) range that may result in drip shield
damage (= 0.40 m/s) (SNL 2007b, Table 6-53)

Vmae Upper limit of PGV corresponding to event frequency limit of 10°° yr '
(=4.07 m/s) (SNL 2007b, p. 6-31)

pDps(v) Probability that a seismic event with PGV v causes damage to drip shields
in the nonlithophysal tuff (SNL 2007b, Table 6-53).

The exceedence frequency A corresponding to v, is approximately 10 yr™' because Seismic
Consequences Abstraction (SNL 2007b, Table 6-53) indicates that damage to drip shields is
possible for events with peak ground velocity (PGV) exceeding 0.40 m/s, which occurs with
event frequency of approximately 10~ yr ' (SNL 2007b, Table 6-3). The exceedence frequency
corresponding to Vi, 18 10°® yr_l which is the limiting frequency of seismic events considered in
the abstraction (SNL 2007b, p. 6-31).

The function d,(v) is the probability density function for PGV v, conditional on the occurrence of
a potentially damaging seismic event:

_d/i(v)_ 1

| dv _(ﬂ(vmm)—/l(vmax))

[dA(v)] 1 (Fa.2)
dv (10*4 - 10*8)

where A(v) is the mean (bounded) seismic hazard curve (SNL 2007b, Table 6-3).

Evaluation of Equation 1 yields pD = 0.603; therefore the frequency of seismic events that result
in damage to drip shields in the nonlithophysal tuff is:

Ay, =0.603x107* yr™' =6.03x107 yr . (Eq. 3)
If damage occurs, all drip shields in the nonlithophysal tuff are considered to be damaged or

failed (SNL 2007b, Section 6.10.2.5). Thus, only the first damaging event needs to be
considered. Moreover, this analysis does not reduce the value of pD by excluding events that
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cause failure as well as damage, and thus the probability of waste package failure and expected
number of waste package failures are somewhat overestimated.

When damage occurs, residual stress in the Titanium Grade 7 drip shield plate material,
combined with environmental factors, may allow stress corrosion cracks to form and propagate.
For this analysis the associated environmental factors (e.g., presence of moisture) are
conservatively assumed to always be present. Given a damaging seismic event that occurs at
time 7, the earliest time at which the underlying waste packages may be exposed to seepage
waters is ¢ + T, where T is the time for the cracks to propagate through the drip shield materials.

This analysis also conservatively assumes that if cracks form and propagate and seepage
impinges on the damaged drip shield, that some quantity of seepage advects through the resulting
cracks and contacts the underlying waste package. Damage to drip shields in the nonlithophysal
tuff will be caused by rock block impacts (i.e., the damage is confined to a limited impact area),
and multiple impact areas are randomly distributed on the drip shield crown. More realistically,
there is some probability that randomly located seeps and randomly located damaged area may
not coincide, which is conservatively neglected in this analysis.

Denote by T the time required for the cracks to penetrate through the drip shield. The epistemic
uncertainty with respect to the penetration time 7" is modeled by a log-triangular uncertainty
distribution with minimum of 2,400 years, maximum of 2.93 x 10° years and mode of
3,400 years. Penetration time is calculated directly from reported crack growth rates, divided
into the 15-mm thickness of the drip shield plates. The minimum penetration time of 2,400 years
corresponds to a slope of 2.0 x 10™'° mm/s interpreted from testing of 20% cold-worked Titanium
Grade 7 (SNL 2007a, Section 6.8.5.1). As discussed previously, this material is considered to be
most representative, among the materials tested, of damaged drip shield plates. The mode of the
distribution is 3,400 years, corresponding to the terminal slope of 1.4 x 10" mm/s from the same
test (SNL 2007a, Figure 6-77). A maximum penetration time of 2.93 x 10> years is selected based
on the mean general corrosion lifetime of the 15-mm plates, obtained by adding the mean general
corrosion rates for the top and bottom of the drip shield (SNL 2007b, p. 6-198; SNL 20071, Table
8.1[a]). The mean of this log-triangular distribution is 13,400 years, reflecting the likelihood that
the crack growth rate will slow substantially with time, and that creep relaxation is likely to
prevent or arrest crack growth.

The number of waste packages of type WPT located in the nonlithophysal tuff, in percolation bin
b is estimated by:

nNWP (b,WPT) = f(b)x fy, (b)xnWPT (Eq. 4)

where nWPT is the total number of waste packages of type WPT in the repository, f(b) is the
fraction of all waste packages in percolation bin b (0.05, 0.25, 0.4, 0.25, 0.05) (SNL 2008b,
Section 6.2.12.1[a]), and fyz(b) is the fraction of percolation bin b that is in nonlithophysal tuff
(0.319, 0.237, 0.173, 0.041, 0.110). For convenience, a ceiling-type truncation function is used
to force nNWP(b,WPT) to be an integer.
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The analysis develops the probability that no waste package in the nonlithophysal tuff, in
percolation bin b, has localized corrosion at or after time ¢ + 7 resulting from a seismic event at
time ¢ that causes damage to drip shields. This probability is estimated from the fraction of waste
packages of type WPT in percolation bin b that have localized corrosion conditions (but not
necessarily initiation if seepage does not leak through damaged drip shields) at or after time
t + T, denoted by frcwpr (¢ + T,ble). The quantity f;c wpr(¢7,b|e) is the fraction of locations in the
nonlithophysal part of percolation bin » on which localized corrosion may initiate on waste
packages of type WPT at or after time ¢, conditional on contact with seepage waters and on
epistemically uncertain quantities described by the vector e. The quantities f.c wpr(¢7,b|€) are
calculated in the localized corrosion initiation analysis for each sample element e in a
Latin-hypercube sample (LHS), using results for the nonlithophysal tuff (SNL 2008e,
Appendix O).

Denote by NLC(¢,b|WPT,T,e) the random variable that counts the number of waste packages of
type WPT in percolation bin b that have localized corrosion conditions at or after time ¢ + 7,
given that damage to drip shields occurs at time ¢, in epistemic realization e. Uncertainty in
NLC(t,b|WPT,T,e) arises from random arrangement of waste packages as well as uncertainties
affecting seepage, water chemistry, and corrosion initiation. Because the arrangement of waste
packages within the percolation bin is considered to be random, the quantity NLC(¢,b|WPT,T,e)
can be modeled by a hypergeometric distribution. The number of waste packages of either type
that have localized corrosion conditions is denoted by NLC(z,b|T,e) and the expected value
considering all random arrangements is given by:

E,(NLC(t,b|T,€)) = 3" nNWP (b, WPT)x f,c.ppy (¢ +T,b

WPT

e) (Eq. 5)

where the subscript 4 indicates that the expectation is over aleatory uncertainty in the spatial
arrangement of waste packages. The probability that NLC(¢,b|T,e) is one or more could be
obtained from the appropriate hypergeometric distribution, but for numerical simplicity this
quantity can be conservatively bounded by the probability that at least one location in percolation
bin b would have localized corrosion conditions at or after time ¢ + T for either type of waste
package, that is:

P(NLC(t.b

T.e)21)< pLC(t,b

T.e) (Eq. 6)

where

0 if D fiewer (1+T.b]€)=0
= mer Eq.7
r.e) L if D frewpr (£+T,bl€)>0 Ea.7)

WPT

pLC(t,b

Equation 6 overestimates the probability that NLC(z,b|T,e) is one or more because it does not
account for the possibility that some locations with localized corrosion conditions for one type of
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waste package may not also have localized corrosion conditions for the other type of waste
package.

Given a seismic event at time ¢ that causes damage to drip shields in the nonlithophysal tuff, the
probability P(NLC(#|T,e) > 1) that one or more waste packages in any percolation bin in the
nonlithophysal tuff has localized corrosion conditions at or after time ¢ + 7, in epistemic
realization e, is given by:

5
P{NLC(t|T,e :1 1
(MC(r]T.e H( 7.e)z1))
5
<1- H(1 )) (Eq. 8)
b=1
= pLC(t T,e)
with the expected number of such waste packages given by:
5
E, (NLC(t T,e)) =>E, (NLC( ,blT, )) (Eq. 9)
b=l

Dividing the interval 0 to 10,000 years into intervals of length A¢ with endpoints #) =0 < ¢,<...<
ty = 10,000, the probability that the first seismic event that causes damage to drip shields occurs
in the interval [#, tx+/] is:

exp (—Ayt, ) X Ay, At (Eq. 10)
where Ay; is given by Equation 3. The probability that the first damaging seismic event occurs

during this interval [#,%+;] and also causes one or more waste packages to be contacted by
seepage and impacted by localized corrosion is:

oxp(— Ay ) X Ay At x Py (NLC (1t

T,e)ZI). (Eq. 11)

Finally, the probability that seismic events cause one or more waste packages in the
nonlithophysal tuff to be contacted by seepage and impacted by localized corrosion before
10,000 years is:

10,0007
)= [ Ay exp(=Ay,t)P(NLC(t|T,e)>1)dt
10,0(())0—T
< j A €xp(=Ay,t) pLC(¢|T, &) dt (Eq. 12)

0

P,(NL

=P, (NLC=1|T,e)
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where 7 < 10,000 years and the upper limit of integration is reduced by the time required for
cracks to penetrate (7) because Equation 12 quantifies the probability of one or more waste

package failures within 10,000 years. The expected number of waste packages impacted by
localized corrosion due to seismic events that damage drip shields in the nonlithophysal tuff is:

E,(

10,000-7

, )= I ﬂNLexp(—/iNLt)EA(NLC(t

0

T,e))dt (Eq. 13)

where 7'< 10,000 years as in Equation 12. The epistemic uncertainty in localized corrosion and
the uncertainty in crack penetration time, represented by e, results in a distribution of values for
P4NLC > 1|T,e) and E4(NLC|T,e). The LHS for quantities represented by e contains values for
parameters involved in estimating the waste package vulnerability to localized corrosion, which
are sampled from distributions representing uncertainty and variability (as appropriate)
associated with the following processes: seepage occurrence, seepage composition, waste
package temperature, seepage evaporative chemistry on the waste package surface, and localized
corrosion initiation. The files containing e are output from the localized corrosion initiation
analysis for TSPA (SNL 2008e, Appendix O).

An upper bound on the mean (i.e., the expectation is over epistemic uncertainty) probability that
seismic events in 10,000 years cause one or more waste packages in the nonlithophysal tuff to be
affected by localized corrosion is estimated by:

Py (NLC21)=E,(P,(NLC = I‘Tj,e[))

1 nLHS nT

=2 2P, (NLC21]T,e,)p(T

i=l j=1

T,.]) (Eq. 14)

1 nLHS nT

<[
<=2 2P (NLC21|Te,)p(Te[T,T,,])

i=l j=1

The mean number of waste packages impacted by localized corrosion due to seismic events that
damage drip shields in the nonlithophysal tuff is:

E,(NLC)=E, (EA (NLC[Te,))
nLHS nT (Eq. 15)

T > DE,(NLC|T,.e,)p(Te[T,.T,,])

i=l j=1

The averaging over T is shown explicitly in Equations 14 and 15 because T is not included in the
LHS with the other epistemic quantities represented by e. Instead, the expectation over 7 is
evaluated numerically by means of a quadrature technique as indicated in Equations 14 and 15.
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1.5 Methodology for Probabilistic Analysis in Lithophysal Units

This section outlines the methodology for computing the probability that one or more waste
packages fail by the combination of drip shield failure by stress corrosion cracking and waste
package failure by localized corrosion of the outer barrier, for waste packages in the lithophysal
tuff, assuming that seepage waters advect through open stress corrosion cracks in the drip shield.

The abstraction for the occurrence and extent of damage to drip shields from accumulation of
lithophysal rubble is described in Seismic Consequence Abstraction (SNL 2007b, Section 6.10.1)
where the resulting damaged area (including zero damage area) is given as a function of total
dynamic load (SNL 2007b, Table 6-49). Denote by DL the random variable for the dynamic
load on the drip shield imposed by a seismic event, and denote by DA = fp4(DL) the relationship
between DA and DL. The distribution of DL is described by a lognormal distribution
(SNL 2007b, p. 6-174) with parameters:

u=u(v)=0.83331n(v)+12.6635 + In(FD) (Eq. 16)
o =0.536 (Eq. 17)

where v is the peak ground velocity (PGV) (m/s) of the seismic event, and FD is the fraction of
drift (per unit length of drift) filled with accumulated lithophysal rubble. For simplicity, this
analysis conservatively assumes that D = 1, which results in an overestimate of the probability
of waste package failure and of the expected number of failures.

The probability density function for DL is given by:

(v)dv (Eq. 18)

14

dy, (DL)=["™ LN (v|A(v),B)d

where LN(V|A(v),) represents a log-normal distribution with parameters A(v) and f. From
Seismic Consequence Abstraction (SNL 2007b, Table 6-49) observe that zero damage area
results for dynamic load less than 8 x 10° Pa (at 15-mm plate thickness), so the probability of
non-zero damage to drip shields, given that a seismic event occurs, is computed as:

P(D4>0)=1-P(DA=0)=1-""d,, (DL)dDL (Eq. 19)

Evaluation of Equation 19 obtains P(D4 > 0) = 0.019, so the frequency of events that cause
damage to drip shields in the lithophysal tuff is:

A, x P(DA>0)=10"x0.019=1.9%10° yr” (Eq. 20)

If damage occurs, all drip shields in the nonlithophysal tuff are considered to be damaged or
failed (SNL 2007b, Section 6.10.1.1). Thus, only the first damaging event needs to be
considered. Moreover, this analysis does not reduce the value of P(DA > 0) by excluding events
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that cause failure as well as damage, and thus the probability of waste package failure and
expected number of waste package failures are somewhat overestimated.

The calculation of the mean probability of one or more waste packages affected by localized
corrosion subsequent to drip shield damage in the lithophysal tuff, and of the expected number of
such waste packages, is carried out using the methodology described in Section 1.4, with two
differences:

1) Az =19x107°yr' (from Equation 20) is used in Equations 12 and 13 in place of iy, =
6.03 x 10 yr ' (from Equation 3).

2) The quantities frcwpr(t,b|@) are obtained from the TSPA localized corrosion initiation
analysis, using results for the lithophysal tuff (SNL 2008e, Appendix O).

1.6 Summary

Section 1.1 of this response shows that the exclusion justifications for SCC FEPs are consistent with
available data on the initiation and propagation of stress corrosion cracks in Titanium Grade 7, and
that the screening does not critically depend on bounding estimates for the rate of liquid water flow
through plugged cracks. Stress-corrosion cracks in the drip shield plates are unlikely to initiate, and
if formed they are likely to be arrested, because of creep relaxation as observed in representative
laboratory tests.

The probabilistic analysis described in Sections 1.2, 1.4, and 1.5 of this response shows that even if
flow through stress-corrosion cracks is assumed, the expected number of waste package failures
is less than for either the Early Failure Drip Shield modeling case or the Seismic Fault
Displacement modeling case (Tables 1 and 2). Moreover, as discussed in Section 1.3, the
volumetric flow through stress corrosion cracks in the drip shield would be significantly less than
the volumetric seepage. Consequently, radionuclide transport from a failed waste package
resulting from seepage flow through open stress corrosion cracks in the drip shield would also be
much less than transport from a failed waste package in either the Early Failure Drip Shield case
or the Seismic Fault Displacement case. Neither of these two modeling cases is a major
contributor to the mean annual dose to the RMEI for 10,000 years postclosure.

Finally, the calculated mean probability of one or more waste package failures resulting from
seepage flow through stress-corrosion cracks in the drip shield, combining the results for
lithophysal and nonlithophysal tuff, is less than the sum of the probabilities for similar event
sequences considered in the criticality analysis (Section 1.2). Accordingly, inclusion of waste
package failure due to flow through drip shield cracks, as assumed for the probabilistic analyses
presented here, would not alter the conclusions of the criticality screening analysis.

2. COMMITMENTS TO NRC

None.
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RAI: Volume 3, Chapter 2.2.1.2.1, Second Set, Number 3:

Provide technical basis for constraining the range of the critical hydrogen
concentration for fast fracture of Ti Grade 29 between 400 and 600 ppm given
that empirical data suggest different values. This information is needed to verify
compliance with 10 CFR 63.114 (e), (f).

Basis: The FEP screening analysis estimated that the critical hydrogen
concentration leading to fast fracture of Titanium Grade 29 is between 400 and
600 ppm based in part on the results of Hardie and Ouyang (1999) for Titanium
Grade 5. Figure 10 of the paper (Hardie and Ouyang, 1999) showed that fast
fracture occurred when the hydrogen concentration in Titanium Grade 5 was
greater than 200 ppm (Hardie and Ouyang, 1999). Hardie and Ouyang (1999),
however, did not unequivocally establish 200 ppm as the critical hydrogen
concentration of Titanium Grade 5. For example, Figure 12 of the paper (Hardie
and Ouyang, 1999) showed crack growth in Titanium Grade 5 at hydrogen levels
as low as 30 ppm, but at a high threshold stress intensity factor value of about
36 MPa(m)l/ 2. It is unclear whether the FEP screening analysis considered a full
range of values of the critical hydrogen concentration that could cause cracks on
the drip shield. While lower values are associated with a higher probability for
delayed hydride cracking, higher values may be associated with more extensive
brittle rupture on a drip shield, potentially allowing for advective water flow
through cracks.

1. RESPONSE

1.1 TECHNICAL BASIS FOR CRITICAL HYDROGEN CONCENTRATION FOR
FAST FRACTURE

The technical basis for the range of the critical hydrogen concentration for fast fracture of
Titanium Grade 29 (400 to 600 ppm) (i.e., the critical hydrogen concentration (Hc)) is
summarized in Hydrogen-Induced Cracking of the Drip Shield (SNL 2007a, Section 5.2[a]) and
is not based on the information presented in Figure 10 of Hardie and Ouyang (1999). DOE
considers Hc¢ to be the hydrogen concentration value at which fast fracture can occur before
plastic deformation can blunt the crack (SNL 2007a, Sections 5.3 and 7.3.2).

Although Figure 10 of Hardie and Ouyang (1999) indicates that fast fracture can initiate under
slow strain rate loading of Titanium Grade 5 (Ti-6Al-4V) in compact tension specimens with a
range of hydrogen contents, it does not indicate the value of the critical stress intensity factor
(Kp) at which fast fracture initiates and thus is of limited use for determining Hc. To establish
Ky as well as Ks, the stress intensity factor at which slow crack growth occurs, Hardie and
Ouyang (1999) employed fatigue pre-cracked compact tension specimens with a thickness of
6.35 mm that did not completely fulfill the requirements for plane strain fracture toughness but
were considered adequate for comparison purposes. In their discussion of the results presented
in Figure 10, and subsequent tests over a range of measured crack growth rates and strain rates,
Hardie and Ouyang state that “It is however notable that there is a significant increase in Ky
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under constant load but this is believed to be due to blunting of the crack by creep deformation
during the longer time under load involved in such tests.” The observation of apparent crack
blunting under constant load is also consistent with DOE observations of decreasing apparent
crack growth rates over time in Titanium Grade 29 fatigue-pre-cracked compact tension
specimens. The DOE specimens (which contained ~36 to 50 ppm H) were held at a constant
stress intensity factor value of 27.5 MPaVm, and tested in air at 150°C. Researchers measured an
initial very low apparent crack growth rate of 4.7 x 10~ mm/s which decreased with time,
eventually displaying behavior characteristic of crack arrest (overall crack growth rate of
<1 x 10" mm/s) after about 1,000 hours, consistent with crack tip blunting under sustained load
conditions. A similar crack blunting type effect on crack growth rate was subsequently observed
on the same specimen after increasing the stress intensity factor to 33 MPaVm. Therefore, DOE
considers Hc to be the hydrogen concentration value at which fast fracture can occur before
plastic deformation can blunt the crack (SNL 2007a, Sections 5.3 and 7.3.2).

Although Figure 12 in Hardie and Ouyang (1999) shows crack growth in Titanium Grade 5
specimens loaded under continuous straining conditions at hydrogen levels as low as 30 ppm, the
associated stress intensity factor was very high (about 36 MPaVm). The stress intensity factor
necessary for significant crack growth remained high (about 32 MPaVm) up to a hydrogen
content of 250 ppm as discussed in Hydrogen-Induced Cracking of the Drip Shield (SNL 2007a,
Section 5.2[a]) and illustrated in Figures 9 and 12 of Hardie and Ouyang (1999). In a subsequent
study, researchers compared Ks and Ky values from the same heat of previously studied
Titanium Grade 5 (heat B) to results of another heat of Titanium Grade 5 (heat C) which had
higher Ky values. As indicated in the figure, the Ky values for both heats are high (> 43 and
65 MPaVm for heats B and C, respectively) over the hydrogen content range from 10 to
500 ppm. This finding is consistent with observations that both the fracture toughness and
the sustained load toughness of Titanium Grade 5 (Ti-6Al-4V) remain high (approximately
100 MPaVm and 65 MPaVm, respectively) and relatively constant up to at least a hydrogen
content of 200 ppm.

Measured Ky values are similar to Kjc fracture toughness values commonly measured for
Titanium Grade 5. Even at 500 ppm hydrogen, Ky is greater than 57 MPaVm for Titanium
Grade 5 specimens with a variety of microstructures. Since Ky remains high up to a hydrogen
content of about 500 ppm, it is conservative to select a critical hydrogen concentration, H¢, of
200 ppm for the onset of fast fracture of Titanium Grade 5, as discussed in Hydrogen-Induced
Cracking of the Drip Shield (SNL 2007a, Section 5.2[a]).

Because the Hardie and Ouyang experiments (1999), from which the value of Hc¢ was
determined, were conducted under slow strain rate conditions and did not allow for stress
relaxation and crack blunting observed under constant loading, this choice of critical hydrogen
concentration threshold is conservative. In their discussion of the potential mechanism(s)
resulting in slow crack growth in pre-cracked specimens, Hardie and Ouyang (1999) point out
that in contrast to the very high hydrogen levels needed to produce significant ductility loss in
smooth tensile specimens, “The introduction of stress concentration is accompanied by the
introduction of significant triaxiality into the stress system close to the loaded crack tip and the
possibility of localized hydrogen enrichment by a factor as high as 6, that is stress-induced.”
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They further note that “Stress-induced diffusion of hydrogen maintains continued support for
slow crack propagation and the higher the overall hydrogen content, the faster the propagation
velocity.” In this respect, the critical thresholds for crack growth determined based on their
results are conservative when applied in the absence of stress concentrators.

As discussed in Hydrogen-Induced Cracking of the Drip Shield (SNL 2007a, Section 5.2[a]), it is
appropriate to double or triple the value of Hc (200 ppm hydrogen) of Titanium Grade 5 to

account for the beneficial effects of ruthenium additions in Titanium Grade 29 (i.e., Hc between
400 and 600 ppm hydrogen).

Furthermore, Titanium Grade 29 is an extra low interstitial (ELI) grade alloy with a maximum
specified oxygen content of 0.13% whereas Titanium Grade 5 has a maximum specified oxygen
content of 0.20% (SNL 2007a, Table 4-2[a]). Therefore, for a given metallurgical condition, the
fracture toughness of Titanium Grade 29 is greater than that of Titanium Grade 5. A typical
range of fracture toughness for Titanium Grade 29 is reported to be between 77 and 105 MPa\m.
As indicated , the oxygen content of the heat of material tested (0.02%) was at the oxygen
specification limit for Titanium Grade 5. Thus, since Titanium Grade 29 will, in general, have a
higher starting fracture toughness, it would be expected that it would also have a somewhat
higher Hc value than the Titanium Grade 5 materials tested.

1.2 CONSIDERATION OF CRACKING AT ALL HYDROGEN LEVELS

In Hydrogen-Induced Cracking of the Drip Shield (SNL 2007a, Sections 5.2[a] and 8[a]), if the
hydrogen content in the Titanium Grade 29 drip shield structural supports exceeds Hc, fast
fracture is considered to occur regardless of the applied stress intensity factor. As discussed in
Hydrogen-Induced Cracking of the Drip Shield (SNL 2007a, Section 5.2[a]), at hydrogen
contents below about 60 ppm and above about 200 ppm, slow crack growth can occur at stress
intensity factors below Ky. At hydrogen contents above Hc, fast fracture is assumed to occur as
discussed above, thus slow crack growth does not need to be considered separately. At hydrogen
contents below H¢, slow crack growth is also referred to as sustained load cracking (SLC)
(e.g., SNL 2007b, Section 6.8.4.2.4). As discussed in Stress Corrosion Cracking of Waste
Package Outer Barrier and Drip Shield Materials (SNL 2007b, Section 6.8.4.2.4), SLC is
similar to stress corrosion cracking (SCC) except that it occurs in the absence of a reactive
environment. As shown in Figure 6-81 of that report, the SLC threshold stress intensity factor is
higher than the threshold stress intensity factor for SCC and lower than the fracture toughness.
SLC crack growth rates are relatively low and have a crack morphology similar to SCC with
resultant tight, branching cracks. Cracks with this morphology in the Titanium Grade 7 seepage
diversion plate material are excluded on the basis of low consequence as discussed in excluded
FEP 2.1.03.10.0B, Advection of Liquids and Solids Through Cracks in the Drip Shield
(SNL 2008). For the Titanium Grade 29 drip shield structural supports, as observed by Hardie
and Ouyang (1999) for Titanium Grade 5 and implied by DOE observations of decreasing
apparent crack growth rates over time in Titanium Grade 29 specimens , a reduction in the stress
intensity factor (K;) driving force will occur at propagating crack tips as a result of creep induced
stress relaxation and crack blunting. Under constant loading, as in the case of the drip shield
structural supports loaded with rock rubble or residual stresses, stress relaxation and crack
blunting would be expected to lead to crack arrest.
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Even if cracks were to propagate through a Titanium Grade 29 structural support beam, upon
reaching the higher notch toughness, higher H¢, Titanium Grade 7 plate material they are
expected to arrest. The consequence of slow crack growth or fast fracture of the Titanium
Grade 29 structural framework would be to make the drip shield more susceptible to mechanical
failure under rock load (e.g., buckling of the drip shield sidewall), but there would not be any
increase in the snap-through failure of the crown failure mode (SNL 2007¢, Section 6.8.3.1). In
the event of structural framework collapse where the Titanium Grade 7 drip shield plates are still
intact, the drip shield continues to function as a barrier to seepage, as discussed in Seismic
Consequence Abstraction (SNL 2007c, p. 6-232, item e).

Dynamic loading due to rockfall and seismic events could result in crack initiation and fast
fracture in the Titanium Grade 29 structural supports at pre-existing defects if Hc is exceeded.
However, analyses indicate that the hydrogen pick-up of the Titanium Grade 29 drip shield
structural support material will not exceed 200 ppm hydrogen within 10,000 years after
emplacement (SNL 2007a, Table 8-2[a]). Even if the initial hydrogen content were 150 ppm
(the maximum specification limit (SNL 2007a, Table 4-2[a])), the total hydrogen content
10,000 years after emplacement would be less than the lower limit Hc of 400 ppm hydrogen.
Further, the mean and median probabilities of undetected defects in the drip shield materials and
welds are very low (response to RAI 3.2.2.1.2.2-002). Thus, as discussed above, cracking in
Titanium Grade 29 will be delayed at least until the total hydrogen content exceeds the lower
limit Hc of 400 ppm hydrogen for Titanium Grade 29. Similarly, for the higher notch toughness,
higher critical hydrogen concentration (Hc = 1000 ppm), Titanium Grade 7 plate material, the
hydrogen content will not approach H¢ until well after 10,000 years (SNL 2007a, Table 8-1[a]).
Consequently, brittle rupture of the drip shield potentially leading to advective water flow
through cracks is not a concern. Delayed hydride cracking is discussed in the response to
RAI3.2.2.1.2.1-2-007.

1.3 SUMMARY AND CONCLUSIONS
e The technical basis for the range of the critical hydrogen concentration for fast fracture of
Titanium Grade 29 (400 to 600 ppm) was determined to be appropriate based on the totality

of the information considered.

e Slow crack growth and fast fracture were considered and the critical hydrogen concentration
was chosen to adequately bound the consequence of either of these cracking modes.

2. COMMITMENTS TO NRC
None.
3. DESCRIPTION OF PROPOSED LA CHANGE

None.
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RAI: Volume 3, Chapter 2.2.1.2.1, Second Set, Number 4:

Provide technical basis to justify the assumed beneficial role of Pd and Ru in

increasing the critical hydrogen concentration values. This information is needed
to verify compliance with 10 CFR 63.114 (e), ().

Basis: The FEP screening analysis indicated that Pd and Ru have a beneficial
role by increasing the critical hydrogen concentration value. For Ru the analysis
indicated that it can increase the critical hydrogen concentration value by a factor
of two to three. However, according to Schutz (2003), the effect of Pd or Ru
alloying to Ti on titanium alloy hydrogen absorption resistance is not definitive in
all cases. Depending on the environmental conditions, titanium resistance to
hydrogen absorption can either be unaffected or enhanced by Pd or Ru alloying,
potentially negating the beneficial effect of the increase in the critical hydrogen
concentration value.

