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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor any of their employees, nor any of their contractors,
subcontractors or their employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or any third party’s use or the results of such use of any information,
apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or
: ~otherwise, does: not ‘nécessarily. conslitute or imply its endorsement, recommendation, or favoring by the United
. "States Government or any agency thereof or its contractors or subcontractors. The views and opinions of authors
' ... _expressed herein do-notnecessarily state or reflect those of the United States Government or any agency thereof.

TDR-WIS-MD-000002 REV 00 ICN 01 June 2000



AMRs Supporting the Waste Package Degradation PMR

AMR ID Document Number
Aging and Phase Stability of Waste Package Outer Barrier W0020 { ANL-EBS-MD-000002 Rev.00
General Corrosion and Localized Corrosion of Waste Package W0035 | ANL-EBS-MD-000003 Rev.00
Outer Barrier
Abstraction of Models for Pitting and Crevice Corrosion of Drip WO0040 ANL-EBS-PA-000003 Rev.00
Shield and Waste Package Outer Barrier
Abstraction of Models of Stress Corrosion Cracking of Drip Shield | W0045 ANL-EBS-PA-000004 Rev.00
and Waste Package Outer Barrier and Hydrogen Induced
|Corros:on of Drip Shield
WAPDEG Analysis of Waste Package and Drip Shield WO0050 ANL-EBS-PA-000001 Rev.00
Degradation
|FEPs Screening of Processes and Issues in Drip Shield and W0055 ANL-EBS-PA-000002 Rev.00
Waste Package Degradation ‘
Environment on the Surfaces of the Drip Shield and Waste W0070 | ANL-EBS-MD-000001 Rev.00
Package Outer Barrier
Analysis of Mechanisms for Early Waste Package Failure WO0075 | ANL-EBS-MD-000023 Rev.01
|General Corrosion and Localized Corrosion of the Drip Shield W0085 | ANL-EBS-MD-000004 Rev.00
Stress Corrosion Cracking of the Drip Shield, the Waste Package | W0095 | ANL-EBS-MD-000005 Rev.00
OQuter Barrier and the Stainless Steel Structural Material
Hydrogen Induced Cracking of Drip Shield W0105 ANL-EBS-MD-000006 Rev.00
[Degradation of Stainless Steel Structural Material WO0115 | ANL-EBS-MD-000007 Rev.00
Abstraction of Models for Stainless Steel Structural Material w0120 ANL-EBS-PA-000005 Rev.00
Degradation
Incorporation of Uncertainty and Vanabmty of Drip Shield and W0140 | ANL-EBS-MD-000036 Rev.00

Waste Package Degradation in WAPDEG Analysis

ENCLOSURE 2




Civilian Radioactive Waste Management System
' Management & Operating Contractor

Waste Package Degradation Process Model Report

“TDR-WIS-MD-000002 REV 00 ICN 01

June 2000
Prepared by: _
N cg../ww-’\pQ/ ’] [’\/\ é’ib)cc
V. Pasupathi, PMR Lead Date
Waste Package Materials
Checked by:

&/ 4/00

M.J. Plinski Date

Approved by:
AQMM%U | - &féfen
David Stahl, Manager Date
Waste Package Materials



TDR-WIS-MD-000002 REV 00 ICN 01

June 2000



AUTHORS

Process Model Report Leads
J.C. Farmer V. Pasupathi
Process Model Report
J.C. Farmer G. Gdowski
T.E. Summers S.Lu
D.E. Shoesmith P.L. Andresen
G.M. Gordon P. Macheret
FEPs and Model Abstractions
JH. Lee K.G. Mon
B.E. Bullard
Support Sections
V. Pasupathi AM. Haghi
J.C. Farmer G.C. De

TDR-WIS-MD-000002 REV 00 ICN 01 v

June 2000



INTENTIONALLY LEFT BLANK

TDR-WIS-MD-000002 REV 00 ICN 01 vi

June 2000



CHANGE HISTORY

Revision Interim Change
Number Number (ICN) Description of Change

00 00 Initial issue

00 01 Substantive technical changes are limited to Section 3.1.7
(stress corrosion cracking) and WAPDEG Analysis
(Sections 3.2.1, 3.2.4, and 3.2.5) results. Stress threshold
and uncertainty ranges in the stress corrosion cracking
model were changed in response to DOE review
comments.

Minor changes are primarily nontechnical editorial
changes throughout the document including reference
citations and clarification statements. Changes are
designated by a change bar in the right margin.

TDR-WIS-MD-000002 REV 00 ICN 01 vii June 2000



INTENTIONALLY LEFT BLANK

TDR-WIS-MD-000002 REV 00 ICN 01 viii

June 2000



EXECUTIVE SUMMARY

A crucial element of the long-term postclosure safety strategy for the potential monitored
geologic repository at Yucca Mountain is to contain high-level radioactive waste (HLW), and to
keep that waste and its container as dry as possible. This report is one of nine Process Model
Reports (PMRs) developed to address the technical basis supporting the Total System
Performance Assessment (TSPA) model. These PMRs are supported by Analysis and Model
Reports (AMRs) that contain more detailed technical information.

The waste package (WP) is a major component of the engineered barrier system (EBS) and
contributes to isolation of HLW during the preclosure and postclosure periods. It also reduces
the uncertainties associated with performance of the repository. As a result, the integrity of the
WP and the drip shield (DS) have been designated as “Principal Factors” important to the
repository safety strategy. The WP, protected by a DS, will be subjected to degradation
processes in the repository that will eventually impact postclosure performance. Some of the
important conditions contributing to WP degradation include: humidity and temperature in the
emplacement drift; chemistry of the dripping water; and the corrosion susceptibility of the WP
materials. Eight process-level models or analyses, four abstraction models, and two engineering
calculations were developed and documented in individual AMRs or Calculations. This PMR
provides a summary of process-level and abstraction models, as well as a summary of their
utilization in the integrated WP degradation model contained in the WAPDEG code.

This report also includes discussions on the features, events, and processes (FEPs) relevant to the
performance of the WP materials. These FEPs that are deemed important to repository
performance are evaluated, either as components for the TSPA, or as separate analyses in the
AMRs.

In addition to describing the process-level and abstraction models, this PMR addresses two of the
Key Technical Issues (KTIs) in the Issue Resolution Status Report (IRSR) prepared by the U.S.
Nuclear Regulatory Commission (NRC). These issues are the Container Life and Source Term
(CLST) and the TSPA and Integration (TSPAI). Several subissues that relate directly to the WP
are discussed in this PMR, along with the approach used by the Yucca Mountain Site
Characterization Project (YMP) to meet the acceptance criteria for each of the KTIs.

This PMR also addresses relevant issues identified by other agencies and organizations,
including the Nuclear Waste Technical Review Board (NWT RB).

The integrated WP model incorporated into the WAPDEG code was used to develop the results
documented here. The analyses have shown that both the DS and WPs do not experience
significant failures within the regulatory time period (10,000 years).

The materials selected for the DS and WP outer barrier, Titanium Grade 7 and Alloy 22,
respectively are highly corrosion resistant under the repository exposure conditions. Both the DS
and WP degrade by general corrosion (GC) at very low rates. However, degradation modes such
as localized corrosion (LC) (pitting and crevice corrosion), stress corrosion cracking (SCC), and
hydrogen-induced cracking (HIC) could lead to premature failure of the WP or DS, if any
degradation is initiated. Fortunately, the selected materials appear to be immune to LC under
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repository-relevant conditions. With appropriate processing, the initiation of SCC and HIC (in l J,
the case of Titanium Grade 7) are delayed to a point where acceptable repository performance is b
achieved. To preclude SCC, post-weld stress mitigation processes will be implemented on the

closure welds of the dual-closure-lid WP. The compressive layer that is needed to preclude SCC

is produced by either one of two post-weld stress mitigation processes, laser peening or localized
induction annealing. The life of the WP is determined by the time required to remove the
mitigated layer of material at each weld by GC.
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1. INTRODUCTION

A crucial element of the long-term postclosure safety strategy for the potential monitored
geologic repository at Yucca Mountain is to contain high-level radioactive waste (HLW), and to
keep that waste and its container as dry as possible. There are several degradation processes that
could impact the performance of the engineered barrier system (EBS). The role of this PMR is
to describe one of the process-level models (Waste Package Degradation) utilized to evaluate
these degradation processes. To evaluate the postclosure performance of the monitored geologic
repository proposed for construction at Yucca Mountain, a Total System Performance
Assessment (TSPA) will be conducted. A set of nine Process Model Reports (PMRs), of which
this document is one, is being developed to summarize the technical basis for process-level
models supporting the TSPA model. These reports cover the following areas:

Integrated Site Model

Unsaturated Zone Flow and Transport
Near-Field Environment (NFE)

EBS Degradation, Flbw, and Transport
Waste Package Degradation

Waste Form Degradation

Saturated Zone Flow and Transport
Biosphere

Disruptive Events.

These PMRs are supported by several Analysis and Model Reports (AMRs) that contain more
detailed technical information. This technical information consists of data, analyses, models,
software, and other documentation necessary to defend the applicability of each model for its
intended purpose. The PMR is intended to ensure the traceability of waste package degradation
information from its various sources through the AMRs, PMRs, and eventually in TSPA.

As described in the Monitored Geologic Repository Project Description Document, the
recommended waste package design is Enhanced Design Alternative II (CRWMS M&O 1999a,
Section 1.1.2).

The Enhanced Design Alternative II (EDA 1) waste package design is the reverse of the
Viability Assessment (VA) design. In EDATII, the corrosion-resistant material protects the
underlying structural material from corrosion, while the structural material supports the thinner,
more expensive corrosion-resistant material. As shown in Figure 1-1, this design includes a
double-wall waste package (WP) made from Alloy 22 and 316 nuclear grade (NG) stainless
steel. The WP is placed underneath a protective drip shield (DS) made of a titanium-based alloy,
as shown in Figure 1.2.
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EDA II uses thermal management features (line loading, ventilation, and blending) to limit peak
temperatures of cladding, the waste package shell, and the drift wall. This produces more
uniform temperature along the drifts, and margin in meeting requirements for cladding integrity,
drift stability, and avoidance of phase instability in the waste package materials. Figure 1-2
shows a typical layout of an in-drift placement of three types of waste packages. Note that DSs
will be placed over the waste packages just before repository closure to provide protection from
dripping water and rock fall.
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Figure 1-2. A View of a Typical In-Drift Placement of Waste Packages

The purpose of this PMR is to account for the degradation of WP materials under conditions
expected at the Yucca Mountain site, which is being evaluated as a possible geologic repository
for the disposal of HLW waste. Data pertaining to WP material degradation are presented in
supporting AMRs. Functional summaries of the component models and their respective output
are provided in Section 1.4. This report was developed in accordance with the technical product
development plan Development Plan for Waste Package Degradation Process Model Report
(CRWMS M&O 1999b).

Each of the process-level models described in the Waste Package Degradation PMR accounts for
a different degradation process, all of which are integrated in the waste package degradation
code (WAPDEG) (CRWMS M&O 2000g). Each model was developed using unique
methodologies and inputs, with the determination of that model dependent on the functional
requirements of the waste package component being represented.

In January 2000, the Project modified the repository design. The changes instituted involve
removing backfill from the reference design and reorienting the drifts to minimize the impacts of
the rockfall. Preparation of this PMR and the supporting AMRs preceded this design change and

-2
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do not, therefore, include the impact of that change. However, a qualitative assessment has been
made to evaluate the effect of no backfill on the results presented in this PMR and the supporting
AMRs. AMRs impacted by the removal of the backfill include those that describe:

e Stress corrosion cracking (SCC) of the drip shield (DS), the waste package outer barrier
(WPOB) and the Stainless Steel Structural Material.

* Abstraction of Models for the SCC of DS and WPOB and hydrogen-induced cracking
(HIC) of DS.

* WAPDEG Analysis of WP and DS Degradation.

At this time, the AMR on the SCC assumes that the DS is protected by backfill from rockfall-
induced stress and therefore, no SCC. Removal of the backfill may subject the DS to localized
stress due to rockfall, thereby increasing the susceptibility to SCC. The abstraction AMR on
SCC and the WAPDEG analysis AMR are similarly affected. While a more detailed analysis is
required to quantify the impact of the design change, preliminary analyses indicate that any
stress corrosion cracks in the DS will not result in the direct dripping of water on the waste
package since it is believed that the cracks will become plugged with corrosion products. While
this cracking constitutes failure of the DS, it is expected to continue to maintain its function of
keeping the water away from the WP. These issues are planned to be addressed in the next
revisions of the specific AMRs.

In addition to the increased susceptibility to SCC, the DS may also be subjected to increased
corrosion due to rockfall-induced cold-worked regions. Preliminary review of the literature
indicates that this is not a significant issue.

It is planned to address these issues in the next versions of the AMR:s.
1.1 OBJECTIVES
1.1.1 Objectives of this Report

The objectives of this report are to document degradation models for the waste package and DS
material with specific regard to the data input methodologies used to construct the model,
uncertainties and limitations of the modeling results, and validation of the model. This report
summarizes the following:

¢ Sources of data input
* Methodologies used to construct the model components
® Modeling results, uncertainties, and limitations.

Assumptions that are specific to the individual models are listed in Chapter 3. Additional details
of model assumptions can be found in Chapter 5 of the individual AMRs.
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1.1.2 Purpose of the Analysis and Model Reports

The primary purpose of the supporting AMRSs is to provide detailed documentation of the
process-level models necessary for predicting the performance of the WP and DS materials in
environments relevant to Yucca Mountain. These models enable engineers and scientists to
predict the release of radionuclides from the WP, and their transport in the saturated and
unsaturated zones. Figure 1-3 shows the model inputs, outputs and the laboratory test
information that forms the bases for the confidence in the model results.

At the base of the model confidence foundation are the data generated from various testing
programs; then, data along with other input parameters related to the repository design and
expected environment are used in the development of degradation process models. The output
from these models are calculated lifetimes for the waste package and drip shields.

Waste Package
Degradation Model

s Early failure of waste
packages
« Alloy 22 degradation
~ (General corrosion
— Locafized comosion
* Stress Corrosion Cracking
* Dnip shield degradation
~ Generalized Corrosion
- Locatized
« Hydrogen Induced Cracking
« Stress Corrosion Cracking

Design
Temperature
Relative Humidity
Dripping
pHof Drips  INPULS

Thresholds for 9
Corrosion Initiation gegpe

. 1st Patch Penetration
Number of Patch Penetrations
OUtPUts ‘Fraction of Waste Packages Failed
o Fraction of Drip Shields Failed

" Short-and long-term
. corrosion testing
Waste package degradation modeling
" In situ corrosion testing
« Other literature data
« Field data

g Model Confidence Foundation 3

00152PD_waste_package.ai

Figure 1-3. Model Confidence Foundation
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1.2 SCOPE

The Waste Package Degradation PMR describes processes that will lead to degradation of the
waste package components within the near-field environment (NFE). Specific technical
information contained in the Waste Package Degradation PMR consists of data, analyses,
models, software, and supporting documents. This report also provides a technical basis for the
applicability of the overall integrated model for its intended purpose of evaluating postclosure
performance of the Yucca Mountain repository system.

The Waste Package Degradation PMR provides information about important factors that affect
WP and DS lifetimes. This PMR uses inputs from companion documents, including the license
application design selection (LADS) report, which describes the EDA II design and expected
temperature history for the waste package in the repository.

Chapter 2 of this PMR describes the evolution of the waste package degradation model. Details
of the individual models and analyses are provided in Chapter 3. Chapter 4 describes the
NRC IRSR, which serves as a driver for much of the work that is discussed. Acceptance criteria
and responses to these criteria are addressed in this chapter. Summary and conclusions are
provided in Chapter 5.

