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Preface

The Department of Energy’s Nevada Nuclear Waste Storage Investigations
(NNWSI) Project is evaluating a site at Yucca Mountain in Nevada as a
geclagical repository for the storage of high-level miclear waste. The Nuclear
Waste Management Projects (MWMP) at Lawrence Livermore National Laboratory
(LINL) has the responsibility for design, testing, and performance analysis of
the NWWSI waste packages. One portion of this work is the selection amd
testing of the material for container construction. The anticipated container
design is for this material to be a corrosion resistant metal called the metal
barrier.

This Goament is the publication version of the Scientific Investigation
Plan (SIP) for the Metal BRarrier Selection and ':Dstmg Task. The SIP serves as
a formal planning document for the investigation and is used to assign quality
assurance levels to the activities of the task. This document is an informal
version for information distribution amd has the sections on ‘schedule and
Milestones’ and the ‘Quality Assurance Level Assigrment Sheets’ removed.
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Plan for Metal Barrier
Selection and Testing for NNWSI

1.0 Purpose and Obijectives

1.1 Requlatory Requirements

The purpose of the work cutlined in this plan is to determine the rate at
which the metal barrier will be degraded by its interaction with the repository
enviromment and to project these determinations over the time scale of interest
in demonstrating first, the contaiment of the waste, and second, the
controlled release of radinisotopes. Several degradation mechanisms of the
metal barrier are possible, and a significant effort in this plan is directed
toward providing information which will be used in determining which of the
several degradation mechanisms will operate in the repository enviromment. In
addition, several candidate meval barrier materials are presently under
consideration, and a large effort in this plan is directed toward providing
information that will be used as the basis in selecting the material for the
license application waste package decign. A brief discussion of how the
current list of candidate materials developed can be found in Section 6.0.

The mfornatlmgene:atedmthlsplanwlllbeusedtoshmthatﬂxewaste
padcagemetsthecmtaummtreqmrmtsof 10 CFR 60.113. In addition, the
information is used, in part, to demonstrate the waste package mt:uemblllty
requirements in 10 CFR 60.111 (b). Along with information generated in the
plans for waste form testing (both spent fuel and glass waste forms), the
information fmﬂusplanwulserveasacmponentmdetemmmgthesmme
term for repository performance assessment modeling. Results from this work
will provide the waste package envirament task with information describing
critical envirommental parameters and how they affect the container material
performance, thus indicating areas to be examined during the atploratory shaft
investigations. Furl'hexmne, the information will contribute, in part, towara
estimating the source term in the calculation of long term cumilative
releases. These calculations form part of the estimates of releases to the
accessible enviromment required for 40 CFR 191.13 (cumilative releases after
10,000 years) and for campletion of the site evaluation process required for 10
CFR 960.3-1-5 (cumilative releases after 100,000 years).

The Metal Barrier Selection and Testing Scientific Investigation Plan
addresses the following SCP information needs:

Issue 1.4: wul't:‘rxewastepaclcagemettheperfozmnce abjective for
contaiment as required by 10 CFR 60.113?

IN 1.4.1 Waste package design features that affect the
performance of the container.

IN 1.4.2 Material properties of the container.

IN 1.4.3 Scenarios and models needed to predict the rate of
degradation of the container material

Through input to the above information needs, the work covered by this plan
will also provide data used to address information needs 1.4.4 and 1.4.5
(Performance assessment for contairment objectives); 1.5.4 and 1.5.5
(Performance assessment for controlled release cbjectives); 1.10.1 and 1.10.2



(Waste package design), 2.6.1 (Preclosure design criteria concerned with
materials, handling, and identification), 4.3.1 (Waste package productlon
technology), and 4.5.1 (Waste package costs).

1.2 Metal Barrier Selectijon and Testing Activities
Grouped by SCP Investications

e investigations and activities of the three 1.4 Information Needs (IN)
from the Site Characterization Plan (SCP) are grouped as follows: (1) IN 1.4.1
is concerned with characterization of the as-fabricated and as~-emplaced waste
package container; (2) IN 1.4.2 is concermed with characterization of the waste
package container after emplacement (hence the emphasis on different
degradation modes); and (3) IN 1.4.3 is concerned with medeling to predict the
rates of these different degradation modes.

There is not a one-to-one co.respondence between the full set of
mvestlgatims ard activities listed under the above INs ax the activities
described in this Scientific Investigation Plan (SIP) for the Metal Barrier
Selection and Testing Task (WBS 1.2.2.3.2). 'Ihlsmmatmnocmrsbecauseﬂ:e
1.4 Issue and subsumed Infomatam Needs exist to resolve contaimment issues,
while the content of this SIP is addressed specifically to the metal barrier,
which is not the only engineered contairment barrier. Thus, the mv&stlga-
tions and activities associated with the properties of a ceramic lirer in IN
1.4.1, 1.4.2 and 1.4.3 as an alternative waste package design are discussed in
the SIP for "other materials" (WBS 1.2.2.3.3). The Metal Barrier SIP is
centered around laboratory testing, development of models to predict resistance
to various degradation modes, amd characterizing the pn:pertles of the
candidate metals and alloys as materials of construction. The character-
istics of the processes for actually fabricating the container and construct-
ing the waste package are, therefore, discussed in the SIP for "Design,
Fabrication, and Prototype Testing" (WBS 1.2.2.4). Thus, samne of the
activities discussed in IN 1.4.1 more logically fall into that SIP. There is
the cdbviocus need for close co—operation between the activities for these
different WBS element SIPs, hence the identification of integration activities
between the appropriate plans.

Although the Metal Barrier SIP has several features analogous to those
found in the SIPs for characterizing the spent fuel and the borosilicate glass
waste forms (WBS 1.2.2.3.1), there are two unique features of the Metal Barrier
SIP that distinguish it and influence the course of the plamned activities.
These features are:

(1) the process for specifying which of the several candidate materials will be
selected for the license application design. In order to arrive at a
defensible selection process, many of the activities must be conducted in
parallel for the different candidate materials. This means that a mumber of
activities will be carried out to a level to provide needed information for the
selection process, but that the full suite of activities will be completed only
for the candidate material that is selected for the license application design.

(2) much information on characterizing the candidate metals cames from the open
literature and from various coammercial sources, including potential vendors for
the container material. The information often derives from non-nuclear
applications. Unlike information on other materials that are part of the waste
package (e.g. borosilicate glass or uranium dioxide fuel elements), these
sources of information are largely outside the control of the DOE, NRC, or
other govermmental agencies.



This has important quality assurance implications with regard to the mumber of
possible sources of information and the campleteness of the documentation.
Because a strong argument for the selected container material will be built on
previous and successful uses of the material in cther engineering applications,
it is vital to use available information on performance of the candidate
mater:als. Therefore, a cunsiderable effort is irvolved in determining what
previously published information in the technical literature is relevant and
applicable to the present work.

METAL BARRIFR WORK QUTLINE FROM SCP

Note: The asterisked (*, **) investigations and activities fram the SCP
(as listed below) are not discussed in the Metal Barrier Selection and
Testing SIP. Discussions of these will be found in the SIP for Design,
Fabrication and Frototype Testing (items marked *), and in the SIP far Cther
Materials (items marked #%).

Info Investi-
Need gation Activity

1.4.1 waste package design features that affect the performance of
the container

1.4.1.1 Integrate design and materijals infonmation
(metal container)

1.4.1.1.1 Mechanical properties

1.4.1.1.2 Microstructural properties
*1.4.1.1.3 Physical properties

*1.4.1.1.4 State of stress in the container

*1.4.1.1.5 Characterization amd inspection
of weld integrity

*1.4.1.1.6 Characterization of the container
surface

*%]1.4.1.2 Integrate design and materials information
(metal container with a ceramic liner)
%*%],4.1.2.1 Feasibility evaluatiaon of
fabricating a ceramic-lined
waste package
1.4.2 Material properties of the container

1.4.2.1 Selection of the container material for the
license application design

1.4.2.1.1 Establishment of selection criteria
and their weighting factors

1.4.2.1.2 Material selection



Info

Investi-
gation Activity

1.4.2.2 Degradation modes affecting candidate copper-base
container materials

1.4.2.2.1

1.4.2.2.2
1.4.2.2.3
1.4.2.2.4
1.4.2.2.5

1.4.2.2.6

1.4.2.2.7

1.4.2.2.8

Assessment of degradation modes in
copper-base materials

Metallurgical aging and phase stability
Low temperature cxidation

General agueous corrosion

Hydrogen entry and embrittlement

Pitting, crevice, and other
localized attack

Stress corrosion cracking
Other potential degredation modes

1.4.2.3 Degradation modes affecting candidate austenitic
container materials

1.4.2.3.1

1.4.2.3.2

1.4.2.3.3
1.4.2.3.4

1.4.2.3.5

1.4.2.3.6

1.4.2.3.7

1.4.2.3.8

1.4.2.3.9

**1.4.2.4.1

*%1.4.2.4.2

Assessment of degradation modes in
austenitic materials

Metallurgical aging and phase
transformations

1ow tesperature oxidation
General agueous corrosicn

Intergranular attack and intergramilar
stress corrosion cracking

Hydrogen entry and embrittlement

Pitting, crevice, and other
localized attack

Transgramular stress corrosion cracking
Other potential degradation modes

**].4.2.4 Degradation modes affecting the ceramic liner

Assessment of the degradation modes
affecting the ceramic liner

Laboratory test plan for ceramic
liner materials



Info Investci-
Need qation Activity

1.4.3 Scenarios and models needed to predict the rate of degradation
of the container material

1.4.3.1 Models for copper and copper alloy degradation
1.4.3.1.1 Metallurgical aging and phase stability

1.4.3.1.2 Iow temperature axidation
1.4.3.1.3 General aquecus corrosion
1.4.3.1.4 Hydrogen entry and embrittlement

1.4.3.1.5 Pitting, crevice ard other
localized attack

1.4.3.1.6 Stress corrosion cracking
1.4.3.1.7 Other pctential degradation modes
1.4.3.2 Models for austenitic material degradation

1.4.3.2.1 Metallurgical aging and phase
transformations

1.4.3.2.2 Low temperature oxidation
1.4.3.2.3 General agueous corrosion

1.4.3.2.4 Intergrarmlar attack and intergrarular
stress corresion cracking

1.4.3.2.5 Hydrogen entry and embrittlement

1.4.3.2.6 Pitting, crevice, and other
localized attack

1.4.3.2.7 Transgramlar stress corrosion cracking
1.4.3.2.8 Other potential degradation modes
*%1.4.3,3 Models for ceramic material degradation
**1.4.3.3.1 Dissoluticn of alumina

*%1.4.3.3.2 ILoss of fracture toughness

At the present time, the NMWSI Project is considering the technological
feasibility of producing a ceramic-lined metal container as a waste package
design option. In such a case, the long-term container performance function
would largely be taken by the ceramic material with the function of the metal
to be largely limited to the haxiling and emplacement operations. If the
Project were to choose this option, then much of the work discussed in this SIP
wauld be truncated.



1.3 Activity Groupings for the Metal Barrier Selection and Testing SIP

For this plan, certain of the above activities group together naturally
because of parallel efforts (e.g. model development for the various degradation
modes in each alloy system; laboratory test plans correspording to each
degradation mode) and because these grouped activities have the same determined
cuality assurance levels. These groupings define the activities of the Metal
Barrier Selection and Testing task as described in this SIP.