1. RESPONSE

The beneficial role of Pd and Ru additions in the Titanium Grade 7 drip shield plate and
Titanium Grade 29 structural support materials, respectively, in increasing the critical hydrogen
concentration values is based on the high hydrogen solubility in the Pd rich intermetallic
precipitates and the Ru rich, small islands of beta-phase. The beneficial role of Pd and Ru on
hydrogen absorption under oxic, repository relevant conditions is also described and is based on
the formation of a stable passive film over a broad range of environmental conditions and the
observation that enhanced oxygen reduction is the preferred cathodic reaction, reducing
hydrogen absorption.

As described in Hydrogen-Induced Cracking of the Drip Shield (SNL 2007, Section 5.2[a]), the
critical hydrogen concentration (H¢) for Titanium Grade 29 is taken to be 400 to 600 ppm. This
range of values is based on the application of a multiplication factor of two to three applied to the
Hc value of 200 ppm, established for Titanium Grade 5 (Ti-6Al-4V). As indicated in
Hydrogen-Induced Cracking of the Drip Shield (SNL 2007, Section 5.2[a]) and supporting
literature, the rationale for the assumption of a multiplication factor of two to three is based on
several observations as summarized below.

1.1 BENEFIT OF PLATINUM GROUP METALS ON THE CRITICAL HYDROGEN
CONTENT, Hc

It is clear that the addition of platinum group metals (PGMs) (e.g., palladium (Pd) and/or
ruthenium (Ru)) to titanium alloys leads to a higher value of Hc (e.g., Schutz 2003). Such an
increase in H¢ is observed when Titanium Grade 2 (with a critical hydrogen content of at least
400 ppm) (SNL 2007, Section 6.1.3) is alloyed with small amount of Pd to produce Titanium
Grade 16 (Titanium Grade 2 + 0.04% to 0.08% Pd), leading to a minimum H¢ of at least
1,000 ppm. The same Hc is also assumed for Titanium Grade 7, which contains a still higher
palladium content (0.12% to 0.25% Pd) than Titanium Grade 16 (SNL 2007, Sections 5.2 and
6.1.3).
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The increased Hc¢ value observed for Titanium Grade 16 is attributed predominately to
prevention of hydride formation in the matrix due to the high solubility of hydrogen in the
palladium rich intermetallic particles formed in the alloy (Ti;Pd, according to Schutz (2003)).
As indicated by Schutz (2003), PGMs such as Pd and Ru have very low solubility in a titanium,
1.e., <<0.5% Pd or Ru. Schutz (2003) concludes that since Ru is a beta isomorphous alloying
type element, it simply forms Ru containing 3 phase islands or particles within the o phase. As a
result, the cathodic, noble phase in aqueous media for Ru-enhanced titanium alloys is the PGM
enriched B (second) phase. Since the B phase has higher hydrogen solubility than the alpha
phase, titanium alloys containing small Ru additions would be expected to have higher critical
hydrogen concentrations similar to Pd-containing alloys. Further, it is observed in aerated
solutions that Ru additions to Ti-Ru alloys absorb much less hydrogen than unalloyed titanium
(e.g., Schutz 2003, Table 5). This was further confirmed by researchers, who compared the
hydrogen pickup, after exposure for 96 hours in boiling 5% HCI, of titanium alloys containing a
range of Ru contents from 0.07% to 0.55% with a titanium alloy containing 0.2% Pd. The high
purity starting titanium material picked up 353 ppm hydrogen whereas the Ru-containing
materials picked up about 6 to 10 ppm hydrogen and the Pd-containing material about 37 ppm
hydrogen. It was concluded, “These observations suggest that embrittlement problems or other
deterioration in the mechanical properties resulting from hydrogen pickup during corrosion, are
not likely to be encountered with Ti-Ru alloys.”

The minimum H¢ value of 1,000 ppm hydrogen for Titanium Grade 7 and the minimum Hc
value of 400 ppm hydrogen for Titanium Grade 29 were based on room temperature property
measurements and will be conservative since the temperature of the drip shield will be above
room temperature for the majority of the first 10,000 years of repository exposure. It has been
shown experimentally that Hc¢ increases markedly with temperature. While the maximum
critical stress intensity factor for Titanium Grade 2 decreases slightly from ~50 MPa-m'? to ~40
MPa'm"? at 95°C, only slow crack growth was observed up to hydrogen concentrations of
~2,000 ppm (ng/g), clearly indicating an enhanced resistance to growth of brittle-like cracks as
the temperature is increased. Therefore, brittle failure is less likely at elevated temperatures. A
similar increase in resistance to brittle fracture was observed for Titanium Grade 12 at 95°C, the
maximum stress intensity factor decreasing from ~60 MPa'm'? to ~45 MPa-m'?, while Hc
increased from 400 ppm to ~1,000 ppm. Similar temperature stress intensity factor relationships
are expected for Titanium Grades 7 and 29. Preliminary creep measurements clearly indicate
that increased creep deformation at higher temperatures was a major factor in preventing the
development of a sufficiently high stress concentration to initiate fast fracture.

1.2 ESTIMATION OF Hc FOR TITANIUM GRADE 29

Titanium Grade 5 was determined to have a minimum H¢ value of 200 ppm, as described in the
response to RAT 3.2.2.1.2.1-2-003. Titanium Grades 5 (Ti-6A1-4V) and 29 (Ti-6Al-4V + Ru) are
similar in composition with respect to the major alloying elements, aluminum and vanadium, as
indicated in Hydrogen-Induced Cracking of the Drip Shield (SNL 2007, Table 4-2[a]). The
principal difference is that Titanium Grade 29 contains a small addition of Ru (0.08% to 0.14%)
and has lower maximum levels of the interstitial elements, oxygen, nitrogen, and carbon, as well
as lower iron content, resulting in slightly lower mechanical strength properties and somewhat
higher fracture toughness. Consequently, it is expected that Titanium Grade 29 (with Ru
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additions) will have higher H¢ values as compared to the non-PGM-containing Titanium
Grade 5.

The effect of Pd additions to Titanium Grade 2, yielding Titanium Grades 7 and 16, is expected
to increase the minimum H¢ value from 400 ppm to 1,000 ppm or more (SNL 2007,
Section 6.1.3). A similar increase in Hc would be expected for Ru additions to Titanium
Grade 5, yielding Titanium Grade 29. However, Titanium Grade 29 has higher strength
compared to Titanium Grades 7 and 16. The beneficial role of Ru may be slightly reduced due
to this higher strength, and thus the beneficial effects of Ru additions in Titanium Grade 29 are
conservatively estimated to improve He by a factor of two to three relative to Titanium Grade 5
(SNL 2007, Section 5.2[a]). Thus, the H¢ of Titanium Grade 29 is reasonably and
conservatively estimated to be in the range of 400 to 600 ppm. As discussed in the response
to RAI 3.2.2.1.2.1-2-003, the total hydrogen content in the Titanium Grade 29 drip shield
components 10,000 years after emplacement will be less than the lower limit Hc of 400 ppm
hydrogen.

1.3 EFFECTIVENESS OF PALLADIUM AND RUTHENIUM ADDITIONS ON
HYDROGEN ABSORPTION RESISTANCE

The RAI Basis states, “However, according to Schutz (2003), the effect of Pd or Ru alloying to
Ti on titanium alloy hydrogen absorption resistance is not definitive in all cases. Depending on
the environmental conditions, titanium resistance to hydrogen absorption can either be
unaffected or enhanced by Pd or Ru alloying, potentially negating the beneficial effect of the
increase in the critical hydrogen concentration value.”

The above statement from Schutz (2003) is true but represents a very limited set of
non-repository relevant reducing environments where the passive film on titanium alloys may be
unstable and/or active corrosion can occur. Schutz (2003, p. 1052) points out that in oxygenated
conditions, Pd-enhanced oxygen reduction is the preferred cathodic reaction, reducing hydrogen
absorption. Ru additions are believed to act in an analogous manner to Pd as they are both
PGMs. Schutz (2003, Table 5) indicates that as little as 1 ppm dissolved oxygen is sufficient to
achieve this effect in boiling dilute HCI (a reducing environment in the absence of the oxygen
additions). Schutz (2003, p. 1052) further states that “Since PGM alloying acts to promote
formation of protective surface titanium oxide films (hydrogen diffusion barrier), it is not
surprising that titanium’s resistance to atomic hydrogen is relatively unaffected or, often,
enhanced by PGM alloying. Furthermore, the inevitable presence of mere traces of dissolved
oxygen or other naturally occurring cathodic-depolarizing contaminants (e.g., Fe™) in acid
process streams act to thwart the HER and, thereby, hydrogen absorption in PGM containing
titanium alloys.” (Note that HER refers to the hydrogen evolution reaction.) As the repository
will be oxic, promoting the formation of a stable titanium oxide surface film, PGM additions in
the drip shield titanium alloys will have a beneficial effect on hydrogen absorption resistance for
these alloys.

Reducing conditions can form in locally creviced regions. However, Schutz (2003, p. 1051)
indicates that, through enrichment of PGMs, creviced surfaces become ennobled, leading to
decreases in the potential drop (driving force for crevice corrosion) from the bulk solution into

Page 3 of 4



ENCLOSURE 4

Response Tracking Number: 000100-00-00 RAI: 3.2.2.1.2.1-2-004

the crevice; elevation of the HCI concentration required for depassivation; and a decrease in the
ability to generate sufficient acidity for crevice corrosion to occur. These processes contribute to
the excellent resistance to crevice corrosion initiation of PGM-containing titanium alloys
(e.g., Schutz 2003, Figures 9 and 10).

2. COMMITMENTS TO NRC
None.
3. DESCRIPTION OF PROPOSED LA CHANGE
None.
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Titanium: A Highly Effective Strategy for Enhancing Corrosion Resistance.” Corrosion, 59,
(12), 1043-1057. Houston, Texas: NACE International.
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RAI: Volume 3, Chapter 2.2.1.2.1, Second Set, Number 5:

Provide technical basis for not considering potential enhancement of hydrogen
absorption in Ti Grade 7 and Grade 29 at cracks from stress corrosion cracking
and delayed-hydride cracking. This information is needed to verify compliance
with 10 CFR 63.114 (e), (f).

Basis: In the FEP screening analysis the hydrogen absorption efficiency value
was estimated assuming that hydrogen generated from aqueous corrosion process
on the metal surface is absorbed into the metal by passing through the passive
oxide film. On the basis of that efficiency, it was concluded that only a small
fraction of hydrogen generated would be absorbed by the metal because the
passive film works as a hydrogen diffusion barrier. However, the analysis did not
consider the potentially enhanced hydrogen absorption efficiency at stress
corrosion cracks and delayed-hydride cracks where the metal loses its passivity.

1. RESPONSE

In describing the beneficial effect of platinum group metal (PGM) additions in mitigating
hydrogen absorption on boldly exposed (uncreviced) surfaces, Schutz (2003, p. 1052) points out
that in oxygenated conditions such as those expected at the drip shield surface, for Ti-Pd alloys
such as Titanium Grade 7, Pd-enhanced oxygen reduction is the preferred cathodic reaction,
reducing hydrogen absorption (presumably due to a reduction in surface coverage of adsorbed
hydrogen on the metal surface). Schutz (2003, Table 5) indicates that as little as 1 ppm dissolved
oxygen is sufficient to achieve this effect in boiling dilute HCI (a highly reducing environment in
the absence of the oxygen additions) for a range of Pd and Ru-containing titanium alloys.
Schutz (2003, p. 1052) further states that “Since PGM alloying acts to promote formation of
protective surface titanium oxide films (hydrogen diffusion barrier), it is not surprising that
titanium’s resistance to atomic hydrogen is relatively unaffected or, often, enhanced by PGM
alloying. Furthermore, the inevitable presence of mere traces of dissolved oxygen or other
naturally occurring cathodic-depolarizing contaminants (e.g., Fe™) in acid process streams act to
thwart the HER and, thereby, hydrogen absorption in PGM containing titanium alloys.”
(Note that HER refers to the hydrogen evolution reaction.) The “relatively unaffected” portion
of the above statement represents hydrogen absorption behavior under non-repository relevant
reducing environments where the passive film on titanium alloys may be unstable and/or active
corrosion can occur (Schutz 2003, pp. 1051 to 1052). As the repository near-field environment
will be oxic, promoting the formation of a stable titanium oxide surface film, PGM additions in
the drip shield titanium alloys will have a beneficial effect on hydrogen absorption resistance at
boldly exposed surfaces.

However, stress corrosion and hydrogen induced cracks are effectively occluded regions in
which oxygen depletion leading to reducing conditions may develop. As shown in Figures 9
through 11 of Schutz (2003), titanium alloys with PGM additions have significantly higher
crevice corrosion and stress corrosion cracking (SCC) resistance than titanium alloys without
these additions. The data providing the bases for these two figures include smooth surface
specimens and specimens containing tight pre-cracks exposed to a sour chloride-rich brine.
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Schutz (2003, pp. 1051 to 1052) indicates that “The PGM alloying addition ennobles crack
surfaces, which maintains passivity, and mitigates acid formation and generation of by-product
nascent hydrogen. The fact that PGM alloying elevates titanium alloy SCC resistance to
temperatures as high as 300°C suggests that an anodic mechanism (not -cathodic
hydrogen/hydride embrittlement) controls SCC in these cases.” SCC (and potentially hydrogen
induced cracking) mechanisms can involve continuous plastic straining at a propagating crack tip
with resultant passive film rupture followed by an extremely rapid anodic dissolution and passive
film reformation transient, e.g., the slip dissolution model (SNL 2007a, Section 6.4.2). During
the transient phase when the passive film is no longer protective, it is possible for active
corrosion at the crack tip and attendant atomic hydrogen generation and entry into the material to
occur. However, as described earlier, under oxic conditions, crack tips in PGM-containing
titanium alloys will be ennobled and will rapidly repassivate leading to a very limited time frame
during which hydrogen could be absorbed. Furthermore, PGM-addition enoblement will allow
the crack walls to maintain passivity, decreasing hydrogen ingress. Thus, hydrogen pickup in
Titanium Grades 7 and 29 cracks is greatly minimized.

Measurements of crack growth rate obtained on cracks growing in stressed Titanium Grade 7 and
29 compact tension specimens loaded at 27.5 MPaVm indicate no apparent effect of potential
hydrogen absorption at propagating crack tips on crack growth rates in both a-phase Titanium
Grade 7 and o+f3 phase Titanium Grade 29. Since there is a continuous strain rate applied at the
growing crack tip, if film rupture and hydrogen entry occurs at the tri-axially stressed crack tip
region, an effect of hydrogen on the crack growth rate would be expected. Measured crack
growth rates for Titanium Grade 29 after over 16,000 hours exposure in 150°C aerated simulated
concentrated water (SCW), a basic, high chloride containing brine (where hydrogen generation
could occur) were similar to those exposed in 150°C air. Comparable results were also found for
Titanium Grade 7 after about 6,000 hours exposure in aerated 110°C high chloride content, basic
saturated water (BSW) brine and about 800 hours exposure in 110°C air (SNL 2007a,
Figure 6-76).

As discussed in Hydrogen-Induced Cracking of the Drip Shield (SNL 2007b, Section 5.6), the
fractional efficiency for hydrogen absorption values developed for Titanium Grades 7 and 29 are
based on measurements performed on 99.5% pure titanium specimens (no PGM additions) under
extremely aggressive environmental test conditions which are unachievable in the repository.
The test solutions were deaerated and acidified sodium sulfate solutions (25°C, pH ~4) and the
specimens had a constant applied current of 0.5 mA/cm” for 2 hours. Furthermore, the fractional
efficiency of hydrogen absorption decreases with time. Because these experiments used
specimens without PGM additions, deaerated solutions with applied currents, as well as short
durations, results are conservative with respect to the expected behavior of the drip shield alloys
in the repository environment.
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1.1 SUMMARY AND CONCLUSIONS

Based on the review of the mechanisms and beneficial effects of PGMs in titanium alloys such as
Titanium Grades 7 and 29 in promoting passivity, suppressing acid formation, and nascent
hydrogen production under oxic conditions, hydrogen absorption at stress corrosion cracks and
hydrogen induced cracks will be impeded. The passive film will be retained on crack wall
surfaces in PGM containing titanium alloys under repository environments minimizing the area
for hydrogen ingress. The fractional efficiency for hydrogen absorption values developed for
Titanium Grades 7 and 29 were conservatively based on accelerated cathodic polarization
experiments on non-PGM containing titanium specimens exposed to acidic conditions (pH ~4).
Since passivity is retained and low pH conditions are not expected in cracks present in the drip
shield alloys, an increase in the fractional efficiency for hydrogen absorption used by DOE is not
expected.

2. COMMITMENTS TO NRC
None.
3. DESCRIPTION OF PROPOSED LA CHANGE
None.
4. REFERENCES
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Response Tracking Number: 00102-00-00 RAI: 3.2.2.1.2.1-2-006

RAI: Volume 3, Chapter 2.2.1.2.1, Second Set, Number 6:

Provide rationale of assuming hydrogen absorption efficiency of Ti Grade 29
based on a-phase titanium alloys given that Ti Grade 29 is (a+)-phase titanium
alloy. This information is needed to verify compliance with 10 CFR 63.114 (e),

(®.

Basis: In the hydrogen-induced cracking model used to evaluate the quantity of
hydrogen absorbed in the titanium base alloys, Ti Grades 7 and 29, a fractional
efficiency for hydrogen absorption of 0.015 for Ti Grade 29 was assumed, based
on the referenced literature data on a-phase titanium alloys. However,
microstructure is known to affect the hydrogen absorption efficiency. Titanium
Grade 29 is (a+)-phase material containing Al, V, and Ru alloying constituents,
which is different from the a-phase titanium alloys relied on to estimate the
hydrogen absorption efficiency. The information is needed to understand the
applicability of hydrogen absorption efficiency of Ti Grade 29 assumed based on
a-phase titanium alloys.

1. RESPONSE

As discussed in Hydrogen-Induced Cracking of the Drip Shield (SNL 2007a, Section 5.6), the
fractional efficiency for hydrogen absorption value used for Titanium Grade 7 and Titanium
Grade 29 (which have platinum group metal (PGM) additions) is based on experimental
measurements performed on 99.5% pure titanium specimens (no PGM additions) under
extremely aggressive environmental test conditions which are unachievable in the repository.
The test solutions were deaerated and acidified sodium sulfate solutions (25°C, pH~4) and the
specimens had a constant applied current density of 0.5 mA/cm? for 2 hours. It has been shown
that the fractional efficiency of hydrogen absorption for alpha titanium alloys (such as Titanium
Grade 7) decreases parabolically with time. Also, the oxic repository exposure conditions, as
well as PGM alloying additions, will act to stabilize the passive film on the drip shield surface
(which acts a hydrogen diffusion barrier) (Schutz 2003, p. 1052). Because experiments used to
establish a hydrogen absorption efficiency value (SNL 2007a, Section 5.6) used specimens
without PGM additions, deaerated solutions with applied currents, as well as short durations, the
results are conservative with respect to the long-term hydrogen absorption behavior of the drip
shield alloys in the oxic repository environment.

Titanium Grade 29 is a Ti-6Al-4V o+f phase alloy containing 0.08% to 0.14% Ru. Schutz
(2003, p. 1046) notes that it has been “suggested that Ti-Ru alloys absorb less hydrogen than
either unalloyed titanium or Ti-Pd alloys” during corrosion. In describing the effects of PGM
additions on hydrogen absorption in titanium alloys, Schutz (2003) indicates that PGM alloying
acts to promote formation of protective surface titanium oxide films (hydrogen diffusion barrier).
Schutz (2003, p. 1052) distinguishes between hot reducing acidic conditions where there is only
a slightly beneficial influence of PGMs and oxidizing conditions (such as seen in the repository)
in which mere traces of dissolved oxygen thwart hydrogen absorption. Consistent with these
observations, Schutz (2003, p. 1052) points out that in oxygenated conditions, such as those
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expected at the drip shield surface, for Ti-Pd alloys, Pd-enhanced oxygen reduction is the
preferred cathodic reaction, reducing hydrogen absorption (due to passive film enoblement). Ru
additions act in a similar way to Pd additions to reduce hydrogen absorption in a range of
titanium alloys (Schutz 2003, p. 1052 and Table 5). Schutz (2003, Table 5) indicates that as little
as 1 ppm dissolved oxygen is sufficient to achieve this hydrogen pickup reduction in boiling
dilute HCI (a highly reducing environment in the absence of the oxygen additions) for a range of
Pd and Ru-containing titanium alloys, including the beta containing Titanium Grade 28 (the weld
filler material used between Titanium Grades 7 and 29). Schutz (2003, p. 1052) further states
that “mere traces of dissolved oxygen or other naturally occurring cathodic-depolarizing
contaminants (e.g., Fe™) in acid process streams act to thwart the HER and, thereby, hydrogen
absorption in PGM containing titanium alloys.” (Note that HER refers to the hydrogen evolution
reaction.)

With respect to the expected benefit of Ru additions in o phase and a-B phase alloys,
Schutz (2003, p. 1047) indicates that “the cathodic, noble phase in aqueous media for Ru- and
Rh-enhanced titanium alloys is the PGM-enriched B (second) phase . . . With Pd, Pt, or Ir
additions, fine PGM-rich compound precipitates form in o titanium, and the PGM-enriched 3
phase in a-B alloys represent the noble sites. For example, energy-dispersive spectrographic
(EDS) analysis revealed approximate -phase Ru levels of 9 wt% to 10 wt% in a Ti-0.15 Ru
binary alloy, and around 2 wt% Ru in the higher volume fraction B-phase found in the
Ti-3A1-2.5V-0.1Ru and Ti-6Al-4V-0.1Ru o+f alloys.” It is this relatively high Ru content
which provides these alloys with their exceptional resistance to localized corrosion, stress
corrosion cracking, and hydrogen absorption. The expected high resistance of o+f phase
Titanium Grade 29 to hydrogen absorption is consistent with hydrogen pickup results obtained in
a 210°C NaCl and CaF, saturated sour production brine. Both stressed C-ring specimens and
sheet coupons of Titanium Grade 29 experienced insignificant hydrogen absorption after up to
6 months of exposure in this media. Additionally, tests were performed on a variety of titanium
alloys, including Titanium Grades 7 and 29, in concentrated brines at temperatures of 120°C or
150°C and estimated pH values between about 5 and 10. These alloys showed no hydrogen
uptake (exposed specimen values remained within range of measured values for control
specimens) after almost 1,000 hours of exposure.

With respect to the effects of hydrogen on crack growth, DOE-generated data obtained on
pre-cracked Titanium Grade 7 and 29 compact tension specimens indicate no apparent effect of
potential hydrogen absorption on crack growth rate in both a-phase Titanium Grade 7 and o+f3
phase Titanium Grade 29. Measured crack growth rates for Titanium Grade 29 after over 16,000
hours exposure in 150°C aerated simulated concentrated water (SCW), a basic, high chloride
containing brine (where hydrogen generation could occur) were similar to those exposed in
150°C air. Comparable results were also found for Titanium Grade 7 after about 6,000 hours
exposure in aerated 110°C high chloride content, basic saturated water (BSW) brine and about
800 hours exposure in 110°C air (SNL 2007b, Figure 6-76). Therefore, potential hydrogen
pickup and concentration at the tri-axially loaded, propagating crack tips in the environmentally
exposed specimens did not have a significant effect on crack growth.
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1.1 SUMMARY AND CONCLUSIONS

The fractional efficiency for hydrogen absorption values developed for Titanium Grade 29 was
conservatively based on accelerated cathodic polarization experiments on non-PGM containing
titanium specimens exposed for short times to acidic conditions (pH ~4). Based on review of the
mechanisms of hydrogen absorption and the beneficial effects of PGMs in promoting passivity,
suppressing acid formation, and nascent hydrogen production under oxic repository exposure
conditions, the hydrogen absorption efficiency used for Titanium Grade 29 is conservative and
appropriate.

2. COMMITMENTS TO NRC
None.
3. DESCRIPTION OF PROPOSED LA CHANGE
None.
4. REFERENCES
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RAI: Volume 3, Chapter 2.2.1.2.1, Second Set, Number 7:

Provide technical basis for not considering potential hydrogen redistribution in
drip shield induced by stress due to seismic events or rockfall and the hydrogen
redistribution consequences on delayed-hydride cracking or fast fracture. This
information is needed to verify compliance with 10 CFR 63.114 (e), (f).

Basis: Waisman et al. (1977) investigated hydrogen distribution in titanium
alloys in the presence of a stress gradient. They found that hydrogen moves up
the stress gradient toward the region under tension. Moody and Gerberich (1981)
showed that applied stress could contribute to hydride formation as a
delayed-hydride cracking mechanism. Hydrogen will diffuse to, and accumulate
in, regions of tensile stress due to possible seismic events and rockfall. The
solubility limit of hydrogen in titanium can be exceeded in these stressed regions
and hydrides could precipitate.

1. RESPONSE

In titanium alloys, hydrogen may migrate and accumulate in regions of tensile stress, such as
crack tips or other geometric discontinuities (Moody and Gerberich 1981). The driving force for
hydrogen migration is related to the effect of elastic stress (and resultant strain) on the chemical
potential of interstitial hydrogen, with the hydrogen solubility increasing in regions of
dilatational strain. As a result, local hydrogen enrichment under the influence of a stress gradient
can potentially lead to decohesion or the formation and growth of brittle hydrides which can
result in delayed-hydride cracking or fast fracture.

Researchers performed a series of in-situ experimental measurements on a range of a-phase,
B-phase, and (o+p)-phase titanium alloy specimens stressed in compression and tension using
four point bending. It was found that 3-phase alloys exhibited minimal hydrogen redistribution
(i.e., the measured change in hydrogen concentration was on the order of 4 to 6%) under a
relatively high 620 MPa stress gradient and there was no evidence of hydrogen redistribution in
the a-phase, including in a commercial purity titanium alloy and a o+p-phase Titanium Grade 5
(Ti-6Al1-4V) alloy. Additionally, no hydrogen redistribution was detected in Titanium Grade 5
with three different o+ phase morphologies. Therefore, the effects of stress-induced hydrogen
redistribution on the initiation of delayed-hydride cracking or fast fracture are expected to be
minimal because the Titanium Grade 7 drip shield plate material is an a-phase commercial
purity titanium alloy with a small Pd addition, and the Titanium Grade 29 structural support
material is an o+f-phase Ti-6Al-4V alloy with a small Ru addition. Further, a small Pd addition
to Titanium Grade 2 increased the critical hydrogen content, Hc, in a slowly strained specimen
containing a sharp crack (stress concentration) (Ikeda et al. 2000). This is consistent with a
minimal effect of stress induced hydrogen redistribution in titanium alloys containing platinum
group metals such as Titanium Grade 7 and Titanium Grade 29.
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Furthermore, for the hydride-related failure of a Titanium Grade 2/Titanium Grade 5 dissimilar
metal weld, the stress gradient effect on hydrogen concentration was insignificant (Waisman et
al. 1977). Calculations were performed in which a very steep tensile stress gradient was imposed
(stress decreasing from about 345 MPa to zero over a distance of about 0.5 mm) across the weld
for an exposure time of 540 days at 27°C. The calculated maximum increase in hydrogen
concentration resulting from this steep stress gradient was insignificant (about 3 ppm). It was
concluded that this small increase in hydrogen concentration was not the cause of failure.
A more detailed description of this cracking event and the determined causal mechanism is
described in the response to RAI 3.2.2.1.2.1-2-008.

Similarly, Moody and Gerberich (1981) calculated the effective stress intensity factor at which
hydrides precipitate, and the change in hydrogen solubility in the triaxial stress field at a crack
tip in a Ti-6Al-4V-2Sn a+f alloy with an initial hydrogen content of 38 ppm. At 300 K, they
calculated an effective stress intensity of about 29 MPa (m)"* and an increase in hydrogen
solubility at the crack tip to about 78 ppm. For hydrogen charged, smooth (non-defected)
Titanium Grade 5 specimens slowly strained at strain rates of 2.5 x 107° 57! to 5.8 x 10°*s7",
Hardie and Ouyang (1999, Figure 5) measured no loss in ductility (elongation) until the
hydrogen content exceeded at least 1,500 ppm. For pre-cracked compact tension specimens
strained at comparable strain rates, the crack tip stress intensity factor for both slow crack growth
(Ks) and fast fracture (Ky) starts to drop significantly above about 200 ppm hydrogen
(Hardie and Ouyang 1999, Figure 9). As discussed in the response to RAI 3.2.2.1.2.1-2-003,
DOE conservatively selected this value as the threshold for the onset of fast fracture (H¢) of
Titanium Grade 5 and doubles or triples this value to account for the beneficial effects of Ru
additions in Titanium Grade 29. The as-fabricated drip shields are subjected to a stress relief
heat treatment (SAR Table 1.9-9, Design Control Parameter 07-13) that will significantly reduce
the magnitude of any remaining residual stresses and equalize any hydrogen gradients that may
have formed as a result of fabrication stresses. Also, the as-emplaced drip shields will contain a
very low density of defects due to the strict design controls applied to drip shield fabrication and
handling (SAR Table 1.9-9, drip shield design control parameters). Therefore, the hydrogen
concentration at which significant mechanical degradation occurs is expected to be greater than
the conservative Hc value selected by DOE.

