| }933@%@9 @

J?R"O SZ27~0 ANL/EES-TM-263

T 1714 N\
@)

oF

Radioactive Waste Isolation in Salt: Peer Review
of the Office of Nuclear Waste Isolation’s
*  Reports on-Multifactor Life Testing
of Waste Package Materials

C. C. McPheeters, W. Harrison, J. C. Ditmars, A. Lerman,
D. M. Rote, D. E. Edgar, and D. F. Hambley

ARGONNE NATIONAL TABORATORY

Energy .and Environmental Syestems Dnvision

ETHRON OF THIS DOTHMERT IS UNLIMKTED
Operated by



RTINS e SR R TR Y TG i SR R e

ANL/EES-TM-263

ARGONNE NATIONAL LABORATORY
9700 South Cass Avenue
Argonne, Illinois 60439

ANL/EES-TN--263

DE85 000692

RADIOACTIVE WASTE ISOLATION IN SALT:

PEER REVIEW OF THE OFFICE OF NUCLEAR WASTE ISOLATION'S

by

REPORTS ON MULTIFACTOR LIFE TESTING OF
WASTE PACKAGE MATERIALS

C.C. McPheeters,* W. Harrison, J.D. Ditmars, A. Lerman,**

I

September 1984

work sponsored by

*Chemical Technology Division, ANL

**Northwestern University

HASTER

Energy and Environmental Systems Division
Geoscience gnd Engineering Group

U.S. DEPARTMENT OF ENERGY
Salt Repository Project Office
Office of Civilian Radioactive Waste Management

D.M. Rote, D.E. Edgar, and D.F. Hambley

t nor any agency thereof, nor any of their
or assumes any legal liability ot responsi-

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States

Government. Neither the United States Governmen

INSTRIBATION OF TRIS GECE

jon, apparatus, product, or

infringe privately owaed rights. Refer-
hereol. The views

rily stats or reflect thops of the

servics by trade name, tiademark,
itute of imply its endorsement, recom-

expreas or implied,
sefulness of any informat
process, of
meadation, or favoring by the United States Government or any agency

and opinions of authors expressed herein do not necessa

bility for the accuracy, completencss, of !

pracess disclosed, or reprosents that its use would not
ence herein to any specific commercial product,
manufacturer, or otharwise does not necessarily const
United States Government or any agency thereof.

employees, makes any warranty,

JAERT 1S UNUINKTED

&b



AR T At ek e v asos < e o . 4

Department of Energy
Chicago Operations Office
Salt Repository Project Office
505 King Avenue

Columbus. Ohio 43201-2693

August 8, 1984

NOTICE TO READERS

At the request of the Salt Repository Project Office {SRP0O), Argomne National
Laboratory carried out a review of two closely related reperts entitled,
"Design of a Multifactor Life Test to Investigate Uniform Corrosion of
Low-Carbon Cast Steel as a Nuclear Waste Package Overpack Material in a Salt
Repository Environment,” ONWI 0/TM-48,* and "Methodology for Predicting the
Life of Waste Package Materials and Components Using Muitifactor Accelerated

- Life Tests,” ONWI-501. The two documents provide the approaches in designing
a test program to investigate uniform corrosion of low-carbom cast steel in a
salt repository environment. The results of the test will provide the

. characteristics of the reference overpack material and the data base necessary
to support design, modeiing, and licensing activities associated with the salt

repository project.
Specific instructions were provided to the review panel to define the scope of
the review. The panel also reviewed the documents from the overall point of

view. Valuable comrents were provided that should contribute to the quality
of the documents and the improvement of the design of our test nrogram.