1.3 PRINCIPAL FACTORS AND OTHER FACTORS CONSIDERED

The magnitude of the Yucca Mountain Site Characterization Project (YMP) and the complexities
associated with both the natural and engineered barrier systems dictate that the YMP prioritize its
activities and focus on the factors most important to performance, hereafter named the Principal
Factors. The Repository Safety Strategy: U.S. Department of Energy’s Strategy to Protect
Public Health and Safety After Closure of a Yucca Mountain Repository (CRWMS M&O
2000w) has identified seven Principal Factors and twenty Other Factors of second-order
importance. The selection of the Principal Factors was based on preliminary TSPA analyses and
expert judgment, which showed that these factors significantly affect the performance of the
potential repository. The Other Factors were deemed to have minimal impact on the repository
performance in terms of dose to the accessible environment. Table 1-1 lists the seven Principal
Factors, the twenty Other Factors, and the PMRs that address each factor. Specific Principal
Factors discussed in this report are:

o Performance of the DS
e Performance of the WP barriers.

Performance of the DS is a principal factor since it represents the diversion of seepage away
from the WP. This factor defines the timing and amount of water transmitted through the DS.

Performance of the WP barriers is a principal factor for the postclosure safety case because it
defines the timing and amount of water transmitted into the WP, and thereby controls the rate of
release of radionuclides.
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Table 1-1. Principal Factors, Other Factors, and the PMRs Where Addressed

Principal Factor
{Nominal Scenario)

Process Mode! Report

Seepage into drifts

Unsaturated Zone Flow and Transpornt

Performance of the DS

Waste Package Degradation

Performance of the WP barriers

Waste Package Degradation

Solubility limits of dissolved radionuclides

Waste Form (WF) Degradation

Retardation of radionuclide migration in the
unsaturated zone

Unsaturated Zone Flow and Transport

Retardation of radionuclide migration in the saturated
zone

Saturated Zone Flow and Transport

Dilution of radionuclide concentrations during migration

Saturated Zone Flow and Transport

Other Factors
{Nominal Scenario)

Climate

Unsaturated Zone Flow and Transport

Net Infiltration into the mountain

Unsaturated Zone Flow and Transport

Unsaturated zone flow above the repository

Unsaturated Zone Flow and Transport

Coupled processes - effects on unsaturated zone flow

Unsaturated Zone Flow and Transport

Coupled processes - effects on seepage

NFE

Environments on the DS

EBS Degradation, Flow, and Transport

Environments on the waste package

EBS Degradation, Flow, and Transport

Environments within the waste package WF Degradation
CSNF WF performance WF Degradation
DHLW giass WF performance WF Degradation
DSNF, Navy fuel, Pu disposition WF performance WF Degradation
Colloid-associated radionuclide concentrations WF Degradation
In-package radionuclide transport WF Degradation

Transport through the drift invert

EBS Degradation, Fiow, and Transport

Advective pathways in the unsaturated zone

Unsaturated Zone Flow and Transport

Colioid-facilitated transport in the unsaturated zone

Unsaturated Zone Flow and Transport

Coupled processes — effects on unsaturated zone
transport

Unsaturated Zone Flow and Transport

Advective pathways in the saturated zone

Saturated Zone Flow and Transport

Colloid-facilitated transport in the saturated zone

Saturated Zone Flow and Transport

Biosphere transport and uptake

Biosphere

Factors For Disruptive Event Scenarios

To be determined; see Section 3.5 for preliminary
considerations (CRWMS M&O 2000w)

Disruptive Events
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General guidelines dictate that the YMP bound the effects of the Other Factors, when possible,
and perform analyses that are conservative. Principal Factors are to be studied and evaluated
more thoroughly, using both realistic evaluations and bounding analyses.

14 QUALITY ASSURANCE

The Quality Assurance (QA) program applies to this analysis. All types of WP designs were
classified as per Classification of Permanent Item, QAP-2-3 as Quality Level 1. This report
applies to all of the WP designs included in the Monitored Geologic Repository Classification
Analyses. Classification of the MGR Uncanistered Spent Nuclear Fuel Disposal Container
System (CRWMS M&O 1999c) is cited as an example of a waste package type. The
development of this report is conducted under the activity evaluation 1101213PM7 Waste
Package Analyses & Models - PMR (CRWMS M&O 1999d), which was prepared per QAP-2-0,
Conduct of Activities. The results of this evaluation indicate that the activity is subject to the
Quality Assurance Requirements and Description (DOE 2000) requirements.

The Waste Package Degradation PMR was prepared in accordance with AP-3.11Q, Technical
Reports, and reviewed in accordance with AP-2.14Q, Review of Technical Products. The AMRs
that support this PMR were prepared in accordance with AP-3.10Q, Analyses and Models.

The status of the data supporting this PMR is included in the supporting AMRs and in the
Document Input Reference System (DIRS) database. The data are incorporated in the Technical
Data Management System (TDMS). Data verification and qualification were carried out in
accordance with procedures AP-3.15Q, Managing Technical Product Inputs and AP-SIII.2Q,
Qualification of Ungqualified Data and the Documentation of Rationale for Accepted Data,
respectively.

No software codes were used directly in the development of this PMR. However, this report
does include the results from software codes used in the supporting AMRs.

ANSYS, Version 5.3, which is a finite element analysis code used for thermal and stress
analyses, was used to develop data cited in SCC AMR (CRWMS M&O 2000f).

pcCRACK, Version 3.1, is a fracture mechanics code used for stress intensity and crack growth
simulation analyses. This code was also used to develop data cited in the SCC AMR (CRWMS
M&O 2000f).

WAPDEG, Version 4.0, is used to determine waste package and DS failure fractions as a
function of time. Details of the use of this code are provided in the AMR on WAPDEG Analysis
(CRWMS M&O 2000g).

1.5 WASTE PACKAGE DEGRADATION PROCESS AND ABSTRACTION MODELS

The integrated model for WP and DS degradation consists of several individual process-level
and abstraction models, as well as some numerical analyses.
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In all, eight (8) process-level models, six (6) abstraction models, and two (2) engineering
calculations were developed and documented in individual AMRs or Calculations. These are
listed below.

Process-Level Model Analyses:

Analysis of Mechanisms for Early Waste Package Failure, Document Identifier
DI # ANL-EBS-MD-000023 (CRWMS M&O 2000m)

Environment on the Surface of the Drip Shield and Waste Package Outer Barrier,
DI # ANL-EBS-MD-000001 (CRWMS M&O 2000a)

Aging and Phase Stability of Waste Package Outer Barrier, DI #
ANL-EBS-MD-000002 (CRWMS M&O 2000b)

General Corrosion and Localized Corrosion of Waste Package Outer Barrier,
DI # ANL-EBS-MD-000003 (CRWMS M&O 2000c)

General Corrosion and Localized Corrosion of Drip Shield, DI #
ANL-EBS-MD-000004 (CRWMS M&O 2000d)

Stress Corrosion Cracking of the Drip Shield, the Waste Package Outer Barrier and the
Stainless Steel Structural Material, DI # ANL-EBS-MD-000005 (CRWMS
M&O 2000f)

Hydrogen Induced Cracking of Drip Shield, DI # ANL-EBS-MD-000006 (CRWMS
M&O 2000h)

Degradation of Stainless Steel Structural Material, DI # ANL-EBS-MD-000007
(CRWMS M&O 2000e)

Abstraction Models and Calculations:

WAPDEG Analysis of Waste Package and Drip Shield Degradation,
DI # ANL-EBS-PA-000001 (CRWMS M&O 2000g)

Abstraction of Models of Stress Corrosion Cracking of Drip Shield and Waste Package
Outer Barrier and HydrogenInduced Corrosion of Drip Shield, DI #
ANL-EBS-PA-000004 (CRWMS M&O 2000j)

FEPs Screening of Processes and Issues in Drip Shield and Waste Package
Degradation, DI # ANL-EBS-PA-000002 (CRWMS M&O 2000s)

Abstraction of Models for Pitting and Crevice Corrosion of Drip Shield and Waste
Package Outer Barrier, DI # ANL-EBS-PA-000003 (CRWMS M&O 2000n)

Calculation of Probability and Size of Defect Flaws in Waste Package Closure Welds to
Support WAPDEG Analysis, DI # CAL-EBS-PA-000003 (CRWMS M&O 2000k)
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e Calculation of General Corrosion Rate of Drip Shield and Waste Package Outer Barrier
to Support WAPDEG Analysis, DI # CAL-EBS-PA-000002 (CRWMS M&O 2000i)

e Abstraction of Models for Stainless Steel Structural Material Degradation,
DI # ANL-EBS-PA-000005 (CRWMS M&O 20000)

e Incorporation of Uncertainty and Variability of Drip Shield and Waste Package
Degradation in WAPDEG Analysis, DI # ANL-EBS-MD-000036 (CRWMS

M&O 2000p)

Results from the last two AMRs (CRWMS M&O 20000 and CRWMS M&O 2000p) are not
being used as input to the Waste Package Degradation Nominal Case Analysis. These two
reports are omitted as input since the stainless steel inner shell is not considered to be a corrosion
barrier. Thus, it is not assigned any performance credit. The AMR on uncertainty and
variability requires additional data to further develop the model, and will be included in the next
major revision of the PMR. For this PMR, uncertainty and variability are included in the
bounding approach used for process-level and abstraction models.

Figure 1-4 shows the elements of the integrated model, and interrelationships among the various
process-level models and the AMRs that comprise it. Related phenomena are logically grouped
in the process-level models. For example, the process-level model for general corrosion (GC)
and localized corrosion (LC) of the waste package outer barrier (WPOB) includes dry oxidation
(DOX), humid air corrosion (HAC), and expected environment on the surface. A brief overview
of each of these models is presented below. Details of the process-level and abstraction models
are presented in the AMRs and in Chapter 3.

1.5.1 Environment on the Surface of Drip Shield and Waste Package Outer Barrier

Information on the surface environment provided below is based on the parent AMR (CRWMS
M&O 20002, Section 1.2) and is discussed in greater detail in Section 3.1.3. This process-level
model addresses the evolution of the chemistry of the water film on the DS and WPOB as a
function of temperature and relative humidity (RH). The concentrations of aqueous salt
solutions that can form on the hot waste package surface are being determined experimentally
and theoretically (based upon chemical thermodynamics). These concentrations define the
medium for testing WP materials under a worst-case scenario. An example is the development
of a simulated saturated J-13 water (SSW) with an elevated boiling point (120-127°C).
Hygroscopic salts may be deposited on surfaces by seepage water and episodic water flow, as
well as by dust and aerosols entrained in ventilation air. The deliquescence point of these salts
determines the RH at which humid-air and aqueous-phase corrosion commences.

Abstracted models are developed for the evolution of environments on the exposed surfaces of
the DS and WPOB as a function of time and location within the repository. These abstracted
models are in forms that are suitable as inputs to the WAPDEG analysis and include the
uncertainty and variability of exposure conditions. Additional information on the WAPDEG
code is presented in Section 2.2.
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1.5.2 Mechanisms for Early Failures and Manufacturing Defects

Information on early failures provided below is based on the parent AMR (CRWMS
M&O 2000m, Section 6) and is described in greater detail in Section 3.1.2. This analysis
addresses the potential for early failures of the waste package due to material defects, as well as
defects from waste package fabrication processes. These fabrication processes include welding.
The probability of waste package fabrication defects, their uncertainty and variability, and the
consequences of the defects on waste package failure times (e.g., number of potential failure
sites and flaw size distribution) are discussed.

Abstracted calculations are developed for the occurrence and size distribution of defect flaws
from material and manufacturing defects in the waste package. Abstracted calculations include
uncertainty and variability of the above properties.

1.5.3 Aging and Phase Stability of Waste Package Outer Barrier

Information on aging and phase stability provided below is based on the parent AMR (CRWMS
M&O 2000b, Section 6) and is described in greater detail in Section 3.1.4. This process-level
model addresses degradation of the WPOB resulting from exposure to elevated temperatures. In
the case of Alloy 22 and related materials, such thermal histories can result in the formation of
precipitates (4, P, ©) and other undesirable phases. The precipitates can form within the
individual grains or at grain boundaries. Precipitation can cause embrittlement, thereby
increasing susceptibility to damage by rockfall and impact. Since these precipitates may be rich
in molybdenum and chromium, two of the alloying elements responsible for the high degree of
passivity of Alloy 22, aging can also result in increased susceptibility to general and LC, as well
as to SCC. The time-temperature-transformation (TTT) curve and an expression for estimating
the volume fraction of precipitates in the grain boundary (GB) have been developed for Alloy 22.
Estimates of uncertainty are made. The effect of aging on corrosion has been addressed, and has
been determined to be a corrosion enhancement factor of approximately 2.5 for the fully aged
material.

1.5.4 General Corrosion and Localized Corrosion

Information on corrosion provided below is based on three separate AMRs (CRWMS
M&O 2000c Section 6, 2000d Section 6, and 2000e Section 6) and is described in greater detail
in Sections 3.1.5 and 3.1.6. Three separate process-level models were developed to address
general corrosion and localized corrosion of the DS, WPOB, and stainless steel structural support
respectively. The current design uses Titanium Grade 7 as the DS, Alloy 22 as the WPOB, and
316NG stainless steel as the inner structural material. Each of these models includes sub-models
for DOX, HAC, GC in the aqueous phase, and LC in the aqueous phase. Note that “dry
oxidation” and “dry air oxidation” are synonymous terms. While the stainless steel structural
material is not specifically intended to be a corrosion barrier, it may affect the chemistry of water
entering the waste package and retard the rate of radionuclide release from the breached waste
package. Given the limited availability of data for 316NG stainless steel, data for 316L stainless
steel are used as representative. This is appropriate since the compositions of these two materials
are very similar, and since their susceptibilities to corrosion are known to be similar. Microbial
corrosion is addressed in the section devoted to LC (Section 3.1.6.8).
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1.54.1 Dry Oxidation

The process-level model for corrosion of the DS and WP materials includes a sub-model for
DOX. It is assumed that DOX can be treated as a type of GC, with uniform attack. The rates of
DOX are estimated as a function of temperature, to the extent possible.

1.5.4.2 Humid Air Corrosion & Vapor Phase Corrosion

The process-level model for corrosion of the DS and waste package materials accounts for humid.
air and vapor phase corrosion. These modes of corrosion are also treated as a type of GC. To
the extent possible, rates of humid air and vapor phase corrosion (VPC) are estimated as a
function of temperature.

1.5.4.3  Aqueous Phase Corrosion

The process-level model for aqueous phase comrosion (APC) of the DS and WP accounts for both
general and-localized attack. Two models for the initiation of LC are considered (Methods A
and B). In Method A, the threshold potential for localized attack of the material is determined
~ from experimentally determined cyclic polarization (CP) data obtained with relevant test
environments. These environments include simulated dilute water (SDW), simulated
concentrated water (SCW) and simulated acidic concentrated water (SAW) at 30, 60, and 90°C,
as well as SSW at 100 and 120°C. The compositions of SDW and SAW are 10X and 1,000X
concentrations of J-13 well water, respectively. More recently, basic saturated water (BSW) has
been included in the set of standard test media. Published rates for LC are invoked when the
expected open circuit corrosion potential exceeds the threshold potential. Since pitting has not
been observed in laboratory experiments at LLNL, the primary mode of LC is expected to be
crevice corrosion. If the threshold for LC is not exceeded, it is assumed that the mode of attack
is GC. GC rates are estimated from various sources of available test data, including weight loss
measurements from the Long Term Corrosion Test Facility (LTCTF). .In Method B, a threshold
temperature for localized attack at the open circuit corrosion potential is determined from
published literature data or from tests at elevated temperature and pressure. The same rates of
LC are used in Method B as used in Method A. This APC model will be applied to each unit
area of the WP exterior surface. '

Abstracted models have been developed to account for GC of the DS and WP materials. These
abstractions are very similar to the process-level models. The abstracted models include
thresholds for initiation of various modes of corrosion, as well as the corresponding rates of
penetration. The abstracted models are in forms that are suitable for input to the WAPDEG
analysis. The RH threshold for initiation of HAC and APC are included, as well as the
electrochemical potential for initiation of localized attack during APC. In the case of the DS and
WPOB, distributions of GC rates are based upon data from the LTCTF, while published data are
used as the basis of estimating LC rates. Both general and localized corrosion rates of 316NG
stainless steel are based upon published data. Estimates of the uncertainty and variability of each
quantity are provided. When LC occurs, it is assumed to occur over an entire WAPDEG patch
(element).