Any stress-induced hydride formation in the drip shield could only occur in the presence of a
significant stress gradient in the vicinity of a discontinuity. Because of the drip shield stress
relief heat treatment (SAR Table 1.9-9, Design Control Parameter 07-13), the primary sources of
drip shield post-emplacement stresses would be from possible rock rubble loadings and/or
seismic impact-induced residual stresses. For the case of rock rubble loading (a relatively static
stress state), creep processes will result in a continual redistribution and potential reduction in
stresses as the drip shield is constrained by contact with the rock rubble along the sides.
Although hydrogen may concentrate at defects, fast crack growth will not initiate at hydrogen
levels below the conservative H¢ for fast fracture used by DOE as supported by the results of
Hardie and Ouyang (1999) for pre-cracked specimens discussed above. In the case of
impact-type loadings such as from seismic events or rockfall, areas of deformation induced
residual stresses in the Titanium Grade 7 seepage diversion plate material are of limited extent
(SNL 2007c, Table 6-49). Also, as calculated by DOE, these residual stresses decrease over time
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as a result of creep enhanced stress relaxation. A summary of these calculations (SNL 2007a,
Section 6.8.5.1) indicates that the bounding residual stresses resulting from rockfall impact will
relax at room temperature to below 50% of yield strength between one year and 100 years after
impact. At 150°C, stresses relax to below 65% of the 150°C yield strength in less than 10 years.
In the case of the higher strength Titanium Grade 29 drip shield support material, the creep rate
is lower than for the Titanium Grade 7 drip shield plate material and residual stresses will relax
more slowly. However, considering the very low calculated rate of hydrogen pickup for the drip
shield materials (SNL 2007b, Tables 8-1[a] and 8-2[a]), and the relatively high critical hydrogen
concentrations (SNL 2007b, Sections 8.1 and 5.2[a]) required for delayed-hydride cracking or
fast fracture to occur, it is evident that residual stresses will relax to very low values well before
hydrogen pickup reaches Hc.

1.1 SUMMARY AND CONCLUSIONS

Titanium B-phase alloys exhibited minimal hydrogen redistribution under a relatively high stress
gradient and no hydrogen redistribution was detected in Titanium Grade 5 with three different
o+ phase morphologies. Under the same stress gradient, there was no evidence of hydrogen
redistribution in the a-phase in a commercial purity titanium alloy. Thus, the effects of
stress-induced hydrogen redistribution on the drip shield materials will be minimal. The
calculated maximum increase in hydrogen concentration resulting from a steep stress gradient
applied across a Titanium Grade 2/Titanium Grade 5 dissimilar metal weld was insignificant
(Waisman et al. 1977). The as-fabricated drip shields are subjected to a stress relief heat
treatment (SAR Table 1.9-9, Design Control Parameter 07-13) that will significantly reduce the
magnitude of any remaining residual stresses and equalize any hydrogen gradients that may have
formed as a result of fabrication stresses.

Therefore, the hydrogen concentration at which significant mechanical degradation occurs is
expected to be greater than the conservative Hc value selected by DOE. For the case of rock
rubble loading, creep processes will result in a continual redistribution and potential reduction in
stresses as the drip shield is constrained by contact with the rock rubble along the sides. In the
case of impact-type seismic or rockfall loadings, areas of deformation induced residual stresses
in the Titanium Grade 7 seepage diversion plate material are of limited extent (SNL 2007c,
Table 6-49) and these residual stresses decrease over time as a result of creep enhanced stress
relaxation. Considering the very low calculated rate of hydrogen pickup for the drip shield
materials (SNL 2007b, Tables 8-1[a] and 8-2[a]), and the relatively high critical hydrogen
concentrations (SNL 2007b, Sections 8.1 and 5.2[a]) required for delayed-hydride cracking or
fast fracture to occur, it is evident that residual stresses will relax to very low values well before
hydrogen pickup reaches Hc.

2. COMMITMENTS TO NRC
None.
3. DESCRIPTION OF PROPOSED LA CHANGE

None.
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RAI: Volume 3, Chapter 2.2.1.2.1, Second Set, Number 8:

Provide technical basis that Ti Grade 28 as weld filler metal will avoid the abrupt
Al gradient that can lead to hydrogen redistribution and an enhanced hydride
formation. This information is needed to verify compliance with 10 CFR 63.114

(e), (.

Basis: Ti Grade 28 weld filler would be used for Ti Grade 7 to Ti Grade 29
welds. Industry experience in titanium application shows that hydrides formed at
Ti Grade 5/Grade 2 welds commonly result in failure at the welded region due to
hydrogen activity difference in Ti Grades 5 and 2 (Waisman et al., 1977; Kennedy
et al., 1993). Similarly the hydrogen activity difference in Ti Grade 29/Grade
28/Grade 7 welds may induce hydrogen uphill diffusion from Ti Grade 29 to
Grade 28, and to Grade 7, which may result in hydrogen accumulation at the
welds between Grade 29 to Grade 28 or Grade 28 to Grade 7. The document
Sandia National Laboratories (2008) states that this potential issue is not relevant
in the case of the drip shield for the following reason: Ti Grade 28 will remove
the abrupt Al gradient that can lead to hydride redistribution and enhanced
hydride formation. However, no calculation or laboratory results were provided
showing that by adding the Titanium Grade 28, the sharp Al concentration
gradient is removed.

1. RESPONSE

The Titanium Grade 28 weld filler metal will avoid the abrupt aluminum gradient between the
Titanium Grade 7 plates and the Titanium Grade 29 structural material, which could lead to
hydrogen redistribution and an enhanced hydride formation.

1.1 BACKGROUND

As indicated in SAR Section 1.3.4, Tables 1.3.4-3 and 1.3.4-4, and as further described in
Hydrogen-Induced Cracking of the Drip Shield (SNL 2007, Section 6.3[a]), the drip shield plate
material is a-phase Titanium Grade 7, and the structural support material is (a+f)-phase
Titanium Grade 29. As specified in SAR Table 1.9-9 (Design Control Parameter 07-12),
dissimilar metal (DSM) welds produced between the Titanium Grade 29 structural supports and
Titanium Grade 7 plate material use a Titanium Grade 28 weld filler metal (ERTi-28). The
compositions of the relevant platinum group metal (PGM) containing drip shield alloys along
with their non-PGM containing analogues are listed in Table 1.
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Table 1. ASTM Specifications for Chemical Compositions (wt %) of Relevant Titanium Alloys

ASTM N (o H (o] Fe

Grade UNS Max Max Max Max Max Al \' Pd Ru Others
Grade 2 | R50400 | 0.03 | 0.08 | 0.015 | 0.25 | 0.30 — — — — —
Grade7 | R52400 | 0.03 | 0.08 | 0.015 | 0.25 | 0.30 — — 0.12-0.25 — —
Grade5 | R56400 | 0.05 | 0.08 | 0.015 | 0.20 | 0.40 | 5.5-6.75 | 3.5-4.5 — — —
Grade 29 | R56404 | 0.03 | 0.08 | 0.015 | 0.13 | 0.25 | 5.5-6.5 | 3.5-4.5 — 0.08-0.14 —
Grade9 | R56320 | 0.03 | 0.08 | 0.015| 0.15 | 0.25 | 2.5-3.5 | 2.0-3.0 — — —
Grade 28 | R56323 | 0.03 | 0.08 | 0.015| 0.15 | 0.25 | 2.5-3.5 | 2.0-3.0 — 0.08-0.14 —

Source: Reorganized from ASTM B 265-02 2002, Table 2.

Literature reviewed in Hydrogen-Induced Cracking of the Drip Shield (SNL 2007,
Section 6.3[a]) confirms that there is a potential for hydrogen induced cracking (HIC),
sometimes referred to as delayed-hydride cracking, in titanium alloy DSM welds, specifically for
welds made between commercial purity Titanium Grade 2, an Al-free, a-phase alloy, and
Titanium Grade 5, a Ti-6Al-4V two-phase o+ alloy. As described in Hydrogen-Induced
Cracking of the Drip Shield (SNL 2007, Section 6.3[a]), cracking can potentially occur in the
Titanium Grade 2 material near the weld fusion line of these DSM welds where the
concentration of hydrogen builds up and a narrow band of brittle hydride precipitates can form.
Titanium Grade 2 and the Titanium Grade 5 are similar in composition to the drip shield
Titanium Grade 7 plate material and the Titanium Grade 29 structural support material,
respectively (Table 1). However, Titanium Grade 2 and Titanium Grade 5 do not contain the
highly beneficial Pd and Ru PGM alloying additions, as discussed in the response to
RAI3.2.2.1.2.1-2-004, which are present in Titanium Grade 7 and Titanium Grade 29,
respectively. Also, Titanium Grade 29 has a lower maximum limit for the potentially embrittling
interstitial elements, nitrogen and oxygen. Further, DSM welds reported to have failed by HIC
in the literature (e.g., Waisman et al. 1977 and Kennedy et al. 1993) did not use an intermediate
Al composition weld filler metal, such as Titanium Grade 28 (Table 1) and have been shown to
have atypical composition distributions (e.g., inadequate dilution). DSM weld delayed-hydride
cracking was also evaluated in Hydrogen-Induced Cracking of the Drip Shield (SNL 2007,
Section 6.3[a]) and is discussed in more detail in this response.

1.2 DESCRIPTION OF HIC FAILURE IN A NASA COMPONENT WITH A
TITANIUM ALLOY DSM

Hydrogen-Induced Cracking of the Drip Shield (SNL 2007, Section 6.3[a]) discusses the
background and understanding developed as a result of HIC failure, at DSM welds, in a NASA
helium pressure vessel. The vessels were fabricated from Al-containing Titanium Grade 5
(similar to Titanium Grade 29 without ruthenium) hemispheres welded using Al-free Titanium
Grade 2 weld filler metal (similar to Titanium Grade 7 without palladium). Subsequent
investigations focused on the cause(s) of the HIC and revealed a propensity in some of the
vessels for hydrogen in DSM welds to redistribute and concentrate in the a-phase Titanium
Grade 2 near the fusion line. Although nominally Al free, due to weld dilution effects, the Al
concentration in Titanium Grade 2 increases to varying degrees near the fusion line of a DSM
weld between Titanium Grades 2 and 5. A low Al content in the Titanium Grade 2 weld dilution
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zone will decrease hydrogen activity and increase the activity gradient across the interface,
increasing the tendency for hydrogen to migrate from Titanium Grade 5 to the Titanium Grade 2.
As a result, even if the initial hydrogen concentration is the same in both materials, hydrogen can
redistribute and concentrate in the Titanium Grade 2 weld region, potentially resulting in
precipitation of a band of hydrides and HIC.

Subsequent investigations of the NASA DSM weld failure indicated an unexpectedly abrupt
compositional change in the vicinity of the weld fusion line, indicating that very little weld
dilution had occurred. Chemical analysis indicated that the Titanium Grade 2 weld bead
contained, on average, approximately 1% Al and 0.5% V, and electron microprobe scans
(Waisman et al. 1977, Figure 5) revealed that the Al concentration dropped from about 6% to
about 0.5% over an approximately 165 pm-wide zone (Waisman et al. 1977, Figure 6). The
hydrogen concentration in localized areas ranged between 600 and 1,600 ppm. This very high
hydrogen concentration occurred even though the initial weld metal contained only about 16 to
45 ppm hydrogen and the Titanium Grade 5 plate material contained only about 70 ppm
hydrogen.

Investigations of thinner pressure vessels with similar DSM welds which survived proof testing
showed no evidence of the formation of hydride bands. In contrast to the low Al content found
in the failed pressure vessel weld metal, in the non-failed welds there was usually a significant
amount of weld dilution such that the weld metal contained appreciable Al and V after welding.
Actual weld metal chemical analyses performed on fourteen typical Titanium Grade 5 welds
with commercially pure (CP) titanium filler wire indicated that the average Al values varied from
about 3% to 4.3%. No weld failures have been attributed to hydride formation in DSM welds
with adequate dilution. The NASA DSM weld investigation concluded, “The results of the
investigation of various Apollo welds for hydrides, combined with the knowledge of the histories
of Apollo vessels, lead to the overall conclusion that the CP filler wire welds in the Apollo
Program are satisfactory for unrestricted use within the design limits and environment constraints
of the pressure vessels.” These results and conclusions indicate that the performance and
compositional profile of the failed weld is not representative of typical DSM welds.

1.3 BASES FOR EXPECTED BENEFICIAL EFFECT OF DRIP SHIELD DSM
DESIGN IN MITIGATING HIC POTENTIAL

An intermediate composition weld filler metal, Titanium Grade 28 (Table 1) is specified
(SAR Table 1.9-9, Parameter 07-12) for drip shield DSM welds. Kennedy et al. (1993)
indicated, based on higher temperature thermodynamic calculations and assumed metastable
hydrogen solubilities, that a Titanium Grade 5/Titanium Grade 9 (Ti-3Al-2.5V) couple should
have a lower propensity for hydrogen redistribution than a Titanium Grade 5/Titanium Grade 2
couple. In addition, based on the higher threshold hydrogen concentration for hydride formation
of Titanium Grade 9 and the lower activity differences for the Titanium Grade 5/Titanium
Grade 9 couple, there will be a lower driving force for hydrogen redistribution than in the
Titanium Grade 5/Titanium Grade 2 couple. Additionally, Kennedy et al. (1993, Figure 5)
indicate that the activity coefficients for Titanium Grade 2 and Titanium Grade 9 are similar
between 600°C and 800°C and essentially the same at 600°C. Thus, if it is assumed, as
Kennedy et al. (1993, p. 2769) did, that hydrogen activity coefficients remain similar at lower
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temperatures (e.g., repository drip shield temperatures), a low hydrogen activity gradient will
result, reducing the driving force for hydrogen diffusion, buildup, and banding across the
Titanium Grade 7/Titanium Grade 28 fusion line of the drip shield DSM weld. The driving force
will be further reduced through weld dilution, leading to some enrichment of Al at the Titanium
Grade 7 DSM weld interface.

Furthermore, as pointed out by Waisman et al. (1977), the hydrogen buildup at the Titanium
Grade 2 interface of a Titanium Grade 2/Titanium Grade 5 DSM weld is a transient condition
which will eventually distribute uniformly. However, the final equilibrium hydrogen
concentration in the Titanium Grade 2 is likely to increase somewhat over its initial value,
depending on the starting hydrogen content in the Titanium Grade 5 material. If the volume of
the Titanium Grade 5 material is small compared to the Titanium Grade 2, the final uniform
concentration in the Titanium Grade 2 will remain below the critical hydrogen concentration for
fast, brittle cracking to occur. Similar hydrogen redistribution is expected in the case of the
Titanium Grade 7/Titanium Grade 28/Titanium Grade 29 drip shield DSM weld. Also, increased
hydrogen diffusivity during the long-term postclosure thermal exposure period will significantly
reduce hydrogen buildup at the Titanium Grade 7 weld fusion line due to equilibrium hydrogen
redistribution. Furthermore, the very low rate of hydrogen absorption of the drip shield alloys
(SNL 2007, Tables 8-1[a] and 8-2[a]) will allow sufficient time for equilibrium hydrogen
redistribution and preclude delayed-hydride cracking at the DSM weld.

Also, the presence of Pd in the Titanium Grade 7 and Ru in Titanium Grades 28 and 29 increases
the critical hydrogen content of these alloys relative to their non-PGM containing analogues, as
discussed in Hydrogen-Induced Cracking of the Drip Shield (SNL 2007, Sections 5.2[a] and
6.2.2). For this higher critical hydrogen concentration, coupled with the use of the intermediate
Al content, Ru-containing Titanium Grade 28 weld filler metal will result in a lower potential for
hydride banding in the Titanium Grade 7/Titanium Grade 28/Titanium Grade 29 drip shield
DSM weld. In addition to increasing the critical hydrogen content, dissolved PGMs such as Pd
and Ru have several beneficial effects in that they favor the recombination of hydrogen atoms as
opposed to hydrogen absorption (SNL 2007, Section 6.3.2[a]) and stabilize the passive film even
in creviced regions (Schutz 2003). This will further improve the resistance of the drip shield
materials to HIC over their non-PGM containing analogues.

1.4 PLANS FOR DOE DRIP SHIELD DISSIMILAR METAL WELD FABRICATION
TESTING

The prototyping program for the drip shield (BSC 2006, Section 4) is briefly discussed in SAR
Section 1.3.4.7.7 by citation of Yucca Mountain Project Engineering Specification Prototype
Drip Shield (BSC 2007). The purpose of this program is to provide assurance that the drip shield
can be successfully fabricated with the expected fabricated stress states and mechanical
properties including fracture toughness. Furthermore, the DSM welding process can be selected
to optimize the Al content in the Titanium Grade 7 dilution zone.
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1.5 SUMMARY AND CONCLUSIONS

Although HIC was observed in one Titanium Grade 2/Titanium Grade 5 DSM weld near the
weld fusion line, it has been shown that this cracked weld was atypical and had inadequate
dilution uncharacteristic of typical DSM welds. This problem is not likely to occur in the drip
shield DSM welds for several reasons: (1) The DOE drip shield design uses a Titanium
Grade 7/Titanium Grade 28/Titanium Grade 29 DSM weld to provide an intermediate Al content
filler metal to avoid the abrupt Al gradient and minimize the potential for delayed hydride
cracking. (2) Thermodynamic results of Kennedy et al. (1993, Figure 5) indicate that activity
coefficients for Titanium Grade 2 and Titanium Grade 9 (Ti-3Al-2.5V) are similar between
600°C and 800°C and, if also, as assumed by Kennedy 1993, similar at repository drip shield
temperatures, would lead to a very low hydrogen activity gradient driving force for hydrogen
diffusion, buildup, and banding across the Titanium Grade 7/Titanium Grade 28 fusion line of
the drip shield DSM weld. (3) Increased hydrogen diffusivity during the long-term post-closure
thermal exposure period will preclude significant hydrogen buildup at the Titanium Grade 7
weld fusion line due to equilibrium hydrogen redistribution. (4) The very low rate of hydrogen
absorption of the drip shield alloys (SNL 2007, Tables 8-1[a] and 8-2[a]) will allow sufficient
time for equilibrium hydrogen redistribution and preclude delayed hydride cracking at the DSM
weld. Finally, the alloys used have PGM alloying additions which act to retard hydrogen
absorption, raise critical hydrogen contents, and further improve the resistance of the drip shield
materials to HIC over their non-PGM containing analogues.

2. COMMITMENTS TO NRC
None.
3. DESCRIPTION OF PROPOSED LA CHANGE
None.
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RAI: Volume 3, Chapter 2.2.1.2.1, Second Set, Number 9:

Provide technical bases for exclusion of Oxygen Embrittlement of Drip Shields
accounting for (i) the different alloys to construct the drip shields, titanium grades
7 and 29, and (i1) diffusion of oxygen through grain and phase boundaries. This
information is needed to verify compliance with 10 CFR 63.114 (e), (f).

Basis: DOE concluded the Oxygen Embrittlement of Drip Shields is unlikely
based on the low values of lattice diffusion coefficients of oxygen in titanium
(Sandia National Laboratories, 2008a). The screening argument relied on oxygen
diffusion data at 300 °C by Rogers et al. (1988). These authors used single crystal
pure titanium to estimate the oxygen lattice diffusion coefficient in alpha phase
titanium. The DOE then used oxygen lattice diffusion data to calculate oxygen
penetration depth for titanium grade 7 and concluded that any penetration depth
would be minimal in 10,000 years. The screening argument did not contain an
analysis of titanium grade 29 as structural component of the drip shield. Also, the
DOE did not consider that oxygen diffusion in any real crystalline metal or alloys
are dominated by grain boundary diffusion and not by lattice diffusion (Shewmon,
1963). Titanium grade 29 is a two phase alloy consisting of alpha and beta
phases, as well as alpha and beta phase boundaries (Schutz, 2003). The oxygen
diffusion rates in the two-phase titanium alloy and phase boundaries are
potentially higher than lattice diffusion rate of single phase alpha titanium.

1. RESPONSE

The information presented below provides additional support for the exclusion of
FEP 2.1.06.06.0B, Oxygen Embrittlement of Drip Shields, and addresses the diffusion of oxygen
through grain and phase boundaries with respect to Titanium Grades 7 and 29.

1.1 TECHNICAL BASIS FOR THE USE OF THE OXYGEN DIFFUSIVITY
PRESENTED BY ROGERS ET. AL. (1988) FOR SINGLE CRYSTAL TITANIUM

As discussed by Shewmon (1989), grain boundaries can act as a fast diffusion pathway in some
systems. However, this is not the case in alpha titanium (e.g., Titanium Grade 7), where mass
transport of oxygen is controlled by bulk diffusion through the alpha matrix. The values
determined for the diffusivity of oxygen in alpha titanium from over 20 sources were compared
to one another, including values determined from both single and polycrystalline materials. Data
from numerous sources in the literature (Figure 1 in Liu and Welsch 1988a) have demonstrated
that the diffusivity for oxygen in alpha titanium is effectively independent of the form of the
material (i.e., single or polycrystalline) for temperatures ranging from 250°C to 1,300°C. These
data clearly indicate that bulk diffusion is the dominant mass transfer mechanism in alpha
titanium. As such, whether the source of the data is taken from a single or polycrystalline
material does not alter the technical basis for the exclusion of oxygen embrittlement of the drip
shield materials.
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1.2 TECHNICAL BASIS FOR THE USE OF ALPHA TITANIUM TO DESCRIBE THE
BEHAVIOR IN AN ALPHA-BETA ALLOY SUCH AS GRADE 29

While the diffusivity of oxygen in titanium is faster in the beta phase than in the alpha phase, it is
the properties of the alpha phase which will determine the overall oxygen embrittlement
behavior of an alpha-beta alloy. Oxygen reduces the ductility of the beta phase; however, it does
not embrittle it as it does the alpha phase (Liu and Welsch 1988b). This was demonstrated in a
study in the literature for Ti-6Al-4V (Titanium Grade 5) where the mechanical properties of
both the alpha and beta phases of that material for oxygen concentrations ranging from 0.07 to
0.65 wt % for the alpha phase (Ti-6Al-2V) and from 0.132 to 0.585 wt % for the beta phase
(Ti-2Al-16V) (Liu and Welsch 1988b). Additionally, the volume fraction of beta present under
normal use conditions is far less than alpha — under 20% of the total volume in most cases.
Finally, oxygen is a potent alpha stabilizer. When the oxygen concentration in the material is
increased in the near surface layer of the material (as it diffuses in), it promotes the
transformation of the beta phase to an oxygen-rich alpha layer at the surface of the material,
encapsulating the material in a layer of embrittled alpha phase, often referred to in the literature
as an alpha-“case”. This is observed both for alpha-beta alloys such as Titanium Grade 5, and
near-beta materials such as Timetal 21S. While the depth through which the material is impacted
by oxygen (e.g., hardness increased) often extends further into the material than the thickness of
the alpha-case, the magnitude of the embrittlement and/or loss of ductility is far greater in the
oxygen enriched alpha-case than in the regions deeper into the material, beyond the alpha-case
boundary. As a result, the primary phase through which oxygen will diffuse as it passes into the
material is the alpha phase, even for an alpha-beta alloy — thus, the use of the diffusivity of
oxygen in the alpha phase for the embrittlement calculations is appropriate.

1.3 CONSERVATISM INTRODUCED BY ASSUMING A FIXED TEMPERATURE
OF 300°C

The analysis presented in FEP 2.1.06.06.0B assumed a constant temperature of 300°C for the
entire analysis period (in excess of 100,000 years) (SNL 2008a, Table 2.1.06.06.0B-1). The drip
shield surface temperature will be lower than 300°C, except for the low-probability event
of a drift collapse within the first approximately 90 years of emplacement (SNL 2008b,
Figure 6.3-82[a]; SNL 2008c, Section 6.5.1). As such, the effective diffusivity of oxygen in
alpha titanium will be far below the value used in the analysis for most repository scenarios and
far below the value used for most of the postclosure time. In polycrystalline alpha titanium
(using the relationship developed in David et. al. 1983), the diffusivity decreases by four orders
of magnitude as the temperature decreases from 300°C to 200°C, and then by an additional six
orders of magnitude as the temperature is further reduced to 100°C. A similar reduction with
temperature is observed in the beta phase. As a result, the times presented in the FEP analysis
are shorter by many orders of magnitude than the expected time to achieve an embrittling
concentration of oxygen at a critical depth because the effective diffusivity used in the
calculation is approaching ten orders of magnitude larger than the actual diffusivity at the drip
shield temperatures anticipated to exist within the proposed repository.
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RAI: Volume 3, Chapter 2.2.1.2.1, Second Set, Number 10:

Evaluate the effect of volume expansion of the corrosion products of Type 316
Stainless Steel and Alloy 22 and potential sources of stress on Alloy 22 outer
barrier under scenarios where the Type 316 Stainless Steel is not fully corroded or
cracked. This information is needed to verify compliance with 10 CFR 63.114 (e),

(.

Basis: In the screening argument for FEP 2.1.09.03.0B Volume Increase of
Corrosion Products Impacts Waste Package, DOE concluded the effect of volume
increase by general corrosion of Type 316 Stainless Steel and Alloy 22 on Alloy
22 would be negligible because stainless steel is prone to stress corrosion
cracking. Cracking of the stainless steel would thus relieve any stress buildup on
Alloy 22. The screening argument did not evaluate the feasibility for the
formation of solution compositions (groundwater chemistry/in-package chemistry
and temperature) that could support stress corrosion cracking. In general, the
screening argument did not evaluate processes where the stainless steel may be
partially corroded or cracked. Complete corrosion or cracking of stainless steel
may relieve stresses on Alloy 22. However, if corrosion of stainless steel is
partial and corrosion products are supported by a non-corroded substrate of
stainless steel, stresses could develop due to the volume expansion of the
corrosion products that could affect Alloy 22. These stresses could cause stress
corrosion cracks on Alloy 22 or open existing cracks. A more complete technical
basis is needed addressing a range of corrosion mechanisms that could affect
Type 316 Stainless Steel.

Potential galvanic corrosion between dissimilar metals of stainless steel and Alloy
22 may accelerate the accumulation of corrosion products from fast galvanic
corrosion of stainless steel. The corrosion of stainless steel could be partial if the
corrosion products prevent further electric contact between the two metals during
the corrosion. If the corrosion products are supported by a non-corroded substrate
of stainless, stresses could develop due to the volume expansion of the corrosion
products that could affect Alloy 22.

1. RESPONSE

The effects of corrosion product volume expansion on the waste package outer corrosion barrier
are evaluated and excluded on the bases of low consequence in the FEP Volume Increase of
Corrosion Products Impacts Waste Package (SNL 2008, FEP 2.1.09.03.0B). The screening
justification, does not rely solely on the fact that stainless steel is prone to stress corrosion
cracking but also discusses likelihood and consequences of waste package penetration within
10,000 years after closure by general corrosion, localized corrosion, and stress corrosion
cracking. The consequences of volume increase of corrosion products do not need to be
considered when the waste package outer corrosion barrier is modeled as completely failed
(e.g., by early failure, igneous intrusion, or localized corrosion). As discussed in excluded
FEP 2.1.09.03.0B, general corrosion will not cause breach of the waste package outer corrosion
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barrier in the first 10,000 years after repository closure (SNL 2008, FEP 2.1.09.03.0B). As the
waste package outer corrosion barrier closure lid region is low-plasticity burnished (stress
remediated) and stress corrosion crack growth rates are low, in the absence of larger weld flaws
or seismic activity, cracks are not expected to penetrate the waste package outer corrosion barrier
within 10,000 years of closure. Larger weld flaws, e.g., those that extend beyond the stress
remediated region, are relatively uncommon and must have an unfavorable combination of stress
and stress intensity factor profiles and crack growth rates associated with them in order to
penetrate the Alloy 22 waste package outer corrosion barrier within 10,000 years after closure.
In order for seismic activity to result in crack penetrations on the waste package outer corrosion
barrier within 10,000 years of closure, a seismic event with a mean annual exceedance
probability of 4.3 x 10~ or lower (particularly for a TAD canister-containing waste package)
would have to occur. In summary, the FEP screening argument is multi-layered and does not
rely solely on the fact that stainless steel is prone to stress corrosion cracking.

Two additional analyses were performed to estimate the magnitude and timing of stresses on the
waste package outer corrosion barrier after breach and the onset of corrosion of the inner vessel.
These two analyses demonstrate that stresses sufficient to enhance degradation of the outer
corrosion barrier will not develop within 10,000 years after waste package outer corrosion
barrier breach.

The Rigid Oxide Analysis consists of choosing initial radial gaps between the Alloy 22 waste
package outer corrosion barrier and the Stainless Steel Type 316 waste package structural inner
vessel and effective corrosion rates for the two materials. From these inputs, the time to achieve
an oxide thickness in excess of the radial gap can be determined. The strain in the Alloy 22
waste package outer corrosion barrier, assuming a fully dense rigid oxide, can then be
determined as the change in diameter divided by the diameter of the waste package. The stress
in the waste package outer corrosion barrier can then be determined from an Alloy 22 stress
versus strain curve. The second analysis of stress due to corrosion product expansion, referred to
as the Plane Strain Analysis, involves solving a plane strain stress problem for a hollow
composite cylinder. The purpose of the Plane Strain Analysis is to corroborate the results of the
Rigid Oxide Analysis.