Metal Barrier Selectiom Process (see sections 2.2 and 3.2)
E-20-13 Degradation mode surveys
E-20~15 Establishment of criteria for metal barrier selection

E-20~13 Metal barrier selection

E-20~16 Develomment of models for ¢ jradation modes, mechanical
properties, and micrestructure

E-20-20 Integration of models for selected material
E-20-21 Performance parameter studies
E-20-25 Validation of model

E-20-17 Erperimental technigue development
E-20-18 Parametric studies of metal degradation and microstructure

E-20-22 Development of plans for license application suppert tests

E-20-23 License application suppert tests

E-20~14 Coordination with package design

E-20~24 Determination of mechanical and microstructural
properties of metal

The mumbers assigned to these thirteen activities are in approximate
chronological sequence of occurance.
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1.4 Infogreticn Flow

The goals of metal barrier selection ard testing are to select ane (or two)
material (s) fram the present list of six candidates that will be used for
aivam:edbastepad:agadaxgluurkarﬂtotsttheselecteimterml(s) to

a&qntedgta}formdelsaxwemmﬂw lag-temdmmlarﬂ

metal hargical
zeasaahlenﬂaerofcmd:hleh:ttmanﬂcapatedcarhtms. The present list
of cardidates are AIST 3064L, AISI 316L, and Alloy 825 in the "austenitic®
family and CDA 102, CDA 613, and (IR 715 as Copper-base materials.

As illugtrated in Pigure 1, information from scurces outside this plan is
required for several of the activities of this plan. fThese outside sources,
labeled as ’Inforsation Input’, include previously published information in the
ted:umlhtmbnemﬁadgzadatmmdsofﬂ:emrﬂ:ﬂatemtenals
previous results from RWSI-sponsored wrk on metal barrier investigations,
NSST-spansared work on the near-package enwviramment, work on other material
components of the waste paciage and engineered barriers (including borehole
Im,m,arﬂgrwts),perfomameammnos,mﬂgeodmml
adeling (to derive the physical and chemical! enviromment surrounding the waste
package container). Another input will be the use of the H03/6 code in the
selection process.

Another scurce of "inforsation" from outside the Metal Barrier Selection
ard Testing task is in the bax labeled ‘Working Constraints’ in Figure :.
These inchide the performance requirements established by the various Federal
requlations, the assessment of the repository enviromment. before and after
ap]aaasmofﬂjetasl:epadags(zmludngﬂxem-ﬂmmweddeﬁmtxas
ofmmmmmmmﬂm),amme ry
dsmmxm&(mmsmlml). A wnique feature of the Yucca
Mountain site is that the repository will be located in the unsatwrated zone,
above the permanent water table. An important advantage of this location is
that same of the erwircrmental features can be "engineered™ to create more
ﬁmﬂemﬁhﬂﬁmm&emlﬁm A good example of
engineering the erviroment is to maintain the temperature at the cortainer
surface above the unrestrained boiling point of water for as long as possible
on a large majority of the waste packages. This is done by oonsidering the
heat lcad per package and configuring the repcsitory with a suitable heat lcad
per unit area. As part of the NNWSI strategy to demonstrate the contaimment
dajectlves,unwastepadagecamm(letalham.er) the waste form, and
mmmmmmjomuymzdﬂedasﬂe’m
barrier". Mss&ategyls-xefunyaplamedmthedmmofﬂie
resolution of Issue 1.4 in Chapter 8 of the SCP. The regulatory requirements,
the waste package design requirements and the repository envirament assessment
{including ways to engineer the envirarment to evhance the waste package
performance) are viewed as canstraints, because they establish same limits on
what must be accamplished in the activities in this plan.



As seen in Figure 1, ﬂreactluuesmthlsplanamnablrallydlndedmto
two parts, separated by the selectian step. Up umtil this selection the work
covers all six initial candidate metals, including three austenitic alloys and
three copper-base alloys. The three austenitic alloys are iron-base (stainless
steels) ard nickel-base (alloy 825) with the primary phase (austenite) being a
face-centered aubic in stracture. All of these materials are hardened by
solute additions or by cold work; all of the materials possess considerable
ductility over a wide range of temperatures. These materials are widely used
in industrial and structural applications; a major reason for their use is good
corrosion resistance in many different kinds of enviramments, although the
candidate materials differ on the limits of envirormental conditions in which
they can be successfully used. In the most general comsiderations of
materials, all of the candidate materials are reascnably simple in
microstructure (no intentional secondary phases for hardening), although there
are important differences among the candidates on this point. %hile a
high-purity copper is one of the candidate materials, this material, too, can
be regarded as a dilute alloy. In fact, it may be d=sirable to add or retain
smedemn.dxzmelemmrs {in the 100’'s to 1000’s ppm range) to make the
material more readily weldable and to prevent formation of internal copper
axides. 'ﬂusthewuzds"aﬂoy"a:ﬂ"mtanal"amusaimtemhargeablyani
synonymusly in this SIP.

Criteria for selecting the material(s) or alloy(s) for use in che final
design must be decided upan, and an information base prepared to support these
criteria. This information base includes corrosion models, corrosion data,
existing literatire, and evaluations from authoritative sources in the metals
industry. After the selection of the alloy(s), the activities concemtrate on
generating a validated model for the material(s)
laboratory tests. In effect, those elements of the plan above the Mselection®
activity in Figure 1 are directed toward making that selection. Those
actlntmshelowﬂle"selecum“amdnactaitmrdvahdatlmofthelag
term performance model of the metal selectad. When this task is completed, the
validated model will became a partion of the overall repository performance
assessment model used to support advanced designs and the license application.



Two other waste package tasks that have substantial interaction with the
Metal Barrier Selection and Testirs Task are shown in Figure 1: the Waste
Package Design, Fabrication and Prototype Testing Task ard the Waste Package
Performance Assessment Task. There must be interaction between the Metal
Barrier Selection and Testing work and the work in these two tasks to provide
coordination as the work evolves. This is to insure that the metal barrier
selected will be campatible with the design and fabrication features being
researched (and vice versa), and that the decvadation models geveloped in this
task will mesh when needed with the overall performance model. The cutput fram
this task will be: 1) the selection of one (or two) alloys, a description of
mechanical and microstructural properties, and performance canfimming tests,
provided to the Design Task; 2) validated models to describe the behavior of
the material under repository conditions provided to the Performance Assessment
Task.

Information fram same additional waste package tasks (not shown explicity
in Figure 1) influences the course of activities in the Metal Barrier Selection
and Testing Task. To a lesser extent, information fram the Metal Barrier
Selection and Testing Task is used in these tasks but does not have a primary
influememthecmxseofwrkplamedinﬂm. Information about the
enviromment near the container surface oomes from the Enviromment Task ard is
slmnmhgurelasoreofthe“lnformtlmnpﬂs"arﬂmeofthe'Wor}ung
Constraints®. The primary concern is the enviromment outside the container,
but in a few instances there is concern about the erviromment: inside the
container. This information is important in analyzing the decpadation modes
for the cardidate materials. Information derived in the Metal Barrier Task on
corrosion of candidate materials influences the Enviromment Task and also the
Waste Form Testing Task. Corrosion products formed during the long-term
degradation of the container will influence the waste package enviranment
(particularly if the products are samewhat soluble and can be transported) and
may degrade the performance of the waste form. The “"campatibility" of the
package container and the waste form is proposed as one of the factors in
selecting the container material. Output from the Metal Barrier Selection and

ing Task on corrosion product formation is one of manv factors that goes
into the BEQ3/6 geochemical code, shown in Figuwre 1 as the Performance
Assessment Task.

10



Figure 1
Metal Barricr Sclection and Testing Information Flow
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2.0 Rationale for Selected Actjvities and Quality Assurance Ievel
Assigrpents

The rationale for the four work areas amd thirteen activities listed in
Section 1.2, and their QA level assignments are discussed in this section.

2.1 Introductjon

The work in this plan is the content of WBS element 1.2.2.3.2 (Metal
Barrier Selection and Testing) and is concerned with the long-term models to
predict the mechanical and microstructural properties of the container
materjal, and the rates of occurrence and rates of propagation for the
different possible degradation modes. In most cases, the envirommental,
mechanical, and metallurgical factors that cause the different degradation
rodes are known from previous experience with the candidate materials, so that
the starting point for model development comes from cbservation, measurement
and understandiny of those enviromental, mechanical, and metallurgical factors
that influence these degradation modes in the context of the repository
setting., ILaboratory work is centered around quantifying these degradation
modes in the time periods generally available for laboratory testing (periods
mrqin;frunseveralhmrstoafavyears). The general purpose of this
laboratory work is to determine the rates of the different degradation modes as
they relate to the physical, chemical, ard mechanical properties of the
cartamermaterlalarﬂltssnmmdmgs. Omfldencelsgamedmthemde.l
develomment by predicting to progressively langer time periods what is expected
tooanraxﬂthenacunll,caﬂuctlrgexpermentsortestswertlnsetme
periods to confirm the prediction. The rationale of this approach is to begin
the laboratory activities in more highly aggressive conditions than expected
(where the phenmenon under investigation is accelerated to occur in a short
pericd of time) and then to reduce the aggressiveness of the conditions in
order to approach the anticipated enviramental conditions as a limit (where
the same phenomenon occurs in progressively langer time periods). As needed,
the models are modified in accordance with the results from the laboratory
work.

In parallel with modeling and laboratory activities, this task will also
select ane (or two) materials for advanced study from the preliminary list of
candidates. This selection process provides a dividing line between broad-
based preliminary screening activities and the detailed final activities
producing docurentation for a license application design metal barrier. As
noted above, this task will also interface with two others: waste package
design and performance assessment. The intent of these interface activities is
tonsmeﬂ:atthemltsofthistaskaxecmpat:blemththemﬂtsarﬂ
requirements of these other efforts, and to keep the effort of this Scientific
eIxiwsugatlmPlanszactedtmrdﬂEsamgoalsasﬂmeotherpmgm



2.2 Metal ier Selection Process

These activities describe the process for selecting one or two materials
for advanced design ard performance testing. B2 set of criteria for material or
alloy selection is needed to campare candidate materials with one ancther. An
initial set of ’survey papers’, each of which assesses the importance of
particular degradation modes to a family of alloys, will provide a framework
for evaluating the performance of candidates in the selection process, The
selection process includes the doomentation and review requirements for metal
barrier selection.

Actjvity E-20-13 tion mode surve

The ‘Degradation mode surveys’ (E-20-13) are a cansolidation of available
information related to the expected performance of the two families (copper-
base and austenitic) of candidate alloys with respect to each particular mode
of degradation (e.g. localized corrosion). The surveys will specifically
cancentrate on documentation of data needed to campare degradation rates of the
container material over long time periods. The degradation modes are defined
as chemical or mechanical processes (and sometimes combinations of these) that
penetrate the metal structure and ultimately perforate it. The reason for
separating the processes into the different modes is that the penetration
follows different propagation patterns. These modes are explained more fully
in the parts of Chapter 7 and 8 of the SCP dealing with metal barriers and in
several texts on corrosion of metals - see Section 7.0 of this SIP.

The rate of perforation of the metal container and the muber of containers
perforated are important factors in demonstrating the performance of the waste
package for contaimment and of the engineered barrier system for comtrolled
release. The goal is to determine for each cardidate alloy which degradation
modes are insignificant, which are potentially significant, and which appear to
limit an alloy in meeting the performance cbject.was The raticnale for this
activity is that a great deal of information is available on metal performance,
but1tmstbeevaluatedarﬂa;plledtothespec1f1ccaseofameftalbarr1er:Ln
a Yucca Mountain waste container to assess the prospects for repository
performance. Thirteen cambinations of alloy family and degradation modes have
been identified for assessment. Completion of these surveys will provide
documented statements of potential alloy performance, which will serve as the
inpit tc the selection process, it dala asessssd wWill alsc provide irput to
model development.