TDR-WIS-MD-000002 REV 00 ICN 01 1-13 June 2000



1.5.5 Stress Corrosion Cracking

The process-level model for the SCC is documented in.the corresponding AMR (CRWMS
M&O 2000f, Section 6) and is described more fully in Section 3.1.7. SCC of materials may
occur when an appropriate combination of material susceptibility, tensile stress and environment
are present. This process-level model accounts for the possibility of SCC of the DS, the WPOB,
and the stainless steel structural material. This model also evaluates two alternative methods:
Method A which is based on threshold stress intensity factor criterion for initiation of SCC (X >
Kisco); and Method B which is based upon a threshold stress and a finite rate of SCC
propagation. The rate of SCC propagation is dependent upon the local environment and the
stress intensity factor at the crack tip. The stresses for initiation and propagation of SCC are due
to unannealed closure welds, deformation caused by rock fall, and the weight of the WP. This
particular analysis requires appropriate stress analysis models and measurements for calculation
of the through-wall stress distribution for representative cross sections of the WP, including
unwelded base metal and unannealed welds. This stress distribution is used to calculate a
corresponding stress intensity factor distribution for flaws that range in size from zero to the
entire thickness of the wall including the welded region. This stress intensity factor distribution
is used as input for both Methods A and B. In Method A, SCC initiates at pre-existing flaws that
develop during fabrication of the waste package, or at flaws that develop during LC. Values of
Kiscc are based upon data published in the technical and scientific literature, or measurements
made with the double cantilever and compact tensions beam techniques. In Method B, SCC is
initiated if the threshold stress is exceeded on a smooth surface. Then, the SCC propagation rate
is calculated as a function of local environment and stress intensity factor. The time-to-failure is
determined by integrating the calculated propagation rate. As previously discussed, relevant test
environments include SDW, SCW, and SAW at 30, 60, and 90°C, SSW at 100 and 120°C, and
BSW at 110°C.

Abstracted models have been developed for SCC of the WPOB (Alloy 22). These abstracted
models include: (1) a threshold stress for initiation; (2) a crack growth rate as a function of stress
and local exposure conditions, including temperature; (3)crack density; and (4)crack
morphology. Crack morphology includes a description of the size of openings. The abstracted
models are in a form that is suitable for input to the WAPDEG analysis, and include the
uncertainty and vanability of the above processes.

Post-weld stress mitigation techniques are being employed to delay the initiation of SCC. The
techniques under consideration include laser peening and localized induction annealing. These
processes are accounted for in the model presented here.

1.5.6 Hydrogen-Induced Cracking of Drip Shield

This process-level model establishes the conditions under which the DS (Titanium Grade 7) will
experience hydrogen uptake, thereby leading to the threat of hydrogen embrittlement and
hydrogen-induced cracking (HIC). This mode of failure is not believed to be a credible threat to
Alloy 22 and has been, excluded as shown in Section 1.6 below. This is based on the design,
which includes backfill, and the rate of hydrogen pick up is very low. HIC may be a greater
threat without backfill, since the titanium DS can be galvanically coupled to carbon steel rock
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bolts and mesh. Analysis of the galvanic effects and hydrogen pick up is planned to be included
in the next version of the AMR.

1.6 SCREENING OF FEATURES, EVENTS, AND PROCESSES

The initial set of features, events and processes (FEPs) has been developed for the YMP TSPA
by combining lists of FEPs identified as relevant to the YMP. This combined list consists of
1,261 FEP entries from the Nuclear Energy Agency working group, 292 FEPs from YMP
literature and site studies, and 82 FEPs identified during YMP project staff workshops. The
FEPs have been identified by a variety of methods including expert judgement, informal
clicitation, event tree analysis, stakeholder review, and regulatory stipulation. All potentially
relevant FEPs have been included, regardless of origin. The compilation included FEP entries
mentioned above and 151 layers, categories and headings. It resulted in a FEP list of 1786
entries. This approach has led to considerable redundancy in the FEP list, because the same
FEPs are frequently identified by multiple sources, but it also ensures that a comprehensive
review of narrowly defined FEPs will be performed.

Each FEP has been classified as either a Primary or Secondary FEP. The classification resulted
in the identification of 310 Primary FEPs. Primary FEPs are those for which detailed screening
arguments are developed. The classification and description of Primary FEPs strives to capture
the essence of all the Secondary FEPs that map to the primary. Secondary FEPs are either FEPs
that are completely redundant or that can be aggregated into a single Primary FEP. The Primary
FEPs have been assigned to associated PMRs. The assignments were based on the nature of the
FEPs so that the analysis and resolution for screening decisions reside with the subject-matter
experts in the relevant disciplines. The resolution of other system-level FEPs are documented in
AMRs prepared by the responsible PMR groups. This section summarizes the screening
decisions associated with the FEPs for the waste package and DS PMR group. Details of the
screening processes are documented in the associated AMR.

The scope of the FEPs screening is to identify the treatment of the Primary FEPs affecting waste
package and DS degradation. The FEPs that are deemed potentially important to repository
performance are evaluated, either as components for the TSPA or as separate analyses in the
AMR. The scope for this activity involves the following two tasks:

Task 1: Identify FEPs that are considered explicitly in the TSPA (called included FEPs) and the
AMRSs in which these FEPs are addressed

Task 2: Identify FEPs not included in TSPA (called excluded FEPs) and provide justification
for why these FEPs do not need to be a part of the TSPA model.

Of the original list of FEPs, twenty-eight have been identified as Primary FEPs in relationship to
waste package and DS degradation. The approach used for this analysis is a combination of
qualitative and quantitative screening. The analyses are based on the criteria provided by the
NRC in the proposed 10 CFR Part 63 (Dyer 1999) and by the U.S. Environmental Protection
Agency in the proposed 40 CFR Part 197 (64 FR 46976) to determine whether or not each FEP
should be included in the TSPA. For FEPs that are excluded from the TSPA based on NRC or
U.S. Environmental Protection Agency criteria, the screening argument includes a summary of
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the basis and results that indicate either low probability or low consequence. As appropriate,
screening arguments cite work performed outside this activity, such as in other AMRs. For FEPs
that are included in the TSPA, the TSPA disposition includes a reference to the AMR that
describes how the FEP has been incorporated in the process models or the TSPA abstraction
models.

The FEPs screening analysis results for the twenty-eight Primary FEPs relevant to waste package
and DS degradation processes are summarized in Table 1-2. This table shows the FEP number,
FEP name, screening decision (include/exclude), and a synopsis of the screening argument.
Details of the screening processes and arguments are planned to be included in the next revision
of the FEPs AMR.

1.7 RELATIONSHIP TO OTHER PROCESS MODEL REPORTS AND DOCUMENTS

This PMR provides information about important factors affecting waste package lifetime such as
the thermal, hydrologic, and geochemical processes acting on the waste package surface. The
PMR uses inputs from other documents such as LADS report (EDA II design) and thermal
analyses. The emphasis of the discussion of model inputs and outputs is on information needed
for the assessment of postclosure performance. The waste package degradation PMR supports
the TSPA and other major Project milestones, such as the Site Recommendation (SR) and the
License Application (LA). '

While the scope of this PMR is to address degradation of the WP and the DS, other PMRs (such
as the EBS PMR) address other aspects of DS and EBS component performance.
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Table 1-2. Primary FEP Summary for Waste Package and Drip Shield Degradation

FEP Number

FEP Title

Screening
Decision

Reason for include/Exclude Decision

1.1.03.01.00

Error in waste or
backfill
emplacement

Exclude

Exclude based on low probability constrained by the design
requirements. The design requirements assume that the repository
will be constructed, operated, and closed according to the regulatory
requirements applicable to the construction, operation, and closure
period and that deviations from design will be detected and
corrected. Details of the basis will be documented in the next
revision of FEPs AMR.

1.2.02.03.00

Fault movement
shears waste
container

Exclude

Exciude based on Low probability. Detailed description of the basis
for the screening decision is given in the Disruptive Events FEPs
AMR (CRWMS M&O 2000v).

1.2.03.02.00

Seismic vibration
causes container
failure

Exclude

Exclude based on iow consequence constrained by the design
requirements of WP and DS. This FEP was originally directed at
vertical emplacement of containers in boreholes. The cument design
is to place large containers horizontally in the drifts with drip shield
and backill over the drip shield. This design removes the possibility
of container-rock wall contact due to seismic activity. In addition,
preliminary analyses indicate that even under most severe seismic
vibration, the WP will not undergo failure. Details of the basis will be
documented in the next revision of FEPs AMR. For the DS, the
design criteria require that the DS be designed to withstand a
Category 2 design basis earthquake without rupturing or parting
between individual DS units and without contacting waste packages
(CRWMS M&O 2000t, System Design Criteria 1.2.1.16 and 1.2.1.17),
This FEP is aiso addressed in the Disruptive Events FEPs AMR
(CRWMS M&O 2000v).

This FEP addresses CLST KT1 IRSR Subissues 2 and 6 (see
Table 4-1).

1.2.04.04.00

Magma interacts
with waste

Include

Magma interactions with the waste are included in the TSPA as part
of disruptive events analyses. This FEP is addressed in the
Disruptive Events FEPs AMR (CRWMS M&O 2000v).

This FEP addresses CLST KT1 IRSR Subissues 2 (see Table 4-1).

2.1.03.01.00

Corrosion of waste
containers

Incluge

Corrosion is the most likely process leading to degradation and
failure of WPs and DSs in the repository. All significant corrosion
modes are included in WP/DS corrosion modeling. These include
dry-air oxidation, humid-air corrosion, and aqueous corrosion
processes such as general corrosion, localized (pitting and crevice)
corrosion, stress corrosion cracking, hydrogen-induced corrosion,
and microbiologically influenced corrosion. WP/DS corrosion is
modeled with the Waste Package Degradation computer code
(WAPDEG) (CRWMS M&O 1999¢). WAPDEG produces waste
package/drip shield degradation profiles consisting of the fraction of
waste packages/drip shields failed versus time and the average (per
failed waste package/drip shietd) number of penetration openings
versus time. The degradation profiles are used as input into the
TSPA model.

This FEP is the subject of this PMR and addressed in Sections 3.1
and 3.2. This FEP addresses CLST KTt IRSR Subissues 1,2 and &
(see Table 4-1).
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Table 1-2. Primary FEP Summary for Waste Package and Drip Shield Degradation (Continued)

FEP Number

FEP Title

Screening
Decision

Reason for Include/Exclude Decision

2.1.03.02.00

Stress corrosion
cracking of waste
containers

Include for WP;
Exclude for DS

Include for waste package. Because, among other exposure
condition parameters, tensile stress is required to initiate stress
corrosion cracking (SCC), and the WP closure welds are the only
places with such tensile stresses, only the WP closure welds are
considered for SCC (CRWMS M&0O 2000f). The other fabrication
welds of the WP will be fully annealed before waste is loaded into the
disposal containers, and thus are not subject to SCC. WP SCCis
modeled with the WP Degradation (WAPDEG) computer code
(CRWMS M&O 1999%¢). The degradation profiles are used as input
into the TSPA model (see FEP 2.1.03.01.00).

Exciude for drip shield based on low consequence. All fabrication
welds of the drip shield will be fully annealed before placed in the
emplacement drift, and thus are not subject to SCC. Also, the major
sources of stresses in the drip shield induced by backfill and
earthquakes are not significant for SCC (CRWMS M&O 2000f,
Section 5, Assumption 1). Additionally, even if it occurs, the SCC
cracks in the drip shield, which are likely “tight” openings and filled
with corrosion products and/or other precipitates, is not expected to
compromise significantly the intended function of the drip shield (i.e.,
preventing the dripping water from contacting the waste package).

This FEP is addressed in Section 3.1.7. This FEP addresses CLST
KT1 IRSR Subissues 1 and 2 (see Table 4-1).

2.1.03.03.00

Pitting of waste
containers

Include

Localized (pitting and crevice) corrosion is one of a number of
potential corrosion mechanisms that could lead to eventual
compromise of WPs and/or DSs in the repository. As discussed in
detail in the companion abstraction AMR, localized corrosion of WP
outer barrier (Alioy 22) and DS is not likely to occur under repository-
relevant exposure conditions (CRWMS M&O 2000n). Localized
corrosion initiation and propagation models are included in TSPA as
part of WP degradation analysis. Waste container localized
corrosion is modeled with the Waste Package Degradation
(WAPDEG) computer code (CRWMS M&O 1999e). The degradation
profiles are used as input into the TSPA mode! (see FEP
2.1.03.01.00).

This FEP is addressed in Section 3.1.7. This FEP addresses CLST
KTl IRSR Subissues 1 and 2 (see Table 4-1).

2.1.03.04.00

Hydride cracking of
waste containers

Exclude for DS;
Exclude for WP

Exciude for drip shield based on low consequence. Hydrogen-
induced cracking (HIC) of drip shield is a potential degradation
mechanism that could cause catastrophic failure of drip shield if the
hydrogen uptake in the titanium drip shield is greater than the critical
hydrogen concentration (CRWMS M&O 2000h). in the repository
design of backfill placed over the drip shield, crevice corrosion and
passive general corrosion of the drip shield are two feasible
processes in the repository that could lead HIC failure of the drip
shield. Because the drip shield will not be subject to crevice
corrosion under the exposure conditions anticipated in the repository
(CRWMS M&O 2000n), general corrosion is the only mechanism that
could cause HIC in the drip shield. Bounding analyses have shown
that the time that the hydrogen uptake concentration reaches the
critical hydrogen concentration under the exposure conditions
anticipated in the repository (CRWMS M&O 2000h) is greater than
the time required to initiate the drip shield breach by general
corrosion (about 20,000 years) (see Section 3.2.5). Therefore, HIC
is not a limiting degradation process that could affect the drip shield
performance in the repository, and is excluded based on low
consequence.
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Table 1-2. Primary FEP Summary for Waste Package and Drip Shield Degradation (Continued)

FEP Number

FEP Title

Screening
Decision

Reason for Include/Exclude Decision

2.1.03.04.00
(Cont'd)

Hydride cracking of
waste containers

Exclude for DS;
Exclude for WP

Exclude for waste package based on low probability. HIC of the
waste container outer barrier (Alloy 22) is not considered a possible
degradation mechanism under repository-relevant exposure
conditions. Handbook data (ASM Intemational 1987, pp. 650-651)
indicate that fully annealed nickel-base alloys such as Alloy 22 may
be immune to hydrogen-induced embritiement (hydride cracking).
The susceptibility to hydride cracking may be enhanced only when
the strength level of this alloy is increased either by cold working or
by aging at a temperature of 540°C at which ordering and/or grain-
boundary segregation can occur. The susceptibility to cracking will be
reduced with decreasing strength level and correspondingly with
increasing aging temperature. However, since the waste package
temperature will be sufficiently less than 540°C, the possibility of HIC
in Alloy 22 will be very remote. Details of the basis will be
documented in the next revision-of FEPs AMR. Therefore, this FEP
for the waste package outer barrier is excluded on the basis of low
probability.

This FEP is addressed in Section 3.1.8. This FEP addresses CLST
KT1 1IRSR Subissue 1 (see Table 4-1).