1.1 RIGID OXIDE ANALYSIS OF STRESS DUE TO CORROSION PRODUCT
FORMATION

In excluded FEP 2.1.09.03.0B (Volume Increase of Corrosion Products Impacts Waste Package)
(SNL 2008), the time to fill the radial gap (with corrosion products) between the Alloy 22 waste
package outer corrosion barrier and Stainless Steel Type 316 structural inner vessel is calculated
based on the gap dimension (igap), the corrosion rates of the waste package materials (CRA22
and CR316 for Alloy 22 and Stainless Steel Type 316, respectively), and the Pilling-Bedworth
volume ratio (PB) (i.e., the volume ratio of the corrosion product to the base metal):

5P (Eq. 1)

"~ CRA22 (VPB 1)+ CR316 (VPB - 1)
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As discussed in FEP 2.1.09.03.0B (SNL 2008), the factor n is included to account for the degree
of constraint on the corrosion products formed. The use of n = 1 is conservative as it
corresponds to allocating all corrosion product expansion in the radial direction. The less
conservative value of n = 2 is also considered. Also as discussed in FEP 2.1.09.03.0B
(SNL 2008), the Pilling-Bedworth ratio for Cr,Os is 2.02, that for NiO is 1.70, and that for Fe;O4
is 2.10. As these oxides are possible corrosion products of Alloy 22 and Stainless Steel
Type 316, a reasonable choice for PB is 2.10. Equation 1 can be modified to estimate the time
required, ts, to produce an increment of radial displacement, o, caused by corrosion product
growth if igap is replaced with igap + 6. Assuming radial displacements only, the tangential
strain can be defined as the radial displacement, J, divided by the radius of the Alloy 22 waste
package outer corrosion barrier. In this approach, all radial displacement is being applied to the
Alloy 22 waste package outer corrosion barrier, i.e., the corrosion products and Stainless Steel
Type 316 structural inner vessel are assumed to be rigid. Thus, the results of this analysis are
expected to be conservative relative to an analysis in which displacements of the oxide and/or
Stainless Steel Type 316 structural inner vessel were accounted for.

The calculated strain can be converted to a hoop stress using a stress versus strain curve for
Alloy 22. Because the Alloy 22 yield strength and modulus of elasticity decrease with increasing
temperatures, use of a stress versus strain curve obtained at ambient temperature is conservative,
i.e., would result in estimation of higher stresses, if the exposure temperature is higher than
ambient. Also, because the stresses generated by corrosion product expansion are displacement
controlled, these stresses could relax over time. The potential stress relaxation is conservatively
ignored.

The Alloy 22 general corrosion model is discussed in General Corrosion and Localized
Corrosion of Waste Package Outer Barrier (SNL 2007d, Section 8.2). The median Alloy 22
general corrosion rate value (determined using the mean temperature dependence) at 150°C is
about 145 nm/yr (this value is conservative as the temperature at the time of waste package
breach will be below this value) and decreases to about 31 nm/yr at an exposure temperature of
100°C (SAR Figure 2.3.6-11). According to EBS Radionuclide Transport Abstraction
(SNL 2007a, Section 6.3.4.3.4.3), the corrosion rate of Stainless Steel Type 316 is modeled by a
truncated normal distribution (between 0.01 and 0.51 pm/yr (510 nm/yr)) with a true mean of
0.267 pm/yr (267 nm/yr). The current waste package design requires that the difference between
the waste package inner vessel outer diameter and the outer corrosion barrier inner diameter shall
be a minimum of 2 mm and a maximum of 10 mm for the as-fabricated package (SAR
Table 1.9-9, Design Control Parameter 03-04). For the purposes of the stress analyses
documented herein, the radial gap between the Stainless Steel Type 316 structural inner vessel
and the Alloy 22 outer corrosion barrier for the as-fabricated waste packages will be considered
to be at least 1 mm and could be a maximum of 5 mm. The difference between the inner vessel
overall length and the outer corrosion barrier cavity length, from the top surface of the interface
ring to the bottom surface of the top lid, shall be a minimum of 30 mm (SAR Table 1.9-9, Design
Control Parameter 03-05). As the radial gap between the waste package outer corrosion barrier
and the waste package structural inner vessel is smaller than the axial gap, both the Rigid Oxide
Analysis and the Plane Strain Analysis focus on the radial gap between the waste package outer
corrosion barrier and the waste package structural inner vessel. Although the solutions presented
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do not strictly apply to regions near the ends of the waste package, they are expected to be an
appropriate representation of the stress state in the central portion of the waste package.

Maximum stresses on the waste package outer corrosion barrier resulting from waste package
pallet contacts are less than 57 MPa (BSC 2007, Section 7.2). Although there are four waste
package/pallet contact surfaces (SAR Figure 1.3.4-11), the combined length of these contacts is
less than the length of the waste package outer corrosion barrier/waste package structural inner
vessel contact (SAR Figure 1.5.2-4). Therefore, initial stresses resulting from the waste package
structural inner vessel resting on the waste package outer corrosion barrier will be on the same
order. Given that lowest stress threshold for the initiation of stress corrosion cracking (SCC) on
the Alloy 22 waste package outer corrosion barrier (i.e., 316 MPa) (SNL 2007b, Table 8-1) is
about six times the estimated waste package structural inner vessel/waste package outer
corrosion barrier contact stress, the contact stresses can be ignored for the purposes of this
analysis.

Both the Rigid Oxide Analysis and the Plane Strain Analysis make the implicit assumption that
the waste package outer corrosion barrier and the waste package inner vessel are concentric. In
reality, the inner vessel will rest on the bottom of outer barrier due to gravitational forces. For a
2 mm diametral gap, the inner vessel will be offset from the center of the outer barrier by 1 mm.
Given that the minimum waste package diameter is about 72.07 in (1,831 mm) (SAR
Tables 1.3.2-3 and 1.3.2-5), this 1 mm offset is about 0.05 % of the waste package diameter.
Therefore, the offset is expected to have a minimal impact on the calculated results of both the
Rigid Oxide Analysis and the Plane Strain Analysis. Furthermore, in the Rigid Oxide Analysis
the oxide is rigid and, if corrosion occurs uniformly on the outer barrier inner surface and inner
vessel outer surface, the oxide would lift the inner vessel until the outer barrier and inner vessel
are concentric.

The calculated stress versus time using the Rigid Oxide Analysis is shown in Figure 1 forn =1
and 2, a constant Alloy 22 general corrosion rate (CRA22) of 145 nm/yr and a Stainless Steel
Type 316 corrosion rate (CR316) of 510 nm/yr and for initial radial gaps (igap) of 1 and 5 mm.
As discussed in FEP 2.1.09.03.0B (SNL 2008), the use of n = 1 is conservative as it corresponds
to allocating all corrosion product expansion in the radial direction. For comparison, the
horizontal lines on Figure 1 represents the lowest and highest stress thresholds for the initiation
of SCC on the Alloy 22 waste package outer corrosion barrier (i.e., 316 MPa and 369 MPa)
(SNL 2007b, Table 8-1). The calculated stress versus time is shown in Figure 2 for n =1 and 2,
CRA22 of 31 nm/yr, CR316 of 267 nm/yr, and for igap values of 1 and 5 mm.

To summarize these results, the time required to induce a stress of 316 MPa (the lowest stress
threshold for the initiation of SCC) in the Alloy 22 waste package outer corrosion barrier is
presented in Table 1. Table 1 shows that exposure times in excess of 10,000 years are necessary
to satisfy the lower bound stress threshold for SCC initiation. The times listed in Table 1 are
exposure times required in addition to the exposure time required to penetrate the Alloy 22 waste
package outer corrosion barrier.
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Figure 1. Stress versus Time (after initial waste package outer corrosion barrier penetration) for Initial
Radial Gap (igap) of 1 mm and 5 mm and for n-values of 1 and 2
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Figure 2. Stress versus Time (after initial waste package outer corrosion barrier penetration) for Initial
Radial Gap (igap) of 1 mm and 5 mm and for n-values of 1 and 2
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Table 1. Rigid Oxide Analysis Results

Corrosion Rate Time to Reach
Minimum SCC Stress

igap n Alloy 22 316 Threshold
mm unitless nm/yr nmlyr years

1 1 145 510 12,700

5 1 145 510 18,300

1 2 145 510 31,100

5 2 145 510 44,700

1 1 31 267 28,000

5 1 31 267 40,200

1 2 31 267 68,600

5 2 31 267 98,400

1.2 PLANE STRAIN ANALYSIS OF STRESS DUE TO CORROSION PRODUCT
FORMATION

The purpose of the Plane Strain Analysis is to corroborate the results of the Rigid Oxide
Analysis. The Plane Strain Analysis follows a plane strain solution for a long hollow circular
cylinder. For the Plane Strain Analysis, the cylinder is hollow for r < a, the Type 316 Stainless
Steel structural inner vessel is defined by the region for which a < r < b, the corrosion product
layer is defined by the region for which b < r < ¢, and the Alloy 22 waste package outer
corrosion barrier is defined by the region for which ¢ < r < d (Figure 3). The only non-zero
displacement is the radial displacement, u, with the following general form:

C r
_ 2, 0d+v 1
u=Cpr+ — (l—v).r.‘[ gyrdr (Eq. 2)

where v is the Poisson’s ratio, r is the radius, g, is the strain due to corrosion product expansion,
and C; and C, are constants to be solved for. As the displacement is in the radial direction only,
only the case of n = 1 (thus maximizing the radial displacement) is considered.
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Figure 3. Schematic of Waste Package Geometry (not to scale)

The stress components can be expressed as:

E ST E 1 ("
c.= . -— |- -—-| g, rdr
l1+v | 1=-2v r2 l—vr2 p

E ¢ G Esp E 1 ("
og = . +— | -——+ -—-| e, -rdr
l+v|1-2v 2 I-v 1-v 2 p

Ee 2-v-E-C

p 1

c,= + = v~(c5r+ 06) -E¢
I-v  (1+v)(1-2v)

p

(Eq. 3)

(Eq. 4)

(Eq. 5)

The constants (identified as C; and C, in Equations 3 through 5) differ in each of the annuli
(leading to six constants). The constants can be evaluated through the use of the boundary

conditions which must be satisfied.

Table 2 presents the results of 16 cases which differ by their values of the initial radial gap, igap,
of either 1 mm or 5 mm; Alloy 22 corrosion rate, CRA22, of either 145 nm/yr or 31 nm/yr;
Stainless Steel Type 316 corrosion rates, CR316, of either 510 nm/yr or 267 nm/yr; modulus of
elasticity of the corrosion product layer, E,, of either 200 GPa or 100 GPa; and/or Poisson’s ratio

of the corrosion product layer, v, of either 0.20 or 0.35.
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The moduli of the corrosion product layer are uncertain. The modulus of elasticity of Cr,0Os3 is
reported to be greater than 14.9 x 10° psi (103 GPa). The modulus of elasticity of other
non-plasma sprayed oxide ceramics at room temperature range from about 14.1 x 10° psi
(97 GPa) for fully stabilized ZrO, to 59.3 x 10° psi (409 GPa) for AL,O;. It is expected that the
mechanical properties of the porous waste package corrosion products will be inferior to those of
the fully dense engineering ceramics discussed. Nano-indentation experiments on carbon steel
and cast iron steel specimens aerobically corroded in a 0.1 M NaOH solution showed that the
indenter sampled three layers: (1) a soft thin (surface) layer, (2) a hard ‘coating’, and
(3) substrate. The elastic moduli measured for corroded carbon steel specimens were 180 and
187 GPa. For corroded cast iron, the measured elastic modulus was between 100 and 176 GPa.
Elastic moduli between 0.04 and 2 MPa have been reported for anaerobic corrosion products
formed on carbon steel and cast iron in a high pH groundwater at 50°C to 80°C using an atomic
force displacement technique. In light of the nano-indentation results, it is reasonable to assume
that these elastic moduli are for the softer surface layer of the corrosion product film. As can be
seen in Table 2, the use of a higher elastic modulus for the corrosion products results in
somewhat higher stresses in the Alloy 22 waste package outer corrosion barrier. To represent a
range of uncertainty in corrosion product modulus of elasticity, values of 100 GPa
(approximately the minimum elastic modulus of Cr,O; and corroded cast iron) and 200 GPa
(approximately the highest elastic modulus obtained for corroded carbon steel) are considered.

The Poisson’s ratio values of several oxide ceramics range from a minimum of 0.16 for MgO to
a maximum of 0.34 for BeO and ZrO,. As can be seen in Table 2, the use of a higher Poisson’s
ratio for the corrosion products results in somewhat higher stresses in the Alloy 22 waste
package outer corrosion barrier. To represent a range of uncertainty in corrosion product
Poisson’s ratio, values of 0.20 (approximately the minimum Poisson’s ratio of the ceramics
discussed) and 0.35 (approximately the highest Poisson’s ratio of the ceramics discussed) are
considered.

For Plane Strain Analysis Case 1 (Table 2), the hoop stress (cGp) in the Alloy 22 waste package
outer corrosion barrier remains less than the lowest stress threshold for the initiation of SCC on
the Alloy 22 waste package outer corrosion barrier (i.e., 316 MPa) until about 11,900 years after
penetration of the Alloy 22 waste package outer corrosion barrier.
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Table 2. Plane Strain Analysis Results

Corrosion rate Corrosion Product Time to Reach
Minimum SCC
Threshold *
(after WPOCB
Case | igap | CRA22 | CR316 Ep Vp Penetration)
mm | nmlyr nmlyr GPa unitless years

1 1 145 510 200 0.35 11,900
2 1 145 510 200 0.20 13,110
3 1 145 510 100 0.35 15,450
4 1 145 510 100 0.20 17,080
5 5 145 510 200 0.35 15,200
6 5 145 510 200 0.20 16,350
7 5 145 510 100 0.35 18,550
8 5 145 510 100 0.20 20,120
9 1 31 267 200 0.35 26,160
10 1 31 267 200 0.20 28,830
11 1 31 267 100 0.35 34,020
12 1 31 267 100 0.20 37,600
13 5 31 267 200 0.35 33,440
14 5 31 267 200 0.20 35,970
15 5 31 267 100 0.35 40,840
16 5 31 267 100 0.20 44,290

* Rounded to 4 significant figures.

NOTE: WPOCB = Alloy 22 waste package outer corrosion barrier.

Figure 4 shows a plot of the maximum hoop stress in the Alloy 22 waste package outer corrosion
barrier versus time after breach of the Alloy 22 waste package outer corrosion barrier for Cases 1
through 4. For comparison, the horizontal lines on Figure 4 represent the lowest and highest
stress thresholds for the initiation of SCC on the Alloy 22 waste package outer corrosion barrier
(i.e., 316 MPa and 369 MPa). From Figure 4 and Table 2 it is apparent that decreasing the
Poisson’s ratio of the corrosion product layer (Case 2) decreases the calculated hoop stress and
results in about an additional 1,200 years before the lowest stress threshold for the initiation of
SCC on the Alloy 22 waste package outer corrosion barrier is attained. Decreasing the elastic
modulus of the corrosion product layer from 200 GPa to 100 GPa (Case 3) results in about an
additional 3,500 years (relative to Case 1) before the lowest stress threshold for the initiation of
SCC on the Alloy 22 waste package outer corrosion barrier is attained. Making both changes at
the same time (Case 4) results in about an additional 5,200 years (relative to Case 1) before the
lowest stress threshold for the initiation of SCC on the Alloy 22 waste package outer corrosion
barrier is attained.
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Figure 4. Maximum Hoop Stress in the Alloy 22 Waste Package Outer Corrosion Barrier versus Time
after Breach of the Alloy 22 Waste Package Outer Corrosion Barrier for Cases 1 through 4
(Table 2)

The results of various combinations of parameters are shown in Table 2 and demonstrate that for
all cases, exposure times greater than 10,000 years (in addition to the time required to penetrate
the Alloy 22 waste package outer corrosion barrier) are required to attain stresses equal to the
lowest stress threshold for the initiation of stress corrosion cracking on the Alloy 22 waste
package outer corrosion barrier. Overall, the consistency between these analysis results shown
in Tables 1 and 2 provides confidence in the conclusion that exposure times in excess of 10,000
years (in addition to the exposure time required to breach the Alloy 22 waste package outer
corrosion barrier) are necessary in order for expansion of corrosion products to have any impact
on the Alloy 22 waste package outer corrosion barrier.

1.3 EVALUATION OF CONSEQUENCES OF CORROSION PRODUCT
FORMATION ON CRACK OPENINGS

As discussed above, and in excluded FEP 2.1.09.03.0B (SNL 2008), stress generation from
volume increase of corrosion products could only occur within the first 10,000 years after
repository closure if the waste package outer corrosion barrier is penetrated by stress corrosion
cracks either resulting from a seismic event or initiating at sizable weld flaws in the waste
package closure lid weld region. It has been determined that the minimum distance between
through-wall cracks is the thickness of the component (SNL 2007b, Section 6.7). The open
crack area due to seismic damage is maximized by assuming cracks are arranged in a tight
hexagonal array with the minimum intercrack distance and held open with a stress equal to the
yield strength of the material (i.e., it is assumed that there is no stress relief when a crack forms
or penetrates) (SNL 2007c, Section 6.1.4). In addition, the upper bound estimate of the seismic
crack opening area allows for significant crack overlap and therefore is a significant
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over-estimation of the open crack area (SNL 2007b, Section 6.7.3.3). Similarly, stress corrosion
cracks formed in the waste package closure lid weld region (in the absence of seismic events) are
also assumed to be arranged with the minimum intercrack distance and held open with a stress
equal to the yield strength of the material (SNL 2007a, Section 6.3.3.2.2). Because the crack
opening area is determined by the magnitude of the residual stress and the yield strength of the
material is conservatively used for this value, the crack opening area determined is conservative.

As discussed in excluded FEP 2.1.09.03.0B (SNL 2008), if the gap between the waste package
outer corrosion barrier and waste package inner vessel were to become filled with corrosion
products, significant impacts to degradation of the waste package outer corrosion barrier and the
rate of radionuclide release are not expected. If the corrosion products formed could apply
significant stress on the waste package outer corrosion barrier, stress would then also be applied
to the degraded waste package structural inner vessel and the corrosion product layer between
them. It would be expected that corrosion products under compressive stress would have a lower
effective porosity than corrosion products that are not under compressive stress, and would be
expected to inhibit water ingress and radionuclide egress from the waste package. Thus, if some
amount of actual crack widening occurred on the Alloy 22 waste package outer corrosion barrier
surface resulting from stresses induced by corrosion product formation, it is sufficiently
accounted for in performance evaluations through the use of a maximized stress corrosion crack
opening area (SNL 2007c, Section 6.1.4; SNL 2007b, Section 6.7) and by taking no credit for the
decreased rate of radionuclide transport through the compressed corrosion products.

1.4 EVALUATION OF POTENTIAL FOR GALVANIC CORROSION

As discussed in excluded FEP 2.1.09.09.0A, Electrochemical Effects in EBS (SNL 2008), after
breach of the Alloy 22 waste package outer corrosion barrier, electrochemical coupling of the
Alloy 22 waste package outer corrosion barrier with the Stainless Steel Type 316 waste package
structural inner vessel could occur. Due to the similarity in corrosion potential of Alloy 22 and
Stainless Steel Type 316 under similar exposure conditions, significantly enhanced degradation
(i.e., galvanic corrosion) of either material is not expected, although Alloy 22 would be expected
to be the cathode relative to Stainless Steel Type 316 (SNL 2007d, Section 6.3.3).

Under electrochemically driven conditions in concentrated chloride solutions at 95°C using
Alloy 22 crevice formers on Stainless Steel Type 316L substrates (He et al. 2007), crevice
corrosion was observed in nearly all of the creviced sites on the Stainless Steel Type 316L
specimen and no crevice corrosion on the Alloy 22 washers. The testing showed that the
Stainless Steel Type 316L corroded at a fast rate without repassivation and the Alloy 22 was
protected. This result indicates that the Stainless Steel Type 316 structural inner vessel is more
susceptible to corrosion than the Alloy 22 waste package outer barrier in concentrated chloride
environments. Therefore, even if galvanic corrosion between the Stainless Steel Type 316
structural inner vessel and the Alloy 22 waste package outer corrosion barrier occurred,
enhanced degradation of the Stainless Steel Type 316 structural inner vessel would be expected,
potentially rendering it an ineffective substrate from which corrosion products could exert
stresses on the Alloy 22 waste package outer corrosion barrier.
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However, even if the waste package inner vessel provides enough structure for corrosion
products to exert stresses in the Alloy 22 waste package outer corrosion barrier, analyses in
Sections 1.1 and 1.2 of this response demonstrate that the time required to induce a stress of
sufficient magnitude for the initiation of SCC in the Alloy 22 waste package outer corrosion
barrier is in excess of 10,000 years after waste package breach.

1.5 SUMMARY AND CONCLUSIONS

The screening justification for excluded FEP 2.1.09.03.0B, Volume Increase of Corrosion
Products Impacts Waste Package (SNL 2008, FEP 2.1.09.03.0B), does not rely solely on the fact
that stainless steel is prone to stress corrosion cracking. The results of two stress analyses of
corrosion product formation are discussed. The time required to induce a stress of sufficient
magnitude for the initiation of SCC in the Alloy 22 waste package outer corrosion barrier is in
excess of 10,000 years (Tables 1 and 2). This time is in addition to the exposure time required to
penetrate the Alloy 22 waste package outer corrosion barrier, and therefore corrosion product
formation has a negligible effect on waste package outer corrosion barrier performance within
10,000 years of closure. Potential crack widening or crack initiation due to corrosion product
stresses 1s sufficiently accounted for through the conservative estimation of crack opening areas
used in assessment of performance as well as by taking no credit for the decreased rate of
radionuclide transport through the compressed corrosion products. If galvanic corrosion between
the Stainless Steel Type 316 structural inner vessel and the Alloy 22 waste package outer
corrosion barrier occurred, enhanced degradation of the Stainless Steel Type 316 structural inner
vessel would be expected, potentially rendering it an ineffective substrate from which corrosion
products could exert stresses on the Alloy 22 waste package outer corrosion barrier. However,
even if the waste package inner vessel provides enough structure for corrosion products to exert
stresses in the Alloy 22 waste package outer corrosion barrier, analyses in Sections 1.1 and 1.2 of
this response demonstrate that the time required to induce a stress of sufficient magnitude for the
initiation of SCC in the Alloy 22 waste package outer corrosion barrier is in excess of 10,000
years after waste package breach.

2. COMMITMENTS TO NRC
None.
3. DESCRIPTION OF PROPOSED LA CHANGE

None.
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RAI: Volume 3, Chapter 2.2.1.2.1, Second Set, Number 11:

Evaluate the possibility of Alloy 22 crevice corrosion from the inside of the waste
package due to the formation of tight crevices between Alloy 22 and corrosion
products of the inner container. This information is needed to verify compliance
with 10 CFR 63.114 (e), (f).

Basis: The screening argument did not evaluate the possibility of inside-out
crevice corrosion of Alloy 22. This may increase the size of the compromised
waste package area or additional susceptibility to mechanical damage.

1. RESPONSE

The initiation of crevice corrosion requires the presence of liquid water, and therefore inside-out
crevice corrosion of the waste package outer corrosion barrier can not occur prior to breach of
the waste package outer corrosion barrier. Liquid water could enter the breached package either
in the form of condensation or seepage water. Localized corrosion due to condensation is not
expected because it will be a benign environment with a low concentration of aggressive anions
(e.g., chlorides) as discussed in FEP 2.1.08.14.0A, Condensation on Underside of Drip Shield
(SNL 2008). If seepage water were aggressive enough to initiate localized corrosion on the
inside surface of the waste package outer corrosion barrier, localized corrosion would also
initiate on the exterior surface of the waste package outer corrosion barrier. Thus, localized
corrosion on the inside surface of the waste package outer corrosion barrier is of no consequence
to performance and will not increase the size of the compromised waste package area or affect
waste package susceptibility to mechanical damage.

As discussed in SAR Section 2.4.2.3.2.1.5, localized corrosion of the waste package outer
corrosion barrier can only occur if seepage water with an aggressive chemistry contacts the waste
package outer corrosion barrier surface (i.e., if the overlying drip shield is failed) within the first
12,000 years after closure. It is conservatively assumed that the waste package surface area
affected by localized corrosion is the entire surface area of the waste package, which
is subsequently removed as a barrier to water inflow and transport of radionuclides
(SAR Section 2.4.2.3.2.3.2.4). In the seismic ground motion modeling case, there is a low
probability of drip shield plate failure occurring before 12,000 years. However, the dose
consequence of drip shield plate failure is estimated to be low enough that it need not be
explicitly calculated. Localized corrosion does not impact the seismic fault displacement
modeling case even though there could be failed drip shields during the 12,000 years after
closure because the waste package damaged area is larger than one third of the waste package
cross-sectional area and the releases do not change significantly as more damage is applied.
Furthermore, as discussed in FEP 2.1.09.03.0B (SNL 2008), there will be few if any waste
package breaches within 10,000 years after closure.

The initiation of inside-out crevice corrosion in the absence of outside-in crevice corrosion
would require that a more aggressive chemical or physical condition exist at the interface
between the Alloy 22 and stainless steel than is modeled or expected to exist on the exterior of
the waste package. The physical configuration at the Alloy 22 and stainless steel interface is less

Page 1 of 3



ENCLOSURE 11

Response Tracking Number: 00107-00-00 RAI: 3.2.2.1.2.1-2-011

severe than the ceramic wrapped with Teflon tape specimen configuration used in the testing to
develop the waste package outer barrier localized corrosion model (SNL 2007, Appendix I). The
testing used to develop the localized corrosion model involved polarizing the creviced coupons
to high anodic overpotentials, resulting in metal ion hydrolysis and the evolution of a severe
chemical environment including a lower crevice pH (SNL 2007, Section 6.4.4). In addition, the
testing used to develop the waste package outer barrier localized corrosion model involved
destabilization of the Alloy 22 oxide, whereas in the case of inside-out crevice corrosion, the
Alloy 22 oxide will initially be intact. Any condition that could potentially lead to inside-out
corrosion is conservatively modeled to result in the waste package outer barrier localized
corrosion on the waste package outer surface. Therefore, even if it were to occur, inside-out
crevice corrosion of the waste package outer corrosion barrier is of no additional consequence to
repository performance.

Electrochemical polarization experiments which utilized Alloy 22 crevice formers on Stainless
Steel Type 316L substrates in concentrated chloride solutions at 95°C have been performed
(He et al. 2007). Crevice corrosion was observed in nearly all of the creviced sites on the
Stainless Steel Type 316L specimen and no crevice corrosion was observed on the Alloy 22
washers. The testing showed that the Stainless Steel Type 316L corroded at a fast rate without
repassivation and the Alloy 22 was protected. Therefore, if crevice corrosion were able to
initiate inside the waste package annular gap region, enhanced degradation of the Stainless Steel
Type 316 structural inner vessel would be expected, potentially rendering it an ineffective
substrate from which corrosion products could exert stresses on the waste package outer
corrosion barrier.

In summary, inside-out crevice corrosion will not initiate prior to breach of the waste package
outer corrosion barrier. If the exposure environment were aggressive enough to initiate crevice
corrosion on the inner surface of the waste package outer corrosion barrier, crevice corrosion
would already have initiated on the outer surface of the waste package outer corrosion barrier
and its barrier functions would already be considered to be compromised. Electrochemical
polarization experiments demonstrate that the Stainless Steel Type 316 structural inner vessel is
more susceptible to crevice corrosion than the Alloy 22 waste package outer barrier in
concentrated chloride environments. Therefore, inside-out crevice corrosion of the waste
package outer corrosion barrier is not expected and, even if it were to occur, is of no additional
consequence to repository performance.

2. COMMITMENTS TO NRC
None.
3. DESCRIPTION OF PROPOSED LA CHANGE

None.
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RAI: Volume 3, Chapter 2.2.1.2.1, Second Set, Number 12:

Provide justification to resolve the apparent discrepancy between the localized
corrosion model and the FEP analysis for temperatures between 100 and 120°C.
The nitrate-to-chloride ratio in this temperature range may be as low as 0.125
(Sandia National Laboratories, 2007a, Fig 6-7[a]) and localized corrosion may
initiate according to the localized corrosion model if the nitrate-to-chloride ratio is
less than 0.5 (Sandia National Laboratories, 2007b, Section 6.4.4.6). This
information is needed to verify compliance with 10 CFR 63.114 (e), (f).

Basis: In the analysis for Questions 3 and 4, the brine was considered to be not
corrosive to initiate localized corrosion of Alloy 22. One of the DOE arguments
was that the ratio of nitrate-to-chloride is expected to be high (Sandia National
Laboratories, 2008, pages 6-707 to 6-708; Sandia National Laboratories, 2007a,
Sections 7-1.3 and 6.4[a]) in the potential dust deliquescence brine and localized
corrosion would not be possible in those brines.