This activity (E-20-13) will be conducted at QA Level III. The container
material selection criteria (E-20-15) and the selection process itself
(E—20—19) will be conducted at Level I. However, the survey informaticn that
is used in the selection is not directly tied to the license application data,
which will be generated after the container material selection. The purpose of
the survey information is to quide the work that will be followed once the
selection is made. Much of the basic information to be used in the survey of
degradation modes comes fram the open technical literature, which does not have
a QA level associated with it.
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—20— ishment o ia for Metal ier Selecti

The criteria for selection of a metal barrier alloy(s) for advanced work
must be developed, reviewed, and approved. Activity E-20-15 ‘Establishment of
criteria for metal barrier selection’ is the process of defining those
criteria. 'The raticnale for this work is thet a metal harrier material cannot
properly be chosen until the criteria for selection are established and
accepted by a process of peer review and comment as provided for in the Quality
Assurance Program Plan (QAPP) of the Nuclear Waste Management Program (NWMP).

This activity will be conducted at QA Level I. The reason for this level
assigmment is that the selected material and the defense of its selection are
fundamental bases of the license application data base. The container material
selection is also an important project milestone, amd its delay would cause
considerable slip in the project schedule. This fact alone would make the
material selection and selection criteria Level II, but the fact that the
primary intention of the activity is to provide the reasons for selecting the
material for the license application design makes the activity level I.

Activity E-20-19 Metal barrier selection

'Metal barrier selection’ will be performed in activity E-20-19. Input for
the selection will came from the performance models developed in this task and
described in section 2.3, fram the degradation surveys described above, and
fran the parametric studies described in section 2.4. The selection will be
based on the criteria described in activity E-20-15, and will alsc be subject
to peer review and cament. The rationale for selecting the barrier
material (s) before the campletion of model develcopment and validation testing
is that much more time amd effort are required for validation of the
performance model than for an informed and defensible selection. That is, a
variety of candidates can be examined tc a level that determines which ones are
conservatively sufficient to meet the performance requirements, and to rank
them in temns of performance. That is all that is required at this level to
narrow the candidate list to one (or two). Much more work is then required to
carplet:ethelcrqtemperformatmmdela:ﬂvahdate it with testing. This
larger effort, which is required for repository performance assessment but not
for material selection, can then be focused an the selected alloy(s).

This activity is assigned Qu Level I. The rationale for this assigmment is
the same as that given for the previous activity on the selection criteria,
because the material selected amd the defense of the selection are a
fundamental part of the data that will be generated to support the license
application. The reasons that the criteria for selection and the selection
process itself are spl:.t into two activities are (A) to allow the timing
sequence of the two act1v1t1$, (B) to allow a poss:Lble change in the
compositian of the peer review panel for the two activities, and (C) to
dgtczment the selection criteria and the selection process as separate
activities.
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In sumnary, the three activities for the Metal Barrier Selection Process
Area are:

Activity No. Name QA Level
E-20-13 Degradation mode surveys IIT
E=-20-15 Establishment of criteria for metal I

barrier selection
E-20-19 Metal barrier selection I

2.3 Meta] Barrier Performance Modeling

These activities are directed toward producing models of material
degradation for use in the selection process, and then integrating these
degradation models into a metal barrier performance model of the alloy(s)
selected, to be validated by laboratory tests and utilized by the repository
performance assessment task. Model development work will be conducted at QA
Ievel ITII. The models will be validated at Level I and data for parameters
central to the model will be collected at Level I.

Activity E-20-16 Devel of models fo jon modes ical
properties and microstyuctures

Activity E-20-16 ‘Development of models for degradation modes, mechanical
properties and microstructures’ will serve two primary purposes. One purpose
of this activity is to provide support for the selection process. Degradation
models, primarily related to the corrosion resistance of the materials but
occasionally concerned with retention of fracture toughness, are based on
established electrochemical and metallurgical principles. These medels
addressﬂnsemdsdeawdinportanttolagtemperformameasguidedbyme
degradation mode surveys, described in Section 2.2. Data input will include
the rnetallm'glcal literature (especially that which is related to ccrms1m) ’
and previous NNWSI experimental work. Closely related to modeling the
tion modes are modeling activities for characterizing the mechanical and
microstructural properties of the as-fabricated container and the changes that
will occur (‘aging phenomena’) as a function of time in the repository.



For the secornd purpose of this activity, those models applicable to the
selected alloy will be further developed amd integrated into a long-term metal
barrier performance assessment model to be validated and used by the repository
performance assessment task in the advanced design ard licensing phases. The
rationale is to develop individual degradation mode models for all of the
processess which must be considered in the selection activity, then cambine
those models which are relevant to produce a unified performance assessment
model for the container. Thus, the model development activity begins before
container material selection and continues for same time after the selection

process.

The models for degradation modes can be broken into ‘sub-models’; in sowe
cases this is an advantage because some aspects of the degradation process will
bemrembletomdelirgthanoﬂweraspects. One exarple is that the
detection of a sensitized microstructure in austenitic stainless steels and
nickel-base materials is more readily modeled than the envirommental aspects of
intergramular attack and intergranular stress corrosion cracking. Ancther
example is that ammonia formation (such as by radiolysis of atmospheric gases)
is more readily modeled than the metallurgical or mechanical aspects of stress
corrosion cracking in copper and copper-base alloys. In both cases (sensitiza~
tion or amonia formation), the process being modeled is the critical step in
the degradation mode ard can be modeled with greater confidence because the
model is confined to either the container material (sensitization) or to the
enviromment (ammonia formation). This point is discussed further in Section
3.3.1.

'nusactlv1tyonnndeldevelopnmﬂ' is assigned QA Level ITII. The reason
for this level assigmment is that the individual models themselves are not
dlx'ectlypartofthellcensedatabase (Level I), nor is the general

’integration’ of the models into a single performance model. QA Level III
parametric studies (E-20-18) support development of these models (discussed in
Section 2.4). The activity on model development (and model integration) does
not have a major impact on project schedules or on desiqn phases to conduct
camparisons of altermatives (criteria for Level II assigrment). However,
preparation of the integrated performance model for use in support of the
license application (E-20-20.1), the data to support it (E-20-21.1), amd
validation of the model (E-20-25) are Level I activities. The validation will
be made according to results of key performance parameter studies (E-20-21.1)
ard with data generated under license application support tests (E-20-23).
Both E-20-21.1 and E-20~23 are QA Ievel I activities.

Activi =20-20 and E-20-20,1 tion of models for selected material

The ‘Integration of models for selected material’ activity (E-20-20 amd
E-20-20.1) follows the previous development phase and the alloy selection.
Those degradation models which apply to the alloy(s) selected must be
integrated with the design features and repository enviromment information to
produce a long term performance model for the waste package. The reason for
this ’integration’ activity is that more than one degradation mode can ccour at
a time. The model associated with aging effects in the cantainer, including
the mechanical and microstructural property changes associated with these, and
the model associated with low temperature oxidation of the container are
applicable fram the time the comtainer is emplaced in the repository, while
many of the other models (especially theosa associa’ ad with aquecus corrosion
phencmena) are applicable to certain time periods or when certain corditions
ocaur in the repository.
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'meenwm'mantamnﬂthecmtalnerulldlaxqemthtlme, and waste
packages at different locations in the repository will experierve different
envirommental conditions. 'Ilecmtamexsﬂmselv&ullbepmdncedcvera
25-30 year period of time, and will conceivably have same variation in
composition and microstructure. All of these factors will determine when a
given model is ‘in effect’ and when it is not.

This activity is split into two parts with different QA levels because much
of the work to integrate the models does not support license application
dmectlyhrtlsthepmcssofgettmgmeparformamemodelworkng
correctly. Thus activity (E-20-20) is assigned QA Level III for the same
reasons given for assigning the model develogment activity (E-20-16) Level
III. The primary purpose of the integration is to ’allocate’ among the several
models over what portion of time and over what portion of container population
the individual models are applicable. The portion of this activity which is
assigned QA level I (E-20-20.1) involves preparation of the parametric data
fran E-20-21.1 ard predictions of container performance. This will be used to
support the license application and other critical programmatic decisions in
other tasks such as container design and fabrication where the metal barriexr
performance is important. The paremetric data for this activity comes from
E~20-21.1 which is also QA level I.

Activity E-20-21 and E-20-21.1 Performance parameter studies

‘Performance parameter studies’ (E-20-21 and E-20-21.1) is an activity to
interface with the inteqration of the individual models (E-20-20 and
E-20-20.1), described above. This activity involves gathe.rmg key parametric
input for the integrated metal barrier model, and guaranteeing that the metal
barrier model is consistent with the requirements of the repository performance
model. It will also provide any additional parametric data needed to camplete
the individual degradation models. The word ‘key’ is used here because the
parameters that will be studied are those that are identified as being
important because of the:rsttumglnfluercemthosedegradatlcnmdesthatare
determined to be central in predicting container lifetimes in the time periods
of concern. Identification of these key parameters cames after container
material selection and after the model development work has indicated which
parameters have the greatest sensitivity toward the process being modeled
(activities E~20~18 ard E-20-16). This ‘Performance parameter studies’
activity may include data collection from outside the project and certification
of this data according to the appropriate quality assurance provisions to allow
its use to directly support Level I work; this activity may also include
laboratory tests. Tests would be performed under this activity if they were
not direct performance tests, such as those in activity E-20-23.

This activity is split into two parts with different QA levels because sone
of the information required for model integration (E-20-20) is of a general
nature and does not directly support either the model validation or the license
application design, and same of the information does support these Ievel 1
activities. The first portion of the activity, E-20-21, which is assigned QA
Ievel III, supplies information on all of the physical, chemical,
metallurgical, and mechanical parameters that have same influence on metal
performance. It is similar in nature to activity E-20-18 but is focused on the
selected material and supports model integration rather than general
development. The second portion of this activity is E-20-21.1 and is assigned
QA Ievel I. The rationale for this assigmment is that this activity directly
supplies input required for camletion of the performance model (E-20-20.1 and
E-20-25), QA Ievel I activities that will be used in the license applicatiocn
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data base. Activity E-20-21.1 classifies information with regard to its
importance and reviews and certifies information needed for QA level I
activities. Documentation of these decisions becomes a central factor in
campleting the modeling work in the Metal Barrier Selection and Testing Task.

Activity §-20-25 Valjdatjon of mndel

‘Validation of model’ (E-20-25) will validate the integrated metal barrier
degradation model by comparison to QA Ievel I test data. As described earlier,
the model will be based on accepted electrochemical and metallurgical
principles. The raticnale is to verify that the model is phenamenologically
correct by camparison to laboratory tests which map a parameter space in
corrosion erviromment and time. Demonstration that the model accurately
predicts the results of these tests will be used to validate the medel for use
in the Repository Performance Assessment. If suitable natural analogs can be
found, they will be used to enharxe the validation of the time parameteriza-
tion. The peer review process may also be used to support model validation.

This activity is assigned QA lLevel I, because the results of the validation

will be a critical part of the data submitted in support of the license
application.