© 2.1.03.05.00

Microbially-
mediated corrosion
of waste container

include for WP;
Exclude for DS

Inciude for waste package. Microbiologically influenced corrosion
(MIC) is included in TSPA as part of waste package degradation
analysis. The potential effect of MIC on waste container corrosion is
analyzed with an enhancement factor approach, assuming MIC
increases corrosion penetration rate. In this approach, the abiotic
corrosion rate is multiplied by the enhancement factor when the
exposure conditions in the emplacement drift warrant significant
microbial activity (CRWMS M&O 2000c). Waste container
microbiologically influenced corrosion is modeled with the Waste
Package Degradation (WAPDEG) computer code (CRWMS M&O
1999e). The degradation profiles are used as input into the TSPA
model (see FEP 2.1.03.01.00).

Exclude for drip shield based on low conseguence. Quantitative data
on MIC of drip shield materials such as titanium (Ti) Grades 7 and 16
are not available from the literature. It is considered that the
candidate titanium alloy is immune to MIC (CRWMS M&0O 2000s).
The MIC is excluded for the drip shield (Ti- Grade 7) corrosion
modeling in the process mode! analysis (CRWMS M&O 2000d).

This FEP is addressed in Sections 3.1.5 and 3.1.6. This FEP
addresses CLST KT1 IRSR Subissue 1 (see Table 4-1).

2.1.03.06.00

Intemal corrosion
of waste container

Exclude

Exclude based on low consequence. The waste container could be
corrosively attacked from inside if corrosive condition exists in the
inside. After being loaded with waste, the waste containers are to be
filled with the inert gas (helium) prior to the closure, displacing water
and oxygen inside the container. The helium gas-filled condition will
provide an inert environment inside the container, and will maintain
the environment for insignificantly low corrosion rates. Prior to the
breach of the containers, there should be no or minimum corrosion
because of the inert envircnment inside the container. The most
likely cause of any possible intemal corrosion is the residual moisture
remaining in the waste package at the time of emplacement. The
potential source of this moisture is believed to be primarily
waterlogged failed fuel rods. Analyses have indicated that the
amount of moisture available to cause intemal corrosion is very
limited and even with very conservative assumptions, the potential
for degradation of the container materials is very remote (CRWMS
M&O 2000s).
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Table 1-2. Primary FEP Summary for Waste Package and Drip Shield Degradation (Continued)

FEP Number

FEP Title

Screening
Decision

Reason for Include/Exclude Decision

2.1.03.07.00

Mechanical impact
of waste container

Exclude

Excluded based on low consequence constrained by the design
requirements. Mechanical damage of the waste container and drip
shield by rockfall is discussed in greater detail under FEP
2.1.07.01.00 — Rockfall (large block). Additionally, the Emplacement
Drift System design criteria require that the drip shield be designed to

. withstand a 13 metric tons rock falling onto the top of the backfill

without rupturing the drip shield or parting between individuat drip
shield units and without contacting waste packages (CRWMS M&O
2000t, System Design Criteria 1.2.1.14 and 1.2.1.15). In view of the
above rationale, this FEP is excluded based on low consequence.

Mechanical damage of the waste container and drip shield by ground
motion during seismic events is discussed in greater detail under
FEP 1.2.03.02.00 — Seismic Vibration Causes Waste Container and
Drip Shield Failure. In addition, the Emplacement Drift System
design criteria require that the drip shield be designed to withstand a
Category 2 design basis earthquake without rupturing or parting
between individual drip shield units and without contacting waste
packages (CRWMS M&O 2000t, System Design Criteria 1.2.1.16
and 1.2.1.17). In view of the above rationale, this FEP is excluded
based on low consequence.

A calculation of the maximum stresses developed in the waste
package due to internal pressurization as a result of fuel rod rupture
at 400°C is less than the ASME code (ASME 1995, Section ll);
requirements for the allowable tensile strength (CRWMS M&O
2000x, Table 6-3). Therefore, with the current robust waste
container design, the pressurization of the intemal gas under the
expected repository condition would not cause mechanical damage
to the waste container. in general, corrosion products have greater
volume than the bare metal. When the corrosion products form in a
tightly confined space, the volume increase by the corrosion products
generates swelling pressure to the surrounding and thus could cause
mechanical damage to the surrounding. In the current design of
waste package and engineered barrier system in the emplacement
drift, there is no possibility of forming such a tightly confined space
such that the swelling corrosion products could cause mechanical
damage to the Altoy 22 outer barrier. Therefore, mechanical
damages by intemal gas pressure and swelling corrosion products
are excluded based on low consequence.

This FEP addresses CLST KT1 IRSR Subissue 2 (see Table 4-1).

2.1.03.08.00

Juvenile and early
failure of waste
containers

. Inciude/exciude
for WP; Exciude
for DS

Include manufacturing and welding defects in waste container
degradation analysis. The major effect of pre-existing manufacturing
defects is to provide sites for crack growth by stress corrosion
cracking (SCC), potentially leading to an early failure. Among other
exposure condition parameters, tensile stress is required to initiate
SCC (CRWMS M&O 2000f). Effect of manutacturing and welding
defects on waste container failure is addressed by including the
defect flaws in SCC analysis (CRWMS M&O 2000g). As discussed
in FEP 2.1.03.02.00, only the closure welds are considered for SCC.
Accordingly, the defects in the closure welds will be considered in
TSPA analysis through the SCC analysis.

Exclude manufacturing and welding defects in drip shield
degradation based on low consequence. Because all the fabrication
welds in drip shieids will be fully annealed before placement in the
emplacement drift, drip shields are not subject to SCC (CRWMS
M&O 2000f). Also, other sources of stresses in the drip shield
induced by backfill and earthquakes are insignificant to SCC
(CRWMS M&O 20001, Section 5, Assumption 1). Thus
manufacturing defects in drip shield are exciuded from TSPA
analysis based on low consequence.
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Table 1-2. Primary FEP Summary for Waste Package and Drip Shield Degradation (Continued)

FEP Number

FEP Title

Screening
Decision

Reason for Include/Exciude Decision

2.1.03.08.00
{Cont'd)

Juvenile and early
failure of waste
containers

Include/exclude
for WP; Exclude
for DS

Exclude potential eariy failure of waste container and drip shield from
improper quality control during the emplacement based on low
probability. After emplacement the waste containers and drip shields
will be inspected. I there is any damage, they would be retrieved
(CRWMS M&O 1998b). Thus, the probability of having potential early
failure of waste container and drip shield from improper quality
control during the emplacement will be extremely small and is
excluded from the TSPA analysis based on low probability.

This FEP is addressed in Sections 3.1.2, 3.1.7, 3.2.3, and 3.2.4.
This FEP addresses CLST KT1 IRSR Subissues 1 and 2 (see
Table 4-1).

2.1.03.09.00

Copper corrosion

Exciude

Exclude based on low probability. Copper is not considered for use
as an engineered barrier at Yucca Mountain, and thus this FEP is not
considered relevant for the Yucca Mountain TSPA. There will be
zero probability to have a copper waste container in the repository.

2.1.03.10.00

Container healing

Exclude

Exclude based on low consequence. Plugging (or healing) of
corrosion holes or pits in waste container by corrosion products and
mineral precipitates is a potentially possible process in the repository.
However, there are large uncertainties associated with the
quantification of the effect of the process on water flow and
radionuclide transport through the openings. Because of this,
potential performance credit from the plugging (or healing) of the
corosion penetration openings are not taken into account in TSPA
analysis. This FEP is not applicable to waste container corrosion.

2.1.03.11.00

Container form

Exclude

Exclude based on low consequence. The waste package/drip
shield/repository design has been standardized for the Yucca
Mountain Project (CRWMS M&O 1999a). While there is more than
one waste package design expected to be used in the proposed
repository, they are all similar in their design, the fabrication
methodology used, and their dimensions (CRWMS M&O 2000u,

p. 1). Therefore, there will be little variation in strength, dimensions,
and shape of the waste packages used in the proposed repository.
Effects of different waste forms (CSNF, DSNF, and DHLW) on heat
dissipation and physical and chemical conditions in the vicinity the
waste packages are indirectly included in the TSPA analysis through
different thermal-hydrologic-geochemical responses and their
impacts on corrosion processes. Waste package and drip shield
degradation modes are modeled with the Waste Package
Degradation computer code (WAPDEG) (CRWMS M&O 1989,
2000g). The WAPDEG code makes use of thermal-hydrologic-
geochemical “time histories” for a given simulation, which encompass
the variability in exposure conditions that are due in part to different
“container forms.”

2.1.03.12.00

Container failure
{tong term)

include

Long-term corrosion degradation and failure of waste containers and
drip shields in the repository are included in TSPA as part of waste
package degradation analysis. The analysis accounts for the major
degradation mechanisms and processes that are likely in the
repository. The waste container and drip shield corrosion are
modeled with the Waste Package Degradation computer code
(WAPDEG) (CRWMS M&O 1999e, 2000g). WAPDEG produces
waste package degradation profiles consisting of the fraction of
waste packages/drip shields failed versus time and the average (per
tailed waste package/drip shield) number of penetration openings
versus time. The degradation profiles are used as input into the
TSPA model.

This FEP is the subject of this PMR and addressed in Sections 3.1
and 3.2. This FEP addresses CLST KT! IRSR Subissues 1,2 and &
(see Table 4-1).
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Table 1-2. Primary FEP Summary for Waste Package and Drip Shield Degradation (Continued)

FEP Number

FEP Title

Screening
Decision

.

‘Reason for Include/Exclude Decision

2.1.06.06.00

Effects and
degradation of DS

Include/exclude

Include physical and chemical degradation processes in drip shield
degradation. Physical and chemical degradation processes for the
drip shield are included in TSPA as part of waste package and drip
shield degradation analyses. The analyses accounts for the major
degradation mechanisms and processes that are likely in the
repository (CRWMS M&O 2000g; also see Section 3.2.5). This
includes corrosion-induced and other degradation and failure
processes. The waste container and drip shield degradation are
modeled with the Waste Package Degradation computer code
(WAPDEG) (CRWMS M&O 1999¢, 2000g). The degradation profiles
are used as input into the TSPA model (see FEP 2.1.03.01.00). In
addition, the model is designed to account for the effect on the drip
shield of non-corrosion degradation processes such as rockfall or
seismic motion. These effects are considered for both the intact and
degraded states of the drip shield.

Exclude rockfall in drip shield degradation based on low
consequence. Mechanical damage of the drip shield by rockfall is
discussed in greater detail under FEP 2.1.07.01.00 — Rockfall {large
block). In addition, the Emplacement Drift System design criteria
require that the drip shield be designed to withstand a 13 metric tons
rock falling onto the top of the backfill without rupturing the drip shieid
or parting between individual drip shield units and without contacting
waste packages (CRWMS M&O 2000t, System Design Criteria
1.2.1.14 and 1.2.1.15). In view of the above rationale, this FEP is
exciuded based on low consequence.

Exclude ground motion in drip shield degradation based on low
consequence. Mechanical damage of the drip shield by ground
motion during seismic events is discussed in greater detail under
FEP 1.2.03.02.00 — Seismic Vibration Causes Waste Container and
Drip Shield Failure. In addition, the Emplacement Drift System
design criteria require that the drip shield be designed to withstand a
Category 2 design basis earthquake without rupturing the drip shield
or parting between individual drip shield units and without contacting
waste packages (CRWMS M&O 2000t, System Design Criteria
1.2.1.16 and 1.2.1.17). In view of the above rationale, this FEP is
excluded based on low consequence.

This FEP is addressed in Sections 3.1.3, 3.1.5, 3.1.6, 3.1.8, and
3.2.5. This FEP addresses CLST KTI IRSR Subissues 1 and 2 (see
Table 4-1).

2.1.06.07.00

Effects of material
interfaces

Inciude

Waste container and drip shield corrosion degradation analysis
includes the effects of material interfaces in the repository. The
thermal-hydrologic-geochemical condition analyses in the repository

.include effects of materials present in the emplacement drift,

including waste package, drip shield and backfill. The corrosion
degradation analysis includes effect on corrosion processes of
backfill grave!l contacting the drip shield and waste container
(CRWMS M&O 2000g).

This FEP is addressed in Sections 3.1.3, 3.1.5, 3.1.6, and 3.2.5.
This FEP addresses CLST KT! IRSR Subissue 1 (see Table 4-1).

2.1.07.01.00

Rockfali (large
block)

Exclude

Exclude based on low consequence. This FEP is also addressed in
the Disruptive Events FEPs AMR (CRWMS M&O 2000v) and
excluded based on low consequence. The Emplacement Drift
System design criteria require that the drip shield be designed to
withstand a 13 metric tons rock falling onto the top of the backfill
without rupturing the drip shield or parting between individual drip
shield units and without contacting waste packages (CRWMS M&O
2000t, System Design Criteria 1.2.1.14 and 1.2.1.15). In view of the
above rationale, this FEP is excluded based on fow consequence.

This FEP addresses CLST KT! IRSR Subissue 2 (see Tabie 4-1).
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Table 1-2. Primary FEP Summary for Waste Package and Drib Shield Degradation (Continued)

FEP Number

FEP Title

Screening
Decision

Reason for Include/Exclude Decision

2.1.07.05.00

Creeping of
metallic materials
in the EBS

Exclude

Exclude based on low consequence. Creep data were not found for
Alloy 22 (ASTM B 575 N06022) or Titanium Grade 7. Screening
argument is developed using the creep data for Alloy 625 (ASTM B
443 - 93e1.1995) whose composition is very similar to Alloy 22.
Creep data for Alloy 625 are reported for temperatures of 1200°F
(650°C) and higher (Haynes intemational 1983, p. 5). This
temperature is well above the expected temperatures for repository
operations. At the repository temperatures, the rate of creep is
expected to be very low, because the stresses required to cause
creep are not present (CRWMS M&O 2000s).

This FEP addresses CLST KTl IRSR Subissue 2 (see Table 4-1).

2.1.09.03.00

Volume increase of
corrosion products

Exclude

Exclude based on low conseguence. For the waste package and
EBS emplacement design considered for the repository, the volume
increase by corrosion products from the comroding materials in the
emplacement drift is not expected to affect the stress state of drip
shields or waste containers, or other EBS materials in the drift.
Therefore, this FEP is excluded based on low consequence. In
addition, FEP 2.1.03.07.00 — Mechanical Impact on the Waste
Container and Drip Shield also deals with corrosion products,
namely, the intemal and external forces caused by swelling. This
portion of the FEP is also excluded.

This FEP addresses CLST KT1 IRSR Subissue 2 (see Table 4-1).

2.1.09.08.00

Electrochemical
effects in waste
and EBS

Exclude

Exclude based on low consequence. Electrochemical reactions
between the materials in the emplacement drift could establish an
electrical field within the drift. Both the Titanium Grade 7 used for the
drip shield and Alloy 22 for the waste-container outer barrier are
highly corrosion resistant. Thus significant perturbations to the
electrochemical system in the drift are required to increase corrosion
potential of the materials and to affect their corrosion behaviors
{CRWMS M&O 2000c, 2000d). in the current design of the
engineered barrier system in the emplacement drift, the potential
electrical fields that could be set up in the drift is not expected to be
large enough to induce unexpected corrosion behaviors of the drip
shield or the waste-container outer barrier. Therefore, this FEP is
excluded on the basis of low consequence.

2.1.10.01.00

Biologica! activity in
waste and EBS

Include for WP;
Exclude for DS

Include for waste package. Microbes can influence the initiation and
rate of waste container corrosion. Alloy 22 (waste container outer
barrier material) could be subject to microbiologically influenced
corrosion (MIC) depending on the microbial activity in the repository.
MIC is included in TSPA as part of waste package degradation
analysis. The potential effect of MIC on waste container corrosion is
analyzed with an enhancement factor approach, assuming MIC
increases corrosion penetration rate. In this approach, the abiotic
corrosion rate is multiplied by the enhancement factor when the
exposure conditions in the emplacement drift warrant significant
microbial activity (CRWMS M&O 2000c). Waste container MIC is
modeled with the Waste Package Degradation (WAPDEG) computer
code (CRWMS M&O 1999e, 2000g). The degradation profiles are
used as input into the TSPA model (see FEP 2.1.03.01.00}).