For temperatures from 100 to 120 °C, deliquescent brines with nitrate-to-chloride
ratio as low as 0.125 were predicted to be stable under the potential Yucca Mount
drift condition (Sandia National Laboratories, 2007a, Fig 6-7[a]). According to
the localized corrosion model, localized corrosion may be initiated at the nitrate-
to-chloride ratio less than 0.5 (Sandia National Laboratories, 2007b, Section
6.4.4.6) in this temperature range. The “No” answer to Questions 3 and 4 appears
inconsistent with the localized corrosion model for temperatures between 100 and
120°C.

1. RESPONSE

The localized corrosion model and the exclusion of FEP 2.1.09.28.0A (Localized Corrosion on
Waste Package Outer Surface Due to Deliquescence) are not inconsistent. The environmental
conditions to which Question 4 of the screening justification apply (i.e., dust deliquescence) are
not the same as those for seepage conditions, which are what the localized corrosion model is
based upon. In particular, for the environmental conditions relevant to Question 4, the brine
volume is dictated by the quantity of the soluble components present in the dust layer on the
surface of the waste package, and as such is very low. Further, there is limited wetted area
outside the crevice to support cathodic reactions. The environmental conditions and physical
constraints identified in the dust deliquescence scenario effectively prevent the initiation and/or
propagation of localized corrosion. This remains true even if brine compositions with nitrate-to-
chloride ratios of less than 0.5 are formed (which is possible, but not anticipated in the 100°C to
120°C temperature range).

The waste package will only undergo localized corrosion if both the physical environment and
chemical environment are sufficiently aggressive. Meeting this criterion requires a combination
of elevated temperature, chemical aggressiveness, physical constraint (i.e., crevice), quantity of
reactants, and availability of cathodic area. The testing used to construct the localized corrosion
model includes the inherent assumption that sufficient physical constraint, quantity of reactants,
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and availability of cathodic area exist, and only exercises the dependence on temperature and
chemical aggressiveness. This simplification is conservative but appropriate for evaluating
localized corrosion under seepage conditions because the quantity of reactants is unlimited, the
wetted area (i.e., cathodic area) is likely large compared to the size of the actively propagating
site, and physical constraint could be present in the form of salt deposits or other objects which
might come into contact with the waste package surface. Applying the localized corrosion model
to deliquescent conditions, however, results in a dramatic over-prediction of the propensity for
localized corrosion, which is extremely conservative. Under deliquescent conditions, the
availability of reactants and brine volume is severely restricted. Furthermore, analysis
(SNL 2007a, Section 6.4.3.1) shows that the loose and porous dust layer lacks key physical
properties necessary to form tight, restrictive occluded structures. Therefore, the physical
constraint required for crevice corrosion initiation and propagation is absent. Thus, several of the
required attributes for promoting localized corrosion are absent under deliquescent conditions in
the nominal scenario class and, as a result, localized corrosion is not anticipated to occur under
deliquescent conditions irrespective of the temperature or chemical composition of any brines
which form.

Estimates of actual deliquescent brine compositions have been made based upon soluble salt
contents in the dust taken from both NADP atmospheric data and tunnel dust analyses
(SNL 2007a, Tables 6.1-2 and 6-4[a], respectively). These analyses indicate that nitrate-to-
chloride ratios will be greater than 0.5, with one exception. The exception is the result of a single
tunnel dust leachate composition (SNL 2007a, Table 6-4[a], sample 562018) that, when
modeled, evaporated to a calcium-magnesium-chloride type of brine. This chemistry has been
experimentally demonstrated as unstable (SNL 2007a, Section 6.2.1[a]) as a result of the alkaline
earth instability under open conditions caused by carbon dioxide uptake resulting in a carbonate
precipitate and loss of other soluble components as volatile acids (i.e., nitric and hydrochloric
acids).

Additional project-collected dust samples from outside the South Portal of the repository further
demonstrate the predominance of soluble nitrate over chloride (SNL 2007a, Table 4-3[a]), with
nitrate-to-chloride ratios ranging from 4 to 9. As the majority of the soluble components of dust
deposited on the waste package surface are expected to be the result of the tunnel ventilation
process, the atmospheric dust compositions are the most relevant ones. Dust generated by the
tunnel itself and emplaced materials (e.g., the ground support) will be present, but contain an
order of magnitude lower level of soluble material than atmospheric sources (SNL 2007a,
Section 6.1.1), and their waste package deposition will be reduced underneath the emplaced drip
shields. Brine can exist with a low nitrate-to-chloride ratio in the temperature range from 100°C
to 120°C, but such brine forming from repository dust deliquescence is not expected based on the
current knowledge of dust sources and their measured soluble composition.

The intent of Figure 6-7[a] of the dust deliquescence report (SNL 2007a), which presents a range
of nitrate-to-chloride ratios as a function of brine temperature, is to illustrate a particular
physical-chemical (Na:K fixed at 1:1) stability range of specific mixed-salt solutions as a
function of boiling point, not to illustrate what might be formed from anticipated soluble dust
components. While Section 6.4.2.1.3[a] of the dust deliquescence report (SNL 2007a) partially
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describes the figure as “what can exist within the repository,” it is not directly related to any
expected dust-brine composition.

While the data discussed in Section 6.4.2.1.3[a] of the dust deliquescence report (SNL 2007a)
indicate a strong prevalence of nitrate over chloride in dust, the answer to screening Question 3
“If deliquescent brines persist, will they be corrosive?” is “not expected” (SNL 2007a, ACN 02,
Table 7-2[a]). This answer covers the uncertainties in brine composition and stability for
conditions above 180°C, and is an accurate assessment of the understanding of the potential
range of brine compositions and volumes formed by dust deliquescence in the repository.

Although there is allowance for uncertainty in the response to Question 3 of the screening
justification, Question 4, “If deliquescent brines are potentially corrosive, will they initiate
localized corrosion?” can confidently be answered “No.”. This is due to environmental and
physical conditions represented by the dust deliquescence scenario, which include limited
reactant masses, brine volumes, and cathodic areas (SNL 2007a, Sections 6.4 and 6.4[a]). The
localized corrosion model presented in General Corrosion and Localized Corrosion of Waste
Package Outer Barrier (SNL 2007b) was developed for seepage/inundated conditions, the scale
of which is radically different than the volume of brine which could potentially exist due to dust
deliquescence, where the total solution volume is defined by the limited quantity of soluble salts
that exist within the dust layer (e.g., estimated to form about 2 pL/cm” at 120°C; SNL 2007a,
Table 6.4-4). As such, direct comparison of dust deliquescence conditions to the inundated
conditions in experiments, which form the basis of the localized corrosion model, is
inappropriate.

While dust deliquescent brine compositions with nitrate-to-chloride ratios of less than 0.5 are not
anticipated to occur, they are considered possible in the 100°C to 120°C temperature range. Such
brines could have a composition for which the waste package localized corrosion model
(SNL 2007b, Section 8.3.1), which is intended to evaluate seepage conditions, would predict
initiation of localized corrosion. However, under the environmental conditions to which
Question 4 applies, the quantity of brine present is extremely limited, being dictated by the
quantity of the soluble components present in the dust layer on the surface of the waste package.
This limited brine scenario is radically different (in terms of potential solution and reactant
quantity) than seepage conditions. In addition, under deliquescent conditions the wetted surface
area available to support cathodic reactions is limited, and the dust layer is unable to provide a
restrictive occluded geometry. As a result, even if a chemical composition of brine identified
as being corrosive under seepage/total immersion conditions forms on the surface of the
waste package, the other environmental and physical constraints of the dust deliquescence
scenario (e.g., limited brine volume, etc.) prevent initiation of localized corrosion. Therefore,
there is no material inconsistency between the localized corrosion model and the screening
justifications for exclusion of localized corrosion stemming from dust deliquescence (SNL 2008,
FEP 2.1.09.28.0A).
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2. COMMITMENTS TO NRC
None.
3. DESCRIPTION OF PROPOSED LA CHANGE
None.
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RAI: Volume 3, Chapter 2.2.1.2.1, Second Set, Number 13:

Resolve the apparent discrepancy between the repassivation potential and
corrosion potential measurements (Felker et al., 2006) and the localized corrosion
observed in the drip test conducted by Lee and Solomon (2006, page 117).
Available data show that the repassivation potential is higher than the corrosion
potential for brines with nitrate-to-chloride ratio greater than 10, and thus,
localized corrosion would be impossible according to the repassivation potential
model. However, in drip tests simulating the potential drift condition and a
nitrate-to-chloride ratio higher than 10, localized corrosion was observed, calling
into question the validity of the repassivation potential model and the assumption
that localized corrosion is unlikely in solutions with high nitrate concentrations
with respect to chloride. This information is needed to verify compliance with
10 CFR 63.114 (e), (f).

Basis: At 140°C, the experiment in a drip test at ambient pressure using
concentrated solutions containing nitrate indicated that localized corrosion of
Alloy 22 initiated (Lee and Solomon, 2006, page 117). The drip test simulated a
potential Yucca Mountain drift condition under a high nitrate-to-chloride ratio
(>10). This observation appears to contradict the repassivation potential concept
for high nitrate-to-chloride brines as threshold criterion for the initiation of
localized corrosion. The measurements indicated establishment of a repassivation
potential above 0.5 VAg/AgCl (Felker, et al., 2006, Figure 9), while the corrosion
potential was less than 0.1 VAg/AgCl (Felker, et al., 2006, Figure 7) for brines
with nitrate-to-chloride ratio greater than 10 and pH values down to 3. The Lee
and Solomon (2006) and the Felker, et al. (2006) tests were aimed at simulating
conditions under dripping, instead of deliquescent solutions. However, the
repassivation potential model used by the DOE to identify conditions where
localized corrosion is not feasible does not differentiate dripping from
non-dripping conditions. Therefore, it is also necessary to address the question of
whether the repassivation potential or the nitrate-to-chloride ratio are reliable
criteria to address the likelihood of localized corrosion in elevated temperature
deliquescent solutions.

Localized crevice corrosion was also observed for specimens exposed to liquid
and vapor phases in closed autoclaves at 160°C and 220°C at nitrate-to-chloride
ratios up to 7.4 and nitrate concentration of 15.1 m (Dixit, et al., 2006). Although
the closed autoclave test may not simulate the potential drift condition and the
nitrate-to-chloride ratio would be higher than 7.4 in an open system at 160°C
(Sandia National Laboratories, 2007a, Section 6.4.2.1.3[a]), a nitrate-to-chloride
ratio of 7.4 is within the range predicted for the nitrate and chloride brines at
temperatures between 115°C and 125°C at ambient pressure (Sandia National
Laboratories, 2007a, Section 6.4.2.1.3[a]). The observation by Dixit et al. could
suggest the possibility of localized corrosion at temperatures between 115°C and
125°C under the potential open repository conditions.
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Preliminary experimental results for the corrosion of brine-coated Alloy 22
specimens exposed to an open system at 180°C have been reported (Sandia
National Laboratories, 2007a, Section 6.4.2.2[a]). No localized corrosion was
observed in these open-system exposure tests. However, these tests were
short-term (50 days) and conducted only at a single temperature (180°C).
Potential dependencies of localized corrosion on salt-loading, orientation of the
specimens, time effects, have not been addressed.

1. RESPONSE

Comparison of the Felker et al. (2006) corrosion and repassivation potential measurements
against the observed corrosion by Lee and Solomon (2006) does appear on its surface to indicate
a potential contradiction. However, there are multiple reasons justifying that these results do not
affect the validity of the repassivation potential model and do not affect the exclusion of dust
deliquescent induced waste package localized corrosion. This will be demonstrated by the
following:

e The Felker et al. (2006) corrosion potentials are of short duration and thus are not
technically adequate for comparative use to their measured repassivation potentials.

e The Lee and Solomon (2006) experimental conditions are not repository-relevant and
especially not relevant to the dust deliquescent scenario and utilized test material with
inappropriate metallurgical conditions.

e Results of Dixit et al. (2006) are not repository relevant and their result cannot be viably
extrapolated to lower temperature.

e Recent project testing under conditions directly relevant to those anticipated in the dust
deliquescence scenario has corroborated that localized corrosion of Alloy 22 will not
take place.

1.1 FELKERET AL. (2006) CORROSION POTENTIAL MEASUREMENTS

In the report by Felker, corrosion potentials (Eor) are presented which were acquired after the
test specimens had been exposed to solution for a period of only 24 hours (Felker et al. 2006,
Table 6). As can be seen in Figure 7 from that same document, as well as elsewhere in the
literature (e.g., Priyantha et al. 2005, Figures 3 and 4), the corrosion potential (sometimes
referred to as the open circuit potential) typically takes an extended period of time to stabilize,
particularly for passive materials which, by their very nature, are highly polarizable. The
long-term open-circuit corrosion potential results shown in General Corrosion and Localized
Corrosion of Waste Package Outer Barrier (SNL 2007a, Figures 6-35 to 6-37) further
demonstrate that the open-circuit potential for Alloy 22 may not stabilize for hundreds of days,
and that it is generally observed to increase over time. As such, in constructing the localized
corrosion model for seepage conditions (SNL 2007a; SAR Section 2.3.6, Table 2.3.6-6), only
open circuit potentials which were acquired following an exposure period of at least 250 days
were utilized. These extended time periods were determined to be necessary in order to
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reasonably assure that the open circuit potential had stabilized, particularly in the case of
mixed-systems that include nitrate (SNL 2007a, Section 6.4.4.5), similar to those studied by
Felker et al. (2006). As such, the 24-hour corrosion potentials presented in Table 6 of Felker
et al. (2006) are not quantitatively reliable as a predictor of the long term behavior of Alloy 22.
Therefore, use of the voltage difference between the open circuit potentials and repassivation
potentials presented in Table 6 of Felker etal. (2006) as a conclusive means of predicting
whether localized corrosion will or will not take place is inappropriate.

1.2 LEE AND SOLOMON (2006) EXPERIMENTAL CONDITIONS

The metastable, or “salt puddle,” formed in the Lee and Solomon (2006) drip test experiment is
not well-characterized. The initial diluted simulated saturated water used has a nitrate-to-chloride
mass ratio greater than 10. However all project-related usages of the chloride-to-nitrate ratio are
presentations of a molar ratio. In this respect, the Lee and Solomon (2006) (Table 3, SSW) drip
test solution has a nitrate-to-chloride molar ratio of about 6, and as such is further from the ratios
used by Felker etal. (2006) at similar temperature. The large salt buildup (Lee and
Solomon 2006, Figure 3a) can be mostly attributed to the super-saturation of chloride at the
solution temperature of ~140°C, likely precipitating as sodium chloride. As such, this testing
condition likely maintained an elevated chloride concentration with its continuous dripping.

The Lee and Solomon (2006) test conditions do not represent dust deliquescence conditions or
repository seepage conditions. This is because continuous dripping provides essentially
unlimited reactants and brine volume to any potential localized corrosion site. The brine used is
also not repository relevant because it is a metastable solution that would not be able to form
under the slowly evolving repository conditions. In this regard, Lee and Solomon (2006, p. 122)
concluded that, “with well controlled situation the solution was stable at about 140°C for a few
hours at the most.” Moreover, this brine requires temperatures greater than 120°C, yet seepage
will not occur with the drift walls above 100°C, which is the condition that would allow for
waste package temperatures above 120°C (SAR 2.3.6.4.4.1). Therefore, seepage conditions are
not conducive to the formation of this brine.

The Alloy 22 test samples used by Lee and Solomon (2006, Figure 1) were not solutionized, and
significant tetrahedrally close-packed (TCP) phase precipitation is visible. Material in this
condition is expected to have inherently inferior performance. TCP-phase and carbide
precipitates that form in Alloy 22 are generally rich in chromium (Cr) and/or molybdenum (Mo)
(Raghavan et al. 1984). Because these elements are responsible for the high corrosion resistance
of Alloy 22, precipitation of TCP phases and carbides, especially at grain boundaries, can lead to
an increased susceptibility to localized corrosion in the alloy. As such, a mitigation process, such
as the high temperature solutionizing treatment specified by the project, is necessary in order to
either remove altogether, or limit the potentially detrimental impact of these phases on the
corrosion resistance of the waste package outer barrier. The solutionizing treatment consists of
exposing the waste package outer barrier to a temperature of 2050°F (1121°C) +50°F
(+28°C) / —0°F (—0°C) for a period of at least 20 minutes followed by rapid quenching at a rate
greater than 275°F/min (153°C/min) to below 700°F (371°C) (SAR Section 1.9, Table 1.9-9,
Parameter 03-16). This heat treatment will dissolve the majority of second phase particles within
the microstructure (e.g., TCP phases and long range ordering (LRO) phases), and
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compositionally homogenize the material, eliminating the deleterious chromium or molybdenum
composition gradients which may exist due to the formation of these phases (see response to
RAI3.2.2.1.2.1-2-017 for detailed discussion). Since the material evaluated by Lee and
Solomon (2006) did not receive such a treatment, solute depleted regions must have been present
in the material around the TCP phases, and these regions would be susceptible to localized
corrosion under conditions where the surrounding matrix was not susceptible.

1.3 CLOSED AUTOCLAVE RESULTS FROM DIXIT ET AL. (2006)

In the Dixit report (Dixit et al. 2006), the results of crevice corrosion experiments conducted in
closed autoclaves at temperatures of 160°C and 220°C are presented. Alloy 22 coupons with
crevice formers were either immersed in or suspended above brines with nitrate-to-chloride
ratios as high as 7.4 and a total nitrate concentration of 15.1 m (Dixit et al. 2006). Specimens
exposed to both the liquid and vapor phases underwent localized corrosion. As noted in Analysis
of Dust Deliquescence for FEP Screening (SNL 2007b, Section 6.4.2.1.3[a]), the conditions in
the autoclaves were not relevant with respect to open repository drift conditions, because the
autoclaves were anoxic and the brines in the autoclaves are not stable in an unpressurized system
at the temperatures used. Extrapolation of the results from the Dixit report to lower temperatures
where such brines would be stable (in an open system) is not appropriate. Furthermore, the
autoclave experiments contained a near unlimited supply of reactants unlike repository relevant
deliquescent conditions.

While brines with nitrate-to-chloride ratios similar to those used in the Dixit et al. (2006)
experiments can be stable at temperatures of 115°C to 125°C in an open-drift environment, they
would not result in localized corrosion initiation or propagation, and the autoclave results can not
be used to predict corrosion performance under those conditions for several reasons.

(1) As noted in Analysis of Dust Deliquescence for FEP Screening (SNL 2007b,
Section 6.4.2.1.3[a]), the brines used in the autoclave experiments were de-oxygenated
prior to use. This anoxic condition was maintained throughout the entire experiment. To
contrast, in an open drift any brine which forms on the waste package surface will be
exposed to atmospheric oxygen, and as such will not become oxygen depleted.
As a result, the maintenance of the passive oxide layer on the Alloy 22 surface
will be promoted. The anoxic conditions present within the autoclaves contributed
to the initiation of localized corrosion, as they did not promote passivity of the
metal surface as effectively. Such anoxic conditions are not possible in the open drift
(SAR Section 2.3.5.5.4.1.1).

(2) Partial dissolution of the ceramic crevice formers (which were either alumina or possibly
mullite, a 3A1,05:2S10, ceramic) occurred, further increasing the uncertainty in the
environmental conditions at the metal surface. As no similar material is to be used in the
emplacement drift, the addition of components from the dissolving crevice formers to
the local environment at the metal surface makes the results that much less relevant to
the conditions anticipated within the repository during the post-closure period of
performance.
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3)

(4)

©)

Temperatures in the autoclaves (160°C and 220°C) result in more rapid anodic reaction
rates (i.e., passive current density) relative to rates at 115°C to 125°C, resulting in
conditions more favorable for initiation of localized corrosion. This is a cause for the
temperature-dependence of the localized corrosion model implemented by TSPA
(SAR Section 2.3.6.4.3.1); note that the localized corrosion model was not developed for
temperatures above 120°C and does not contain any data for nitrate-to-chloride ratios
greater than one.

The autoclave experiments were performed in bulk chemical environments believed to
be relevant to dust deliquescence. This scale is radically different than the volume of
brine which could potentially exist due to dust deliquescence, where the total solution
volume is defined by the quantity of soluble salts which exist within the dust layer
(anticipated to be a maximum of about 2 uL/cm® at 120°C) (SNL 2007b, Table 6.4-4).
This has several implications for crevice corrosion initiation and propagation. First, a
bulk solution provides an unlimited supply of aggressive ions (e.g., chloride) which will
diffuse into the crevice as it propagates and help maintain the critical crevice solution. In
the case where brine quantity is limited, only a limited quantity of reactant can be
delivered to an active crevice. Second, in a bulk solution, the anode and cathode may be
separated spatially, such that reactions occurring at the cathode cannot communicate
chemically with the anode and do not act to alter the chemistry at the anode or in the
bulk electrolyte. Furthermore, in the case of a bulk electrolyte, a large surface area is
available outside of the crevice to act as the cathodic site supporting the anodic
dissolution occurring within the crevice. As the solution volume (and therefore, wetted
area of the sample) decreases to the quantities available due to the deliquescence of
soluble dust components, spatial separation cannot be maintained, resulting in a
significant reduction in the ability of the cathode to support anodic dissolution within the
crevice (Payer et al. 2008). In addition, the cathodic reactions will act to increase the pH
of the limited volume of solution, further reducing the current delivering capacity of the
cathode (Payer and Kelly 2006) and significantly hindering the ability to maintain the
anodic current density necessary to sustain the critical crevice solution required for
active dissolution.

Analysis has shown that the loose and porous dust layer lacks key physical properties
necessary to form tight, restrictive occluded structures (SNL 2007b, Section 6.4.3.1).
Therefore, the physical constraint required for crevice corrosion initiation and
propagation is absent.

The combination of anoxic conditions, degraded crevice formers, and unrealistically large
solution volumes render the Dixit et al. (2006) test results not applicable to the potential drift
environment at any temperature. Thus, while the brine composition itself could exist at
temperatures near 120°C, the other test conditions of the autoclave experiments are not valid
representations of the anticipated in-drift environment.
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1.4 OPEN SYSTEM PROJECT TESTING AT 180°C

To understand further the localized corrosion observed in the autoclave results in Section 1.3,
subsequent testing has been performed. This follow-up testing more appropriately represents the
deliquescent environment in two important respects: Limited salt quantities are deposited on
metal test specimens; and open system atmospheric pressure properly limits the water vapor
pressure without exclusion of oxygen. While a complete description of the testing conditions is
contained within the response to RAI: 3.2.2.1.2.1-2-015, a summary is presented here.

A series of experiments was performed on Alloy 22, Incoloy 825 (a less corrosion resistant
Ni-Cr-Fe-Mo alloy), along with 304L and 316L stainless steel in a steam environment (dew
point of 100°C) at 180°C for 50 days (SNL 2007b, Section 6.4.2.2[a]). In those experiments, a
low surface loading (yet significantly more soluble salt than expected to be present in deposited
dust) of either a three-salt (Na-K-CI-NOs; nitrate-to-chloride ratio of ~2) or four-salt (Ca-Na-K-
CI-NOs; nitrate-to-chloride ratio of ~10) mixture was deposited on the samples. A metal crevice
former, compositionally identical to the material being tested, was used for all experiments.
Liquid brine formation was verified via a separate resistivity sensor. Upon completion of the test,
the samples were evaluated to see if localized corrosion had initiated. The stainless steels showed
some signs of attack by the four-salt mixture but not the three-salt. No signs of localized
corrosion were observed on the Alloy 22, or the less corrosion resistant Incoloy 825 coupons.

More recently, a series of experiments were performed utilizing the four salt assemblage
described above on Alloy 22 and a series of less corrosion resistant analog materials
(Inconel 625, Hastelloy C276, and 80:20 Ni:Cr). Specimens were exposed to a pure steam
environment (dew point of approximately 95°C — note that this represents the boiling point of
water at the elevation of the laboratory where the experiments were performed) at a temperature
of 180°C. In addition, experiments were performed at a lower dew point (approx. 92°C) to
determine if the availability of oxygen in the gas phase would increase the aggressiveness of the
brine. Experiments were performed for a period of 25 days. A bulk salt sample was monitored to
verify that the salt formed liquid brine, and remained that way for the duration of the experiment.
In these tests, PTFE wrapped ceramic crevice formers were utilized, maximizing the
aggressiveness of the occluded geometry. No signs of localized corrosion were observed on any
of the materials upon the completion of both experiments.

While the exposure time of these tests was limited, use of alloys which are far less resistant to
localized corrosion than Alloy 22 makes these supportive test results significant. Testing at
180°C is considered harsher than testing at lower temperatures and therefore, the same chemical
conditions at lower temperatures would also result in a “no observable localized corrosion”
result. While the salt loading levels used in these tests were very low, they were still greater than
(and thus more aggressive) the expected loading present in porous dust particles on waste
packages in the repository. Also, the crevice formers used in these experiments created a more
occluded environment than deposited dust, thereby increasing confidence that these potential
brine compositions up to 180°C are not prone to initiating localized corrosion on Alloy 22. As
for specimen orientation, while some brine liquid had moved or coalesced on the exposed
surfaces, it would always remain around the crevice former teeth due to its capillarity
(SNL 2007b, Figure 6-8[a]).
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1.5 SUMMARY

As discussed above, the results from Lee and Solomon (2006) are not directly comparable to
those of Felker et al. (2006) and, as a result, they are not necessarily inconsistent. From the Lee
and Solomon (2006) metastable test conditions (which are therefore uncertain and not repository
relevant) and inappropriate metallurgical specimen conditions, to the Felker et al. (2006)
short-term and low temperature corrosion potential measurements, important environmental
condition differences preclude any valid comparison of these two results. Therefore, the behavior
of Alloy 22 in Lee and Solomon (2006) does not invalidate the repassivation potential model and
its ability to predict initiation of localized corrosion for inundated conditions.

The nitrate-to-chloride ratio is a limited indicator and cannot be used as a predictor of localized
corrosion across all conditions. While available data suggest that a ratio at 0.5 or greater is
inhibitive of localized corrosion, this limit is only applicable for temperatures below 120°C at
expected near-neutral pH (SNL 2007b, Section 7.1.3). There is a temperature dependence in the
waste package localized corrosion model (SAR Section 2.3.6.4.3.1.1; SNL 2007a, Section 8.3.1)
that effectively makes any nitrate-to-chloride ratio boundary for localized corrosion also
temperature dependent (lower at lower temperatures, and higher at temperatures greater than
120°C).

While the 140°C Lee and Solomon (2006) testing with a nitrate-to-chloride ratio of about 6 may
suggest a vulnerability under inundated conditions of their inappropriate metallurgical sample,
the properly annealed Alloy 22 specimens tested at 180°C with salts having a nitrate-to-chloride
ratio as low as about 2 showed no localized corrosion for up to 50 days. When evaluating the
performance of Alloy 22 material with respect to repository performance, experiments that
closely match the environmental conditions anticipated in the repository provide the most
relevant bases.

2. COMMITMENTS TO NRC
None.
3. DESCRIPTION OF PROPOSED LA CHANGE

None.
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RAI: Volume 3, Chapter 2.2.1.2.1, Second Set, Number 14:

Justify the assumptions that localized corrosion is always prone to stifle, and that
stifling will prevail over long periods. This information is needed to verify
compliance with 10 CFR 63.114 (e), (f).

Basis: In the analysis for Question 5, stifling of localized corrosion was modeled
in the form of a Power Law to compute the corrosion rate as a function of time,
derived from short-term and limited data that showed stifling (Sandia National
Laboratories, 2008, page 6-708 to 6-709; Sandia National Laboratories, 2007a,
Sections 7.1.5 and 6.5[a]). The Power Law thus derived was extrapolated to long
terms to estimate the time it would take for the corrosion front to penetrate the
waste package thickness and it was concluded that full penetration was
impossible. Implicit in these computations are the assumptions that (i) localized
corrosion always stifles, and (ii) the mechanism for stifling prevails over
long-terms. The limited crevice corrosion data presented by DOE (Sandia
National Laboratories, 2007a, Figure 6.5-2) did show a decreasing trend in the
first 160 hours. But the corrosion currents at the end of the 160 hour tests were
still high (about 10—4 A, surface area is not known). It is not clear if the crevice
corrosion current will continue to decrease in a long-term experiment. Also, it is
not clear if stifling of localized corrosion will always occur or if some solutions
exist for which stifling does not happen.

1. RESPONSE

Stifling is one of a set of processes relevant to the exclusion of localized corrosion caused by
brines formed via the deliquescence of soluble dust components on the surface of the waste
package. DOE has documented the rationale behind the position that, under repository-relevant
conditions, dust deliquescence-induced localized corrosion cannot initiate (SNL 2007,
Table 7-2[a], Questions 3 and 4), and to date no compelling dust-scale experimental effort has
provided contrary evidence. However, even if localized corrosion were to initiate (which, as
discussed above, it cannot under repository relevant conditions), then the answer of “no” to
Question 5 of the screening justification from FEP 2.1.09.28.0A (SNL 2008) that asks, “Once
initiated, will localized corrosion penetrate the waste package outer barrier?” continues to allow
exclusion of this FEP. As demonstrated by the response below, there is sufficient evidence that
localized corrosion, were it to initiate on the waste package surface due to dust deliquescence,
would stifle consistently and would not re-initiate.