In sumary, the activities under the Metal Barrier Performance Modeling
area are:

Activity No. Name QA Level

E-20-16 Development of models for degradation III
modes, mechanical properties, and
microstructure

E~20~20 Integration of models for selected II1
E-20-20.1 material I
E-20-21 Performance parameter studies IIT
E~20-21.1 Performance parameter stidies I
E-20-25 Validation of model I

It shauld be noted here that detailed model development and validation
plans carnnot be providad until after the material selection process is
campleted.
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2.4 Metal Barrier Performance Testing

Laboratory testing of metal barrier performance is required for three
reasons. First, in the time leading up to selection of one (or two) alloys,
experiments will provide data to the degradation modeling effort and will help
guide the selection process. After selection, there will be a ne=d for QA
level I input into the degradation models as they are consolidated into a
container performance model. Finally, tests will be needed to provide support
for validation of the metal barrier model over a range of repository-relevant

parameters.
Activity E~20-17 Experimental technicue development

Activity E=-20-17 is ‘Experimental technique development’. Custom
laboratory tests are likely to be needed. Standard corrosion test procedures
should be adequate for most general material surveys and same of the model
development support. However, to precisely conform to the modes of degrada-
tion experienced in a repository enviromment, and to vary the parameters of
tests in the same way that the models vary parameters, custom technigues, using
recent advances in electrochemical and surface sciences, may be required. To
measure the slight degradations experierced in the relatively benign
enviroments expected in experiments and tests performed within reasonable time
scale, enhanced sensitivity is required in some experimental techniques.
Examples of same technigues that may be employed are discussed in Section
3.4.1.

The work in this ac*t:.v:.ty will be conducted at QA Level III. This is truly
experimental work. There is same technological risk involved in undertaking
tbis kind of work in that not all of the promised advances in techniques will
necessarily give useful results. On the cther hand, there are considerable
benefits to be gained if mechanistic arguments can be successfully
made about how fundamental electrochemical and metallurgical processes operate,
in order to make the unique long-rarge characterization and performance
predictions requived for ruclear waste disposal. The bulk of the work
undertaken in activity E-20-23 (License application support tests) will likely
use standard test procedures and recammended practices developed by
professional organizations such as ASTM, NACE, and cthers. These tests have
widespread use and acceptance; however, acceptance of new kinds of tests by
professional organizations is a slow process. A good part of the effort in
activities E-20-22 and E-20-23 (both a Level I activities) will be concerned
with selection of test methods to use in generating the licr >~ appllcztlm
data. The result of work performed in activity E-20-17 is 1o .etermine whether
sape of these advanced techniques should be included in thos: Lzvel I
activities,

Activity F-20-18 Parametric stidies of metal degradation and
microstructure

During the development of degradation mode models described in Section 2.3
corrosion data will be required that are not available fram other sources or
are unigue to Yucca Mountain repository conditions. These will fall under
activity E-20-18 ‘Parametric degradation studies’. The raticnale is to provide
the container material selection and model development activities in a timely
manner.

19



The behavior of the container material deperxis on several physical, chemical,
metallurgical, and mechanical parameters; identification of which of these
parameters are the central or key ones to predicting the performance under
repository canditions is needed to proceed toward generating meaningful data
for the license application. This activity begins before selection of
container materials for advanced design work and contimues until the selection
process is campleted. After selection of a comtainer material, informaticon
gathering and key parameter identification is contimued under activity E-20-21.

This activity will be conducted at QA Level ITI. The information that
cames aut of this activity will not be used directly in the license
application, but it will identify those parameters that will be used in
generating the QA Ievel T work in activities E-20-21.1, E-20-22, and E-20-23.

Activity E-20-22 Development of plans for license application
Support tests

After selection of an alloy(s) for advanced design work, a set of QA Level
I tests must be planned in conjunction with the model integration werk of
Secticn 2.3 to allow eventual validation of the metal barrier performance
model. Such tests carinot he conducted until a camprehensive set of test plans
has been prepared, reviewed, and accepted. Preparation of these plans in
activity E-20-22 ’Develomment of plans for license application support tests’
includes a review and camment process to ensure that the scope, accuracy and
Precision of the tests will be adequate for performance confirmation.

This plarming activity will be developed at QA level I. Documentation of
how decisions were reached with regard to selection cf test methods and
selection of key parameters is needed to directly support the license
application data (criterion for Ievel I). s indicated in the information
flow diagram (Figure 1) and in discussions in the text on related activities,
the plans will be periodically revised as important new information becomes
available, for example fram activity E-20-17 on technique development or from
activities E-20-21 and E-20-21.1 on parametric investigations.

Activity B-20-23 License lication rt_tests

The most intensive laboratory work in this task is in activity (E-20-23)
‘License application support tests’/. These tests, as planned in the activity
described above, will be used to validate the metal barrier performance model,
mﬂwillprwidedatatopredictﬂ:ee:qwectedlagtemmetalbarrier
performance. The rationale behind these tests will be to test the alloy(s)
dmsenaverazangeoferw;romertardtmcmbmhmstoprwﬂedata for
use in specially designed tests for validating the integrated performance model
of the metal barrier, as described in activity E-20-25. Severe enviromments
will produce measurable degradation in accessible times to validate models of
the degmdatlm process. Monitoring the decrease in he degradation kinetics
as the enviromment tends toward that mthereposltoryw:_nprcmﬂevalldatlm
of the time parametenzatlm in the models. Long-time natural analogs, if
available, will allow further validation in the time parameter. This activity
will be conducted at QA Ievel I. The reason for this assignment is that this
activity will generate license application design data.
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In sumnary, the activities in tne Metal Performance Testing area are:

Activity No. Name QA Ievei

E-20-17 BExperimental technique development III

E-20-18 Parametric degradation studies I

E-20-22 Development of plans for license I
application support tests

E-20-23 License application support tests I

It should be noted here that detailed plans for activities E-20-22 amd
E-20-23 cammot be developed until after the material selection process is
campleted.

2.5 Design Properties of Metal Barrier

This area comprises those properties of the metal barrier (as it is
designed to be used in a waste package) that affect material selection amd
performance. These include the temperature and radiation field due to the
radicactive decay, physical and mechanical properties of the metal, design
details such as thickness of the container and the loads that it will
experience, and microstructural characteristics such as grain size amd internal
precipitates both in the weld metal and the base metal. There are two
activities in this area.

Activi ~-20-14 Coordination wi desi

The first activity in this area is Ooom:.natlmmthpackagedesz.gn
(E-20-14). The rationale behind this activity is to ensure contimed
information exchange with the package design task. Examples of the kinds of
information exchange are given in Section 3.5.1. This co-ordination is
required to assure that the metal barrier selection and package design do not
progress independently and end up with incampatible requirements.

This act1v1tym11becaﬂ1ctedatmleve1nlastherelsmlmense
application design data being generated in the activity. This activity will
ccntmxeﬁam:glntttheactlvepenodofmlsSIP, theactlwtyzsmtduectly
linked to any particular important scheduled milestone. However, this activity
does serve to transmit information between the two tasks. Information from
analyses being performed in other activities (e.g. E-20-18, E-20-21, amd
E-20-21.1) is used to determine ’key’ parameters (especially metallurgical
parameters). Information flows back fram this activity to identify which of
the mechanical and microstructural properties are central to making performance
predictions (activity E-20-24).
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jvi =20~ ination o i and mi
properties of the selected metal barrier material

Machntyzscanen:eduthd:am:tanzaumarﬂdwmﬂaumofthe
important mechanical and microstructural properties of the selected container
material in the as-fabricated and as-emplaced condition. Many of the
activities concerned with strvey of degradation modes, identification of key
performance-related parameters, wodel developwent and integration, and testing
topmdnehcaseamhmhmdataarﬂvahdaumofﬂ;eperfmrmmdel
depend on an acourate characterization of these key properties, This activity
is closely linked with the Design, Fabrication, and Prototype Testing Task
becaurse the container fabrication process amd the welding ar other closure
pmcasshaveaslgmfmrtmﬂmmthemed\amcala:ﬂmcm-

properties
areg:valmSect.ImB.s.z. The particular properties that will be documented
in this activity are those that are deemed important from the model develop-
ment and integration activities (E-20~16 and E-20~20) and the parametric
studies (E-20-18, E-20-21 and E~20-21.1). Additicnally, fram the point of view
of fabricating, closing, and inspecting the container, there are certain
desirable mechanical and microstructural properties, and these considerations

Inforat:mfrmthmactlwtynllult:mtelybelsed in part, for
establishing acceptance criteria for the waste package comtainer. This
information is provided to the Design Task and ultimately to those areas of the
mslﬁmectmlbleforﬂtemstepadagemmfacumngarﬂharﬂlmg
facilities. Naarlyalltstu-gtedrnqaesfarnedamcalormcmstnmmal
properties are destructive. Therefore, a mjor comtribution fram this activity
will be a technical basis for establishing a sampling progrem to assure that
the finished container meets the specifications. Possible approaches to
achieve this end are more fully explained in IN 1.4.1 of the SCP.

This activity will be conducted at QA Ievel I. The characterization and
dm:mtlztamofthsemtusseweasahasmfarmﬂnofﬂaemdehrgam
tstngnmﬂ:ﬂ:mﬂnd:lag—tmperfmmhehavmrpzedmhusam
derived. (haractenmt:moftbem.mmﬂltlaslsacnmalpomtm
establishing the validity of the predictions, and this meets the criterion for
Ievel I (data for license application).

In summary, the activities under the grouping of Design Properties of the
Metal Barrier are:

Activity No. Name QA Ievel
E~20-14 Coordination with package design I
E-2C-24 Determination of mechanical and I

microstructural properties of
selected metal barrier material

22



3.0 Description of Tests, Models, and Analysesg

3.1 Imtroduction

The thirteen activities defined in Sectians 2.1 ~ 2.4 are described in the
following sections. For those activities in which previous NMMSI work has been
performed, that work is described. An outline of the work plammed under this
Investigations Plan is included. Detailed test, model, and analysis plans
which will ultimately be required by this Investigation are listed in Section
5.0.

3.2 Metal Barrier Selection Process
3.2.1  Degradation wode surveys (E-20-13)

This activity is an analysis of all the degradation modes that are believed
to pose a potential performance threat to ane or more of the candidate metals
for the container. These surveys will be a set of papers summarizing available
information addressing whether any particular mode of degradation can be active
under Yucca Mountain conditians, under what conditions it would be active, and
what measures could be taken to avoid degradation. The surveys will became a
baseline of information used to evaluate which degradation modes mist be
pursued in advanced tests and which can be eliminated from further
consideration because they will not be active under postulated repository
conditions. The surveys will also support the selection process, where they
will provide irput into a QA level I assessment of the degradation modes. That
assessment will then be used to narrow the field of candidate metals to one or
two. It is expected that some candidates will have more potential degradation
threats than cothers. Selection criteria may favor those candidates that have
few or no active degradation mcdes. A final application of the surveys will be
as input to the Package Design Task to assist in evaluating design issues which
could reduce or erhance the activity of degradation modes.

'memnd:datemetalscznbedlvmedmtomdlsmn:talloyfamums,
austenitic (iron-base and nickel-base) and copper-base. These families respond
quite diftorently to the same enviroment. meseoftmsmnnlgrwpm;,
the assessments will be cambinations of degradaticn mode and alloy family.
while the fundamental mechanisms for corrosion resistance are similar within a
family of alloys, individual members can exhibit substantial differences in
behavicer in certain erwiraments. The cammon modes of envirormental
degradaumcanalsobegzupedml:osmlarmtegons. Notalldegmdaum
categories apply to both alloy families, because same types of corrocsion are
not active with ane of the families. Thirteen combinations of degradation mode
axﬂnetalfamlyhavebeeildenuﬂedthatareatlmstmvablewﬂar
repository conditions. 'Ihe:emalsoawtegaryof’otlnr’toallwcmt;nxed
snveyofpassmlemdstbatamearmerwhxtﬂatmuzemumas
in this and other project tasks may reveal to be more important. Identified in
this ‘other’ category are (1) additional mechanical degradatimmds (e.g. low
temperature creep) cocurring at slow rates over long periods of time at the
modestly elevated temperature in the repository and (2) the possibility of
greatlyeimnaimrmmmdegmdaﬂmmdsmnrugbecauseofs&stanual
modification of the chemical envirament by micro-organisms either native to
the repcsitory site or introduced during the construction and gperational
periods.
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Survey papers to be prepared.