Exclude for drip shield based on low consequence. Quantitative data
on MIC of drip shield materials such as titanium (Ti) Grades 7 and 16
are not available from the literature. It is considered that the
candidate titanium alloy is immune to MIC (CRWMS M&O 2000s).
The MIC is excluded for the drip shield (Ti- Grade 7) corrosion
modeling in the process model analysis (CRWMS M&O 2000d).
Therefore, this FEP is excluded for drip shield based on low
consequence.

This FEP is addressed in Sections 3.1.5 and 3.1.6. This FEP
addresses CLST KTI IRSR Subissue 1 (see Table 4-1).
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Table 1-2. Primary FEP Summary for Waste Package and Drip Shield Degradation (Continued)

FEP Number

FEP Title

Screening
Decision

Reason for Include/Exclude Decision

2.1.11.05.00

Differing thermal
expansion of
repository
components

Exclude

Exclude based on low consequence. The current drift design
minimizes the thermal gradient and temperatures where differential
expansion occurs (due to differences in component/rock properties)
will not be reached. To mitigate any possibility of thermal stresses as
a result of differing thermal expansion coefficients of the waste
package materials, the waste package barriers will be constructed
with a gap up to 4 mm between the outer barrier (Alloy 22) and inner
barrier (316 NG stainless steel) (CRWMS M&O 2000s). Therefore,
this FEP is excluded based on low consequence.

This FEP addresses CLST KTl IRSR Subissue 2 (see Table 4-1).

2.1.11.06.00

Themal
sensitization of
waste containers
increases fragility

Inciude

Alloy 22 is known to be subject to “aging” and phase instability when
exposed to elevated temperatures. The processes involve
precipitation of different secondary phases and restructuring of the
microstructure. The affected material exhibits increased brittleness
and decreased resistance to corrosion, especially to localized
corrosion and stress corrosion cracking (SCC) (CRWMS M&O
2000b). Preliminary testing resuits have shown that the waste
container outer barrier (Alloy 22) could be subject to aging and phase
instability under repository thermal conditions (CRWMS M&O
2000b). Effects of potential thermal sensitization of the waste
package outer barrier are included in TSPA as part of waste package
degradation analysis. The effects are accounted for with a corrosion
enhancement factor that is applied to the cormrosion rate for the non-
affected condition (CRWMS M&O 2000c). The waste container
thermally induced corrosion mechanisms are modeled with the
Waste Package Degradation (WAPDEG) computer code (CRWMS
MS&O 1999¢, 2000g). The degradation profiles are used as input into
the TSPA model (see FEP 2.1.03.01.00).

This FEP is addressed in Sections 3.1.4, 3.1.5 and 3.1.6. This FEP
addresses CLST KT1 IRSR Subissues 1 and 2 (see Table 4-1).

2.1.12.13.00

Gas generation
(H2) from metal
corrosion

Exclude

Exclude based on low consequence. The Yucca Mountain repository
is in the unsaturated zone and expected to be connected to the
atmosphere and to be operating under oxidizing conditions.
Therefore any gases generated by metal corrosion would escape
from the drifts. Hydrogen (H.) gas could be generated from the
reduction of water as a result of corrosion reactions underway (more
likely under reducing conditions). This hydrogen gas generation
would be Iess likely under oxidizing conditions that are assumed for
the repository. Furthemmore, the hydrogen gas generation rate, it
occur, would be very low for the current repository design because of
very low corrosion rates of Alloy 22 (waste container outer barrier)
and titanium Grade 7 (drip shield). Alloy 22 and titanium Grade 7
were selected because of their excellent resistance to pitting and
crevice corrosion and stress corrosion cracking. Additionally, the iron
content in Alloy 22 is very low, therefore the issue of iron corrosion is
not relevant to the current design. With the waste package materials,
the hydrogen that may be produced from their comosion in the




Table 1-2. Primary FEP Sumimary for Waste Package and Drip Shield Degradation (Continued)

FEP Number

FEP Title

Screening
Decision

Reason for include/Exciude Decision

2.1.13.01.00

Radiolysis

Exclude

Exclude based on low consequence. When significant radiation
fields and stable “liquid” water exist on the surface of waste container
and drip shield, radiolysis of water and some dissolved species in the
water could produce highly oxidizing and corrosive fluids. Radiolysis
due to gamma and neutron radiation is possible while the containeris,
intact. Aipha and beta radiolysis will be of importance after canister
failure, when water gets in close contact with the waste form matrix.
Electrochemical testing results simulating the radiation exposure
conditions that are expected in the repository have shown that the
amount of the corrosion potential increase of Alloy 22 (waste
container outer barrier) and Titanium Grade 7 (drip shield) from the
radiolysis should not atfect their localized corrosion behavior
(CRWMS M&O 2000c, 2000d). Therefore, the radiolysis effect on
waste-container outer barrier and drip shield is excluded in TSPA
analysis based on low consequence.

This FEP is addressed in Sections 3.1.5 and 3.1.6. This FEP
addresses CLST KTt IRSR Subissue 1 (see Table 4-1).

2.1.13.02.00

Radiation damage
in waste and EBS

Exclude

Exclude based on low consequence. The dose rate of gamma
radiation at the surface of the waste package and drip shield is
determined by the concentration of the various radioactive isotopes
within the waste package (as functions of age, type, and length of
time the fuel was in the reactor, etc.) and the attenuation provided by
the engineered barriers (ASM Intemational 1987, pp. 971-974;
CRWMS M&O 2000s). However, the type and dose rates of
radiation emitted from decaying wastes are not sufficient to degrade
the metaliurgical and mechanical properties of the waste package
and drip shield materials, and their protective/passive layers
(CRWMS M&O 2000s). The only significant effect of radiation will be
the change in extemnal environment due to groundwater radiolysis
(ASM International 1987, pp. 971-874) (see FEP 2.1.13.01.00).
Therefore, this FEP is excluded based on low consequence.
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2. EVOLUTION OF THE PROCESS MODEL
2.1 BACKGROUND

The overall performance of the WP and DS materials has been identified as a principal factor in
the performance of the repository. It is expected that the lifetime goals for the DS and WP may
be increased in the future. Therefore, materials and designs that prolong service life are sought
continuously.

The reference design used in the viability assessment (VA) has been estimated to experience first
through-wall failure by pit penetration in about 2,700 years, with about 1% of the packages
failing in approximately 10,000 years. This estimate is based upon the waste package
degradation model (WAPDEG) used as input to Total System Performance Assessment-Viability
Assessment (TSPA-VA) Analyses Technical Basis Document (CRWMS M&O 1998a, TSPA-VA,
Chapter 5). However, the goals of the YMP have been continuously pushed towards longer WP
lifetimes, thereby requiring that the repository exceed performance requirements of the VA
design by a significant margin. Accordingly, a selection process for alternative materials and
designs intended to provide higher levels of confidence for an extended WP lifetime was
undertaken. As mentioned in the LADS report, this process resulted in the selection of a double-
walled WP placed under a protective DS made of Titanium Grade 7 (CRWMS M&O 1999a).
The outer wall of the WP is corrosion-resistant Alloy 22, with an inner wall of stainless steel
(316NG) that serves as a structural support. This new design is known as EDA II
(CRWMS M&O 1999a). The selection of this new design configuration, coupled with the
selection of new materials, has necessitated the development of new models to predict
penetration rates. Individual component models (sub-models) are documented in the individual
Analysis and Model Reports (AMRs) (see Section 1.5 for the topics in each AMR). Each AMR
is provided as an input to the WP Degradation PMR, as well as to the TSPA for Site
Recommendation.

2.2 PREVIOUS TREATMENT OF WASTE PACKAGE DEGRADATION MODELING

Modeling of WP degradation has evolved over the past decade along with changes in materials
selected for its containment barriers. Early WP designs consisted of thin-walled stainless steel
canisters with heavy-walled carbon steel overpacks, and were designed for emplacement in salt,
basalt or tuff repositories. The design thickness of the overpack component was the sum of the
required structural thickness, plus the corrosion allowance necessary to assure that the required
structural thickness will survive the required containment period. The corrosion allowance was
established on the basis of the calculated temperature profile of the WP surface during the
containment period, the unexpected presence of an unlimited quantity of anoxic brine, and the
resulting corrosion rate.

In late 1987, the U.S. Congress passed The Nuclear Waste Policy Amendments Act, As
Ammended. With Appropriations Acts Appended (DOE 1995), which reduced the number of
potential repository sites to be characterized to one: Yucca Mountain. Prior to this event, work
on the WP design for Yucca Mountain had followed the same rationale as that for salt and basalt
repositories. In fact, the initial conceptual design of the WP developed in early 1983 was the
same as that for the other two repositories. However, it was recognized that the expected
conditions in Yucca Mountain were quite different from the other two in that the repository was
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located in the unsaturated zone. The environment in this zone, although not firmly established,
was expected to be oxidizing, but dry with low humidity most of the time. The design
temperature for the WP surfaces was not expected to exceed 250°C. Liquid water was expected
to be present only under transient conditions, and its composition was not expected to be very
aggressive from a corrosion standpoint.

The limitations of 304L stainless steel, from the standpoint of SCC and LC had been recognized
from early on. Consequently, alternative materials were being sought. In 1993
(CRWMS M&O 1994), the design was changed from thin-walled containers emplaced in bore
holes to drift-emplaced robust multibarrier WP. The proposed materials were Alloy 825 as the
inner barrier and a corrosion allowance material (CAM) “such as weathering steel” as an outer
barrier. Degradation modeling of this WP design included only APC. It was assumed that no
corrosion would occur above the temperature at which liquid-phase water could not exist on the
WP surface.

Model enhancements were incorporated in 1995 (CRWMS M&O 1995) and were based upon the
same double-wall WP design that was used in 1993. This model was an initial attempt to
account for HAC and APC. The APC model had components that simulated pitting corrosion
and galvanic coupling of the CAM and corrosion resistant materials (CRM). This model
included estimates of the variability in WP corrosion, including package-to-package and patch-
to-patch variability. Estimates of the uncertainty in the threshold RH for initiation of HAC and
APC were also made. An empirical model for GC and LC of the CAMs was developed based
upon published literature data. Rates of GC and LC of the CRM were based upon the collective
opinion of a panel of experts (expert elicitation) (CRWMS M&O 1995). The model assumed
that galvanic protection would delay LC (pitting) of the CRM until a specified percentage of the
CAM thickness had been consumed by GC.

Exposure conditions included temperature, RH, presence of liquid-phase water (dripping), water
chemistry, backfill, and rock fall (CRWMS M&O 1995).

Along with the improvements in the degradation modeling, the evaluation of materials selection
for the WP barriers continued during the following several years. The corrosion resistant
material, Alloy 825, was replaced with a more corrosion resistant nickel-based Alloy 625 during
this period (CRWMS M&O 1996). The lifetime goals for the WP was increased further and
resulted in the selection of Alloy22 as the corrosion resistant barrier for the Viability
Assessment design. The superiority of Alloy 22 is well known and generally accepted.

Additional improvements in the WP corrosion model were made for the Viability Assessment
(VA) design (CRWMS M&O 1998a, Chapter 5). This model accounted for humid-air GC and
LC of the CAM; aqueous-phase GC and LC of the CAM; and aqueous-phase GC and LC of the
CRM. Degradation of the WP was modeled by dividing the surface into patches and populating
the corrosion rates stochastically over the patches. The concept of a localization factor was used.
Pitting of the CAM was assumed to occur under alkaline conditions (pH 2 10).

Microbiologically influenced corrosion (MIC) and SCC were not accounted for in the TSPA

models used for VA. The effects of salt deposition and evaporative concentration of dripping
water on the WP surface were also neglected. These models were not based upon qualified
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experimental data from materials testing in repository-relevant environments, but relied heavily
on the opinion of experts and other published data. For this PMR, a broad range of laboratory
data and associated process models have been developed to more realistically approximate the
degradation processes of potential significance to repository performance. Changes to the
degradation models have been necessitated by the changes in WP design and inclusion of the DS
for Site Recommendation (SR).

23 TOTAL SYSTEM PERFORMANCE ASSESSMENT-SITE RECOMMENDATION
APPROACH

The approach in the TSPA-SR WP degradation analysis is greatly enhanced version of that used
in TSPA-VA. (For convenience of discussion in this section, the DS is modeled as an integral
part of WP, and no separate discussion is given for DS.) The WAPDEG model, which is based
on a stochastic approach, has been upgraded to include SCC and is used for the SR WP
degradation analysis. The motivations for the stochastic approach used in the WAPDEG model
are three-fold:

e To provide realistic representation of WP degradation processes in the repository.

e To capture the effects of variation and uncertainty both in exposure conditions and
degradation processes over a geologic time scale.

e To perform analysis within a reasonable time and within computational resources.

Abstractions of the process-level models were developed for WAPDEG in a manner that allows
important features of the process-level models to be captured as explicitly as possible, and in a
manner that allows the degradation processes and their characteristics to be properly represented
in the WP degradation analysis. More details of the TSPA-SR approach to WP and DS
degradation analysis are given in the supporting AMR entitled WAPDEG Analysis of Waste
Package and Drip Shield Degradation (CRWMS M&O 2000g).

As in the TSPA-VA analysis, effects of spatial and temporal variations in the exposure
conditions over the repository were modeled by explicitly incorporating relevant histories of
exposure condition into the WP degradation analysis. The parameters that represent exposure
conditions were considered to be varying over the repository. These include RH and temperature
at the WP surface, seepage into the emplacement drift, chemistry of seepage water, and rockfall.
In addition, potentially variable corrosion processes within a single WP were represented by
dividing the WP surface into unit areas called “patches” and stochastically populating the
corrosion model parameter values and/or corrosion rates over each patch. The model parameter
values and corrosion rates were sampled from their distribution over the range of the expected
local exposure conditions.

In the nominal case analysis, the WPOB and DS were included in the WP degradation analysis.
The stainless steel inner container, which is to provide structural support to WP, is not included
in the degradation analysis. Although, this inner container would actually provide some
performance for waste containment after the outer barrier breach, and would also provide a
barrier to radionuclide transport after the WP is breached, the potential performance credit was
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ignored in the nominal TSPA-SR analysis. This is a conservative approach. However,
performance credit for the stainless steel is being evaluated for future consideration.

In summary, the TSPA-SR WP degradation analysis includes the following potentially important
degradation processes:

General corrosion (GC)

Localized (pitting and crevice) corrosion (LC)

Stress corrosion cracking (SCC) waste package outer barrier (WPOB only)
Microbiologically influenced corrosion (MIC) (WPOB only)

Long-term aging and phase instability of WPOB and their effect on corrosion, and
Pre-existing manufacturing defects in the WP closure welds and its effect on SCC.

As previously discussed, significant improvements have been made to the GC and LC models,
making them superior to those used in TSPA-VA. In the analysis, the DS was considered to be
immune to SCC because it will be fully annealed before it is placed in the emplacement drift.
Likewise, all the fabrication welds in the WP, except the welds for the closure lids, will be fully
annealed and therefore not subject to SCC. Only the WP closure weld is considered in the SCC
analysis. Two alternative SCC models were considered, the slip dissolution model and the
threshold stress intensity factor model. The effect of radiolysis on corrosion is expected to be
insignificant under the conditions expected in the repository (see Section 3.1.6.6), and was
therefore not included in the nominal case analysis. The DS was assumed to be immune to the
MIC. Since the bounding analyses have shown that the hydrogen uptake by the DS is much less
than the threshold hydrogen concentration for HIC (CRWMS M&O 2000h, Sections 6.1.3 and
6.2.4), this mode of failure was not included in the DS degradation model.