TSN

R. C. Wunderlich
Deputy Project Manager
Salt Repository Project Office

SRPO:KKW:max:32288 ST# 746-84

*A microfiche copy of this report is attached to the inside back cover of
this report.
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FOREWORD

Documents are being submitted to the Salt Repository Project Office (SRPO) of
the U.S. Department of Energy (DOE) by Battelle Memorial Institute's Office of Nuclear
Waste Isolation {ONWI) to satisfy milestones of the Salt Repository Project of the
Civilian Radioactive Waste Management Program. Some of these documents are being
reviewed by multidisciplinary groups of peers to ensure DOE of their adequacy and
credibility. Adequacy of documents refers to their ability to meet the standards of the
U.S. Nuclear Regulatory Commission, as enunciated in 10 CFR Part 60, and the require-
ments of the National Environmental Policy Act and the Nuclear Waste Policy Act of
1982. Credibility of documents refers to the validity of the assumptions, methods, and
conclusions, as well as to the completeness of coverage.

Since late 1982, Argonne National Laboratory has been under contract to DOE to
conduct multidisciplinary peer reviews of program plans and reports covering research
and development activities related to siting and constructing a mined repository in salt
for high-level radioactive waste. This report summarizes Argonne's review of two ONWI
documents. The first report is an internal technical memorandum that treats the design
of a multifactor life test to investigate uniform corrosion of low-carbon cast steel. This
steel is being considered for use as an overpack material for nuclear waste packages to
be emplaced in a mined repository in salt. The second document is a published report
that covers the methodology used by ONWI to prediet the life of waste package
materials, a methodology used, in part, by the authors of the internal technical
memorandum.

Argonne was requested by DOE to review these reports on May 14, 1984 (see
App. A). The review procedure involved obtaining written comments on the reports from
four members of Argonne's core peer review staff and from two Argonne experts and one
extramural expert in related research areas. The peer review panel met at Argonne on
June 11, 1984, and reviewer comments were integrated into this report by the review
session chairman, with the assistance of Argonne's core peer review staff. All of the
peer review panelists concurred in the way in which their comments were represented in
this report (see App. B). A draft of this report was sent to SRPO on June 21, 1984.
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RADIOACTIVE WASTE ISOLATION IN SALT:

PEER REVIEW OF THE OFFICE OF NUCLEAR WASTE ISOLATION'S
REPORTS ON MULTIFACTOR LIFE TESTING OF
WASTE PACKAGE MATER...LS

by

C.C. McPheeters, W. Harrison, J.D. Ditmars, A. Lerman,
D.M. Rote, D.E. Edgar, and D.F. Hambley

SUMMARY OF RECOMMENDATIONS

This Argonne report reviews two related documents prepared by Battelle
Memorial Institute's Office of Nuclear Waste 'solation {ONWI): Design of a Multifactor
Life Test to Investigate Uniform Corrosion of Low-Carbon Cast Steel as a Nuclear Waste
Package Overpack Material in a Salt Repository Environment, O/TM-48, an ONWI
internal technical memorandum that is relatively preliminary in nature, and Methodology
for Predicting the Life of Waste-Package Materials and Components Using Multifactor
Accelerated Life Tests, ONWI-501, a previously reviewed and published report. The
following recommendations for improving the two documents have been abstracted from
the body of this review report. In generzl, the peer review panelists found serious
deficiencies in O/TM-48, while ONWI-501 was judged to be generally understandable and
useful, although certain amplifications of the methodology were deemed desirable.

O/TM-48: DESIGN OF A MULTIFACTOR MATERIAL-LIFE TEST

This report should be revised and augmented to:

1. Explain the relationship between the methodology for accelerated
material-life testing, as deseribed in ONWIi-501, and the long-term
test design being considered in O/TM-48.

2. Show how the proposed testing relates to other corrosion testing in
ONWI's national waste package program, with particular attention
to completed and ongoing testing.

3. Document the reasons for seleeting uniform corrosion as the tasis
of the test program and low-carbon steel as the test material.

4. Provide an adequate connection between the body of the report
and the recommended, but unsupported, test plan in Table 6.

5. Deseribe more completely the method of "pruning" used to reduce
the complete factorial design shown in Table 2 to the experimental
matrix given in Table 6.



The manner

1.

3.