General Corrossion and Oxidation - Copper-base alloys.
Iocalized Corrosion — Copper-base alloys.

Stress Corrosion Cracking ~ Copper-base alloys.

Hydrogen Effects - Copper-base alloys.

Phase Stability and Ageing - Copper-base alloys.

Other Degradation (Creep) ~ Copper-base alloys.

General Corroeion and Oxidation - Austenitic alloys.
localized Corrosion - Austemitic alloys.

Transgramlar Stress Corrosion Cracking - Austenitic alloys.
Intergramilar Stress Corrosion Cracking - Austenitic alloys.
Bydrogen Effects - Austenitic alloys.

Fhase Transformation and Ageing - austenitic alloys.

Other Degradation -Austenitic alloys.

3.2.2  Establishment of criteria for metal barrier selectjon (E-20-15)

The adbjective of this activity is the develomment of a methodology to
select the container material from the list of candidate materials. A peer
review group will be formed as provided for under the NaMP - QAPP (033-NMP-P
2.2) to review this methodology and its use in arriving at the final material
choice.

The following list is a prelimipary list of the criteria for selecting a
coytainer materiaj for the license application design and will serve as input
to this activity:

1. w:llthemterialmeettheperfomamealloatedtoﬂaecmtauer in
achieving the contaiment abjectives (substantially camplete
cmtanmntmﬂerantlmpatedpmcssesarﬂevents occaxrring in the
repository)?

a. Resistance to oxdidation.

b. Resistance to general aguecus corrosion.

c. Resistance to ewiromentally accelerated cracking (stress
corrosion cracking and hydrogen enbrittlement).

d. Resistance to pitting, crevice, or other localized attack.

e. Demonstration of adequate mechanical properties.

f. Resistance to mechanical embrittlement.

2. Can the performance of the material under repository conditions be
adequately predicted?

a. Predictability of physical and chemical properties of
as-emplaced container,

b. Existence of medels to explain and predict degradation
phenamena, or ability to develop such models.

c. Existence of models to extrapolate laboratory data relating to
degradation phenamena to repository time scales and conditions,
or ability to develop such models.
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3. Will the container material interact favorably with other
camponents? .

a. Interactions with waste form.
b. Interactions with borehole liner.
c. Interactions with the package enviromment.

4. Can a cantainer be made of this material?

a. Fabricability of contziner body.
b. Weldability of container ("closeability" if a norwelded
closure).

c. "Inspectability" of closure.

5. Are the container material and process for fabricating it
practicable?

a. Availability of container material.

b. As-fabricated container costs.

c. Quality control requirements (and costs).
d. Repository hardling costs.

6. How can confidence in the selection be gained?

a. Previous engineering applications of the materiai.
b. Available data base on the material.
c. Favorable (or unfavorable) experiences with the material.

Weighting factors for each of the preceding criteria (and any others
chosen) will need to be established. It is expected that the previously listed
criteria in 1, 2 and 4 will have the heaviest weighting, hut all of the
criteria have same importance. One approach is to assign a maximm mmber of
points to each item in the criteria list and a minimum mmber for each item
that the material must pass. As a rather extreme example, it does no good to
have a highly corrosion resistant material that camnot be fabricated and
closed.

Where appropriate and available, examples of methods that have success-
fully been used to predict langer term behavior of materials from short-time
laboratory or field tests will be used. Examples may derive fram atmospheric
corrosion testing, marine corrosion testing, undergrourd testing, chemical
process industry testing, or nuclear and fossil fuel power plant testing.
These examples will provide information for same of the items listed in 1, 2
and 6.
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Development of the selection criteria, weightings, and organization of the
peer review group are the items to be completed in this activity. The Nevada
NMuclear Waste Storage Investigations (MNWSI) Project will use its own staff and
consultants to develop the selection criteria and weighting factors. The
selection criteria and weightings will then be reviewed by the peer review
panel as per the Quality Assurance Program Plan. Following revision, if
necessary, the criteria will be used to assess the candidate materials and
select a material or materials in activity E-20~19. The peer review panel will
consist of approximately seven individuals with backgrounds in different areas
of metallurgy and materials science and with different work experiences to
achieve a balance of viewpoints and perceptions.

3.2.3  Metal barrier selection (E-20-19)

This activity is the actual metal barrier selection step. The selection
process will consist of applying the selection criteria to the list of
candidate materials. As part of the process an assessment of degradation modes
will be made for each material based on the survey papers from activity
E-20-13. NMWSI Project persornel and consultants will perform the selection.
Input will be the selection criteria and weighting factors fram the previous
activity, the degradation mode surveys from the first activity, consultant
reports, NNWSI parameter studies, and existing literature information. There
will be two camponents to the decision. First, each candidate will be examined
to assure that its performance meets the minimm requirements, allowing a
conservative margin for uncertainties. Second, it is proposed that a
‘quantitative figure of merit’ technique be used, in which each candidate alloy
is judged an the established criteria. The quantitative scores, multiplied by
the established weighting factors, are summed to provide the ranking total for
the alloy. The selection process will be documented in a report on alloy
selection. A peer review panel will be convened to review the report. It is
expected that the same panel used for activity E-20-15 will be used for this
review, but some additions might be made to address critical decision points.
The selection, after review, revision if needed, and approval by the review
graup, shall be used to quide subsequent performance confirmation tests and
degradation model development. The selected metal barrier material (s) amd its
physical, mechanical, and microstructural properties will also be used by the
waste package design task as irput into the advanced design work.
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3.3 Metal Barrier Performance Modeling

The analyses performed under this activity are directed toward producing a
set of models for any degradation modes to which the container may be
susceptible. The set of models will cover all degradation modes considered to
be important for each candidate material in the repository envirommental and
thermal setting. The models will be preliminary in nature because oft:hela:cge
effort required to make them exhaustive, and because of the limited application
required of these models before the selection step. Those models relevant to
the selected alloy(s) will be further developed after selection, as described
in activity E~20-20. This activity will also develop models to predict the
mechanical properties amd microstructure of the container material in the
repository emviromment.

Prediction of the long-term performance of the metal barrier undex
repository corditions requires that all significant deqradation mechanisms be
identified and the prabability of their occurrence be quantified. For all
degradation modes that might be significant, a physical-chemical model must be
developed that will allow extrapolation of data gathered in the laboratory to
the times and conditions relevant to the repository. In many cases, the
analysis to determine whether the degradation mode might occur requires the
same model that will allow prediction of long-term behavicr. Thus, in this
activity analyses are included that both assess the relevance of particular
degradation processes and develop models to describe their action under
repository conditions. The tools that are developed under this activity will
be used in the Performance Assessment Task to predict the condition of the
containers as a function of time for both anticipated processes and events and
for other, low probability cases for which source term data are requested by
that Task.

The modeling activities discussed in this activity and the laboratory
experiments discussed in E-20-18 are clcsely related. They are both described
in fairly basic terms in Chapter 8 of the SCP (Informaticn Need 1.4.3) with
mich greater detail to be provided in the laboratory test plan to be written
for the activities. The results of this activity will be used in the selection
of the alloy(s) for advanced work (activity E-20-19), and those portions of
these models that apply to the alloy(s) selected will be used in activity
E-20-20.

Afmﬂamam:alelenentﬂ)attrarswﬂsallthemdelngofdegradatlmnnds
that have some chemical features is a model for the corrosion potential.
Various envirommental parameters in the aguecus phase (e.g. pH, disselved
oxygen and other gasses, cation speciation, anion speciation, radiclytically
produced species as well as temperature) influence the corrosion potential.
Metallurgical parameters (e.g. allay camposition and phases — including the
effects of strain and prior fabrication history on these) also influence the
corrosion potential. While more difficult to measure experimentally, the
concept of corrosion potential also exists under "dry" axidation conditions.
The potential under dry comlitions might be approximated by modeling the
potential under conditions of a thin electrolyte layer as a function of
thickness, and then letting the thickness approach zero. Initiation and
propagation of non-uniform corrosion modes are governed by “critical
potentials", so that models for these modes are based on the values of the
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critical potentials relative to the corrosion potentials. The values of the
critical and corrosian potentials witl change with time as envirormental) and
metallurgical comditions in the repository and in the container material
change. Many of the details deperd on the material that is selected for the
advanced designs.

Models for predicting critically susceptible microstructures for the onset
of non-uniform corrosion modes (e.q. sensitization in stainless steels and
nickel-base materials) are derived from considerations of the metallurgical
reaction kinetics. These follow from nucleaticn-and-growth models based on
diffusion of the critical component (diffusion of chromium to react with
carbon). Particularly at the relatively low temperatures of interest in the
repository, models must consider both high-diffusivity paths (grain baurdaries,
dislocations) and low-diffusivity paths (atcm movements in the crystal
matrix). Also, the reaction kinetics to form the carbide can become rate
controlling at low temperatures. Models for sigma phase formation (a brittle
phase) are based on mxcleation and growth kinetics ard will be developed by a
similar approach. Some metallurgical reactions that are of interest (because
the transformation products are brittle and are usually more prone to stress
corrosion and/or hydrogen embrittlement) are diffusionless (e.q., martensitic
reactions in stainless steels and possibly in alumimm bronze), and the
modeling approach is therefore different. Martensitic reactions are usually
considerad in the context of critical temperatures to begin the transformation
ard to camplete the transformation. High strains greatly increase the critical
temperatures, so that they can coincide with the repository temperatures for
the more susceptible materials (304L). Models for these are built upon the
effect of temperature, strain, and alloy camposition with evidence for the
formation being resolution by optical microscopy.

The extent to which the modeling activities will be carried cut depends on
the material selected for advanced designs and the results of degradation mode
assessments for the materials and different degradation modes being considered.

3.3.2 jon o or selected material (E-20-20 E=20-20.1

The analyses of this activity follow those of the preceding one (E-20-16)
and the metal barrier selection step (E-20-19). This activity involves taking
those degradation mode models that are relevant to the selected alloy,
campleting them, and integrating them with required input from activity E-20-21
and E-20-21.1 concerning the material and repository conditions to provide
performance predictions for the metal barrier. This activity will interface
with the Performance Assessment Task to produce container performance models
consistent with the needs of that Task.

The work of this activity is closely related to the information gathering
and laboratory testing activities of E-20-21, E-20-21.1 and E-20-23. They are
descnbedmgeneraltemsm(haptereofthescp (Information Need 1.4.2) and
will be detailed in the individual test and analysis plans to be written for
the material(s) selected for the advanced designs. Partl.cularly in the case of
localized corrosion and stress corrosion cracking, there is a considerable need
to select detailed test methods as well as materials, and this selection is
begt left until after the final material is selected.
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3.3.3 es (E-. —20-21.