WP failure requires through-wall penetration. The WAPDEG analysis tracks degradation of WP
for three penetration modes: SCC (crack penetration), LC (rapid crevice penetration), and GC
(slower uniform penetration). Here, localized attack is assumed to be crevice corrosion over an
entire patch, which is conservative. The analysis provides, as output, the cumulative probability
of WP failure by one of the three penetration modes as a function of time and also provides the
number of penetrations for each of the penetration modes as a function of time. The WP failure
time and number profiles for penetration are used as input to other TSPA analyses, such as the
WF degradation and the radionuclide release rate from WPs.

The TSPA-SR analysis yields a more explicit representation (than previous TSPA analyses) of
the uncertainty and variability in WP degradation (i.e., WP failure and penetration number
profiles). For the corrosion models and parameters for which data and analyses are available,
their uncertainty and variability were quantified and incorporated into the WAPDEG analysis.
For other models and parameters for which the uncertainty and variability are not quantifiable,
the variance in their value was assumed and used as uncertainty. In the TSPA-SR analysis, WP
degradation was analyzed with multiple realizations of WAPDEG for the uncertainty analysis of
the uncertain corrosion parameters—each WAPDEG realization corresponding to a complete
WAPDEG run to account for the WP degradation variability for a given number of WPs.
Accordingly, each of the WAPDEG analysis outputs (i.e., WP failure time, crack penetration
number, pit penetration number, and patch penetration number) is reported as a group of curves
that represents the potential range of the output values.
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2.4 ISSUES RELATED TO WASTE PACKAGE DEGRADATION

This PMR also addresses related issues identified based on a.review of the past two years
Advisory Committee on Nuclear Waste (ACNW) and Nuclear Waste Technical Review Board
(NWTRB) meeting summaries and correspondences, Viability Assessment (VA) Volume 3,
Sections 6.5.2 and 6.5.3 and Volume 4 Section 4.3, TSPA peer review documentation, NRC
comments on TSPA-VA, expert elicitation recommendations, and licensing correspondence files
for the NRC, the State of Nevada, and the Nevada counties. Table 2-1 provides a summary of all
identified issues and describes how each issue is addressed in this PMR. In addition, acceptance
criteria from the Issue Resolution Status Reports Key Technical Issue: Container Life and
Source Term (NRC 1999a), the Issue Resolution Status Report Key Technical Issue: Total
System Performance Assessment and Integration (NRC 2000), and the Repository Design and
Thermal-Mechanical Effects Report (NRC 1999b) are separately addressed in Table 4-1 in
Chapter 4 of this document.
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Table 2-1. Key External issues for the Waste Package Degradation Process Model Report

Source

Issue

PMR Approach

TSPA-VA, Volume 3, Sec. 6.5.2
(DOE 1998)

Physical events and processes such as degradation of
drift with time due to chemical and mechanical effects
that have a potential for affecting the WP performance
were not considered, or not sufficiently covered, within
the TSPA-VA,

Degradation of the drift with time could resuit in rock fali, which can
impact the DS and WP and increase potential for SCC. The
incorporation of SCC as a failure mode initiated by rockfall (Section
3.1.7) may be useful in addressing early failures due to rockfall.
This will have to be done in future analyses. '

TSPA-VA, Volume 3, Sec. 6.5.2
(DOE 1998)

The panel believes that there is insufficient data to
support the selection of the material for use in the final
WP design.

Selection process for WP package materials has considered and
evaluated all degradation processes. Several materials have been
electrochemically tested, with a clear indication that Alloy 22 and
Titanium Grade 7 are more corrosion resistant than other candidate
materials. Section 3.1.1 provides an overview of the WP materials
selected.

TSPA-VA, Volume 3, Sec. 6.5.2
(DOE 1998)

Uncertainties and limitations in WP degradation
models (SCC, crevice corrosion, and WP surface
chemistry) need to be verified.

In regard to crevice corrosion, experimental studies have been
performed to define the crevice chemistry (pH, etc.). In regard to
SCC, alternative models are employed. Stress mitigation
techniques are being used as a means of eliminating SCC through
elimination of the driving force (see Sectidn 3.1.7). Details of these
degradation modes are provided in the respective AMRs and PMR
sections (Section 3.1.3, 3.1.6, and 3.1.7).

TSPA-VA, Volume 3, Sec. 6.5.2
(DOE 1998)

The issue states the need for additional research on
water contact with the WP, critical crevice
temperatures, Np solubility and technetium sorption on
degraded WP.

Evaporative concentration experiments have been used to
determine the concentrations of saturated electrolytes that may form
on the surface of the hot WP (see Section 3.1.3). Critical crevice
potentials and temperatures for the WP barrier materials have been
determined and documented in the various AMRs and PMR Section
3.1.6. Np solubility and technetium sorption are not part of the
scope of this PMR but are addressed in WF degradation PMR.

TSPA-VA, Volume 3, Sec.
6.5.3.2 (DOE 1998)

The rationale for including or excluding any potentially
significant feature, event or process needs to be
technically justified and clearly articulated.

Identification of FEP is discussed in Section 1.6.
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Table 2-1.

Key External Issues for the Waste Package Degradation Process Model Report (Continued)

Source

Issue

PMR Approach

TSPA-VA, Volume 3, Sec.
6.5.3.3 (DOE 1998)

Modeling assumptions should be consistent across
different process models, uniess there is a defensible
technical rationale.

The AMRAs that document assumptions for WP degradation are
subject to thorough interdisciplinary reviews to help ensure
consistency among assumptions made in more than one document
about a given parameter. In addition, the PMR that summarize and
integrate the results of the AMRs has been subjected to a review by
a single review team, one of whose main objectives is to identify
inconsistencies among the PMRs. Finally, assumptions used in the
AMRs that feed WP degradation are documented in the WP PMR
document. These measures provide confidence that consistent
assumptions are used as appropriate among the various models
that support the WP PMR,

TSPA-VA, Volume 3, Sec.
6.5.3.7 (DOE 1998)

Rockfall effects need to be considered in the design
and performance of the Yucca Mountain repository

- system.

Analyses of seismically induced rockfall damage have been
explicitly addressed in TSPA-SR.

NWTRB Letter to DOE (11-10-
99) (Cohon 1999a)

The presentation on WP degradation indicated that
valuable information is being coliected on Alloy 22 at a
rapid pace. However, concern still exists about the
effects on corrosion of radiolytic species, including
species formed in the vapor phase. Resolving that
concern may necessitate additional experimental and
theoretical work.

Experiments have been performed to determine the maximum
increase in corrosion potential that can be caused by hydrogen
peroxide, the primary product formed during gamma radiolysis of
water. The maximum increase is approximately 200 mV, which is
insufficient to cause initiation of LC with materials such as Alloy 22
(Section 3.1.6).
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Table 2-1.

Key External Issues for the Waste Package Degradation Process Model Report (Continued)

Source

Issue

PMR Approach

NWTRB Letter to DOE (8-3-99)
{Cohon 1999b)

Regarding the engineered repository system, NWTRB
highlights four areas: the need to vigorously pursue
ongoing studies of degradation associated with stress-
corrosion cracking and phase instability of proposed
WP materials; the need to determine whether
presently unrecognized corrosion mechanisms exist
that would be important over the very long term; the
need to complete experiments on the formation of
radiolysis products in the near-field and to model the
effects of such radiolysis products on near-field
component degradation; and the need to intensify
investigations into the performance of a titanium DS
and the effect this DS and associated backfill would
have on other elements of the engineered system.

Ongoing SCC studies are underway at the Corporate Research and
Development Center of General Electric Corporation and at
Lawrence Livermore National Laboratory (LLNL). All credible
modes of corrosion such as phase stability and SCC are considered
in the testing program and the WAPDEG code, so that the
unexpected can be accounted for. Experiments have been
performed to determine the maximum increase in corrosion potential
that can be caused by hydrogen peroxide, the primary product
formed during gamma radiolysis of water. The maximum increase is
approximately 200 mV, which is insufficient to cause initiation of LC
with materials such as Alloy 22. For example, a series of CP of
Titanium Grade 7 have been performed in test solutions that are
relevant to the repository (Sections 3.1.5 and 3.1.6).

NWTRB Letter to DOE (8-3-99)
{Cohon 1999b)

Additional research is needed to determine the
likelihood of ‘new mechanisms (beyond typical LC
processes) of deterioration that could affect the very-
long-term stability of the passive layer for critical WP
and other engineered barrier materials, such as Alloy
22 and titanium. This work could include, for example,
examination of fundamental models of passive-regime
stability and the factors that may cause deviation from
passive-layer dissolution behavior assumed from
short-term experiments, prediction of the behavior of
the alloy surface under a thick layer of previous
passive dissolution products, and a search for relevant
natural and archeological analogs.

A variety of cutting edge techniques are now employed to study the
long-term degradation of WP materials. For example, TEM Is used
to quantify the thermal aging of Alloy 22. Such quantification is in
the form of TTT diagrams found in this PMR. Thermal aging Is
important in that it may result in the precipitation of undesirable
intermetallic phases. These precipitates can lead to embrittiement
and enhanced susceplibility to LC and SCC. Atomic force
microscope (AFM) and X-ray photo electron spectroscopy are being
employed to study passive film stability. SIMS is used to quantify
the amount of hydrogen in the titanium-based materials that will be
used for construction of the DS. All these modes of degradation are
addressed in the PMR Sections 3.1.3 through 3.1.9.

No appropriate natural or archeological analogs are available for
Alloy 22 or titanium

~TTT
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Table 2-1.

Key External Issues for the Waste Package Degradation Process Model Report (Continued)

Source

Issue

PMR Approach

NWTRB Letter to DOE (8-3-99)
{Cohon 1999b)

The effects of the DS and backfilt on the thermat and
moisture regime between the DS and the WP and
evaluating the corrosion behavior of titanium when it is
in contact with backfili or rock fall. The vulnerability of
the drip-shield connections to vibratory earthquake
motion also needs to be addressed.

The testing of material samples have assumed same bounding
chemistry for both the DS and the WP outer barrier (Section 3.1.3).
The DS is designed to withstand expected earthquake motion and
not separate.

TSPA Peer Review, Section Il.C
(Budnitz et al. 1999)

Experimental dala are lacking throughout the
treatment of the WP and EBS. In particular, the effect
of realistic and extreme environmenis to come in
contact with Alloy 22 and critical temperature for
crevice corrosion of Alloy 22.

Electrochemical testing has been done in a wide variety of
repository-relevant test solutions, including SDW, SCW, SAW,
SCMW, SSW, and BSW. CP tests have been conducted in these
media with artificial crevices. Long term exposure testing has been
done in SDW, SCW, SAW, and SCMW at temperatures up to 90°C.
To determine critical crevice temperatures, SCC testing is underway
in similar solutions. Experiments have been performed to quantify
the extent that pH can be lowered inside crevices, formed belween
the Alloy 22 WPOB and the 316NG SSSM (see Sections 3.1.6 and
3.1.7).

TSPA Peer Review, Section IV.D
(Budnitz et al. 1999)

The TSPA-VA treatment of crevice corrosion was
based on the adaptation of a pitting model. While
similar chemical and electrochemical processes occur
as part of both modes of corrosion, the TSPA peer
review panel has concluded that a direct crevice
corrosion model would be more realistic.

In the case of Alloy 22, pitting is not expected. If LC does occur, itis
expected to be some form of crevice corrosion. Crevice chemistry
determination has been conducted and documented in the
supporting AMR and PMR Section 3.1.6.

TSPA Peer Review, Section IV.D
(Budnitz et al. 1999)

There is a need both to improve the models and
methods for analyzing water chemistries at the metal
surfaces of the WPs under realistic conditions, and to
collect experimental data to validate and verify these
modsels and the associated analytical methods

From the evaporative concentration experiments, the saturated
electrolytes that may form on the WP surface have been-defined
(Section 3.1.3). »

TSPA Peer Review, Section IV.D
(Budnitz et al. 1999)

As in the case of analyses of crevice corrosion,
additional work will be necessary for SCC prior to the
possible LA stage, especially in light of the tentative
nature of the SCC model and the fact that failure mode
is closely coupled to WP fabrication procedures.

The WAPDEG code now incorporates a wide variety of plau's|b|e
fallure modes, including SCC. The effects of residual weld stress in
the final closure weld are now accounted for. The code has
developed to a level of sophistication now able to account for stress
mitigation techniques such as laser peening and induction annealing
{Section 3.1.7).
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Table 2-1.

Key External Issues for the Waste Package Degradation Process Model Report (Continued)

Source

lsgue

PMR Approach

TSPA Peer Review, Section IV.D
{Budnitz et al. 1999)

At the present time, the corrosion behavior of WP with
backfill or rock debris covering the WP is not well
defined

Electrochemical testing has been done in a wide variety of
repository-relevant test solutions, including SDW, SCW, SAW,
SCMW, SSW, and BSW. BSW and SSW are determined to be
bounding environments and cover the effects of backfil. CP tests
are now being conducted in these media with artificial crevices.
Experiments have been performed to quantify the extent that pH can
be lowered inside crevices, formed between the Alloy 22 WPOB and
the 316NG SSSM (Sections 3.1.3 and 3.1.6).

TSPA Peer Review, Section {V.D
(Budnitz et al. 1999)

The treatment of Alloy 22 corrosion rates and the
allocation of total variance to their variability and
uncertainly need to be improved prior to the
anticipated LA phase.

The large number of samples involved in testing in the LTCTF
provide estimates of uncertainty for GC rates (for both HAC and
APC). By performing large numbers of CP tests with at least three
replicates at each condition, similar estimates of the uncertainty in
electrochemical potential measurements are obtained. Separation
of uncertainty and variability is difficuit with these very corrosion
fesistant materials. In many cases, the corrosion rates are so low
that the measurement limits are exceeded. The treatment of

‘uncertainties and variability in the data is addressed in Section 3.1.9

of the PMR.

TSPA Peer Review, p. 8
(Budnitz et al. 1999)

The analyses (WAPDEG), however, were developed
to a level of complexity that extended well beyond the
data that were available. This complexity may be
useful for the anticipated LA phase of sufficient data
on key parameters become available. If not the panel
believes that altempts to apply the WAPDEG model
may compromise the transparency of the treatment.
Necessary changes include an updating and/or
revision of the model, including better integration of the
multitude of process models used for analyzing
various  degradation modes or  engineering
enhancements and the development of a stronger
case to confirm the linkage between the process
models and their abstractions.

This comment is not longer applicable to the current WAPDEG
model which is based on new data and new process modsls. As
discussed in Section 3.2 of this PMR, several new models and
correlations have been added replacing oid models. The
complexities of current models (general and localized corrosion,
stress corrosion cracking etc.) are consistent with the available data.
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Table 2-1. Key External Issues for the Waste Package Degradation Process Model Report (Continued)

Source I

Issue

|

PMR Approach

Analysis and Model Report
aqueous phase corrosion
basic saturated water
cyclic polarization

drip shield

engineered barrier system
general corrosion

humid air corrosion
License Application
localized corrosion

Long Term Corrosion Test Facility
Neptunium

Process Model Report

SAW
SCC
sCwW
SCMw
SDW
SIMS
SSSM
Ssw
TEM
TSPA-VA
T
WPOB
wp

simulated acidic concentrated water

stress corrosion cracking

simulated concentrated water

simulated cement-modified water

simulated dilute water

secondary ion mass spectrometry

staintess steel structural material

simulated saturated water

transmission electron microscope ‘
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3. MODELS AND ABSTRACTED MODELS

The WP degradation process model consists of several different models: dry oxidation, humid
air corrosion, aqueous phase corrosion, general corrosion, localized corrosion, microbiologically
induced corrosion, stress corrosion cracking, and hydrogen-induced cracking. A generic
integrated model containing the above component models is illustrated by Figure 1-4. This
model can be applied to the DS and WP materials of interest.