1.1 CONSERVATISMS ASSOCIATED WITH THE APPROACH USED BY THE
PROJECT TO DEMONSTRATE STIFLING.

In order for localized corrosion, in this case crevice corrosion, of Alloy 22 to initiate and
propagate there are electrochemical conditions that must exist to enable the generation and
maintenance of a critical crevice solution. In exploring this phenomenon under conditions of
relevance to the dust deliquescence scenario, the project has incorporated four key conservatisms
into the experimental approach:
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(D

)

3)

Geometry: In order to achieve a sufficiently tight crevice on the surface of an Alloy 22
coupon under relevant environmental conditions, the project has utilized a PTFE coated
ceramic crevice former pressed firmly onto the sample surface. Research has
demonstrated that this approach is effectively a “worst case” scenario. Other designs,
such as a bare ceramic crevice former combined with anodic polarization, were
insufficient to initiate crevice corrosion, demonstrating the necessity for a very tight
crevice geometry for localized corrosion initiation of Alloy 22. The geometry utilized
by the project is more severe and therefore is more effective at enabling the initiation
and propagation of localized corrosion than any anticipated crevices that could
potentially be formed by materials within a drift contacting a waste package surface.

Solution volume: Experiments have been performed both by the project and other
researchers in bulk chemical environments believed to be relevant to dust deliquescence.
This scale is radically different than the volume of brine which could potentially exist
due to dust deliquescence, where the total solution volume is defined by the quantity of
soluble salts which exist within the dust layer (anticipated to be a maximum of about
2 uL/em® at 120°C) (SNL 2007, Table 6.4-4). A bulk solution provides an unlimited
supply of aggressive ions (e.g., chloride) which will diffuse into the crevice as it
propagates and help maintain the critical crevice solution. In the case where brine
quantity is limited, only a limited quantity of reactant can be delivered to an active
crevice. Second, in a bulk solution, the anode and cathode may be separated spatially,
such that reactions occurring at the cathode do not act to alter the chemistry at the anode
or in the bulk electrolyte. Furthermore, in the case of a bulk electrolyte, a large surface
area is available outside of the crevice to act as the cathodic site supporting the anodic
dissolution occurring within the crevice. As the solution volume (and therefore, wetted
area of the sample) decreases to the quantities available due to the deliquescence of
soluble dust components there is a significant reduction in the ability of the cathode to
support anodic dissolution within the crevice (Payer et al. 2008). In addition, the
cathodic reactions will act to increase the pH of the limited volume of solution, further
reducing the current delivering capacity of the cathode and significantly hindering the
ability to maintain the anodic current density necessary to sustain the critical crevice
solution required for active dissolution.

Solution Chemistry: As discussed in Analysis of Dust Deliquescence for FEP Screening
(SNL 2007, Sections 6.3 and 6.3[a]), the brine chemistries expected to persist on the
surface of the waste package are anticipated to predominantly have a high nitrate to
chloride ratio and as such be benign. In the experiments used by the project to assess the
stifling behavior of Alloy 22, solutions with low nitrate (nitrate to chloride ratios of 0.15
and below) were used (SNL 2007, Table 6.5-1). Such solutions reduce the inhibiting
effect of nitrate and favor the initiation and propagation of localized corrosion for the
test temperatures investigated (e.g., 100°C and higher). In other words, environments
were selected which promote the initiation and propagation of localized corrosion in
Alloy 22, and are more aggressive than the chemistries anticipated to exist within the
dust layer on the waste package surface at elevated temperatures.
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(4) Electrochemical driving force: All of the experiments performed by the Project and by
other researchers which have been used to support the statement that localized corrosion
will stifle have been electrochemically-driven experiments. In other words, the cathodic
current necessary to support the anodic reactions taking place has been supplied either
via a potentiostat (e.g., various applied potentials (SNL 2007, Table 6.5-1)) or an
auxiliary redox reaction (e.g., addition of CuCl, in He and Dunn 2005, Section 3.1). By
driving the corrosion reaction through external polarization (either electrically or
chemically), the need to have cathodic reactions occur on the specimen surface (and thus
the chemical changes described above in (2)) is alleviated, along with any limitations on
the total supplied cathodic current which would otherwise be present due to the available
surface area of the cathode or the achievable current density at the cathode.

Thus, in order to generate localized corrosion on the surface of Alloy 22 under chemically
relevant conditions, a geometry more aggressive than anything which is expected to exist within
the drift had to be used, along with a nitrate to chloride ratio below that anticipated to exist
within the dust layer, and accompanied by an external source of cathodic current to support the
anodic reactions (i.e., metal dissolution) taking place within the crevice. Even under these
conditions, once initiated, localized corrosion was consistently observed to stifle.

1.2 EXPLANATION OF STIFLING/CURRENT DECAY PRESENTED IN
FIGURE 6.5-2

The data presented in Analysis of Dust Deliquescence for FEP Screening (SNL 2007,
Figure 6.5-2) were generated to explore the validity of the use of the repassivation potential as
the critical potential for crevice corrosion initiation. Furthermore, as specifically stated in
Section 6.5.2.1, “the constant [corrosion] potential experiments described here force corrosion to
occur, and the rates of corrosion and stifling that are observed are not directly applicable to
repository conditions” (SNL 2007). While the data provide examples of the crevice corrosion
behavior of Alloy-22 in specific chemical environments under electrochemically driven
conditions, the data should not be used to quantitatively predict localized corrosion propagation
and stifling behavior under repository relevant conditions. The data do demonstrate the tendency
for actively propagating crevices to stifle with time (i.e., the propagation rate will decrease with
time until reaching some point where the site repassivates). Looking at the data presented in the
figure, the currents initially increase to values well above the passive current density, an
indication that localized corrosion has initiated, then with time dramatically decrease in
magnitude. In many cases the measured current decayed with time to a stable, low level.
However, there are other instances where the current, while reduced in magnitude, exhibits
fluctuating values that can indicate the persistence of localized attack. In the cases where the
measured current is relatively noise-free, normalizing the measured current to the surface area of
the sample reveals that the calculated current density is consistent with the anticipated current
due to passive dissolution, indicating that the localized corrosion which initiated at the onset of
the experiment has completely arrested. In instances where, while the measured current has
significantly reduced in magnitude, it continues to have a significant noise component, it is
unlikely that complete arrest of localized corrosion has taken place, although the large reduction
in current suggests that the localized corrosion processes have stifled to a large extent. To
summarize, while generated for a different purpose, the data presented in Figure 6.5-2 do clearly
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illustrate the tendency for localized corrosion to stifle with time, even under conditions which
strongly promote its propagation (i.e., under an applied potential above the repassivation
potential for the material).

1.3 JUSTIFICATION FOR THE LONG TERM STABILITY OF STIFLING

A localized corrosion site will stifle when it is no longer possible to maintain the critical crevice
solution within the occluded geometry (i.e., beneath the crevice former, in this case). As a result,
the metal surface repassivates and the crevice ceases to propagate. There are generally two
conditions which will lead to this result. The first, and the likely explanation for the data reported
in Analysis of Dust Deliquescence for FEP Screening (SNL 2007), is that metal dissolution has
resulted in the loss of the tight crevice that is required to provide the resistance to mass transport
necessary to maintain the critical crevice solution. Once mass transport out of the crevice
exceeds the rate of generation of metal ions at the metal surface, the solution within the crevice is
diluted, becoming increasingly benign until corrosion ceases. A second condition that could lead
to stifling, and the one likely to occur in the dust deliquescence scenario, is that the aggressive
brine reactant (i.e., chloride) has been exhausted/consumed by the corrosion reaction, resulting in
the repassivation of the metal surface. In both cases, re-initiation of a stifled crevice will not
occur — in the first case, because the occluded geometry required to initiate crevice corrosion no
longer exists, and in the second, because the required reactants that support the corrosion
reaction have been consumed.

In order for an environment to exist where localized corrosion would not stifle, reactants must
not be limiting and there must be a sufficiently aggressive chemical environment such that
neither consumption of the reactants nor repassivation of the actively propagating corrosion site
can take place. Neither of those conditions is relevant to the anticipated environment
representing dust on waste packages. The quantity of brine will be limited by the small mass of
soluble salts in the dust layer, and the resulting chemistry will be nitrate rich and a moderate pH
(SNL 2007, Sections 6.3 and 6.3[a]).

A final consideration for the long-term passivity of stifled crevice corrosion areas is based on the
repository temperature history. After an initial heating phase of a few tens to hundred years,
waste package surface temperatures will continuously decrease with time (SAR Section 2.3.5,
Figure 2.3.5-33). As such, the general corrosion rate will decrease (as expressed by a lower
passive current density corresponding to the general corrosion rate, SAR Section 2.3.6,
Figures 2.3.6-11 and 2.3.6-12), making it more unlikely with time that the critical crevice
chemistry can be formed and sustained with decreasing temperature (i.e., as the metal oxidation
rate decreases, the rate of metal ion generation within the occluded geometry will become
increasingly slower than the rate of mass transport out of the occluded geometry, eliminating the
potential to form a concentrated solution within the occluded geometry).
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1.4 SUMMARY

As justified by the foregoing discussions, there is evidence that stifling will occur and a
compelling conceptual basis that localized corrosion will not re-initiate. Experimental testing
under very aggressive conditions and additional physicochemical constraints relevant to the dust
deliquescence environment provide the technical basis for the “no” response to Question 5 of the
screening justification.

2. COMMITMENTS TO NRC
None.
3. DESCRIPTION OF PROPOSED LA CHANGE
None.
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RAI: Volume 3, Chapter 2.2.1.2.1, Second Set, Number 15:

The FEP screening argument needs to include a technical basis of the effect of
temperatures above 140 °C on the likelihood of localized corrosion. This
information is needed to verify compliance with 10 CFR 63.114 (e), (f).

Basis: The maximum temperature considered in the reports supporting the
screening rationale for the FEP is 160 °C (Sandia National Laboratories 2007a,
2007b). Only limited experimental data for the repassivation and corrosion
potentials are available at temperatures between 140 and 150 °C (Felker, et al.,
2006, Table 6) and no experimental data for the repassivation potential are
available above 150 °C. The limited number of repassivation data between 140
and 150 °C does not allow for direct extrapolation to higher temperatures. In
principle, it may be possible for nitrate to be a less effective inhibitor as the
temperature increases. The FEP screening rationale needs to be complemented
with an analysis for temperatures beyond 140 °C that could be experienced by the
waste package.

1. RESPONSE

There is a sufficient technical basis to screen out FEP 2.1.09.28.0A (Localized Corrosion on
Waste Package Outer Surface Due to Deliquescence) at temperatures above 140°C based upon
existing higher-temperature data (180°C) and by examining the physical and chemical
environments which are possible on the waste package surface at such temperatures. In
screening out localized corrosion due to dust deliquescence at elevated temperatures on the
surface of the waste package, different factors were considered than those used to determine
localized corrosion under seepage conditions (i.e., no attempt is made at comparing the
inundated measurements of corrosion and repassivation potentials such as contained in Felker
et al. 2006). While the solution chemistry is clearly important, other aspects of the dust
deliquescence scenario are similarly important to high-temperature exclusion of dust-related
localized corrosion.

1.1 APPLICABILITY OF THE LOCALIZED CORROSION MODEL DEVELOPED
FOR SEEPAGE CONDITIONS TO THE DUST DELIQUESCENCE SCENARIO.

The experiments upon which the localized corrosion model presented in General Corrosion and
Localized Corrosion of Waste Package Outer Barrier (SNL 2007a) is based were performed in
inundated conditions believed to be relevant to the seepage scenario (i.e., samples were
completely immersed in solution). These conditions significantly differ from the brine volume
which could potentially exist due to dust deliquescence, where the total solution volume is
defined by the quantity of soluble salts which exist within the dust layer (anticipated to be on the
order of 1 uL per cm® on the surface of the waste package at temperatures above 130°C
(SNL 2007b, Table 6.4-4). This key difference in brine volume has several implications for an
actively propagating crevice. First, the inundated case provides an unlimited supply of aggressive
ions (e.g., chloride) which will diffuse into the crevice as it propagates and help maintain the
critical crevice solution. In the case where limited brine is present, clearly there is only a limited
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quantity of reactant to be delivered to the active crevice. Second, in the inundated case, the anode
and cathode may be separated spatially, such that reactions occurring at the cathode do not act to
alter the chemistry at the anode. As the solution volume (and therefore, wetted area of the
sample) decreases to the quantities available due to the deliquescence of soluble dust
components, spatial separation cannot be maintained, and cathodic reactions will affect the anode
by increasing the pH of the solution within the crevice, significantly hindering the ability to
maintain the critical crevice solution required for active dissolution.

While the localized corrosion model may provide a qualitative assessment of the aggressiveness
of a particular brine chemistry at a particular temperature, its results are not conclusive under
dust-limited conditions (nor are they intended to be). Thus, even if the localized corrosion model
indicated that localized corrosion might initiate at a given temperature/solution, and even if
experiments which were performed in an inundated environment confirm the model results, the
conclusion cannot be made that localized corrosion would similarly initiate at the same
temperature/solution in dust deliquescence conditions.

1.2 THE PHYSICAL AND CHEMICAL CHARACTERISTICS OF THE DUST
DELIQUESCENCE SCENARIO

In order to properly assess the behavior of a material under conditions which will exist within the
dust layer on the surface of the waste package, one must consider the brine volume, the brine
chemistry and the effect of other dust layer components on the waste package surface.

(1) Brine volume: The range of anticipated brine volumes is discussed in Analysis of Dust
Deliquescence for FEP Screening (SNL 2007b, Section 6.4.1.2), and the maximum brine
volumes are summarized in Table 6.4-4 (SNL 2007b). As presented in that table, the
brine volume present at temperatures greater than 130°C are on the order of 1 pL per cm®
on the surface of the waste package.

(2) Brine chemistry: The chemistry of any brine which forms within the dust layer on the
waste package surface will be dictated by the soluble salts present in that layer. Estimates
of actual deliquescent brine compositions based upon dust soluble salt contents indicate
nitrate-to-chloride ratios will be greater than 0.5, based on both National Airfall
Deposition Program/National Trends Network (NADP/NTN) atmospheric data and
repository tunnel dust analyses (SNL 2007b, Tables 6.1-2 and 6-4[a], respectively).
Additional project-collected dust samples from outside the South Portal of the repository
further demonstrate the prevalence of soluble nitrate over chloride (SNL 2007b,
Table 4-3[a]), with nitrate-to-chloride ratios ranging from 4 to 9. As the majority of the
soluble components of dust deposited on the waste package surface are expected to be the
result of the tunnel ventilation process, the atmospheric dust compositions are the most
relevant ones. Dust generated by the tunnel itself and emplaced materials (e.g., the
ground support) will be present to some extent, but contain low levels of soluble material
(SNL 2007b, Section 6.1.1) and their waste package deposition will be reduced
underneath the emplaced drip shields. As the temperature of the waste package increases
above the boiling point of water, the brine chemistry will be forced to evolve, with
chloride species precipitating out as a solid and the resulting liquid brine becoming

Page 2 of 5



ENCLOSURE 15

Response Tracking Number: 00111-00-00 RAI: 3.2.2.1.2.1-2-015

increasingly enriched in nitrate. Based upon project data aimed at establishing the
minimum nitrate-to-chloride ratio required to form a liquid brine at a given temperature,
for temperatures over 140°C, and there being equivalent sodium and potassium, the
nitrate-to-chloride ratio must be 25 or greater to form the liquid brine (SNL 2007b,
Figure 6-7[a]). The ratio may range down to a ratio as low as 2.1 with increased sodium
content (SNL 2007b, Section 6.4.2.2.1[a]). As such, any stable liquid brine which does
form at these temperatures will be enriched in nitrate.

(3) Effect of insoluble dust components: As discussed in Analysis of Dust Deliquescence for
FEP Screening (SNL 2007b, Section 6.4.1.2), the dust anticipated to be deposited on the
surface of the waste package only contains 8 to 13% soluble salts that could potentially
form an assemblage which might deliquesce to form liquid brine. Analysis of Dust
Deliquescence for FEP Screening discussed one of the potential effects of the insoluble
particulates which form the majority of the dust layer, that is, their ability to sequester
brine away from the metal surface due to capillary forces (SNL 2007b, Section 6.4.3). As
such, it should be noted that the maximum quantity of brine described earlier illustrates
the total quantity of liquid brine which could form within the dust layer. The actual
quantity which might be in contact with the metal surface will be less than that value.

In terms of the inhibitive effect of nitrate, there have been no studies by the project or elsewhere
which have indicated that the effectiveness of nitrate as a corrosion inhibitor will suddenly
decrease with increasing temperature. To the contrary, project data has demonstrated that a
nitrate to chloride ratio as low as 0.5 is still sufficient to prevent localized corrosion initiation in
cyclic polarization scans in a bulk environment containing 18 molal CaCl, and 9 molal Ca(NO3),
at 160°C (Ilevbare et al. 2006, p. 5). Combining this observation with the knowledge that the
brines formed on the waste package will contain nitrate to chloride ratios 4 to 50 times larger
than 0.5 strongly suggests that the inhibitive effect of nitrate will likely persist above 140°C and
throughout the range of temperatures of relevance to the dust deliquescence scenario.

1.3 EXPERIMENTAL VALIDATION TO DATE OF THE CONCLUSION THAT
LOCALIZED CORROSION WILL NOT INITIATE UNDER CONDITIONS OF
RELEVANCE TO THE DUST DELIQUESCENCE SCENARIO

In an effort to experimentally demonstrate the resistance of Alloy 22 to localized corrosion
initiation under deliquescent conditions, the project has performed a number of studies at
180°C — these will be summarized below as experiments which have been presented in Analysis
of Dust Deliquescence for FEP Screening (SNL 2007b), followed by preliminary experiments
performed on a variety of materials. Localized corrosion was not observed in any case.

(1) Baseline data supporting the LA presented in Analysis of Dust Deliquescence for FEP
Screening (SNL 2007b, Section 6.4.2.2[a]): A series of experiments were performed on
Alloy 22 and Incoloy 825 (a less corrosion resistant Ni-Cr-Fe-Mo alloy) in a pure steam
environment (dew point of 100°C) at 180°C for 50 days. In these experiments, a low
surface loading (yet significantly more soluble salt than expected to be present in
deposited dust) of either a three-salt or four-salt mixture was deposited on the samples.
The compositions of the three-salt and four-salt mixtures are those for the estimated
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eutectic composition based on eutectic compositions of the two-salt systems as
determined from the boiling temperature measurements (Rard et al. 2006, Tables 2 to 4).
A metal crevice former, compositionally identical to the material being tested, was used
for all experiments. Liquid brine formation was verified via a separate resistivity sensor.
Upon completion of the test, the samples were evaluated to see if localized corrosion had
initiated. No signs of localized corrosion were observed on Alloy 22, and none were
observed on the less corrosion resistant Incoloy 825.

(2) Recent preliminary project experiments: More recently, a series of experiments were
performed utilizing the four salt assemblage described above on Alloy 22 and a series of
less corrosion resistant analog materials (Inconel 625, Hastelloy C276, and 80:20 Ni:Cr).
Specimens were exposed to a pure steam environment (dew point of approximately 95°C;
note that this represents the boiling point of water at the elevation of the laboratory where
the experiments were performed) at a temperature of 180°C. In addition, experiments
were performed at a lower dew point (approx. 92°C) to determine if the availability of
oxygen in the gas phase would increase the aggressiveness of the brine. Experiments
were performed for a period of 25 days. A bulk salt sample was monitored to verify that
the salt formed liquid brine, and remained that way for the duration of the experiment. In
these tests, PTFE wrapped ceramic crevice formers were utilized, maximizing the
aggressiveness of the occluded geometry. No signs of localized corrosion were observed
on any of the materials upon the completion of both experiments.

The lack of localized corrosion (including for materials significantly less corrosion resistant than
Alloy 22) in the environmentally relevant experiments and at temperatures above 140°C is a
manifestation of the physical and chemical characteristics presented in Section 1.2 as well as the
robustness of Alloy 22.

1.4 SUMMARY

While the localized corrosion model is not directly applicable to the dust deliquescence scenario
(as discussed above) it can be used to qualitatively assess the relative aggressiveness of a brine,
but not to predict if localized corrosion could or could not initiate under dust deliquescence
conditions. This is especially true at temperatures above 140°C where there is limited
information on corrosion and repassivation potentials with which to base or wvalidate
such a model; Felker et al. (2006) provide an insufficient data set (see response to
RAI3.2.2.1.2.1-2-013, Section 1.1). Considering the quantity of brine which could exist within
the dust layer, along with the impact of the insoluble particles which form the majority of the
dust, very limited quantities of brine could potentially come in contact with the surface of the
waste package. The composition of these brines will be increasingly enriched in nitrate as the
temperature increases above the boiling point of water, resulting in a nitrate-to-chloride ratio of
at least 2 for temperatures above 140°C. Irrespective of the brine chemistry (within the bounds of
possible chemistries as described in Analysis of Dust Deliquescence for FEP Screening
(SNL 2007b)), initiation of localized corrosion will not occur due to the limited quantity of brine
present and the constraint which limited brine volume places on the electrochemistry within a
crevice at the metal surface. Repeated experiments of high relevance to dust deliquescence have
demonstrated that for a temperature of 180°C, localized corrosion does not initiate, even with an
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extremely aggressive crevice former, and even for lesser corrosion-resistant materials. Therefore,
based upon the expected brine chemistries, brine volumes, and other physical constraints which
will exist on the surface of the waste package for times when the temperature is at or above
140°C, it can be concluded, without reliance upon open circuit potential and repassivation
potential measurements, that localized corrosion will not initiate.

2. COMMITMENTS TO NRC
None.
3. DESCRIPTION OF PROPOSED LA CHANGE
None.
4. REFERENCES
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RAI: Volume 3, Chapter 2.2.1.2.1, Second Set, Number 16:

Provide additional support for the thermal aging model used to conclude that
insignificant aging and phase instability would occur in Alloy 22 under repository
thermal conditions. This support should include an assessment of the capability
of the thermodynamic and diffusion mobility databases to model the stability of
tetrahedrally close-packed phases and long-range ordering in Alloy 22 under
repository thermal conditions. This information is needed to verify compliance
with 10 CFR 63.114 (e), (f).

Basis: DOE conducted theoretical modeling to predict the rate of precipitation of
tetrahedrally close-packed phases and long-range ordering in Alloy 22 using a
simplified Alloy system (Bechtel SAIC Company, 2004, Sections 6.3.2 and
6.6.4). Based on the calculated time-temperature-transformation diagrams, DOE
concluded that precipitation of these phases to a transformation extent greater
than 2 percent will not occur under the repository thermal conditions. Two
databases were used in the thermal aging model: the thermal-chemical database
and the MOB database (Bechtel SAIC Company, 2004, Section 6.7.1.2). The
thermal-chemical database that was extracted from the SSOL database contains
the thermodynamic properties of phases of Ni-base Alloys, and the MOB database
contains kinetic information on diffusion mobilities. The applicant stated that
these databases have been validated for Ni-base Alloys by comparing the
calculated results against literature data (Bechtel SAIC Company, 2004, Section
7). However, the report (Bechtel SAIC Company, 2004) did not include
assessment of the capability of the databases to model the tetrahedrally
close-packed phases and long-range ordering specifically for Alloy 22.

1. RESPONSE

The technical basis for the conclusion that insignificant aging and phase instability would occur
for Alloy 22 under repository relevant conditions, as presented in the aging and phase stability
model report (BSC 2004) and supporting documentation, is clarified and discussed herein. As
demonstrated below, the databases utilized adequately model both the tetrahedrally close-packed
(TCP) phases and the long-range ordering (LRO) specifically for Alloy 22.

a. An assessment of the capability of the thermo-chemical database and the mobility
database to model the tetrahedrally close-packed phases and the long-range ordering
for Alloy 22

The aging and phase stability model (BSC 2004, Section 1.2) quantifies the amount of second
phases (such as TCP phases and LRO) that might precipitate from an Alloy 22 solid solution
over time at a given temperature. Such an assessment is necessary due to the impact that second
phase precipitation might have on the mechanical properties and corrosion performance of
Alloy 22. Because Alloy 22 is a complex, multi-component system, experimental determination
of the phase diagram is not feasible. The CALPHAD method was therefore used to calculate the
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requisite higher order phase diagrams from first-order thermodynamic principles (BSC 2004,
Section 6.5.1).

The aging and phase stability model report relies on two YMP software codes that are based
upon the CALPHAD method: Thermo-Calc Version M and DICTRA Version 20 (BSC 2004,
Section 3). Two databases were used in the development of the aging and phase stability model:
a modified version of the commercially available SSOL (Scientific Group Thermodata Europe,
or SGTE, solution database) and the MOB (mobility database). As stated in the aging and phase
stability model report (BSC 2004), these databases are considered qualified for their intended use
due to (1) the reliability of the data source and (2) the qualifications of the personnel or
organizations generating the data (databases have been reviewed and maintained for decades by
world-renowned experts affiliated with Thermo-Calc and DICTRA applying these databases to a
wide range of industrial applications). In addition, these databases were validated for use in
Section 7 of the aging and phase stability model report (BSC 2004, Section 7).

The efficacy of the modified Thermo-Calc database to model the multi-component Alloy 22
system (nominally Ni, Cr, Mo, W, Fe (ASTM B 575-99a)) was demonstrated by comparing the
model predictions for simpler alloy systems (in order of increasing complexity) to experimental
data taken from the literature (BSC 2004, Section 7). Six binary alloy phase diagrams (Cr-Ni,
Mo-Ni, Cr-Mo, Cr-W, Mo-W, and Ni-W) were calculated and compared favorably to
experimental data in Section 7.1 and Figure 95 of the aging and phase stability model report
(BSC 2004). The pseudo-binary system, Ni-(Crg75Mo0g2s), was also modeled, and the results
were demonstrated to adequately capture experimental observations taken from the literature
(BSC 2004, Section 7.2 and Figure 98). Finally in Section 7.3, the Thermo-Calc predictions for
several isothermal sections of the Ni-Cr-Mo ternary system are shown to compare favorably with
the available experimental data (BSC 2004, Figures 99, 100, and 102).

The model comparisons to experimental data described in the preceding paragraph required the
inclusion of the ordered oP6 phase in the model. Section 7.1.1 of the aging and phase stability
model report (BSC 2004) summarizes the validation of the modeling of the ordered oP6 phase
(Ni2Cr). Gibbs energy values for the ordered phase were evaluated from literature sources and
added to the Thermo-Calc database. The phase diagram for the Ni-Cr system was then
calculated and compared to the experimentally determined phase stability fields (BSC 2004,
Figure 97). The comparison illustrated that the model results are in agreement with the accepted
phase diagram for Ni-Cr.

Validation of the model by corroboration with experimental results is limited to the studies
available in the literature. As the phase stability for complex multi-element systems is not
readily attained experimentally, there was no such data available specifically for Alloy 22. Thus,
the validation of the model focused on sub-systems of relevance to Alloy 22. Where possible,

direct comparisons to observations made in annealed Alloy 22 are also used (see extensive
discussions in Section 6 of BSC 2004).
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As summarized in Section 7.6 of the aging and phase stability model report (BSC 2004), the
computational phase kinetic results utilizing DICTRA and the MOB database were validated by
comparing the model results to experimental observations. The DICTRA results for the ternary
Ni-Cr-Mo alloy were compared with volume fraction measurements made on Alloy 22 that had
been annealed at two different temperatures (see BSC 2004, Figures 108 and 109). The Alloy 22
base metals used for the annealing tests specifically overlap the restricted Alloy 22 composition
developed by the project (SAR Table 1.9-9, Design Control Parameter 03-19) and the
composition of typical commercially available materials (BSC 2004, Section 8.2, Tables 11 and
12). The model results were found to be in reasonable agreement with experimental
observations. In each case the model results were shown to be conservative relative to the
observed phase fraction in the actual annealed samples (BSC 2004, Figures 108 and 109). Thus,
the model is validated for TCP phase precipitation in Alloy 22, and the assessment of the
model’s ability to predict phase stability in the multi-component system is appropriate.

In summary, the two databases, Thermo-Calc and MOB, were validated by comparing to the
available experimental data for related systems. Even though the validation exercises were
conducted using simplified systems, comparison of model predictions to experimental
observations taken from actual Alloy 22 samples shows the model predictions to be conservative
and of acceptable accuracy.

b. An assessment of the capability of the CALPHAD modeling to predict aging and phase
stability at repository temperatures

An assessment of the kinetics of oP6 phase precipitation predicted by the aging and phase
stability model was performed by comparison to experimental results for the pseudo-binary
Nix(CrsMo); system for which experimental data exists (BSC 2004, Section 6.6.4.2, Figures 85
and 86). Two key observations can be made: first, the ordered phase becomes
thermodynamically stable at temperatures below about 630°C, and second, extrapolation of the
time-temperature-transformation (TTT) curves to repository relevant temperatures (<300°C)
illustrates that an insignificant oP6 phase fraction will form over the period of performance of
the repository.