The QA Level III portion of this activity (E-20-21) consists of information
collection and tests to support the development of degradation models but which
do not support the validation and license application. This activity serves a
role after the selection step similar in nature to the role of activity E-20-18
before selection. This activity contimues those experiments from E-20-18 which
apply to the selected alloy to assist model development. The experiments can
be divided into eight categories of degradation, ard can be further divided
naturally into the two families of candidate alloys (austenitic and
copper-base), The eight categories are:

1. Metallurgical aging and phase transformations.

2. low temperature oxidation

3. General agueous corrosion.

4. Intergranular attack and intergramular stress corrosion cracking.
5. Hydrogen entry and embrittlement.

6. Pitting, crevice, and cther localized attack.

7. Transgramular stress corrosion cracking.

8. Other potential degradation modes

The QA level I portion of this activity (E-25-21.1) cansists of information
collection and tests to support the campletion and integration of degradation
models including any data which supports the validation (E-20-25) or the
license application design. Details of this activity will not be available
until the preliminary models are camwplete (E-20-16), the alloy(s) for advanced
design work is chosen (E-20-19), arxd model integration (E-20-20) is ready to
commence. Until that time, the parametric information needs for this task will
not be known. When appropriate, analysis and or test plans will be prepared
ard reviewed to assure that the parametric input into the metal barrier
performance model is adequate and accurate. This activity is a QA Level I
analog of activity E-20-18 and will gather or generate data on critical issues
such as chromium diffusion, phase stability, and chloride ion effects
(austenitic materials) and such as rates and concentrations of nitric acid or
amwonia formation (copper-base materials). The data will be used in the
development and integration of the performance model (E-20-20.1) but are not
distinct validation tests (E-20-25).

3.3.4 Validation of mxdel (E=20-25)

This activity will conduct QA ILevel I metal barrier material tests amx
campare the results with the predictions of the degradation model. The purpose
is validation of the model for long term waste package performance
predictions. Substantial variance of the model from the test results must be
investigated and explained. A peer review process will monitor the results and
review the validation. Irput into this activity will be the long term material
performance model from E-20-20.1 and the test results from E-20-23.
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3.4 Metal Barrier Performance Testing
3.4.1  Experimental technique development (F-20-17)

This activity involves the development of custom laboratory technicques for
degradation testing and examination of metal barrier candidates. It involves
bcmmWsofreqﬁrenmbsardadstmgtedmigmaMMbozatozytastimto
develop tedmg:es One portion of this activity will be an ongoing review of
the experimental requirements for metal barrier testing. As the mvstlga-
tion progresses, there may be an evolution of test requirements, since they are
dependent upan the results of activities E-20-13, E-20~19, and E-20-16. As
these experimental requirements are identified, an assessment of existing
techniques will be made to determine whether the need is already filled.
Established techniques that are required but not already available to the RWWSI
prcgnmwillbeobtaxled, e:.therbyustallugarﬂdevelopmgaq:ertlseatm

or by contract to other lahcratories with established capabilities. It is
possible that needs will be identified that are not met Yy established
techniques. In this case, an effort will be made to deveiop the required
capability either at LINL or at a contractor facility. The work under this
activity will be done at QA level III. However, any techniques developed here
that will be used for activities E-20-21.1 or E-20-23 will have QA Ievel I
procedures written for them.

Examples of experimental requirements that may lead to developmental work
include:

1) use of microelectrodes to measure and monitor electrochemical potentials
in small areas. A great deal of technical literature is concermed with
measurement of electrode kinetics as a function of statically or
dynamically applied electrochemical potentials. On this basis, potential
regions are established. These regions are bounded by so-called ‘critical
potentials’ that govern vhere particular kinds of corrosion can ocour. In
conventional electrochemical techniques, potentials are measured on areas
with a linear dimension of approximately 1 mm, while advanced techniques
allow potential measurements on area with linear dimensions of 10
micrometers, and considerably less in the most advanced techniques (about
30 nanameters). This advancement permits an experimenter to monitor the
poterxt:.al distrilation that would occur arcound a freshly initiated crack,
c.:rev:.ce, pit, or other surface feature on a corroding metal surface.
Oaév;entmnal electochemical techniques will camplement the microelectrode
WO

2) wse of advanced microanalytical techniques to measure and monitor the
concomitant environmental chemical concentration gradients alang with the
electrochemical potential gradients existing in a crack, crevice, pit or
other surface feamremacormdnr;mtal surface. Such techniques
involve selective ion probes or intense light sources.
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3) use of advanced microscopic techniques to investigate changes ocan'rut;
mthemetaloralloy. These technigques include advancements in scamning
and transmission electra: microscopy to examine and analyze very small
precipitates, transformation products, or other microstructural features of
interest. With the latest “state of the art" microscopes, resolution to 10
Angstrams (and lower) is possible. Resolution of these small particles is
inportant in establishing credibility of metallurgical models (e.g.
sensitization in stainless steels; martensitic transformations in stainless
steel and possibly alumiram bronze) proposed for predicting chamges in the
container material with time,

4) use of advanced surface and analytical techniques to investigate the
chemical and structural ccnposition of protective films and layers on
corroding metal surfaces. From this information, the kinetics of film
formation and re-formation when broken can be determined. Of possible
mbernstareadvamanentsmscammghnunlugelectrmmcmscqryto
examine in situ surfaces exposed to agueaus environments, and spectroscopic
ellipsametric techniques to investigate in situ the structure and growth
kinetics of passive films. More cowventional in vacuo techniques, e.g.
Auger electron spectroscopy and ESCA techniques, will be used to supplement
the in situ techniques, as needed.

The intent in developing the above techniques is to allow examination of
grain boundaries, arrays of dislocations, sub-critical size precipitates, local
anodes ard cathodes, and other furndamental factors in elucidating the
mechanisms for corrosion and other degradation modes. These advanced
techniques are to be used in conjunction with more established and conventional
corrosion test methods (as discussed in the next section)

3.4.2 tric studies of tjon and mi =20-18

The work in this activity will be QA level III experiments to provide
specific corrosiion data needed throughout the model develcopment phase, and to
act as imput to the selection process. Those studies to be used in the
selection process are needed in the near term. Same of these are currently
plarmned and should begin scon. Examples of these near term studies include:

Identification of the sensitization rate-determining step in
austenitic stainless steel at low temperatures (Cr diffusion within grains,
Cr diffusion along dislocations, rate of carbide formation, etc.) amd
develop a means to show this microscopically.

Determine the lowest critical chloride ion concentration (lowest
critical potential) that will cause 1) pitting, 2) crevice,
3) transgramular SCOC in the three austenitic alloys and develop means to
demonstrate this.

Verification that a high radiation field will not cause a high
oxidation or dgeneral corrosion rate, or anset of 5CC by ammonia formation
in copper-base materials.
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AsubstantlalanumtofprevimsmrkhasbeendanbymeMMI Project on
experiments to examine these issues in relevant enviromments., A variety of
eperiments were conducted at ILawrence Livermore National Laboratory from 1982
to 1986. Additional experimental work was conxhucted at several contractor
sites (Pacific Northwest Iaboratory, Westinghouse Hanford Co., Ohio State
University, San Diego State University, University of Mimmesota, and the
University of Florida). These are described in a general way in the Site
Characterization Plan (Section 7.4.2) and same of the reports from these
experimental activities are cited in Section 7.0 of this SIP. Several
additional reports are in preparation. These reports will serve as input to
the ’Degradation mode surveys’ of activity E-20-13.

The candidate materials in the NNWSI Project are regarded as corrosion
resistant materials, as opposed to corrosion allowance materials. This means
that the oxidation and general corrosion rates for the candidate materials in
all the anticipated enviromments (and in many of the credible, although
unarticipated, envircments) during the contaimment and isolation periods are
sufficiently low that perforation of the container wall in the time periods of
concern by these mechanisms is very improbable. However, these modes will
occur continuously from the time of emplacement, and they are of interest in
establishing the background conditicns (including the characterization of
protective films and their change with time) for the metal surface.

The more serious concerns for container failure during the time pericds of
interest are the other corrosion modes listed above as well as metallurgical
aging and transformation reactions leading to structures that are brittle or
more subject to localized corrosion and stress corrosion modes. Many of the
advanced techniques listed in the previous section are planned to be used for
the purpose of investigating under what conditions these corrosion modes are
initiated and propagated. The bulk of this activity is analysis of the rates
of initiation and propagaticon, as they apply to the envirommental conditicns
(including temperature and radiation fields) and the population of containers
(including their fabrication history and mechanical stress distribution).
These comditions will not be uniformly distributed on the surface of a given
contamerandwﬂlvazyammgﬂwepqxﬂaumofe:placedcmtamersmthe
rep051tary Iocalized corrosion, stress corrosion, and hydrogen embrittlement
have important statistical components, related to the distribution of
envirommental, metallurgical, and strain conditions fram point to point, and
themanifstatimofﬂmeisadistri.butiminthezateofattackbyﬂme
modes.
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As discussed under activity E-20-16 ‘Development of models for degradation
modes, mechanical properties, and microstructure’, the fundamental "tie line"
between the different degradation modes is the relationship between critical
potentials for the initiation and propagation steps of the different modes of
localized and stress corrosion and the electrochemical corrosion potential.
Measurement of the corrosion potential and the various critical potentials is
the key 1ink between the modelimgs and performance activities. This means that,
for example, a series of pre-cracked stress corrosion cracking tests will be
conducted on a suitable fracture mechanics-type of specimen at different
applied potentials in a given set of otherwise constant envirorment
corditions. 'Ihecrackprtpagatlm rate will then be measured as a function of
time and applied potentlal The critical potential for initiation of
measurable crack growth is then determined. Other pieces of information, such
as the crack propagation rate, the crystallogra;iuc path, contimiity or
discontimiity of the pmpagat:.on, and taﬂency crack brarnching, will be
used eventually to estimate the time-to-failure of a container. Several
metallurgical parameters can be introduced into the test series to indicate the
effects of key microstructural parameters such as deqree of sensitization
(stainless steels) or alumimm segregation (alumimm bronze) on the crack
propagation rate and critical potential. The effect of mechanical factors such
as stress intensity amd size of the plastic zone on crack propagation and
critical potential can also be obtained from the same series of experiments.
Thus, a single set of experiments (with parameters well chosen and with a high
degree of sensitivity to crack growth measurements) can yield an impressive
amaunt of information that can be used to predict failure rates. Also, all
three of the basic factors (susceptible microstructure, aggressive enviromment,
critical stress) needed in determining stress corrosion susceptibility will be
present in the test series.

3.4.3 Devel o) ans_for 1i jcation rt =-20-22

'mepnposeofﬂusactlvmylstopmdu:ethetstplmforthelagtem
tests of metal barrier performance. Afbe.rtheselectlmprocesshasdwsenore
(oru;o)metalalloysforadvamedwork,testsmllbereq.uredtodemne
the behavior of that metal in a variety of envirooments. The plans for those
tests must be sufficient to provide the data needed to model the performance of
the metal barrier. These plans will be developed by NNWSI persamnel and
contractors as a QA level I task.

Detailed preparation of these plans will not be possible until activities
E-20-13 and E-20-19, that serve as input to the plans, are camplete, and
results are available fram the early portions of E-20-17 and E-20-18. Scme
exanples of tests that might follow are sensitive weight loss coupon tests,
crevice tests (with controlled crevice gap sizes), and constant load stress
corrosion tests (on both smooth and pre-cracked specimens). In several cases,
these will be designed as "mill tests", where the prediction is that no
measurable effect should occur. The credibility of the mull tests is
established on the sensitivity of the measwrement and the time over which the
tests are conducted. It is impossible to demonstrate long-term predictions on
mll tests alone. but mull tests coduwcted in accordance with a credible model
that predicts no effect should add substance to the demonstration.
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3.4.4

jcati rt tests (E-20-23

This activity is the QA level I performance testing of the selected metal
barrier. After the candidate alloys have been found to meet minimumm
performance reguirements and have been ranked against ane ancther, ane (or two)
alloy(s) will became the selected metal barrier material(s) for advanced design
work (see activity E-20~19). The jcb of this imvestigation avond that point
is to concentrate on this selected alloy to produce a validated model for its
long t=2rm performance in the Yucca Mountain envirorment and to produce the data
required by the model to predict that performance. Data reguired for the model
to support the license application is the product of this activity. The
previous activity (E-20-22) describes the preparation of the plans for these
tests. Details of the tests will not be available until completion of the
plans. Note that data used specifically for the model validation (activity
E-20~-25) will be produced in activity E-20-25.