3.1 MODEL DESCRIPTIONS

As stated above, the WP degradation process model includes a number of component models.
These component models are discussed in the following sections. Model parameters and
definitions for the individual models are provided in the respective AMRs.

3.1.1 Overview of Waste Package and Drip Shield Design

As described in the LADS report, the recommended WP design is EDA II (CRWMS
M&O 1999a, Section 1.1.2). This design includes a double-wall WP underneath a protective
DS. The DS is to be fabricated from Titanium Grade 7. The EDA II corrosion resistant WPOB
is to be fabricated from nickel-based Alloy22. Stainless steel 316NG is to be used for
construction of the structural support container within the WPOB. The 316NG inner cylinder
will increase the overall strength of the WP.

3.1.1.1  Titanium Drip Shield

Titanium alloys (1.5-cm thick) have been considered for construction of the DS. The current
recommendation is to use Titanium Grade 7 [Unified Numbering System for Metals and Alloys
(UNS)R52400]. The composition of this alloy is 0.03% N (max), 0.10% C (max),
0.015% H (max), 0.25% O (max), 0.30% iron (max), 0.12-0.25% Pd (max), and 0.4% Residuals
(total), with the balance being Ti (approximately 98.7 to 98.8%). The nominal thickness of the
DS is 15 mm. Properties and performance of these materials are reviewed elsewhere and cited in
the respective AMRs. The unusual corrosion resistance of titanium alloys is due to the formation
of a passive film of TiO,, which is stable over a relatively wide range of electrochemical
potential and pH. A similar material, Titanium Grade 16 with 0.04 to 0.08% Pd, is used as an
analog for Titanium Grade 7 in some parts of the testing program. The rates of general corrosion
and dry oxidation (or dry air oxidation) of this material have been shown to be very low.
Corrosion testing of Titanium Grade 16 has been conducted in the Long Term Corrosion Test
Facility (LTCTF) of the YMP (CRWMS M&O 2000d, Section 6.5).

3.1.12  Nickel-Based Waste Package Outer Barrier

Alloy 22 [UNS N06022] (2.0 cm thick) is now being considered for construction of the WPOB.
This alloy consists of 20.0-22.5% chromium, 12.5-14.5% molybdenum, 2.0-6.0% iron,
2.5-3.5% W, and 2.5% Co (max), with the balance being nickel (approximately 50-60%). Other
impurity elements include P, Si, S, Mn, Nb, and V. Alloy 22 is less susceptible to LC in
environments that contain Cl' than Alloys 825 and 625, materials of choice in earlier WP
designs. Corrosion testing of Alloy 22 has been and continues to be conducted in the LTCTF of
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the YMP (CRWMS M&O 2000c, Section 6). Nominal thickness of the Alloy 22 shell is 20 mm
for the commercial spent fuel packages and 25 mm for the packages containing navy waste.

3.1.1.3 Stainless Steel Structural Material

316NG stainless steel (5-cm thick) is to be used for construction of the structural support inside
the WPOB. This inner cylinder of 316NG stainless steel will increase the overall strength of the
WP. 316L stainless steel is considered to be a good analog for 316NG stainless steel because the
chemical composition of the two alloys is essentially the same, except that 316NG stainless steel
has better mechanical properties than 316L. 316 stainless steel [UNS S31603] has a composition
of 16-18% chromium, 10-14% nickel, 2-3% molybdenum, 2% Mn (max), 1% Si (max), 0.03% C
(max), 0.045% P (max), 0.03% S (max), 0.10% N (max) and the balance being iron (65-69%).
316L stainless steel is less susceptible to LC in environments that contain CI' than stainless
steel 304, but more susceptible than other corrosion resistant materials such as Alloys 22, 625
and 825 that have been considered in various WP designs. The superior LC resistance of 316L
stainless steel in comparison to 304 stainless steel is apparently due to the addition of
molybdenum, which helps to stabilize the passive film at low pH values. Molybdenum oxide is
very insoluble at low pH. Consequently, 316L stainless steel exhibits relatively high thresholds
for localized attack (CRWMS M&O 2000e, Section 1.2).

3.1.2 Manufacturing Defects (Early Failure AMR)

Manufacturing defects and failure modes that might lead to early failure of 2 WP are accounted
for in an AMR (CRWMS M&O 2000m, Section 6) that supports this PMR. The AMR on early
failure includes a literature review directed towards obtaining information on the rate of
manufacturing defect-related failures in various types of welded metallic containers, the types of
defects that produce these failures, and the mechanisms that cause defects to propagate to failure.
Types of defects applicable to the current WP design are identified. For each applicable type of
defect, the probability of its occurrence on a WP is estimated. Potential consequences to the
long-term performance of the WP if the defect is present are discussed. Specific details on how
the defect will affect WP materials are provided in separate AMR on SCC (CRWMS
M&O 2000f, Section 6). Defects or flaws may serve as initiation sites for SCC.

3.1.2.1  Analysis Assumptions in AMR

The following assumptions support the development of probabilities for various size flaws in the
welds of the WP shell and lids. Based on the similarity of the processes used for welding
Alloy 22 and stainless steel, they are predicted to have the same frequency and size distributions
for flaws. Information on the reliability of radiographic, ultrasonic, and dye-penetrant testing is
assumed to be applicable to the materials and inspection methods that will be used for the WP.
This information is based on older reliability studies of these non-destructive examination
methods, and the assumption that future improvements in the inspection technology will result in
increases in the probability of flaw detection. It was assumed that flaws detected by post-weld
inspections will be repaired, whenever the flaw size is larger than the flaw size of concern for
postclosure performance. Embedded weld flaws are not considered to be a concern for
postclosure performance in the supporting AMR (CRWMS M&O 2000m, Section 6), since the
WP is not a pressure vessel and will not be subjected to cyclic fatigue (the primary mechanism

TDR-WIS-MD-000002 REV 00 ICN 01 3-2 June 2000



for causing such flaws to grow through-wall in pressure vessels). However, as the weld
undergoes GC, subsurface flaws may eventually be exposed.

The probabilities of hurnan error have not been quantified for the specific actions associated with
the fabrication of the WP, but the information used represents human error probabilities for
similar types of actions.

In developing the probability of the use of improper material in the WP shell or lid welds, it is
assumed that a field verification of the chemical composition of weld wire will be performed
prior to its use in fabricating any weld and that material controls required in nuclear quality
programs will be used. It is further assumed that such field verification will use state-of-the-art
instrumentation. This assumption is based on the expected administrative requirements on the
process qualification program.

Assumptions are used to support the development of the probability of having
corrosion-enhancing surface contamination on the WP or improper heat treatment of the WP.
These assumptions are based on the general descriptions of these activities. The assumptions
support the development of event sequence trees for quantifying the probabilities of improper
heat treatment or a failure in the cleaning process. The assumptions involve the number of
operators involved in each process, the QA procedures and inspections governing the processes,
and the reliability of the equipment used.

It is assumed that the probability of damaging a WP during transport or handling at the
repository is equivalent to the probability of damaging spent nuclear fuel (SNF) assemblies
during transport or handling. The basis for this assumption is that a WP will be subjected to
about the same number of handling steps as a SNF assembly. It is assumed that both are handled
with about the same amount of care. It is expected that the WP will be inspected for handling
damage upon arrival at the repository and before final emplacement in the drift. It is further
expected that the WP will be completely repaired or scrapped if such handling damage occurs.

3.1.2.2  Analysis Description in AMR

The AMR presents the results of a literature review performed to determine the rate of
manufacturing defect-related failure for various types of welded metallic containers. In addition
to providing examples of the rate at which defective containers occur, this information provides
insight into the various types of defects that can occur and the mechanisms that cause defects to
propagate to failure. In summary, eleven generic types of defects were identified. These are:

Weld flaws

Base metal flaws

Improper weld material
Improper heat treatment
Improper weld flux material
Poor weld joint design
Contaminants

Mislocated welds

Missing welds

WooNNnhWN -
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10. Handling and installation damage
11. Administrative and operational error.

For dry storage casks, all of the defects were identified by post-weld inspection prior to
commencement of the storage phase, and thus do not represent true instances of early failure as it
is defined in the AMR. The eleven types of defects were reviewed for their applicability to the
WP. From this review, the following generic defect types are considered not applicable to the
WP: improper weld flux material, poor weld joint design, missing welds, and mislocated welds.
This determination is based on the fact that the welding process for WP fabrication does not use
flux as noted in the AMR. Poor joint design is unlikely because of extensive development and
testing. Missing welds and mislocated welds are easily detected and controlled by process
qualification. The probability of occurrence and the effect on postclosure performance of the
WP are assessed for the remaining defects.

Using information on linear flaw density, flaw size distribution, inspection reliability, and
information on various weld lengths, frequencies of weld flaws of various size that break the
outer surface have been estimated in the supporting AMR (CRWMS M&O 2000m). The
procedure is essentially the same for all cases. First, the total flaws per type of WP weld were
calculated by multiplying the weld length by the linear flaw density and by an adjustment factor
for the weld thickness. The base linear flaw density with credit for radiographic and dye-
penetrant test inspections was used for the shell and bottom lid welds, and the uninspected flaw
density was conservatively used for the top lid closure weld. Next, the flaw size distribution for
that weld thickness was used to determine the probability that a flaw would have a size within a
given range. A range size of 0.5% of the weld thickness was used. This was the largest size
range that could be used without introducing any significant (within two significant figures)
amount of numerical error associated with discretizing a continuous size distribution. The
probability for each size range was then multiplied by the total number of flaws per weld to
determine the expected number of flaws within that size range. For welds subjected to an
ultrasonic (UT) inspection, the expected number of flaws within each size range was then
reduced by multiplying by the probability of nondetection (PND) for the lower end of the size
range. This is conservative because the PND is higher for smaller flaws and ultrasonic
inspection identifies small flaws. Since the UT PND is based on a single angle UT examination
and a multi-angle examination is planned for the lid welds (possibly four angles), the square of
the PND was used for the lid welds. This effectively treats a multi-angle exam as two
independent examinations. For all cases, each range was then multiplied by 0.34% to yield the
expected number of outer surface breaking flaws within that range. Finally, the expected number
of outer surface breaking flaws in each size range were summed to determine a new value for
total flaws per weld which accounts for the UT inspections. A complementary cumulative
distribution of outer surface breaking flaw size was also determined. These results are
summarized in Figure 3-1 for the Alloy 22 barrier shell welds, and in Flgure 3-2 for the Alloy 22
barrier lid welds.
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3.1.2.3 Uncertainties in AMR

The inputs used to estimate the probability of various defects that can potentially lead to early
failure are open to interpretation and uncertainty. An uncertainty analysis was performed to
develop an upper bound for an event sequence probability based on the uncertainty of modeled
human actions. The analysis applies to those defects for which probabilities are estimated using
event sequence ftrees, namely: DS emplacement error, WP handling error, WP surface
contamination, thermal misload, and improper heat treatment. The method used to establish an
upper bound value for event sequences combines the human error rates probabilistically.
Uncertainties are considered only for human error probabilities related to failures. Probability
components for success are treated at their nominal level (i.e., without uncertainty), which
produces conservative results. No upper bounds were estimated for other fajlure probabilities
related to mechanical failure or based on historical data. Accordingly, the upper bound for an
event sequence probability is adjusted for human error probability uncertainties only (CRWMS
M&O 2000m).

3.1.2.4  Analysis Conclusions in AMR

The AMR on early failure of the WP reviewed available literature on defect-related early failures
of welded metallic components. Types of components examined include boilers and pressure
vessels, nuclear fuel rods, underground storage tanks, radioactive cesium capsules, dry-storage
casks for SNF, and tin-plate cans. The fraction of the total population that failed due to defect-
related causes during the intended lifetime of the component is generally in the range of 10° to
10°® per container. In most cases, defects that lead to failure of the component require an
additional stimulus to cause failure (i.e., the component was not failed when it was placed into
service). There were several examples that indicate that even commercial standards of quality
control could reduce the rate of initially failed components well below 10™ per container. The
literature review identified eleven generic types of defects that could cause early failures in the
components examined: weld flaws; base metal flaws; improper weld material; improper heat
treatment; improper weld flux material; poor weld joint design; contaminants; mislocated welds;
missing welds; handling and installation damage; and administrative error resulting in an
unanticipated environment. The following defect types are considered “not applicable” to the
WP: improper weld flux material, poor joint design, missing welds, and mislocated welds. The
analysis estimates the probability that specific defect types will occur on a given WP, despite a
set of quality controls designed to prevent their occurrence. Results of the analysis for the
remaining seven types of defects are shown in Table 3-1.
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Table 3-1. Summary of Estimated Probabilities and Performance Consequences for Various Types of Waste Package Defects

Probability per WP

Possible Consequences for Postclosure Performance

WP Defect Type §$ Minimal | Degraded Pitting or Early-
Alloy 22 Barrier Structural Effect Mechanical Crevice SCC Water
Barrier Properties Corrosion Contact
Weld Flaws < 10 for flaws < 10" for flaws X X
(Outer Surface Breaking Only) > 4 mm deep > 10 mm deep
Factor of 10 lower than uninspected
Base Metal Flaws weld flaw rate X X
Improper Weld Material 1.5x107° 3.0x10° X
Improper Heat Treatment 2.2x10° X X X
Surface Contamination 7.3x10° 4.0x10°° X
Handling Damage 5.1x10°® 5.1x107 X
Administrative Error Thermaw;sioad of 1.0x10° to 1.0x10°® X
Leading to
Unanticipated DS Emplacement .
Environment Eprror 1.8x10* X

NOTE: S8 = stainless steel; WP = waste package




3.1.2.5  Accounting for Embedded Flaws

While the AMR based the determination of flaw density on surface-breaking flaws, a more
conservative approach is to base such determinations on embedded flaws. The recent work by
Khaleel et al. (1999) is cited. The TSPA analysis that will be discussed in subsequent sections
uses estimates of flaw density based upon data given in Table V of this reference. Specifically,
the values for embedded flaws at depths equivalent to the outer quarter of the wall thickness are
used. In the dual-lid WP design, cumulative distribution functions are needed for the closure
welds of both the inner and outer lids. The flaw density for the outer lid weld is 18 defects per
WP at the 50 percentile, and 40 defects per WP at the 100™ percentile. The flaw density for the
inner lid weld is 15 defects per WP at the 50 percentile, and 40 defects per WP at the 100%™
percentile (same as outer lid at 100™ percentile). Note that each closure weld is represented by
thirty two (32) WAPDEG patches.

3.1.2.6  Accounting for Flaw Orientation

In considering the potential effects of weld defects on SCC, the presence of planar defects in the
region of the weld and heat-affected zone (HAZ), where weld-induced residual tensile stress
exists, can lead to SCC initiation and growth. The two principal attributes of such weld defects
that foster SCC are the stress concentration effect at the base of the defects, which can generate a
stress intensity, and the occluded nature of such defects that may lead to the development of
more aggressive crevice chemistry within the defect volume. However, as described in the
SCC AMR, only defects oriented normal to the direction of the weld centerline (radially oriented
defects) have sufficient calculated stress intensity to drive a stress corrosion crack through wall.

Weld defect types and expected defect orientation for the closure weld case are described briefly
below.

The fabrication welds will be performed at the contractors’ facilities. Currently, only two weld
methods are being considered for the fabrication process, gas metal arc and tungsten inert gas
methods. This automatically eliminates slag inclusions, the most commonly found defect when
the autosubmerged arc welding process is used. The most common defects for gas metal arc and
tungsten inert gas are lack of fusion. This occurs because ‘of missed sidewall or lack of
penetration in the sidewall. This generally produces large defects that are readily found by
ultrasonic and radiographic inspection. The other defect types are tungsten inclusion, silicon,
and porosity. Because both ultrasonic and radiographic methods will be used for post-weld
inspections, there should be no undiscovered defects for these welds. Additionally, dye
penetrant inspection will be performed on the surface of the weld to detect and Tepair any
surface-breaking defects. The lack of fusion defect is, by definition, oriented in the direction of
the weld bead. The silicon, porosity, and tungsten are rounded defects that have no direction.