The ability of the model to capture the kinetics of LRO phase formation was further corroborated
by comparing micro-hardness as a function of time for isothermally aged Alloy 22 samples
(BSC 2004, Section 7.6). As stated in the aging and phase stability model report (BSC 2004),
unlike TCP precipitates, LRO results in finely dispersed precipitates that are difficult to quantify
using electron microscopy. However, due to their uniform distribution, micro-hardness is an
effective means to quantify the formation of LRO domains. The observation that very little LRO
occurred in the samples (as inferred from the micro-hardness tests) near 600°C corroborates the
critical order-disorder temperature as calculated by the model (596°C; BSC 2004,
Section 6.6.4.3). This result adds confidence in the conclusion drawn from the calculated TTT
diagrams that for extended time periods at temperatures below 300°C, insignificant phase
transformation is anticipated.
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The aging and phase stability model report (BSC 2004) explicitly addresses both equilibrium
thermodynamics as well as kinetics. Phases that are thermodynamically stable at low
temperatures may never be observed in an actual metal sample due to the kinetic hindrance of
their precipitation. A summary of a natural analogue system was presented and discussed to
highlight this point (BSC 2004, Section 7.5). Mineralogical characterization of awaruite (an
ordered iron-nickel mineral) has been found to co-exist with taenite (a high-temperature,
disordered FCC Ni-Fe metallic phase) in rocks age dated to be 150 million years old. A
comparison of the observed natural phase assemblage (awaruite + taenite) to the phase diagrams
indicates that these minerals formed at between 400°C to 460°C.  Taenite is not
thermodynamically stable at temperatures below about 350°C; alpha-iron and awaruite are the
stable phases in the rock at ambient temperatures. However, even after approximately 150
million years at temperatures commonly less than 350°C, the kinetics of the face-centered cubic
(FCC) to alpha-Fe phase transition are prohibitive and the FCC phase persists.

c. Demonstration that Alloy 22 will effectively remain a solid solution throughout the
period of performance of the proposed repository

The kinetics of formation for the various deleterious phases of interest (i.e., TCP phases and the
oP6 ordered phase) are presented in Section 6.6.4 of the aging and phase stability model report
(BSC 2004). In that section (and its subsections), time-temperature-transformation (TTT)
diagrams are presented for the long range ordering phase and relevant TCP phases in Alloy 22.
Based upon the figures, it is clear that the water quench is sufficient to prevent formation of the
second phase particles during that portion of the solutionizing process (e.g., for the fastest of the
transformations — the formation of the oP6 ordered phase — more than 20 hours are required
under conditions which optimize the combination of nucleation and growth of that phase; see
Figure 86 in BSC 2004). In terms of the potential for the nucleation and growth of the oP6 or
TCP phases once the waste package has been constructed, the TTT curves can be utilized to
estimate the approximate time before the transformation begins. (Note that the leading curve in
each diagram represents the effective “onset” of formation, and as such indicates times much
sooner than the time at which the equilibrium volume fraction is reached. As an example,
consider Figure 86 in the aging and phase stability model report (BSC 2004). It indicates that
under optimal conditions (i.e., an isothermal soak at ~580°C), the material will be 5%
transformed after ~35 hours, and then 20% transformed at ~500 hours.) The anticipated waste
package temperature-time profile indicates that the peak waste package temperature will be as
high as ~210°C (SNL 2008, Figure 6.3-76[a]) approximately 70 years post-closure, declining to
below 100°C after approximately 2,000 years. Combining these two pieces of information, even
if the temperature were to remain at the peak temperature for all time (which is an extremely
conservative consideration), the transformation would still not have progressed 5% to completion
after well over one million years.

Based upon the above discussion, the aging and phase stability model has been properly
validated, and it has been demonstrated that Alloy 22 will remain a solid solution throughout the
period of performance of the repository.
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2. COMMITMENTS TO NRC
None.
3. DESCRIPTION OF PROPOSED LA CHANGE
None.
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RAI: Volume 3, Chapter 2.2.1.2.1, Second Set, Number 17:

Provide a technical basis for the assertion that the planned solution-annealing
operation could minimize phase instabilities in Alloy 22. Provide the technical
basis for the selection of solution-annealing and quenching conditions for the
waste package outer container. This information is needed to verify compliance
with 10 CFR 63.112 (f) and 63.114 (b), (e), (f).

Basis:  Fabrication of the waste package outer container will include a
solution-annealing heat treatment (Safety Analysis Report, Section 1.5.2.7.1).
The Alloy 22 outer container will be solution annealed at 2050 °F for a minimum
of 20 minutes, followed by quenching at a rate greater than 275 °F per minute to
below 700 °F. Solution-annealing heat treatment is intended to minimize
potential phase instabilities in Alloy 22 (Safety Analysis Report, Sections
2.3.6.2.2 and 2.3.6.7.4). However, no information was provided to support this
assertion, nor a technical basis for the planned solution-annealing and quenching
conditions for the waste package outer container. Existing literature data suggest
that solution-annealing heat treatment at temperatures substantially above the
temperature of 2050 °F may be required to eliminate the formation of secondary
phases (NRC, 2004). Information about the implementation of the solution
annealing heat treatment and its effects on the phase stability and corrosion
resistance is necessary for assessing performance of the waste package.

1. RESPONSE

The technical basis for the selection of the solution annealing process for Alloy 22 is appropriate
and adequate to sufficiently limit the occurrence of secondary phases, which are then
growth-inhibited by kinetic constraints is presented below.

The production process for the waste package outer barrier will subject the Alloy 22 plate to
temperatures over time periods which could promote the formation of second phase particles
(i.e., tetrahedrally close-packed (TCP) phases) and long-range ordering. The presence of such
precipitates/regions could have a detrimental impact on the corrosion resistance and mechanical
properties of the material (BSC 2004, Section 1.1). A high-temperature solutionizing treatment
(SAR Table 1.9-9, Design Control Parameter 03-16), is implemented to sufficiently limit the
potentially detrimental impact of these phases on the corrosion resistance and mechanical
properties of the waste package outer barrier. This heat treatment will dissolve the majority of
second phase particles within the microstructure (e.g., TCP phases, long-range-ordering (LRO)
phases), and will compositionally homogenize the material, eliminating the deleterious
chromium or molybdenum composition gradients which may exist due to the formation of these
phases.
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1.1 TECHNICAL BASES FOR THE SELECTED TIME AND TEMPERATURE FOR
THE SOLUTIONIZING PROCESS

In order for the solutionizing treatment to be effective, the combination of temperature and time
is selected such that the desired microstructural changes can be realized. The goal of the process
is to ensure that the material is essentially a homogenous, single phase structure. In order to
accomplish this goal, the temperature is selected such that any second phase particles which may
be formed during production would not be thermodynamically stable, and the kinetics of their
dissolution process would be sufficiently rapid that they would be removed or their volume
fraction sufficiently limited, thus eliminating their detrimental impacts. Extensive
thermodynamic modeling was conducted to evaluate the regions of stability of each second
phase particle of interest, along with the kinetics of their formation as a function of time
(BSC 2004). In Figure 79 of Aging and Phase Stability of Waste Package Outer Barrier
(BSC 2004), it can be seen that for temperatures in excess of approximately 1,000°C (=1830°F),
all of the relevant second phase particles (e.g., P phase, sigma phase, etc.) are no longer
thermodynamically stable, and are anticipated to dissolve with time. In order to experimentally
verify the effectiveness of this procedure, welds representative of what will be used in an actual
waste package were made, thermally processed at 1121 °C (2,050°F) for 20 minutes, and
evaluated both microstructurally and electrochemically. It was demonstrated that TCP phases
are significantly reduced within the weld root, and effectively eliminated in the heat-affected
zone near the weld.

It should be noted that complete elimination of the TCP phases from the material is not
necessary, provided the detrimental solute depleted regions are removed. In the report
referenced in the basis statement (NRC 2004), work conducted by Allegheny Technologies is
referenced (Allegheny Technologies 2004). In that study, a variety of Alloy 22 plate and weld
wire chemistries were evaluated for their tendency to form TCP phases within the weld and
surrounding heat-affected zone, as well as the effectiveness of the proposed solution annealing
process at removing those phases. It should be noted that half of the Alloy 22 base metal
materials and all of the weld filler materials deviated (in most cases significantly) from the
specified Alloy 22 composition developed by the project (SAR Table 1.9-9, Design Control
Parameter 03-19) and the composition of typical commercially available materials, as discussed
in Section 5.7 of the Allegheny Technologies (2004) report. As such, while some materials in
that study did not respond well to the post-welding solutionizing treatment, in terms of the
volume fraction of precipitates present in the weld (i.e., enhanced TCP phase formation was
observed post-solutionizing; see Figure 4-12 and 4-14 in Allegheny Technologies 2004 for two
examples), these materials are neither representative of commercially available material, nor of
the compositions specified by the project. As discussed in the report, many of the chemistries
explored by Allegheny Technologies tended to promote second phase precipitation due to the
elevated concentration of residual elements present in those materials. It should be noted,
however, that even given the wide deviation from the materials specification, the vast majority of
the weldments were able to meet the required mechanical property requirements, even in the
as-welded condition. Thus, while TCP phases can reduce mechanical properties, the degree of
precipitation resulting from the welding process explored in the Allegheny Technologies study
did not degrade the mechanical properties to an unacceptable level. Furthermore, the testing
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methods utilized by Allegheny Technologies to evaluate the welds for physical flaws
(e.g., cracks, etc.) were unable to correlate the generation of poor weldments with material
composition (Allegheny Technologies 2004, Section 5), indicating that the welding process itself
was not negatively impacted by the compositional variations which they explored.

To demonstrate the effectiveness of the production process on material representative of a waste
package in achieving the desired corrosion performance of the waste package outer barrier, a
full-diameter mockup waste package was assembled (which included the solutionizing
treatment), and the resulting material evaluated electrochemically. The areas evaluated included
general corrosion performance and the crevice corrosion initiation/repassivation behavior. The
results obtained from that analysis clearly indicated that the proposed production process and
solution annealing resulted in material with effectively identical localized corrosion resistance to
that observed for laboratory prepared plates in the solution annealed condition (SNL 2007).

1.2 LONG-TERM PHASE STABILITY OF THE WASTE PACKAGE OUTER
BARRIER FOLLOWING PRODUCTION

The kinetics of formation for the various deleterious phases of interest (i.e., TCP phases and the
oP6 ordered phase) are presented in Section 6.6.4 of Aging and Phase Stability of Waste Package
Outer Barrier (BSC 2004). In that section (and its subsections), time-temperature-
transformation (TTT) diagrams are presented for the long-range ordering phase and relevant TCP
phases in Alloy 22. Based upon the figures, it is clear that the quench rate is sufficient to prevent
formation of the second phase particles during that portion of the solutionizing process (e.g., for
the fastest of the transformations — the formation of the oP6 ordered phase — more than 20 hours
are required under conditions which optimize the combination of nucleation and growth of that
phase; see Figure 86 in BSC 2004). In terms of the potential for the nucleation and growth of the
oP6 or TCP phases once the waste package has been constructed, the TTT curves can be utilized
to estimate the approximate time before the transformation begins. (Note that the leading curve
in each diagram represents the effective “onset” of formation, and as such indicates times much
sooner than the time at which the equilibrium volume fraction is reached. As an example,
consider Figure 86 of Aging and Phase Stability of Waste Package Outer Barrier (BSC 2004). It
indicates that under optimal conditions (i.e., an isothermal soak at ~580°C), the material will be
5% transformed after ~35 hours, and then 20% transformed at ~500 hours.) The anticipated
waste package temperature-time profile indicates that the peak waste package outer barrier
temperature will be as high as ~210°C (SNL 2008, Figure 6.3-76[a]) approximately 70 years
post-closure, declining to below 100°C after approximately 2,000 years. Given the above
information on the precipitation kinetics of the fastest forming TCP/LRO phase, combined with
the anticipated in-drift temperature profile, even if the waste package outer barrier temperature
were to remain at the peak temperature for the entire postclosure compliance period (which it
will not), the transformation would still not have progressed 5% to completion after well over
one million years. As such, it is reasonable to conclude that the production procedure, including
the solutionizing treatment, proposed for the waste package outer barrier is sufficient to ensure
that the phase structure of the material will remain stable for the entire period of postclosure
performance of the repository.
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2. COMMITMENTS TO NRC
None.
3. DESCRIPTION OF PROPOSED LA CHANGE
None.
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RAI: Volume 3, Chapter 2.2.1.2.1, Second Set, Number 18:

From the expected range of compositions of waste package effluent, provide a
description of the changes to unsaturated zone water chemistry and Topopah
Spring tuff that would be expected to result from geochemical interactions with
the effluent from breached waste packages. Assess how these interactions could
affect radionuclide transport processes in the unsaturated zone. This information
is needed to verify compliance with 10 CFR 63.114 (e).

Basis: Water in a waste package will interact chemically with the metals and
wasteform components inside the waste package. As a result, the evolved fluid in
which the radionuclides are transported out of a breached waste package may
differ chemically from the ambient waters of the unsaturated zone. The exclusion
argument focused mainly on thermo-chemical interactions involving unsaturated
zone water and drift seepage and the resulting effects on (i) the precipitation of
secondary minerals in fractures and (ii) the stability of colloids transported in the
unsaturated zone. A technical basis was not provided for excluding geochemical
interactions involving waste package effluent and the effect of such reactions on
radionuclide transport in the unsaturated zone or in the crushed tuff invert.

1. RESPONSE

This response provides additional information in support of the exclusion argument for
FEP 2.2.08.03.0B, Geochemical interactions and evolution in the unsaturated zone, by
considering the effects of waste package effluent. For the 10,000-year time period that forms the
basis of FEPs’ screening, waste package breach can occur in any of the scenario classes, but
effluent will only exit the waste packages for those modeling cases that allow advection through
both the drip shield and waste package: the drip shield early failure modeling case, the seismic
fault displacement modeling case, and the igneous intrusion modeling case. There is a very
small probability that the seismic ground motion modeling case could result in advective flux
through the drip shields and waste packages but this has been shown to be of low consequence in
the TSPA for the 10,000-year time frame (SNL 2008, Section 7.3.2.6.1.3.1). Thus, in this RAI
response, the discussion of dilution and compositional effects is limited to these three modeling
cases. In these cases, the TSPA-LA approximates advective radionuclide transport through the
invert by assuming that the chemical composition of the fluid in the invert is the same as that of
effluent leaving a waste package (SNL 2008, Table 6.3.4-4). This means that no credit is taken
for dilution of waste package effluent by fluids already in the drift and/or invert. For two of
these modeling cases, drip shield early failure and seismic fault displacement, all or nearly all of
the seepage contacting the waste package flows through the waste package with little or no
diversion (SAR Sections 2.4.2.3.2.1.12.1 and 2.4.2.3.2.1.12.3; SNL 2008, Sections 6.4.1.3,
6.6.1.2.3, and 7.3.2.7 and Figure L-10). For the igneous intrusion modeling case, the flow
through the waste form is higher than the seepage rate because it is assumed that the drift
provides no capillary diversion function, and the advective flux through the compromised drip
shields and waste packages is assumed to be equal to the percolation flux times the cross section
of the waste package (SNL 2008, Section 6.5.1.1).
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The following discussion is separated into two subsections that describe the effects of dilution
and the effects of composition on limiting the influence of waste package effluent on
radionuclide transport in the invert and unsaturated zone.

1.1 DILUTION IN THE UNSATURATED ZONE

For the drip shield early failure and seismic fault displacement modeling cases the seepage
passing through the waste package mixes with ambient percolation flux in the unsaturated zone
beneath the repository drifts. Because of capillary diversion around the drift, the lower
volumetric flux associated with flow through the waste package will be diluted in the larger flow
of ambient percolation flux beneath the drift. This is illustrated in SAR Figure 2.1-5, which
shows the ability of the Upper Natural Barrier to prevent or substantially reduce the rate of water
movement to the waste. At 10,000 years, the reduction factor from infiltration to seepage is
approximately 2% to 11% (SAR Section 2.1.2.1.6.2). The inverse of this reduction factor will
become an approximate dilution factor of about 50 to 9 when the waste package effluent is
carried back from the invert into the unsaturated zone. Thus, any radionuclides at their solubility
limit in the waste package effluent would be reduced in concentration during transport beneath
the drifts and would be less likely to precipitate in the far field.

1.2 COMPOSITIONAL EFFECTS

In the three advective-release modeling cases described above there is little potential for waste
package fluids to cause more than minor changes in unsaturated zone fluid compositions because
the estimated pH and Pco, range prevailing in the waste package generally overlaps that likely to
exist in the invert and unsaturated zone, implying that calculated radionuclide solubilities will
remain relatively constant along the flow-path. Waste package effluent pHs (exiting the
corrosion products domain) will be near neutral, with pHs in the range of 6 to 8.5 (SAR
Section 2.3.7.5.3.1), similar to pHs of ambient pore water in the unsaturated zone (pH 6.7 to 8.2)
(SNL 2007a Figure 6.6-7) and basalts (pH 6.05 to 8.12) (SNL 2007b, Table 6-38). In this near
neutral pH range of 6 to 8.5 the solubilities of the actinides neptunium, uranium, thorium, and
plutonium in the waste package at 25°C, Pco, = 107 atm, reach minimum values between 0.001
and 10 ppm (SNL 2007¢). On the other hand, the upper end of the unsaturated zone pH range
may in the future go as high as pH 9.5 and the actinide solubilities at pH 9.5 in the unsaturated
zone would be potentially orders of magnitude higher. However, net fluxes of radionuclides and
colloids into the unsaturated zone are limited to the amounts leaving the package, so actinide
concentrations cannot subsequently increase if the calculated solubilities in the unsaturated zone
are larger than in the waste package (see discussion on net fluxes of radionuclides and colloids
below). Also, actinide concentrations set by solubility reactions in the waste form are
generally decreased prior to exiting the waste package by sorption to waste package corrosion
products within the waste package. The foregoing compositional considerations, along with
waste-package effluent dilution described in Section 1.1, are expected to prevent appreciable
formation of radionuclide-bearing solids during transport.

Two primary components of the steel, iron and chromium, are much less soluble than the
actinides. Iron forms sparingly soluble oxides and hydroxides with solubility product ranges
from 107 to 10™* at 25°C and pH > 3 (SNL 2007a, Section 6.8.1.1). Chromium(III) can form
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amorphous and crystalline chromium hydroxides and oxides or can co-precipitate in solid
solution as iron-chromium hydroxides which should limit the concentration of chromium(III) to
less than 107 molar in the pH range from 6 to 12 (SNL 2007a, Section 6.8.1.2). Therefore,
iron and chromium are unlikely to be transported from the waste package in large quantity due
to the formation of corrosion products (SNL 2007d, Tables 6-9[a] and 6.11; SNL 2007a,
Sections 6.8.1.1 and 6.8.1.2). Nickel, another steel component, could potentially be a prominent
component of waste package effluents since it is relatively soluble (SNL 2007a, Section 6.8.1.3).
However, nickel tends to sorb to corrosion products such as clay, iron and manganese oxides.
Nickel can also substitute for iron and manganese in solid phases and can co-precipitate with
iron and manganese to form trevorite, nickel-ferrite, or nickel manganese oxides (SNL 2007d,
Tables 6-9[a] and 6.11 and Section 6.3.4.1; SNL 2007a, Section 6.8.1.3). These reactions should
limit nickel release from breached waste packages.

Regarding other waste package constituents, soluble fission products such as iodide, technetium,
and cesium do not tend to be available in quantities sufficient to affect major element fluid
chemistry. Sodium, boron, and silica levels will be elevated in codisposal waste package
effluents due to the presence of degrading high level waste glass which contains appreciable
masses of these elements (SNL 2007d, Table 4-6[a]). However, boron from codisposal packages
is highly soluble and does not form solids in the breached waste package, whereas silica, and
occasionally sodium, does precipitate (SNL 2007d, Tables 6-9[a] and 6.11). Note, however, that
ambient unsaturated zone and basalt waters (SNL 2007d, Table 4-5[a]) contain high levels of
silica and sodium. Therefore, the extent to which effluent additions of silica and sodium from
breached co-disposal packages are able to change silica movement in the invert and unsaturated
zone is small.

Summarizing the effects of nonradioactive constituents in the waste package, the major chemical
components of the engineered materials (chromium, nickel, iron) will form corrosion products
inside the waste packages and not influence the unsaturated zone via the formation of secondary
minerals. The levels of sodium and silica in waste package effluent are similar to those already
present in unsaturated zone fluids, so the addition of these codisposal waste-package constituents
to unsaturated zone waters is expected to have little influence on the formation of secondary
phases in the invert and unsaturated zone. Because the compositional effects described above
would not significantly change unsaturated zone water chemistry or Topopah Spring Tuff/Invert
mineralogy, there is also no expected change to retardation and flow properties of the
unsaturated zone and invert.

Waste package effluents might be concentrated by evaporation and consumption of water via
degradation reactions resulting in higher ionic strengths relative to waters in the unsaturated zone
and lower absolute quantities of effluent. Actinides tend to be more soluble in high ionic
strength solutions (SNL 2007¢, Section 6.3.3.4). Therefore mixing of waste package effluent
with unsaturated zone waters will favor decreasing actinide solubilities, and local formation of
actinide-containing secondary phases. This would decrease the potential for radionuclide
transport. However, mixing of waste package effluent with unsaturated zone waters will cause
overall actinide concentrations to decrease through simple dilution (as described in Section 1.1)
at the same time that ionic strengths are decreasing. Ionic-strength-driven decrease in solubilities
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will be more than counteracted by the dilution effect, with the ultimate result being no formation
of radionuclide-bearing secondary phases in the mixing zone.

The chemical makeup of waste package effluent also depends on the rate of liquid influx.
In the modeling cases discussed here, most of the seepage flux entering the drift is assumed
to enter the waste packages (or, in the case of igneous intrusion, the percolation flux across
a drift cross-section). As discussed in In-Package Chemistry Abstraction (SNL 2007d,
Section 6.6.4[a]), when water flux through the waste packages is high, waste form degradation
reactions have little chance to alter the composition of the incoming fluids, causing fluids exiting
the waste package to instead resemble the dilute unsaturated zone solutions that originally
entered the package. On the other hand, when water flux is low, dilution below the waste
package is magnified, reducing the effects of the effluent composition in the mixing zone.

Colloids leaving breached waste packages would see lower ionic strengths after dilution of
waste-package effluent in the invert and unsaturated-zone fluids and would, therefore, be
stabilized in solution (SNL 2007e¢, Section 6.3.1) and subsequently transported through the
unsaturated-zone feature of the Lower Natural Barrier. Also, the net flux of irreversible colloids
through the unsaturated-zone cannot be higher than what comes out of the package in the first
place, similar to solubility-limited actinides. In other words, because net fluxes of radionuclides
and irreversible colloids through the invert and into the unsaturated-zone are limited to the
amounts leaving the waste package, downstream compositional effects could only tend to
decrease the subsequent transport of radionuclides (e.g., through secondary phase formation
and/or colloid destabilization). Regarding radionuclide transport by reversible sorption onto
colloids, waste package effluent concentrated by reaction and/or evaporation could, upon mixing
with unsaturated zone waters, destabilize colloids in the invert and unsaturated zone. This
destabilization would tend to reduce radionuclide transport in the unsaturated zone; however, in
the TSPA calculations the unsaturated-zone colloid suspensions are conservatively assumed to
be always stable.

1.3 SUMMARY

This RAI response provides additional information in support of the exclusion of
FEP 2.2.08.03.0B, Geochemical interactions and evolution in the unsaturated zone. In summary,
mixing of waste package effluent fluids with unsaturated zone waters would result in
insignificant changes in bulk chemistry and little impact on calculated radionuclide transport
through the invert and unsaturated zone. There would also be no significant changes to
unsaturated zone water chemistry or Topopah Spring Tuff/Invert mineralogy and hydrologic
properties, and therefore no expected change to retardation and flow properties of the unsaturated
zone and invert. Thus, the magnitude of the resulting radiological exposures to the reasonably
maximally exposed individual (RMEI), or radionuclide releases to the accessible environment,
for 10,000 years after disposal, would not be significantly changed by the omission of this FEP
from the TSPA (low consequence). The characteristics of the system and its evolution, as
discussed above, will also be comparable after 10,000 years.
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2. COMMITMENTS TO NRC
None.
3. DESCRIPTION OF PROPOSED LA CHANGE
None.
4. REFERENCES

SNL (Sandia National Laboratories) 2007a. Engineered Barrier System: Physical and Chemical
Environment. ANL-EBS-MD-000033 REV 06. Las Vegas, Nevada: Sandia National
Laboratories. ACC: DOC.20070907.0003; LLR.20080328.0031.
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DOC.20080929.0005.
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RAI: Volume 3, Chapter 2.2.1.2.1, Second Set, Number 19:

Justify the apparent inconsistent treatment of low probability seismic ground
motions in FEP screening arguments compared to the application of low
probability seismic ground motions as inputs to the performance assessment
model. This information is needed to verify compliance with 10 CFR 63.114(d),
(e), and (f), and 63.21(c)(1) and (9).

Basis: The following FEPs related to a potential response of the system to seismic
events (as identified in Table 2.2-2, p. 2.2-172—-173, of the Safety Analysis
Report) were excluded from the performance assessment model:

* 1.2.03.02.0B Seismic-Induced Rockfall Damages EBS Components

* 1.2.03.02.0E Seismic-Induced Drift Collapse Alters In-Drift Chemistry

* 1.2.10.01.0A Hydrologic Response to Seismic Activity

¢ 2.2.06.01.0A Seismic Activity Changes Porosity and Permeability of Rock

* 2.2.06.02.0A Seismic Activity Changes Porosity and Permeability of
Faults

* 2.2.06.02.0B Seismic Activity Changes Porosity and Permeability of
Fractures

* 2.2.06.03.0A Seismic Activity Alters Perched Water Zones

In general, the screening arguments in Sandia National Laboratories (2008) rely
on the assumption that the total system would experience minor changes from the
seismic events. However, seismic ground motions at low annual exceedence
probabilities (below about 107°) resulting from the DOE probabilistic seismic
hazard assessment (PSHA) are much larger than recorded ground motions from
even the largest earthquakes anywhere on Earth, and it is not clear that the
response of the system to such large ground motions would be minor. Some steps
have been taken to condition the PSHA in order to develop ground motion inputs
considered to be more consistent with site conditions. Nevertheless, even the
conditioned ground motions lead to acceleration and velocity versus time inputs
for the seismic abstraction in the performance assessment model with peak
accelerations approaching 20 g and peak ground velocities of more than 1500
cm/sec (e.g., see figure 1I-171 of BSC, 2004). In comparison, the Mw 7.9 Denali
Earthquake in 2002 produced what was considered a very high peak ground
velocity of 180 cm/sec at one station very near the fault rupture (e.g. Ellsworth et
al., 2004).

The rationale for exclusion of these FEPs is based in part on assumptions of how
the repository will perform under seismic loads typically observed in large
western United States earthquakes. While very large ground motions from the
conditioned PSHA are used to develop inputs to the seismic abstraction in the
performance assessment model, the impacts of such large ground motions on the
total system are neglected, and the large ground motions do not appear to be fully
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considered in the rationale to exclude the seismic related FEPs from the
performance assessment model.

1. RESPONSE

Treatment of low probability seismic ground motions in features, events, and processes (FEPs)
screening justifications is consistent with their use in postclosure dynamic analyses and the total
system performance assessment (TSPA). Low probability ground motions determined by a
probabilistic seismic hazard analysis (PSHA) for Yucca Mountain are conditioned, reducing their
mean annual probability of exceedance such that it is consistent with the current understanding
of the geologic setting of the site. Conditioning takes into account the lack of evidence of
pervasive seismic-induced damage to tuff of the repository host horizon that would be expected
if extreme ground motions had been experienced at Yucca Mountain (shear-strain-threshold
approach). It also takes into account an assessment of the distribution of extreme stress drops for
earthquakes in the Yucca Mountain vicinity (extreme-stress-drop approach). Ground motion
conditioning is taken into account both in kinematical and structural analyses of the engineered
barrier system (EBS) behavior under seismic loading and in abstracting seismic consequences.

Based on the original shear-strain-threshold approach, the conditioned value of horizontal peak
ground velocity (PGV) for the repository waste emplacement level with a mean annual
probability of exceedance of 10 is 4.07 m/s. Screening justifications for exclusion of
seismic-related FEPs are consistent with this ground motion level.