Until campletion of the metal barrier selection process, the description
and goals of these tests cannot be finalized. It is expected that the tests
will include both anticipated repository service envirormenc and material
corditions whish should yield mill results for material degradation, and more
aggressive conditions which should yield a result predictable by the
performance model. Material conditions include simulated or actual weld
microstructures, as well as representative base metal conditicns.

Examples of types of tests which might be selected are:

weight loss coupon tests (general aquecus corrosion and oxidation,
also indicates pitting and other localized attack), crevice cell
corroeion tests, slow strain rate tests (stress corrosion cracking),
constant Ioad stress corrosion tests, constant deformation stress
corrosion tests (C-rings, U-bends, bent beam), fracture mechanics
tests (stress corrosion and hydrogen embrittlemernt), electrochemical
polarization tests {gencrzl and localized corrcsion), various stress
ocorrosion tests at constant applied potentials, localized and stress
corrosion tests in irradiated enviromments, “scratch" pctential or
other tests to indicate the mechanical and electrochemical breakdown
of passive films, straining electrode tests (film rupture and
repassivation kinetics in analysis of localized and stress corrosion
analyses), hydrogen permeation tests, double cantilever beam tests
(hydrogen enbrittlement and stress corrosion cracking suscegt:nblllty) ,
corrosion tests us:mg AC impedance techniques (general corrosion for
detemlnmg passn'e film characteristicg), multiple sample techniques
using stochastic analysis (prubability for lecalized corrosion),
scamning electrode imaging (localized pH and other chemical changes in
sequestered regions), analysis of electrochemical noise (pitting
freguency), in situ Raman spectroscopy (speciation in passive films
particularly on copper-base alloys to show selective leaching),
low-angle X-ray (cxidation films), stress wave emission (discontimmity
of stress corrosion crack propaqation), ion chramatography
(determination of anions ard cations in solution), and band gap
measurements (identify film species).

Other possible techniques of an advanced nature are discussed under
activity E-20-17.
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3.5 Design Properties of Metal Barrier
3.5.1 Coordi on with i -20~14

This activity is the interaction and information interface between the
netalbarriertaskarﬂﬂ:epadagechsimtask. The purpose of this activity
is to provide an ongoing analysis of the interaction between the decisions ami
information gained by the Metal Barrier Selection and Testing task and the
Waste Package Design task. There are many potential impacts, both beneficial
and adverse, that these two tasks could have on each cother. The Metal Barrier
Selectimmﬂmgmskhmerfaceswiﬂisevemlomertasls(asimimtaim
Figure 1); these interfaces are handled by cammmication between the affected
Task leaders. However, the interface with the Design, Fabrication, and
Prototype Testing Task is regarded as the most important one, and therefore
warrants a special activity.

Same examples of these Metal Barrier - Design interactions include the
criteria of "fabricability" and "weldablllty“ for the container material
selection. In many cases, small changes in the alloy ompos1t1m (particularly
in micro-constituents) play an important role in determining the weldabn_hty or
different candidate materials and may influence (and improve) the corrosion
performance of the material. The metallurgical and microstructural features of
the weld are important parameters in selecting a technique for non-destructive
evaluation of the weld. The choice of the methods used for fabricating and for
weldugthemtalcmtamer (or other closure method) are important
considerations in evaluating the perfomme of the container material, because
of the close relaticnship between camposition (and its variations in the welded
region and heat affected zons), microstructure, residual stress, amd the
susoeptibility to the forms of corrosion (localized corrosion, stress corrosion
cracking} that are important in limiting the conmtainer integrity. Furthermore,
the processes for fabricating and closing the container are viewed as having an
important influence on metallurgical reactioms (such as phase transformations
and precipitation of carbides and cther phases) in the metallurgically
metastable candidate materials. Nen-welded closure methods also have important
implications in the corrosion performance of the closure region.

Harﬂlmga:ﬂalplacelentopezatlmsmthereposmozyalsoneedtobe
considered in establishing the long-term container performance, since these
cperatmnsmaympartsanedegteeofswfacedefectsarﬂcmtammtlmmﬂme
container. Same aspects of the repository design work (not a responsibility of
LINL, but closely monitored by the Waste Package Design Task) also influence
the performance of the container. These include the emplacement geometry,
areal power loading of containers, and the borehole liner configuration. Also,
the chwice of cements, grauts, or other materials to suppert the borehole liner
need to be reviewed as to their effect (favorable or unfavorable) on the
caontainer material performance.

It is, therefore, the function of this activity to review all of the issues
and activities of the two tasks, document their interaction, and insure
camunication of that interaction. Information will be gathered fram the
design task under this activity, sorted by QA Ievel and application, and passed
on to other activities of this plan. Mo specific tests or analyses are plarmmed
for this activity.
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3.5.2 i ion o i and mi ies of metal
~20-24

This activity provides information about the mechanical and microstructural
cordition of the container material at the time of emplacement. After the
container material and the fabrication and closure processes have been selected
msmutymldetenlmﬁmemtenalpmpe:tmsthataffecttle
perfmmof&em,mﬂmmmsetlmmnasmﬁxe
acceptable range of those properties. This information will be used as input
to the performance model and will also be used by the Package Design Task. The
results of this activity may also form a set of specifications and tolerances
for material production, fabricatian, and closure.

The principal mechanical properties of interest are the following:

1. ne.ldstragﬂ:

2. TUltimate tensile strength.

3. Eloaxpation (or other measure of ductility, such as reduction in
area).

4. Modulus of elasticity.

5. Impact strength (or cther measure of fracture toughness).

¥nowledoge of the effect of metal fahrication processing amd inter-
Mmmmﬁmﬂummmxs
a]somq.nxed This includes the effect of such factors as phase distribution,
grain size, J:nhslmcmtmt,ardprevn:splasucdefomtmn The effect of
the strain rate on the mechanical properties is also needed. While individual
mechanical properties are listed above, the entire stress-strain relationship
merits attention in order to enahle ane to evaluate the toughness of the
material when subjected either to low strain rate or to high strain rate
processes during handling or that can later develop in the contairment pericd.

Bsmseﬁ:encmsl:mbne:sumtelymtedtofahncahmprm
variables and, in scse cases, to relatively small campositional variations,
this deperdence will be docimented. The microstructires of the fusion zane and
heat-affected zones around the weld mst also be characterized:
characterization of these deperds strongly on the welding process variables,
and in some welding processes, an the composition of the filler materials. The
microstructural features of importance include the following:

1. Primary phases present and their distribution.

2. Secuxdary phases and evidence of precipitation reactions.
3. Segregation effects.

4. Grain size and distribution of grain size.

S. Evidence of preferred arientation.

6. Idemtification and distribution of nometallic inclusions.

mmaamm(mmmmumamam
process) is influential in detemmining the above features.
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4.0 Application of Results

The activities of this investigation directly address Issue 1.4 of the Site
Characterization Plan. The primary applications of the results will be: 1) to
select a material(s) for advanced design work for use by the Waste Package
DsmnTask,aniz)top:Uudeavalldataimdel(anidataforusebythe
model) of that material’s lang-term behavier in the repository enviroment to
the Performance Assessment Task. The secondary application of the results is
to indicate what changes (if any) the presence of the metailic comtainer
pmdnsmthepadtageardreposxto:ymmmt These changes would be

into the EQ3/6 geochemical code and its subsequent use in

incorparated

establishing perfonmance of other waste package camponents. The information,
test results, and models cbtained in this investigation will also be applied in
several other ways:

1.

To provide, along with a considerable amount of information suplied
by the Design, Fabrication, and Prototype Testing Task, a descrlpl:lcn
of the "as-emplaced" container for use in predicting repositary
performance.

To establish meaningful laboratory test conditions for actnn.tles
discussed under the grouping ‘Metal Barrier Performance
mﬂtsfrmﬂmetestsnprtmtouxemdelsformedlffermt
degradation modes. ‘These test coditions specify the envirammental,
metalumg:mlandstmmcmdltlmsthatgavemt}esasoeptmﬂltyto
certain forms of localized corrosion, stress corrosion cracking, and
hydrogen esbrittlement (those forms of corrosion are expected to be
most important in limiting the container lifetime in the time periods
ofarmmmdmistmurqcmtan-entmﬂcmtmlledmlease) For
same of the candidate alloys, projections of microstructures that may
develcpoverthelmg—temcuﬂnmtpenodazemportanthecauseof
either potential embrittlement problems or greater susceptibility to
different corrosion modes. Analysis of the expected as-fabricated,
as-welded {or ctherwise assembled), as-emplaced structure serves as
the basis for beginning these projections.

To form part of the basis for materials selection for final waste
package designs, and to camplete that selection. The selection
process is discussed in activities E-20-15 and E-20-19. As discussed
in section 3.2.2, it is anticipated that the performance under
expected repository coditions, the predictability of the performance,
andthefabntzblhtyofthemtenalwlllbethepammtc:ritena
but cansiderations of mechanical and physical properties plus other
practical considerations may be expected to play an important role in
the selection process. An important part of the fabricability and
wldabmty issues relates to whether or not unfavorable
mechanical-microstructural features are produced in an otherwise
resistant material.

To form a basis for establishing any additional specifications on the
camposition and mechanical properties of the candidate materials
beyond the normal industry specifications.
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5.

'Ibpzwzdegndarcemselectuqmeuxmstnalpmcassesfor
formirq joining, and handling the container. These results will
further serve as input to information needs urder Issues 2.1
(Options for retrjevability), 2.6 (Preclosure design criteria), 4.3
(Waste package production technology), and 4.5 (Waste package costs).

To corplete certain elements of the waste package design vwhich are
materials-Gependent. Most waste package design features, at the
conceptual level, are not sensitive to which material is eventually
selected. At the advanced design stage, detail on the selectad
material and processes for producing and handling the container is
needed. These results are input into Information Need 1.10.2.

To complete considerations in several repository design-related
cptions. These include a decision on whether the containers are
amplaced horizontally or vertically in the boreholes, and the use amd
configuration of borehole liner materials (currently it is suggested
to use comparable materials for the container and horehole liner to
eliminate any galvanic corrosion effects). Also, the emplacement and
operational activities in the repository may be partly influenced by
the container material selected, to insure that prujections on its
performance are not compramised.