4,

6.

Follow the guidelines of ONWI-501 more closely, perticularly those
related to documentation of the essential aspects of test-plan
formulation.

Describe the types of data to be collected anéd discuss how these
data will be used in demonstrating compliance with U.S. Nuclear
Regulatory Commission criteria and guidance.

of presentation in O/TM-48 should be improved by:

Providing at the beginning of the report a section on background,
objective {or purpose), and scope.

Defining upon first use the terms "overpack” and "reference over-
pack material."

Including information on the theoretical or experimental areas
covered by the panelists and their duties and responsibilities as
participants in the test design group.

Giving examples of how the design team attempted to carry out
each step of the method given in ONWI-501.

Providing complete definitions for each variable or parameter in
Table 1, together with the rationale for their selection.

Specifying the two types of trine studied by using a notation other
than "e" and "1/e."

Explaining what is involved in modifying the test matrix "as more
data become available from experiments currently underway."

Informing the reader of the relationship of App. A to the rest of
the document and clarifying many of the bulleted items in that
appendix.

Relating information on brine ecomposition to published references,
wherever possible.

ONWI-501: METHODOLOGY FOR PREDICTING MATERIAL LIFE

The

1.

authors of this report should have:

Provided stronger and more specific links between two generic
concepts, performance degradation and time to failure, and the
objectives of uniform corrosion testing, the primary type of life
testing being addressed.
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Expanded the discussions of the test stresses to inelude eonsidera-
tion of the stress characteristics that may frustrate the
appropriate and suceessful application of the methodciogy.

Provided specific guidan=e on the method of predieting failure or
loug-term performance once hypethetical or real test results are
available (or deleted the words "methodology for predicting® from
the title).

The understandability of ONWI-501 would be improved if it:

1.

Explained how the equation on page 42 is related to the original
reaction rate model of Eyring. The mathematical form alone is
not sufficient to eall the equation "the Eyring model.”

Provided improved descriptions of the procedures given for
computing the values used in the factorial tables and hierarchical
trees.

Addressed the issue of variable uncertainty in the corrosion rate
estimates and its potential effect on the analysis.



1 INTRODUCTION

Corrosion-resistant waste package materials are important components of the
engineered barriers of a nuclear waste isolation system. A durable container (overpack)
for the waste canister should prevent hydrothermal interactions between the canister and
the waste form it contains. Battelle Memorial Institute's Office of Nuclear Waste Isola-
tion (ONWI) is under contraet to the U.S. Department of Enrergy's (DOE's) Salt Repository
Project Office (SRPO) to design an overpack to isolate commercial high-level radioactive
waste in a repository constructed in salt.

Argonne National Laboratory conducted a peer review of ONWI's design of a test
to investigate uniform corrosion of low-carbon cast steel overpack materials, as reported
in an ONWI internal technical memorandum, QO/TM-48: R. Cote and R. Thomas, Design
of a Multifactor Life Test to Investigate Uniform Corrosion of Low-Carbon Cast Steel as
a Nuclear Waste Package Overpack Material in a Salt Repository Environment {1934).
The Argonne review also considered an ONWI methodology for predieting the life of
waste package materials through use of multifactor accelerated corrosion tests, a
methodology detailed in a published ONWI report, ONWI-501: R. Thomas and R. Cote,
Methodology for Predicting the Life of Waste-Package Materials and Components Using
Multifactor Accelerated Life Tests (1983).

‘ Argonne's peer review involved obtaining written critiques of both ONWI
documents from four members of Argonne's core peer review staff and from two Argonne
experts and one extramural expert in related research areas. The Argonne panelists then
reviewed all of the comments, and the review session chairman drafted the present
report, with the assistance of Argonne's core peer review staff. Panelists did not contact
ONWI personnel, and none of the panelists have been involved in any programs sponsored
by DOE or directed by ONWI such that their participation in the review cculd be
construed as a confliet of interest.