Note that the time history set identified as an example in the third paragraph of the Request for
Additional Information (RAI) is therein characterized as “conditioned ground motions” having
“peak accelerations approaching 20 g and peak ground velocities of more than 1500 cm/sec.”
However, this time history set (referenced in the RAI as Figure II-171 of Development of
Earthquake Ground Motion Input for Preclosure Seismic Design and Postclosure Performance
Assessment of a Geologic Repository at Yucca Mountain, NV (BSC 2004)) is actually based on
unconditioned hazard results at a mean annual probability of exceedance of 10”’. These ground
motions should not be used as a basis for establishing ground motions levels that need to be
evaluated in FEPs screening evaluations. The ground-motion measure for FEPs screening
purposes, as for other postclosure seismic analyses, is the conditioned mean ground-motion
hazard.

1.1 LOW-PROBABILITY SEISMIC GROUND MOTIONS USED AS INPUT TO THE
PERFORMANCE ASSESSMENT MODEL

Low-probability seismic ground motions provide direct and indirect input to the TSPA model.
Direct input consists of a seismic hazard curve for horizontal PGV. This curve provides, for a
given value of horizontal PGV, the mean annual probability of exceedance. Indirect inputs
consist of suites of three-component time histories that are used in dynamic analyses of drift
degradation and kinematic and structural analyses of the behavior of EBS components under
seismic loading. Results of these analyses are abstracted to provide input to the TSPA
(SNL 2007a, Section 6.1.6). Direct and indirect inputs to TSPA take into account the current
understanding of the geologic setting of Yucca Mountain. This allows results of a PSHA to be
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conditioned, reducing the mean annual probability of exceedance of low-probability ground
motion to levels consistent with site conditions. Thus, ground motions used as input to the
performance assessment model are characterized by horizontal PGV of 4.07 m/s or less
(SAR Section 2.3.4.3.2.4). Screening evaluations of seismic-related FEPs are consistent with
these conditioned ground motion values.

1.1.1 Conditioning of Low-probability Ground Motions at Yucca Mountain

The DOE implements two approaches to conditioning low-probability ground motion from the
PSHA for Yucca Mountain. Conditioning results in a reduced probability of exceedance for a
given level of ground motion such that the resulting probability is consistent with the geologic
setting. The DOE approaches to conditioning low-probability (extreme) ground motion are
described in SAR Sections 2.3.4.3.3 and 1.1.5.2.5.1. Responses to RAIs 2.2.1.1.1-006,
2.2.1.1.1-007, and 2.2.1.1.1-008 provide clarification on how the approaches were implemented.
A brief summary is provided in this section.

The shear-strain-threshold approach described in SAR Section 2.3.4.3.3 combines laboratory test
results of tuff deformation, corroborated by numerical simulations, with geologic observations in
underground excavations and results of ground-motion site-response modeling to establish a
distribution for the level of ground motion that has not been experienced by the Topopah Spring
Tuff crystal-poor lower lithophysal lithostratigraphic unit.  Shear strains generated by
earthquakes in the Yucca Mountain vicinity over the past about 10 million years have not
reached the level that would cause widespread inter-lithophysal fracturing (SAR
Section 2.3.4.3.3). Using the shear-strain-threshold approach, horizontal PGV at the repository
waste emplacement level with a mean annual probability of exceedance of 10~ was determined
to be 4.07 m/s (SAR Section 2.3.4.3.2.4). This value is used to bound the level of horizontal
PGV considered in the TSPA.

For ground motions used in preclosure design and safety analyses the shear-strain-threshold
conditioning approach is updated and combined with an extreme-stress-drop approach
(SAR Section 1.1.5.2.5.1) The extreme-stress-drop approach is based on an assessed distribution
of extreme stress drop (in the context of a stochastic point-source ground-motion model) that is
appropriate for the Yucca Mountain geologic setting. Using the combined conditioning
approaches, ground motion at the repository waste emplacement level with a mean annual
probability of exceedance of 10~ is characterized by horizontal PGV of 3.36 m/s and horizontal
PGA of 2.46 g (BSC 2008, Figures 6.5.3-17a and 6.5.3-9).

1.1.2  Use of Time Histories in Postclosure Dynamic Analyses

This section clarifies the development and use of time histories for postclosure dynamic analyses
of EBS components. Results of these analyses primarily support development of abstractions for
included FEPs, although results also support the screening justification for excluded
FEP 1.2.03.02.0B, Seismic-induced rockfall damages EBS components. Two points are
emphasized. First, in the development of time histories for postclosure dynamic analyses the
inter-component variability observed in recorded strong motion data is preserved and implicitly
assumed appropriate at exceedance frequencies lower than those associated with the recorded
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motions. This approach ensures variability in seismic effects related to inter-component
variability is represented in the postclosure dynamic analyses. Second, when originally
developed, time histories were associated with a mean annual probability of exceedance
determined from unconditioned ground motion hazard. Based on conditioned hazard for the
repository waste emplacement level, time histories associated with horizontal PGV of 1.05, 2.44,
and 5.35 m/s have mean annual probabilities of exceedance of 10>, 4.5 x 107, and significantly
lower than 10~ (SAR Section 2.3.4.3.2.4). Use of these time histories, and the results of
analyses for which they serve as input, take into account the reduced probabilities of exceedance
determined from the ground motion conditioning.

Development of suites of 17 three-component time histories for the repository emplacement drift
level is described in SAR Section 2.3.4.3.2.4. These time histories represent the first step in
determining appropriate time histories for postclosure analyses. Conditioned ground motion
hazard is taken into account in using the time histories in postclosure dynamic analyses and
seismic consequence abstractions.

The suites of time histories were developed by scaling existing strong motion records to a target
horizontal PGV value. Prior to scaling, the response spectra for the strong motion records were
adjusted to weakly match a target spectral shape reflecting Yucca Mountain site conditions. The
target PGV value for scaling was determined from site-response modeling results and represents
the value for a random horizontal component of motion. Use of a random horizontal component
is consistent with the development of horizontal ground motion hazard in the PSHA for Yucca
Mountain (CRWMS M&O 1998). Site-response modeling supporting the development of
postclosure time histories was carried out using ground motion inputs (control motions) derived
from the unconditioned PSHA results. The modeling and subsequent analysis to determine
site-specific ground motions for the emplacement drift level were performed such that the
site-specific ground motions had a mean annual probability of exceedance that was consistent
with the input control motions. Suites of time histories were determined for mean annual
probabilities of exceedance of 107, 1076, and 1077 based on the unconditioned hazard results
(BSC 2004, Section 6.3.2.3). The corresponding target horizontal PGV values are 1.05, 2.44,
and 5.35 m/s, respectively (BSC 2004, Section 6.3.1.4, Tables 6.3-14, 6.3-16, and 6.3-18).

Ground motions for use in postclosure dynamic analyses of EBS components are generally
developed to maintain the inter-component variability observed in recorded strong-motion data
(SAR Section 2.3.4.3.2.4). Consistent with the treatment of horizontal motion in the PSHA, the
first horizontal component (H1) of a strong-motion record is scaled to match the target horizontal
PGV. Then the second horizontal component (H2) and vertical component are scaled such that
the inter-component variability of the original strong motion record is preserved. The PGV
value of the H2 component and the vertical component can, therefore, be greater or less than the
target PGV value. This approach is taken to include variability in seismic effects on EBS
components consistent with observed inter-component variability of recorded ground motion.
The approach assumes that the inter-component variability of the selected strong motion
recordings, which have lower horizontal PGVs than the target PGV levels, is appropriate to
model variability of ground motions that are high (one to two standard deviations or more above
the median) for a given earthquake magnitude and distance.
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The initial development of time histories for postclosure dynamic analyses of EBS components
did not take into account the conditioning of low-probability (extreme) ground motion hazard.
The impact of conditioning is, however, taken into account in the use of the time histories and in
the abstraction of results based on the time histories. Conditioning of ground motion hazard
adjusts the probability of exceedance associated with a given value (e.g., horizontal PGV) such
that the probability is consistent with the geologic setting of Yucca Mountain. Thus, the suites of
time histories that nominally were characterized by mean annual probabilities of exceedance of
107 , 1076, and 1077, based on unconditioned hazard, are associated, respectively, with mean
annual probabilities of exceedance of 10>, 4.5 x 107, and significantly lower than 10~ based on
the conditioned hazard (SAR Section 2.3.4.3.2.4; SNL 2007a, Section 6.1.7).

Suites of time histories used in drift degradation analysis are associated with target horizontal
PGV values of 0.40 m/s, 1.05 m/s, 2.44 m/s, and 5.35 m/s (SAR Section 2.3.4.4.4.3). Modeling
and analysis to evaluate drift degradation was carried out before the conditioned horizontal PGV
hazard curve for the waste emplacement level was available. Results associated with time
histories scaled to a target PGV of 5.35 m/s are acknowledged to be of higher amplitude (lower
mean annual probability of exceedance) than required for consideration in postclosure analyses.
While they are used in developing abstractions, the results of the abstractions are only sampled
for values less than 4.07 m/s for use in TSPA, consistent with the original conditioned hazard
results (SNL 2007a, Section 6.7.2). Note also that the time history set used in drift degradation
analyses for a horizontal PGV of 0.4 m/s consisted of a single 3-component set of time histories
that was developed for design analyses using a response spectral matching approach rather than
preserving inter-component variability (SAR Section 1.1.5.2.5.5).

Suites of time histories used in the postclosure kinematic and structural analyses are associated
with target horizontal PGV wvalues of 040, 1.05, 244, and 4.07 m/s (SAR
Section 2.3.4.5.2.1.2.1). Time history sets for horizontal PGV values of 0.40 m/s and 4.07 m/s
were developed by scaling the time histories originally developed for horizontal PGV levels of
1.05 and 5.35 m/s (SNL 2007b, Section 6.3.2.1.2). Thus, the time histories used are consistent
with the conditioned ground motion hazard for the waste emplacement level. The suite of time
histories scaled to have a horizontal PGV of 4.07 m/s on the first horizontal component is
associated with a mean annual frequency of exceedance of 10, based on the conditioned hazard
curve.

Note that time history set #9 with a mean annual probability of exceedance of 10~ based on
unconditioned hazard results (BSC 2004, Figure II-171), which was used as an example in the
RAI Basis discussion, has a mean annual probability of significantly lower than 10~ based on
the conditioned hazard results (SNL 2007a, Section 6.1.7). This suite of time histories with a
mean annual probability of exceedance of 10~ based on unconditioned hazard results should not
be used as a basis for establishing ground motions levels that need to be evaluated in FEPs
screening discussions because they are not consistent with the geologic setting of Yucca
Mountain. Based on the final conditioned hazard results, the mean annual probability of
exceedance of these time histories is below the threshold for consideration in postclosure
performance assessment. The ground motion measure for FEPs screening evaluations is the
conditioned mean ground motion hazard.
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In summary, ground motions used directly or indirectly as input to TSPA take into account
conditioning based on the geologic setting for Yucca Mountain. Conditioned ground motions are
either used as input to dynamic analyses or taken into account during the seismic consequence
abstraction process. Based on the original conditioning work, horizontal PGV of 4.07 m/s has a
mean annual probability of exceedance of 107® (SAR Section 2.3.4.3.2.4).

1.2 CONSISTENCY IN GROUND MOTION BASIS FOR CITED FEPS

This section addresses use and consistency of ground motion bases in evaluations of FEPs and in
other postclosure analyses. FEP 1.2.03.02.0B, Seismic-induced rockfall damages EBS
components, and FEP 1.2.03.02.0E, Seismic-induced drift collapse alters in-drift chemistry,
focus on two aspects of potential seismic effects in the waste emplacement drifts.
FEP 1.2.10.01.0A, Hydrologic response to seismic activity; FEP 2.2.06.01.0A, Seismic activity
changes porosity and permeability of rock; FEP 2.2.06.02.0A, Seismic activity changes porosity
and permeability of faults; FEP 2.2.06.02.0B, Seismic activity changes porosity and permeability
of fractures; and FEP 2.2.06.03.0A, Seismic activity alters perched water zones, focus on aspects
of potential seismic effects on the hydrologic properties of the rock mass system.

1.2.1 FEP 1.2.03.02.0B, Seismic-Induced Rockfall Damages EBS Components

The screening evaluation for FEP 1.2.03.02.0B, Seismic-induced rockfall damages EBS
components, is based, in part, on analyses of the effects on drip-shields and waste packages of
seismic-induced rockfall in the nonlithophysal lithostratigraphic units (SNL 2008,
FEP 1.2.03.02.0B). Consideration is given to effects caused by rock block impacts associated
with horizontal PGVs at the waste emplacement level that have a mean annual probability of
exceedance greater than or equal to 10~*, based on the conditioned PGV hazard. Structural
response calculations are performed for a set of seven representative rock block sizes, which
span the range of block kinetic energies, and for one intact and two degraded states of the drip
shield. The set of rock blocks considered is derived from rockfall calculations using time
histories associated with mean annual probabilities of exceedance of 107, 4.5 x10 "/, and
significantly lower than 10~ based on the conditioned hazard (i.e., horizontal (H1) PGVs of
1.05, 2.44, and 5.35 m/s) (SAR Section 2.3.4.3.2.4; SNL 2008, FEP 1.2.03.02.0B).

Exclusion of failure mechanisms due to seismic-induced rockfall either (1) appropriately
addresses effects of ground motion with horizontal PGV less than 4.07 m/s (i.e, with a mean
annual probability of exceedance greater than or equal to 10™*) (tearing of drip shield plates,
tearing of axial stiffeners), (2) shows that for ground motion with horizontal PGV of less than
4.07 m/s, and even for larger ground motions, seismic effects are of low probability (damage to
waste packages), or (3) are based on non-seismic considerations (denting of drip shield plates).
Consistent with the application of low probability seismic ground motions as inputs to the
performance assessment model, screening evaluations are carried out based on ground motions
with a horizontal (H1) PGV of 4.07 m/s or less having mean annual probabilities of exceedance
of greater than or equal to 10",
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1.2.2 FEP 1.2.03.02.0E, Seismic-Induced Drift Collapse Alters In-Drift Chemistry

The screening evaluation for FEP 1.2.03.02.0E, Seismic-induced drift collapse alters in-drift
chemistry, assumes that seismic ground motion has collapsed the drift and examines the changes
that could occur and whether or not those changes would affect the expected chemistry in the
drift (SNL 2008, FEP 1.2.03.02.0E, p. 6-122). Thus, the evaluation is not dependent on the level
of ground motion that collapses the drift or its mean annual probability of exceedance. This FEP
screening justification indicates that the indirect effects (thermal and hydrologic changes) on
in-drift chemistry are the primary changes resulting from seismic-induced drift collapse and that
those are addressed in FEP 1.2.03.02.0D, Seismic-induced drift collapse alters in-drift
thermohydrology, and included in the TSPA model. The FEP evaluates potential direct changes
to (1) dust chemistry on the surfaces of the waste package and drip shield and (2) seepage water
chemistry and concludes that both are negligible. Although low-probability ground motion
causes the drift collapse that is the subject of this FEP, treatment of low-probability ground
motion is not relevant to the screening evaluation of consequent affects on in-drift chemistry.

1.2.3 FEP 1.2.10.01.0A, Hydrologic Response to Seismic Activity

The screening justification for FEP 1.2.10.01.0A, Hydrologic response to seismic activity,
evaluates changes in water table elevation associated with seismic activity. Different approaches
have been taken to evaluate the potential for water table rise associated with seismic activity.
The analysis that produced the greatest effect was based on a regional stress change model
(SNL 2008, FEP 1.2.10.01.0A). This method evaluates the effects of a drop in shear stress
(static stress drop) that results from earthquake movement along a normal fault. The drop in
shear stress induces an increase in horizontal compressive stress that reduces pore volume. The
change in pore volume below the water table is equated to a water volume that rises into the
unsaturated zone. This change in shear stress is the static change following an earthquake, not
the dynamic or transient stress change that occurs during the fault movement or the passage of
stress waves. In the work cited in the FEP 1.2.10.01.0A screening evaluation, a static stress drop
of 100 bars was used, based on observations of earthquakes occurring worldwide.

In developing ground motions for Yucca Mountain, one approach used to condition ground
motion hazard from the PSHA was the extreme-stress-drop approach within the context of a
stochastic point-source ground motion model (SAR Section 1.1.5.2.5.1). Implementation of this
approach included an assessment of a probability distribution for extreme stress drop. The
distribution is taken as lognormal with a median value of 400 bars and a logarithmic standard
deviation of 0.6. The distribution is a reasonable representation of the point-source stress drop
associated with the largest ground motions that might occur at Yucca Mountain. In
implementing ground motion conditioning, the distribution is represented by three values: 150,
400, and 1,100 bars with probabilistic weights of 0.2, 0.6, and 0.2, respectively. Consideration
of this extreme-stress-drop distribution in the evaluation of FEP 1.2.10.01.0A corroborates the
screening exclusion justification.

To consider the extreme-stress-drop distribution in the screening evaluation for
FEP 1.2.10.01.0A, first its probability of exceedance must be addressed. The likelihood of an
extreme-stress-drop earthquake can be evaluated in terms of two components: (1) earthquake
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recurrence frequencies for a fault at Yucca Mountain, and (2) the observed distribution of
earthquake point-source stress-drops. Taking the Solitario Canyon fault as the hypothetical
source of an extreme-stress-drop earthquake, assessments during the PSHA determined a
recurrence interval range of 35,000 to 180,000 years (SAR Table 2.2-17) or an average annual
rate of occurrence of about 3 x 107 to 6 x 10°. Studies of point-source stress drops for
tectonically active regions (e.g., western North America) result in a range from about 20 to
100 bars. Assuming stress drop is lognormally distributed, for the thirteen western North
America earthquakes considered in validation of the point-source ground motion model
(BSC 2008, Table 7-5, excluding Imperial Valley aftershock, Nahanni, and Saguenay), the
median point-source stress drop was 46.9 bars and the magnitude range was M 5.7 to M 7.2. In
the same validation effort, the western North America empirical attenuation relation of
Abrahamson and Silva (1997) was inverted for stress drop, among other parameters, resulting in
magnitude dependent values of 80 bars, 61 bars, and 36 bars for M 5.5, M 6.5, and M 7.5,
respectively. Over the magnitude range considered, the average stress drop was 59 bars. In a
similar study using western North American data; Atkinson and Silva (1997) found a similar
dependence of stress drop on magnitude but with somewhat larger values and an average of
81 bars. Additionally, Boore and Joyner (1997) estimated a stress drop of 71 bars for M 6.5 by
comparing empirical response spectra to response spectra generated with the point-source model.
Primary causes for the differences in the values obtained likely result from different western
North American data used as well as the different recording site amplification assumed in the
analyses. In general, the results suggest that the average value of point-source stress drop for
western North American earthquakes is about 60 bars. A typical value of the lognormal standard
deviation for stress drop from these studies is about 0.5.

Considering a median point-source stress-drop of 60 bars with a lognormal standard deviation of
0.5, the values used to represent the extreme-stress-drop distribution (i.e., 150, 400, and 1100
bars) have probabilities of exceedance of about 3 x 107, 7 x 10>, and 3 x 107, respectively. As
an extreme-stress-drop earthquake is conditional on an earthquake occurring, using the data for
the Solitario Canyon fault gives combined annual probabilities of exceedance of about 10°, 10,
and 107" or less, respectively. Thus, the median (400 bars) and high (1100 bars) values used to
represent the extreme-stress-drop distribution have probabilities of exceedance lower than need
to be considered for FEP evaluation. Using the same distribution parameters (60 bars, lognormal
standard deviation of 0.5), a point-source stress drop of about 330 bars, conditional on an
earthquake occurring on the Solitario Canyon fault, has a probability of exceedance of about 10~
or less. The value of the corresponding static stress drop is determined next.

Validation studies for the point-source ground motion model and empirical scaling relations
between magnitude and rupture area can be used to provide an approximate relation between
static stress drop and the stress drop or stress parameter used to characterize the levels of
high-frequency motions from the point-source model. The empirical moment magnitude-rupture
area relations of Wells and Coppersmith (1994) have been widely used in assessing magnitudes
of crustal earthquakes for use in seismic hazard analyses. Based on expected rupture lengths and
widths, the empirical relations provide accurate estimates of magnitudes (standard deviation in
M of 0.25 to 0.35 units) (Wells and Coppersmith 1994) based on rupture area defined simply as
the product of rupture length and down-dip rupture width. Interpretation of the magnitude-
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rupture area relations of Wells and Coppersmith (1994) with the commonly used circular-fault
scaling relations of Brune (1970, 1971) results in a static stress drop that is nearly independent of
magnitude with a value of about 30 bars. This static stress drop is simply an expression
involving slip or displacement occurring during rupture, normalized by a characteristic
dimension of the rupture, such as rupture length, and the shear modulus of the crust.

The static stress drop is not directly related to the stress drop associated with the excitation of
ground motions, which has consequently been given the term of stress parameter in the context
of the single-corner-frequency point-source model (BSC 2008, Section 6.3.1). The point-source
stress drop (or parameter) controls the high-frequency (e.g., > 1 Hz) radiation and is more closely
associated with the dynamic stress drop or stress that accelerates the rupture. As described
above, studies of point-source stress drop suggest that an average value for western North
American earthquakes is about 60 bars. Thus, average static stress drops of about 30 bars are
about half as large as average point-source stress drops.

Given that the residual static stress drop that remains following the earthquake is approximately
one-half of the point-source stress drop, a static stress drop of 165 bars (i.e., 330 divided by 2), is
examined to evaluate the effects of an extreme stress drop with al0™® mean annual probability of
exceedance.

The regional stress change model was carried out using a stress drop of 100 bars and the
estimated maximum increase in the water table elevation was 50 m. Because the elevation
change is proportional to the stress drop, a stress drop of 165 bars results in a water table rise of
about 80 m. While this is larger than the 50-m water table rise previously estimated, it remains
less than the distance from the repository to the present-day water table, which ranges from
190 m to 370 m (BSC 2007, Tables 11 to 15), and less than the distance from the repository to
the water table under future climate conditions, which ranges from 190 m to 250 m (SNL 2008,
Section 6.4.8). The water table rise analysis uses a conservative value for the unsaturated
porosity above the water table (0.01), which leads to higher estimates of water table rise.
Furthermore, such a water table rise would not be permanent, but would gradually dissipate.
Thus, the screening decision for FEP 1.2.10.01.0A, Hydrologic response to seismic activity, is
consistent with the treatment of ground motions in the postclosure analyses.

1.2.4 FEP 2.2.06.01.0A, Seismic Activity Changes Porosity and Permeability of Rock

Seismic-induced changes to the porosity and permeability of rock at Yucca Mountain are
expected to be negligible and thus be of low consequence to dose (SNL 2008,
FEP 2.2.06.01.0A). Although there is no evidence that seismic-related shear strains have
exceeded the threshold required to produce additional fracturing of the rock at Yucca Mountain
in the past about 10 million years, predicted shear strains for conditioned ground motions with
mean annual probabilities of exceedance of 10~ and 10~ exceed the lower portion of the shear-
strain-threshold distribution.  If new fractures are generated, however, their effect is
accommodated by the fracture sensitivity study (SNL 2008, Appendix I) previously used as part
of the screening exclusion justification for FEP 2.2.06.02.0A, Seismic activity changes porosity
and permeability of faults, and FEP 2.2.06.02.0B, Seismic activity changes porosity and
permeability of fractures).
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The generation of new fractures as a result of seismic activity is encompassed within the existing
sensitivity analyses for changes in fracture properties. This may be seen through the cubic law
used to estimate changes in fracture permeability, £, as a result of changes in the hydraulic
fracture aperture, b:

in which f'is the is the fracture frequency. The hydraulic fracture aperture is also given by:

5
S

in which ¢ is the fracture porosity and f is a scale factor to account for constrictions affecting the
hydraulic fracture aperture. For a given seismic induced strain, €, that is allocated to fractures,
the fracture porosity increases to ¢+ ¢ . If the seismic induced strain is taken up entirely by the

existing fractures, then the fracture aperture increases to:

B(@+e)
f
and the permeability is given by:
f(ﬂ(r/ﬁ + s)T
e S R A5}
12 1217

On the other hand, if new fractures are generated to absorb some of the seismic induced strain,
then the fracture frequency increases to f* and the new fracture permeability is given by:

j;(ﬁwﬁj s)I
7 ) _pure
12 12f2

Because f > f, the permeability of a system with seismically induced fractures is smaller than
the permeability of a system in which the seismic strain is taken up entirely by the existing
fractures. Therefore, the possibility of new fractures is included within the range of the existing
sensitivity analyses.  Other effects pertaining to induced fractures lead to increased
fracture-matrix interface area and, therefore, increased fracture-matrix interaction. This results
in improved performance with respect to damping of episodic flow and radionuclide transport
rates as compared with the system without additional fractures. Thus, low-probability
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conditioned ground motions are adequately considered in excluding FEP 2.2.06.01.0A, Seismic
activity changes porosity and permeability of rock, from the TSPA.

1.2.5 FEP 2.2.06.02.0A, Seismic Activity Changes Porosity and Permeability of Faults

Seismic-induced changes to the porosity and permeability of faults at Yucca Mountain are
expected to be of low consequence to dose (SNL 2008, FEP 2.2.06.02.0A). A key line of
evidence is a sensitivity study that shows negligible effect on transport for a large range of
fracture apertures within fault zones. A factor of 10 increase in fracture aperture (factor of 1,000
in permeability) is evaluated and shown to have a minor effect. As discussed in Section 1.2.4,
the generation of new fractures by low-probability conditioned ground motion is bounded by the
sensitivity analyses reported in Features, Events, and Processes for the Total System
Performance Assessment: Analyses (SNL 2008, FEP 2.2.06.02.0B), where seismic-induced
strain is limited to existing fault-fractures. The range of aperture evaluated was selected to
accommodate fault displacement hazard for the Solitario Canyon fault with a mean annual
probability of exceedance of 10™°. Given the insensitivity of flow and transport to a wide range
of fault zone properties, the effects of ground motions from future earthquakes, even those
conditioned ground motions with low-probability, will be of low consequence with respect to
dose.

Uncertainties incorporated in the model of saturated flow are large and also expected to
accommodate any changes related to future low-probability conditioned ground motion. Even
inclusion of a high permeability zone with permeability two orders of magnitude higher than
faults in the base model results in an insignificant effect on the range of transport results
(SNL 2008, FEP 2.2.06.02.0A).

1.2.6 FEP 2.2.06.02.0B, Seismic Activity Changes Porosity and Permeability of Fractures

Seismic-induced changes to the porosity and permeability of fractures at Yucca Mountain are
expected to be of low consequence to dose based on sensitivity results (SNL 2008,
FEP 2.2.06.02.0B). Changes in fracture hydrologic properties were considered in terms of
variation in fracture aperture. A 10-fold increase in fracture aperture was considered and applied
uniformly to the unsaturated zone model domain. The range of aperture evaluated was selected
to accommodate fault displacement hazard for the Solitario Canyon fault with a mean annual
probability of exceedance of 107, As discussed in Section 1.2.4, the generation of new fractures
by low-probability conditioned ground motion is bounded by the sensitivity analyses reported in
Features, Events, and Processes for the Total System Performance Assessment: Analyses
(SNL 2008, FEP 2.2.06.02.0B), where seismic-induced strain is limited to existing fractures.
The sensitivity results indicate that such changes are no more significant than other uncertainties
(e.g., those related to infiltration) that are included in the TSPA. The transport results show that
global variations in fracture permeability have only a small effect on transport relative to other
uncertainties. Given the insensitivity of flow and transport to fracture properties in the
unsaturated zone, the effects of ground motions from future earthquakes, even those conditioned
ground motions with low-probability, will be of low consequence with respect to dose.
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With respect to fractures in the saturated zone, the scale of the flow and transport model, together
with incorporated parameter uncertainties used for the analysis, overwhelms any potential
changes in the hydrologic properties of fractures associated with future seismic activity
(SNL 2008, FEP 2.2.06.02.0B).

1.2.7 FEP 2.2.06.03.0A, Seismic Activity Alters Perched Water Zones

The presence of perched water at Yucca Mountain appears to be correlated with the presence of
zeolitically altered minerals within the Calico Hills nonwelded wunit (SNL 2008,
FEP 2.2.06.03.0A). The observed relationship of the vitric-zeolitic tuff contact and other
stratigraphic contacts of volcanic units indicates that zeolitization occurred over 10 million years
ago. The fact that perched water occurrence is strongly correlated with zeolitic lithology
indicates that the effects of ground motion do not play a significant role in the formation and
persistence of perched water. Effects of ground motion on permeability of rock, faults, and
fractures is addressed separately in FEP 2.2.06.01.0A, Seismic activity changes porosity and
permeability of rock; FEP 2.2.06.02.0A, Seismic activity changes porosity and permeability of
faults; and FEP 2.2.06.02.0B, Seismic activity changes porosity and permeability of fractures,
respectively.

1.3 RESPONSE SUMMARY

Ground motions used in postclosure dynamic analyses, in seismic consequence abstractions, and
in the TSPA, are conditioned to reflect the geologic setting of Yucca Mountain. Based on the
original ground motion conditioning work, a value for horizontal PGV of 4.07 m/s is used in
TSPA. FEP screening justifications are consistent with this level of low-probability ground
motion and the FEPs were properly excluded.

2. COMMITMENTS TO NRC
None.
3. DESCRIPTION OF PROPOSED LA CHANGE
None.
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