The closure weld will be made in the hot cell facility using the narrow groove tungsten arc
welding process. This, by definition, eliminates the lack of fusion defects between beads since
this is a single-pass process. The other defects such as tungsten inclusion, caused by the flaking
of the tungsten electrode, and porosity, caused by the loss of gas coverage, are easily detectable
by monitoring systems that will be built into the welding system. This leaves only nonfusion
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defects, which are detectable by ultrasonic testing (UT). All of the above defects are either
rounded or in the direction of the weld seam; none is oriented in the radial direction.

The defect description discussed above is consistent with the brief comment on flaw orientation
in the Early Failure AMR, “No information was found in the literature regarding angle of the
flaw from a line parallel to the direction of the weld. However, most planar defects, such as lack
of fusion and slag inclusions, would logically be expected to be oriented within a few degrees of
the same direction in which the weld head is moving.”

This flaw description is also consistent with the relevant literature paper (Shcherbinskii and
Myakishev 1970) that describes a statistical treatment of weld-flaw orientations based on
analysis of a significant data set of ultrasonic flaw orientation measurements. This paper
concludes that planar-type weld defects detected ultrasonically tend to be predominately oriented
in the direction of the weld centerline. It appears that more than 98% of the defects fall within
+16 degrees of the weld centerline in the case of steam-pipe welds. A similar conclusion is
drawn from the data for sheet-structure welds. Statistical distribution of the defects with respect
to the orientation angle yields a probability of 99% that the defects are located within about +13
degrees. This suggests that much less than 1% of these flaws have a potential to undergo SCC.

Above discussions indicate that a correction factor for weld-flaw orientation for the embedded
flaw density in the outer quarter of the thickness should be applied and used in waste package
lifetime calculations. Based on the welding process and the inspection techniques to be
employed for the closure welds, and the narrowness of the flaw orientation distributions
presented in the subject paper, it is recommended that a conservative multiplication factor of
0.01 (1%) be used on total number of flaws of any given size for the subsurface flaws.

Ultrasonic examinations have now been performed on three actual WP welds on two mock-ups.
These were unannealed closure welds, one on Alloy 625 and two on Alloy 22. The total length
of weld was approximately 45 feet, and no defects were detected. Therefore, the probability of
defects with actual welds is not inconsistent with low-defect densities that will result from this
recommendation.

3.1.3 Environment on the Surface of the Waste Package and Drip Shield

The WP will experience a wide range of environments during its service life. Initially, it will be
hot and dry due to the heat generated by radioactive decay. However, the temperature will
eventually drop to levels where both HAC and APC will be possible. A companion AMR
Environment on the Surface of the Drip Shield and Waste Package QOuter Barrier (CRWMS
M&O 2000a, Section 6) defines the detailed evolution of the environment on the WP surface.
Input for this AMR includes bounding conditions for the local environment on the WP surface,
which include temperature, RH, presence of liquid-phase water, liquid-phase electrolyte
concentration (chloride, buffer, and pH), and oxidant level. This AMR has been used to define
the threshold RH for HAC and APC, as well as a medium for testing WP materials under what is
now believed to be a worst-case scenario. These test media are the neutral-pH SSW and the
high-pH BSW, with nominal boiling points of 112 and 120°C, respectively.
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Crevices will be formed between the WP and supports, beneath mineral precipitates, corrosion
products, dust, rocks, cement, and biofilms. After the WP fails, the gap between the WPOB and
the stainless steel structural support can form crevices where the environment may be more
severe than the NFE. The hydrolysis of dissolved metal can lead to the accumulation of H* and a

corresponding decrease in pH. Electromigration of CI” (and other anions) into the crevice must -

occur to balance cationic charge associated with H* ions. These conditions can exacerbate
subsequent attack of the WPOB and stainless steel structural material by general and LC, SCC,
and other mechanisms. Crevices might also form with the DS. These are addressed in the
general and LC discussions in Sections 3.1.5 and 3.1.6.

3.1.3.1 Threshold Relative Humidity

As represented by Equation 3-1, HAC can occur at any RH above the threshold (CRWMS
M&O 2000c, 2000d, 2000¢):

RH 2 RH . (Eq. 3-1)

Rates of HAC and APC are represented by the same cumulative distribution function. HAC is
assumed to occur uniformly over each patch used in the WAPDEG code. Each patch is
comparable in size to that of a LTCTF test sample.

As discussed in the AMR Environment on the Surface of the Drip Shield and Waste Package
Outer Barrier (CRWMS M&O 2000a, Section 6.4.2), hygroscopic salts may be deposited on the
EBS components by aerosols and dust entrained in ventilation air, backfill, seepage water that
enters the drifts, and the episodic water that flows through the drifts. Hygroscopic salts enable
aqueous solutions to exist at relative humidities below 100%. The threshold RH (RH risicay) at
which an aqueous solution will form for a particular salt is defined as the deliquescence point.
This threshold RH defines the condition necessary for aqueous electrochemical corrosion of the
metal to occur. The deliquescence point of NaCl is relatively constant with temperature, and is
in the range 74-76% RH. In contrast, the deliquescence point of NaNO; has a strong dependence
on temperature, ranging from an RH of 75.36% at 20°C to 65% at 90°C. The equilibrium RH is
50.1% at 120.6°C, which is the boiling point of the saturated solution at 10]1.32 kPa. The
evaporative concentration of well J-13 water, which is assumed to be typical of waters contacting

the EBS components, results in a solution of CI, NO;, CO§‘~ Na® , and K* jons. Other ions that

could form salts with lower deliquescence points, such as Ca®* and Mg, are precipitated. It is
therefore conservatively assumed that the deliquescence point of NaNO; determines the
threshold RH. The equilibrium RH for a saturated solution of NaNO; as a function of
temperature is shown in Figure 3-3. The experimental data fit the following polynomial in
temperature: '

RH e = =3.5932x107° XT(°C)’ +5.9649X10° X T (°C)* - 0.45377 x T (°C) +81.701 (Eq. 3-2)

The goodness of fit is characterized by

R*=0.9854
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where R’ is the coefficient of determination and where R is the coefficient of correlation. This
correlation is shown in Figure 3-3 below. The uncertainty in RH, o is discussed in the AMRs
on surface environment.
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Source: CRWMS, M&O 2000a, Section 6.4.2

Figure 3-3. Deliquescence Point for Sodium Nitrate Solutions

The evaporation of J-13 water results in high concentrations of Na*, K*, Cl', NO5, and C032’.
The concentrations of F and SO,> initially increase, but eventually fall due to precipitation. The
SSW used for testing is an abstract embodiment of this observation (Section 1.5.4.3). This
formulation 1s based upon the assumption that evaporation of J-13 water will eventually lead to a
sodium-potassium-chloride-nitrate solution. The elimination of carbonate in this test medium is
believed to be conservative, in that carbonate would help buffer pH in any occluded geometry
such as a crevice.

3.1.3.2  Aqueous Phase Environments

At a given surface temperature, the existence of liquid-phase water on the WP depends upon the
nature of the hygroscopic salt either present on the surface or contained in water dripping on the
surface. Two conditions must exist for APC: dripping water, and RH above the deliquescence
point of the hygroscopic salts in the dripping water. While dripping can occur without the latter
condition being met, both conditions are necessary for APC. Without this level of RH, no
aqueous phase could be sustained on the surface. However, this requires that the evaporation
rate of water from the surface exceeds the rate of dripping so that equilibrium conditions exist
(CRWMS M&O 2000a).
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This model uses Equation 3-2 to conservatively estimate the threshold RH for APC (RH crisica).
The composition of the electrolyte formed on the WP surface is assumed to be that of SCW
below temperatures of 100°C, and that of SSW above temperatures of 100°C. These media are
defined in Section 1.5.4.3. Their compositions are shown in Table 3-2 (CRWMS M&O 2000a,
Section 6.12). General APC is assumed to occur uniformly over each WAPDEG patch, which is
the same size as a standard LTCTF weight-loss sample. Effects of backfill are not considered on
the APC threshold and rate.

Table 3-2. Composition of Standard Test Media Based upon J-13 Well Water

lon J-13 sbw SCW SAW SsSwW
(mg liter™) (mg liter™) (mg liter™) (mg liter™) (mg liter™)
K 5.04 3.40E+01 3.40E+03 3.40E+03 1.416E+05
Na*' 45.8 4.09E+02 4.09E+04 4.09E+04 4.870E+05
Mg™ 2.01 1.00E+00 1.00E+00 1.00E+03 0.000E+00
Ca® 13.0 5.00E-01 1.00E+00 1.00E+03 0.000E+00
F' 2.18 1.40E+01 1.40E+03 0.00E+00 0.000E+00
cr' 7.14 - 6.70E+01 6.70E+03 2.450+04 1.284E+05
NOs™ 8.78 6.40E+01 6.40E+03 2.300+04 1.310E+06
S0.2 18.4 1.67E+02 1.67E+04 3.860+04 0.000E+00
HCOs' | 128.9 9.47E+02 - 7.00E+04 0.00E+00 0.000E+00
Si 28.5 27 (60°C), 49 (90°C) | 27 (60°C), 49 (90°C) 27 (60°C), 49 (S0°C) 0.000E+00

pH 7.41 8.1 8.1 2.7 7.0

3.1.33  Condensation Underneath Drip Shield

Moist air and liquid water flow into and within the drift over time. Although the RH underneath
the DS increases with time, conditions for condensation on the DS can only occur if the DS is
cooler than the top of the invert and the invert moisture content produces nearly 100% RH. This
is unlikely since the surfaces of the WP and DS are at a higher temperature than the invert.

3.1.34  Composition of Water on Exposed Surfaces of Drip Shield and Waste Package

- The YMP has used test media relevant to the environment expected in the repository. Relevant
test solutions are assumed to include SDW, SCW, and SAW at 30, 60, and 90°C, as well as SSW
at 100 and 120°C (Section 1.5.4.2). The compositions of all of the environments are given in
Table 3-2. While most of the solutions have been used for several years, the SSW has been
recently developed. In general, anions such as chloride promote LC, whereas other anions such
as nitrate tend to act as corrosion inhibitors. Thus, there is a very complex synergism of
corrosion effects in the test media.
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BSW represents another plausible extreme in water chemistry. The BSW composition was
established on the basis of results from a distillation experiment. Tables 3-3 and 3-4, show the
corresponding water chemistry. The total concentration of dissolved salts in the starting liquid
was approximately five-times (5X) more concentrated than that in the standard SCW solution. It
was prepared by using five-times the amount of each chemical that is specified for the
preparation of SCW. After evaporation of approximately ninety percent (~90%) of the water
from the starting solution, the residual solution reaches a maximum chloride concentration and
has a boiling point of ~112°C. The resultant BSW solution contains (sampled at 112°C) 9%
chloride, 9% nitrate, 0.6% sulfate, 0.1% fluoride, 0.1% silicate, 1% (total inorganic carbon from
carbonate and bicarbonate), 5% potassium, ion, and 11% sodium ion.

In order to add some soluble silica to the solution, the initial BSW solution recipe was later
revised to contain ~1% metasilicate by adding sodium metasilicate (Na;SiO3;¢9H,0). This
solution is designated as BSW-SC where SC indicates the presence of silicate and carbonate in
the solution. '

The pH of aqueous solutions is affected by the partial pressure of CO; in the gas phase. The
implication of this is that unless an effort is made to control the pH of the BSW solution, the pH
may vary with test conditions and time. In order to conduct long-term testing (months to years),
the test environments should be stable. Stable test solutions require that carbonate and silicate
not be added. Both of these species can affect pH. Furthermore, gaseous CO, must be removed
from the air passing above the solution. With no gaseous CO; in contact with the solution, and
with no carbonate-bicarbonate or silicates in solution, the test environments will be stable.
Sodium hydroxide is used to maintain the higher pH of the solution.

Table 3-3. Initial Basic Saturated Water Solution Recipe

Chemical Quantity (g)

Na2COj3 (anhydrous) 10.6
KCi 9.7

NaCl 8.8

NaF 0.2

NaNO; 13.6
NazS04 (anhydrous) 1.4
H0 55.7

Source: CRWMS M&O 20004, Section 6.12

TDR-WIS-MD-000002 REV 00 ICN 01 3-13 June 2000



Table 3-4. Modified Basic Saturated Water Solution Recipes

BSW-13 BSW-12 BSW-11
Chemical Quantity Quantity (g) Quantity (g) |
KCl 8749 87g 879
NaCl 7.8g 79g 79¢g
NaF ) 0.2¢g 0.2g 02g¢g
-NaNOs 13.0g 13.0g 13.0¢g
NazSO4 (anhydrous) 149 149 14g
H20 (deionized) 66 mi 66 ml 66 ml
10N NaOH 2ml
1N NaOH 2ml -
0.1N NaOH 2mi
CO; partial pressure 0] 0 0]
pH (measured at room temperature) 13.13 12.25 11. 11

Source: CRWMS M&O 2000a, Section 6.12
NOTE: The CO, partial pressure can be minimized by either scrubbing laboratory air or purchasing CO, free air.

In order to maintain constant pH conditions, the BSW solution was modified for corrosion tests,
yielding BSW-11, BSW-12, and BSW-13. The three solutions have pH values of
approximately 11, 12, and 13, respectively. The recipes of these solutions are given in
Table 3-4.

3.1.4 Phase Stability and Aging

Exposure of materials like Alloy 22 to elevated temperatures can result in the formation of
undesirable phases. The phases which form in Alloy 22 are often rich in molybdenum and
chromium, the two elements that are responsible for the high degree of corrosion resistance of
this material. The formation of precipitates depletes these alloying elements from the
surrounding areas, therefore increasing susceptibility to general and LC, as well as SCC.
Formation of brittle molybdenum- or chromium-rich intermetallics can also lead to
embrittlement of the material and degradation of its mechanical properties. LRO in alloys
similar to Alloy 22 has been linked to an increased susceptibility to SCC and hydrogen
embrittlement.

The aging of Alloy 22 is dependent on both time and temperature. While the effects of aging
have been observed for exposures to elevated temperatures (>600°C) for short time periods, it is
important to know the kinetics of this process to enable prediction of aging effects for lower
temperatures (200-300°C) and much longer times (10,000 years).
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This section discusses the process-level model developed to account for aging and phase stability
in Alloy 22. The development of this model is presented in detail in the corresponding AMR
(CRWMS M&O 2000b). Only the highlights will be presented here.

3.14.1 Phase Identification in Alloy 22

The long-term aging of Alloy 22 at elevated temperature can cause the precipitation of
undesirable intermetallic phases, if the temperature is sufficiently high. In order to provide a
technical basis for the development of a model for aging effects in Alloy 22, samples were aged
for a variety of times at different temperatures: for 40,000 hours at 260, 343, and 427°C; for
30,000 hours at 427°C; for 1000 hours at 482, 538, and 593°C; and for 16,000 hours at 593, 649,
704, and 760°C. Samples were then examined with transmission electron microscopy (TEM). A
weld sample aged at 427°C for 40,000 hours was also examined in the weld metal, in the HAZ,
and in the base metal removed from the weld. Several phases were observed to form in
Alloy 22: P, u, ¢, carbide, and Ni; (Cr, Mo) LRO. At 593°C, P phase was observed only on the
GB. At the higher aging temperatures (649, 704, and 760°C), both p and P phases precipitated
on grain boundaries. As the aging temperature increased, more p and P phase precipitation
occurred within the grains. GB carbide precipitation was observed in samples aged at 593 and
704°C. Because of the small amount of carbide present in these samples and the small volume
examined in TEM, it is likely that carbides also form at 649°C. A © phase was observed in the
samples aged at 704 and 760°C. The amount of G phase observed in these