Although no specific guidance was provided to Argonne by DOE/SRPO on how the
review of the two reports was to be econducted, a set of questions and requests for
comments were prepared by DOE/SRPO to assist in the review process (see App. A).
These questions and requests for comments form the basis of Sec. 5 of this report. In
addition, Sees. 2 and 3 relate the test design report, O/TM-48, to regulatory
requirements and recommend improvements in the presentation of material in O/TM-48,
respectively. Section 4 considers a variety of technical issues related to both ONWI
reports, and Sec. 6 presents a page-by-page commentary.



2 REGULATORY ISSUES AND O/TM-48

Both the U.S. Environmental Protection Ageney (EPA) and the U.S. Nueclear
Regulatory Commission (NRC) have developed regulations pertinent to the performance
of repositories for high-level radioactive waste. Because the EPA standards are not yet
in final form, only NRC regulations are eonsidered in the following discussion.

Waste package performance is addressed by NRC in several sections of 10 CFR
Part 60 (U.S. Nuciear Regulatory Commission, 1981). Package integrity is of concern
relative to Sec. 60.111(b), which requires that the ability to retrieve waste be maintained
for up to 50 years after waste emplacement operations begin. More specifically, Sec.
60.113(a)(1)(ii){A) states that "containment of HLW [high-level waste] within the waste
packages will be substantially complete {or a period to be determined by the Commission
... provided that such period shall be not less than 300 years nor more than 1000 years
after permanent closure of the geologie repository,” and Sec. 68.113(a)(1)(ii}{{B) stipulates
that "the release rate of any radionuclide from the engineered barrier system following
the containment period shall not exceed one part in 100,000 per year of the inventory of
that radionuclide calculated to be present at 1000 years foliowing permanent closure
..." Seection 60.125(a)(1) further requires that "packages for HLW shall be designed so
that the in situ chemical, physical, and nuclear properties of the waste package and its
interactions with the emplacement environment do not compromise the function of the
waste packages or the performance of the underground facility or the geologic setting.”
Finally, See. 60.143 presents information on the monitoring and testing program required
to evaluate waste package performance before repository closure.

The Nuclear Regulatory Commission has published a draft technical position on
waste package perfurmance after repository elosure {(Davis and Scehweitzer, 1983), which
presents the major issues and problems associated with evaluating the ability of a waste
package to comply with the performance objectives and the criteria and design require-
ments stipulated in 10 CFR Part 60 in general, and those in Sec. 60.113 ia particular.
This document notes that several alternatives are available to address the performance
criteria. In general, the objectives may be achieved by the whole waste package or by
the individual compcnents (waste form[s], container system, and packing). As stated in
Davis and Schweitzer (1983, p. 6-7), NRC's preferred approaches for ensuring compliance
of a waste package with NRC criteria are, in decreasing order of acceptability:

1. Combinations of independent high-integrity components whieh, by
their individual behavior, can satisfy the NRC criteria (i.e.,
redundant compliance).

2. A single component which, by itself, can satisfy the NRC criteria,
in combination with other barriers that may not individually meet
these criteria (single compliance).

3. Combinations of components that cooperatively comply but indi-
vidually do not completely satisfy the proposed NRC criteria.
These compornents acting together can be assigned, with some level



of assurance, credit for complying with the performance objectives
(composite compliance). The package constructed from these
components should satisfy the 300- to 1000-year containment

requirement.

Each of these options involves different considerations in terms of demonstrating
"reasonable assurance" of the necessary compliance with the performance eriteria.

Davis and Schweitzer (1983) identified a number of major, generic issues related
to reducing the uncertzinties in waste package performance after repository closure (i.e.,
issues that are independent of material and design choices and specific repository site
conditions). These generic issues are {1) characterization of repository water and
groundwater attributes, including chemistry and flow rates; (2) anticipated repository
. temperatures; (3) predictability of accelerated testing of waste package materials (i.e.,
. mechanisms responsible for aging and estimateqd rates of degradation identified under
accelerated conditions may not be applicable to normal stress conditions); (4) radiation
effects; (5) total package testing, as opposed to testing of only individual components;
(6) use of statistiecs to demonstrate compliance; and (7) use of modeling. Davis and
Schweitzer's publication should be consulted for the details of each of these issues and
the corresponding NRC positions.