To provide to the Waste Package Envirament Task a description of the
corrosion products that are expected to form in the near-package
enviromment. These species may influence the performance of cther
waste package campanents and are of interest in assessing the
modification to the natural enviroment caused by degradation of the
waste package container.
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5.0 List of Test Plans to Support this Scientific Investigation Plan

The following test and analysis plans will describe in detail the
activities forming this investigation:

Metal barrier selection review plan
Metal barrier test plan (for selected material)

Metal barrier degradation model develomment and
inteqration plan (for selected material)

Metal barrier performance model validation plan

The test plan and plan for model development and integration depend very
mich on which material is selected for advanced design work. Plans fort&stmg
and modeling are centered arcund the appropriate and applicable degradation
modes for the different candidates, so that it is not possible to give many
details until the material selection is campleted. However, it is envisioned
that each cof the plans listed above will be completed in stages, the initial
stagebeuganmﬂ::euaplanﬂlatcavexsthebmadaspectsofmeplamed
activities. This will be followed by more detailed plans for tstz.rq
modeling that will cover particular aspects, such as pitting ccrrosion, crevice
corrosion, or stress corrosion.
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6.0 History of Metal Barrier Candidate List

The set of materials selected as candidates for waste package containers in
the tuff repository has undergone sare evolution over the course of the NNWSI
project, and it is helpful to briefly review the history of candidate
selectjon.

In late 1982 the NMWSI Pruject selected a repository horizon in the Topopah
Spring member of the Paintbrush Tuff. This horizon lies in the unsaturated
zone, well above the permanent water table. Initially, the NNWSI project
selected AIST 304L stainless steel as its reference material and a relatively
thin-walled design for its containers. A mumber of factors contributed to
these choices. First of all, it was known that there would be no significant
lithostatic or hydrostatic pressure on the containers if emplaced in tuff above
the water table. Therefore, thick walls would not be necessary for the
prevention of buckling, as is the case for most other propoced deep geologic
sites, This situation seemed to lerd itself to use of a thin, corrosion
resistant material rather than a thicker, corrosion allowance material.
Secondly, the Defense Waste Processing Facility at Savannah River had already
selected AISI 304L stainless steel as the reference material for borosilicate
glass pour canisters for its defense waste. It appeared likely at that time
(amrassmbeenesrabhshedaspollcybythefederalgwenwlt) that
defense waste and commercial waste would be emplaced in the same repository.
NMWSI‘s initial proposal was thus to use the pour canisters as the metal
barriers for defense waste, and to fabricate containers of the same material
(AIST 304L stainless steel) for the spent fuel. Past experience with
austenitic stainless steels in hot air and dry steam enviromments had been very
satisfactory, and it appeared that this material would serve well in the
unsaturated tuff envirorment at temperatures akwe the boiling point.

The process by which AIST 304L stainless steel was selected as the
reference material also resulted in the selection of three cther alternmatives:
ATIST 321, AISI 316L, ard Alloy 825. These were chosen for their increased
resistance to particular types of corrosion, should this be found necessary
after more detailed testing, particularly if extensive contact with an aqueous
phase was found to be likely, or if the enviromment turned out to be more
severe than anticipated.

This candidate selection process involved the camarison of 17 cammercial
alloys according to the criteria of mechanical properties, weldability,
corresicn resistance, and cost. In the absence of enoush detailed information
to establish relative weights for these four criteria, all four were considered
to be equally important. Using available corrosion data, which in same cases
was rather sparse, the 17 candidates were ranked and resulted in the selection
of the four austenitic alloys AISI 3041, 321, 316I, and alloy 825 for further
cansideration.

As the project proceeded it became clear that the AISI 304L stainless steel
of the borosilicate glass pour canisters would have been subjected to a thermal
history that mght lead to sensitization of the material to mtezgramlar
stress corrosion cracking and that differential thermal expansion during
oooluqofﬂ:epanedglassa:ﬂthecamsterkmldpxtﬂ)eczmsterwallsmto
hoop tension, aggravating this situation. It was therefore decided to modify
theuastepackagedesmnfortheglasswastefonstounhﬂeanmter
container swrraunding the pour canister. The thermal history and the stress
state in this container could be better controlled, so as to reduce the threat
of intergramular stress corrosion cracking.
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In 1984 at the reguest of OCRM, NNWSI began to investigate the feasibility
of using copper-base materials for waste package containers. After
consultation with the Copper Development Association, Inc. and the
Intemmational Copper Research Association, Inc., three copper-base materials
were selected for further consideration: CDA 102 (oxygen-free copper), CDA 613
(alumimm bronze), and CDA 715 (70-30 copper-nickel). Copper-base materials
appeared to offer several potential advantages. First of all, among the
available engineering metals, copper alane is able to co-exist
thermodynamically with water (under some conditions). The driving force for
corrosion and oxidation is thus smaller for copper than for materials such as
Fe-Cr-Ni alloys that depend on passive film formation for their corrosion
resistance. Localized ard stress-assisted forms of corrosion are thus
generally less severe for copper-base materials. Evidence for survivability of
copper materials can be seen in the existence of native copper deposits and in
copper and bronze artifacts recovered fram the ruins of earlier civilizations.

Another potential advantage of the copper-base candidates is the simpler
microstructures campared to the austenitic materials. Unlike iron, copper has
no phase transformations. Thus the phase stability of copper-base materials
appears to be of a lesser concern than it is with the iron-base austenitic

materials.

After it was decided to include copper-base materials as candidates for
further consideration, it became necessary to reduce the mumber of the other
candidates in order to bring the scope of the testing program within the range
of available rescurces. It was decided to eliminate ATSI 321 from further
cunsideration because AISI 316L offers the same benefits as AISI 321, as well
as additional ones, so that the ramge of qualities has been preserved within
the austenitic family. This decision leads us to the present six candidates
for the metal barrier: AISI 304L and 316L stainless steels, high-nickel
austenitic alloy 825, axygen-free copper CD2 102, 7% alumimum bronze CDA 613,
and 70-30 copper-nickel CDA 715. Within this field of candidates we thus have
materials based upon three different metals: iron, nickel (essentially), and

. We have corrosion-resistant materials, and we also have one (CDA 102)
that can be viewed in some respects as a corrosion allowance material (CDA 102
would likely be used with a greater wall thickness than the others, anyway,
because of its lower strength).
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7.0 Arnmotated Reference List

The content of this SIP camplements material prepared for Chapter 7
(Section 7.4.2) and Chapter 8 (Issue 1.4 and Information Needs 1.4.1-1.4.5) of
the SCP that are currently undergoing final review by the NNWSI Project Office
and the DOE Office of Geological Repositories. The material in Chapter 7
reviewed the dwice of candidate materials, preliminary analyses of degradation
modes for the materials in the context of the Yucca Mountain repository
envirament, and the results of experimental activities (mostly corrosion
testing activities). The Chapter 8 material covered the information flow to
and from other waste package and repository task elements and cutlined the work
to be done in the next several years. The material in this SIP breaks down
this work imto discrete activities,

A reference list for some related publications by selected subject areas is
given below. This is by no means an exhaustive source on the subject, but is
given ag a guide for further reading.

1. Materj ecti

The first paper gives the rationale used to select the first candidate
materials (austenitic materials) for the NNWSI Project.

E. W. Russell, R. D. McCright and W. C. O0’Neal, "Contaimment Barrier Metals for
High-level Waste Packages in a Tuff Repository”, Lawrence Livermore National
ILaboratory Report UCRL 53449, (October, 1983).

This work was followed up with additional explanation on corrosion
considerations by:

R. D. McCright, H. Weiss, M. C. Juhas, and R. W. Logan, "Selection of Candidate
Canister Materials for High-ILevel Nuclear Waste Contairment in a Tuff
Repository", lLawrence Livermore Naticnal Laboratory Report UCRL 89988,
(November, 1983)

Further reading on principles in selecting stainless steels and nickel-base
alloys is found in:

A. J. Sedriks, Corrosion of Stainless Steels, Chapter 2, John Wiley and Sons,
New York (1979)

Copper-base materials were added as candidate materials to the NNWSI Project,
ard the rationale for their addition was discussed in:

R. D. McCright, "FY-85 Status Report on Feasibility Assessment of Copper-Ease
Waste Package Container Materiale in a Tuff Repository', Iawrence Livermore
National Iaboratory Report UCID 20509, (September, 1985)

A very informative discussion of many engmeenng materials and their potential
application as miclear waste containers is faumd in:

K. Nuttall and V. F. Urbanic, “An Assessment of Materials for Nuclear Fuel

Immobilization Containers", Atamic Energy of Canada, Ltd., report AECI~6440,
(September, 1981).

42



2. tion Modes

Several good texts exist that discuss corrosion modes and causative factors.
The ones that we most frequently refer to are:

M. G. Fotana and N. D. Greene, Corrosion Engineering, 2nd edition,
McGraw-Hill, New York (1977). A new edition of this is due to be published
this year.

L. L. Shreir (editor), Corrosicn, Newnes-Buttersworth, London and Boston
(1976). This is in many ways, the text on the subject and is very camplete in
its treatment of the phenamenology and preventive measures. It is a thick
two-volume set; volume 1 is on metal/enviromment reactions and is the ane most
applicable to the present work.

An older text, but one which is chock full of information and contains lots of
engmeermg data (most newer texts concentrate more on explaining mechanisms),
152

F. L. LaQue and H. R. Copsan, Corroejon Resistance of Metals and Alloys, 2nd
edition, Reinhold Publishing Co., New York, (1963).

3. Corrosion Test Results

Same reports from NNWSI-sponsored work that have been used in establishing
preliminary analyses on important degradation modes are:

M. C. Juhas, R. D. McCright, and R. E. Garrison, "Corrosion Behavior of
Stressed and Unstressed 304L Specimens in Tuff Repository Envirommertal
conditions*, Lawrence Livermore National Laboratory Report UCRL 91804,
(Novembeyr, 1984).

R. S. Glass, G. E. Overturf, R. A. Van Komynenbury, and R. D. McCright, "Gamma
Radiation Effects on Corrosion: Electrochemical Mechanisms for the Agueous
Corrosion Processes of Austenitic Stainiess Steels", Qorrosion Science, vol.
26, p. 577 (August, 1986).

C. F. Acton and R. D. McCright, "Feasibility Assessment of Copper-Base Waste
Package Container Materials in a Tuff Repository", lawrence Livermore National
laboratory Report UCID 20847 (September, 1986).

R. E. Westerman, S. G. Pitman, and J. H. Haberman, "Corrosion Testing of Type
304L Stainless Steel in Tuff Groundwater Envi ", Pacific Northwest
Laboratory Report PNL-5829, LINL Report UCRL-21005 (November, 1987).

R. D. McCright, W. G. Halsey, and R. A. Van Konynenbury, "Progress Report on
the Results of Testing Advanced Conceptual Design Metal Barrier Materials Under
Relevant Envircrmental Conditions for a Tuff Repository", LINL Report
UCID-21044 (December, 1987).

The authoritative scurce on corrosion test methods is:

W.H. Ailor, Handbook on Corrosion Testing and Evaluation, John Wiley and Sons,

New York, (1971).

43



4. i ivities
The model of sensitization of stainless steel is discussed in:

T. A. Mozhi, W. A. T. Clark, K. Nishimoto, W. B. Jomnson, ard D, D. Macdonald,
"The Effect of Witrogen on the Sensitization of AISI 304 Stainless Steel",
Corrosjon, vol. 41, p.555 (Octcber, 1985).

T. A. Mozhi, H. S. Betrabet, V. Jagannathan, B. E. Wilde, and W. A. T. Clark,
c Modeling of Sensitization of AISI 304 Stainless Steel Containing

"hermodynami.

Nitrogen", Seripta Metallwywgical, vol. 20, p. 723, (May 1986).

The model of corrosion potentials is discussed in:

M. Urquidi-Macdonald, D. D. Macdonald, amd S. Lenhart, 'Mathematical Models for
the Redox Potential and Corrosion Potentials for High-Level Nuclear Waste

Canisters in Tuff Enviromments", SRI Repart PYD-8292 (February, 1988) (in
review).
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