It is difficult to evaluate the test design presented in O/TM-48 in terms of NRC
requirements because the testing effort described there is presumably only one portion of
DOE's waste package program and because NRC apparently will require that compliance
be demonstrated for the entire package and engineered barrier systems. It was assumed
during this review that compliance would not be based solely on the performance of this
low-carbon cast steel overpack component of the package.

The existing report would benefit from the addition of a section that desecribes
the relationship of this particular testing activity to the larger waste package program
and presents the current thinking on how the program : .l address NRC licensing
requirements. This discussion should present the rationale for selecting low-carbon steel
as the test material and for evaluating uniform corrosion rather than other modes of
chemical failure (such as pitting corrosion, crevice corrosion, galvanic corrosion, stress
corrosion, seleetive leaching, and hydrogen embrittlement) and should provide informa-
tion on the other materials and degradation nicchanisms that are being considered and
tested for other package components. The discussion should also recognize that the
testing program is to provide the information necessary for licensing and address the
issues identified by NRC. Although some information on completed tests is presented in
App. A of O/TM-48, it is difficult to determine how these test results are related to
proposed tests, to each other, or to the entire waste package program.

One of the regulatory concerns presented by Davis and Schweitzer (1983) is that
the anticipated repository environment of the package be accurately characterized and
that the testing program be representative of these conditions. The two brines to be
used in the proposed tests are identified as Permian Basin Brines 1 and 2, and their ionie
concentrations are presented in App. B of O/TM-48. The basis for selecting these
compositions and the evidence that such compositions are representative of antieipated
repository conditions should be deseribed.



Additional details should be provided on the specifics of the experimental
methodology and the types of data to be collected. Although an experimenta! matrix is
presented, details on these two topies are lacking. Two fundamental issues raised by
Davis and Schweitzer (1983) are the detailed physical and chemical processes operative
at the metal-fluid interface (e.g., do corrosion products remain on the metal or are they
removed to expose new material?) and the effect of the package and degradation
products on fluid chemistry. The existing discussion provides no information on whether
these topics will be evaluated during the course of the experiments.

Some difficulties exist in evaluating the specific information needs for license
application. The existing NRC eriteria contain terms such as "reasonable assurance" and
"substantially complete containment.” Because these terms are unclear, additional
guidarice and clarification by NRC will be required to ensure that information provided
by DOE is appropriate. Davis and Schweitzer (1983) correctly note that evaluating
whether a waste package complies with regulatory eriteria requires judgment. They aiso
note that "reasonable assurance" is the concept to be used to determine whether the
data, models, and rationale submitted justify the performance claimed. Here, too,
reasonable assurance requires judgment.

In general terms, it appears that the experimental program described in O/TM-48
is intended to collect some of the data required to support the application for a
repository license. However, because of the qualitative nature of the eriteria and the
absence of specific guidelines for obtaining requisite information for their evaluation,
the ability of the proposed experimental program to meet anticipated licensing require-
ments cannot be objectively evaluated with any reasonable degree of certainty.



3 SUGGESTIONS TO IMPROVE PRESENTATION IN O/TM-48

As presently written, O/TM-48 is sometimes diffieult to understand and lacking
in needed detail. The following suggestions should assist the authors in their nex
revision.

3.1 INTRODUCTORY MATERIAL

3.1.1 Need for a Section on Background, Objective, and Scope

Strong statements of background, objective, and scope are needed at the begin-
ning of O/TM-48. Although the first paragraph in the Introduction (p. 1)* is a statemen!
of objective and scope, it is so brief as to be frustrating. At a minimum, it raises the
following important questions:

e Is this the only corrosion test matrix under test by ONWI?

‘e Has ONWI prepared a document describing a design-basis scenario
that specifies expected repository conditions as a funetion of time
(e.g., oxygen potential, temperature, stress, radiation level, and
brine quality)?

® Are the data from this test program expected to provide the entire
corrosion "dsta base necessary to support design, modeling, and
licensing activities ..."?

Another statement of objective is found on page 3: "... obtain a statistically
sound data base on the performance of low-carbon cast steel in a salt repository
environment ...” This statement is too broad. Only one ecorrosion mechanism i
addressed in this document -- uniform corrosion. The term "performance" implies an
entire spectrum, not just one performance measure.

Between the titlg, the introduction, the section on results, and App. A, one can
almost form a picture of the overall corrosion program, where this test program fits in,
and the scope of the testing activity. However, a separate section that clearly describes
these things would be much more helpful, as would a description of the relationship
between ongoing and completed tests and the test design.

*Ail page, table, and figure numbers, as well as section headings, are from O/TM-48
unless otherwise specified.



3.1.2 Definition of Overpack and Explanation of Its Importance

Inasmuch as the term overpack is used in the title, it should be defined eciearly
upon its first use. The following definition would appear adequate: secondary external
containment for the waste canister, or the metallic container into which the canister is

placed.

The authors should also explain why overpack materials, rather than canister
materials, are being addressed. If different lifetimes (corrosion properties) are being
eontemplated, the authors should explain why. The Introduction mentions "the reference
overpack material," but does not explain what is involved. Since the authors state
that "the results of this work will be used to characterize the reference overpack
material ...," it is extremely important that said reference overpack material be defined.

3.1.3 Areas of Expertise, Roles, and Affiliations of Key Participants

The names and affiliations of 10 key participants of the test design group are
given in the [ntroduetion. The credibility of this group may be beyond question, but
readers unfamiliar with the individuals cannot make that judgment. At the very least,
the theoretical or experimental areas of expertise of these individuals should be
indicated. (An appendix containing one-page resumés for each participant would also be
desirable.) The roles of the panelists -- such as committee duties and responsibilities --

should alsc be spelled out.

The composition of the group is likely to raise questions. Why are 9 of the 10
participants affiliated with Battelle's Pacific Northwest Laboratory? Were so many of
the participants selected from that laboratory because of travel considerations or for
ease of interaction? Other national laboratories are studying the corrosion of waste
package materials and could have supplied team members who "represent the various
scientific disciplines that are associated with the physies of the degradation process"
(ONWI-501, p. 5). Sandia National Laboratories, in particular, could have undoubtedly
supplied participants with extensive, usefui 2xperience in the corrosion of waste package
materials by repository brines.

To summarize, an adequate case must be made for the eredibility of the test
design group. At present, critical readers would be unconvineced that the "responsibility
for the accelerated test designs [has been assigned] to a highly competent team of inde-
pendent scientists selected to represent an appropriate mix of secientific and statistical
disciplines" (ONWI-501, p. 1).

3.2 TEST DESIGN METHODOLOGY

In the Test Design Methodology section of O/TM-48, examples should be given of
how the design team attempted to carry out each step of the method given in ONWI-
501. Sueh an approach would provide a needed logical structure for the subsequent
explanation under "Results.” For example, under the first bullet on page 2, the nature of
the multidisciplinary team and how it functioned could be explained. Under the second
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bullet, an example could be given of how the team's test matrix reflected "both the
(statistical) experimental design and the data analysis characteristics that are required
to identify magnitudes of different stresses and their interactions.” Under the third
bullet, details could be presented on how a team member made "quantitative predictions
of the experimental outecomes associated with each combination of stresses."

In addition, the authors should explain the relationship between the methodology
for accelerated life testing (ONWI-501) and the long-term test design being considered in
O/TM-48. Such additional information, presented in a logical step-by-step fashion, would
greatly improve the understandability of O/TM-48.

3.3 RESULTS

The first paragraph of the Results section {p. 3) deals with cbjectives and should
be moved to the Introduction or placed under a new heading or subheading, such as
"Objectives and Scope."

The second paragraph on the same page indicates that the five bullets that follow

cover key results and conclusions from the initial meeting of the test design team.

(However, the second bullet on page 4 may be irrelevant to the present program.) It is

_not clear whether the text that follows the fifth bullet covers additional results of the

first meeting. If not, appropriate subheadings are necessary, beginning at the top of page
5.

Also, in the second paragraph on page 3, "the dominant failure mechanism" is
identified as uniform corrosion, but no explanation is given for its selection. Bacause the
choice of a dominant failure mechanism is a eritieal issue, the basis for the choize should
be deseribed in detail.

The title of Table 1 (p. 5) is confusing. Are the words "associated with"
equivalent to "chosen by the test design team for"? How were values for temperature,
radiation, brine composition, and SA/V selected? Is the parameter SA/V a flow rate, as
indicated in Table 1, or a surface-area-to-volume ratio (and related flow rate), as defined
on page 15? What is implied by "Flowing, Static" opposite SA/V in Table 1? For the
document to be understandable, complete definitions are needed for each variable or
parameter, as is a statement of the rationale for selecting the values for each.

Specification of the two types of study brines by means of the notation "1/e" and
"e" (p. 7) is completely meaningless az far as the chemical characteristies of the brines
are concerned. It may be a matter of algebraic expedience, but no one can tell anything
about a brine that has been identified as "l/e."

3.4 SUMMARY

The coneclusion of the Summary (pp. 15-16) is unclear. A better explanation is
needed of how the test matrix will be modified "as more data become available from
experiments currently underway." The kinds of data that will be forthcoming should be
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described, as should the experiments that are underway. The overall relationship
between O/TM-48 and the actual testing program should also be explained.

3.5 APPENDIX A

The title to App. A in O/TM-48 does not make sense. What is meant by "matrix
of struetural barriers tests"? Also, what is the context for this matrix? What
relationship does it have to the rest of the document? Which individuals or what greups
conducted each test? It is desirable that the tests be related to published references, if
any are available.

Many of the bullets deseribing test eonditions need clarification or amplifieation
to make them understandable to readers unfamiliar with the jargon used in the field of
corrosion testing. For example, how does one interpret the following?

e Orientations = TL, LT [Test. 3]
e Samples = corrosion coupons [Test 2¢]
e Orientations = through-thickness, parallel to surface [Test 6]

Finally, although the title of this appendix includes the words "tests completed,"
the status of Test 2b and parts of Tests 3 and 4 is given as "in progress" and that of Test
6 as "initiated November 1983." This basie confusion should be resolved.

3.6 APPENDIX B

It is generally desirable to relate brine compositions to published references
wherever possible. For example, the stratigraphic positions from whence the brines
came may prove to be important to performance assessment considerations at some later
date. Also, one could guestion the composition of Brine No. 3, whose listed chemical
composition is not weli balanced. The concentrations of the cations exceed those of the
anions by about 18% (cations: 6.388 equivalents/liter; anions: 5.957 equivalents/liter).
There is either too much of something on the positive side or too little on the negative
side, or both.
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4 TECHNICAL CONSIDERATIONS
4.1 O/TM-48: DESIGN OF A MULTIFACTOR MATERIAL-LIFE TEST
4.1.1 Specification, Description, and Application of Key Stresses

Specificotion of Key Stresses. The O/TM-48 report deals with the corrosxon
effects of four stresses: temperature (70°, 150°, and 250°C), radiation (10% and 10°
rad/hour), brine eomposition (intrusion and irclusion brines), and brine flows (static and
flowing).

If the effects of pressure at the in situ conditions of waste-package burial are
insignificant (i.e., if lithostatic or hydrostatic pressures do not affect the anticipated
corrosion rates), this should be stated clearly in the report. Also, it seems surprising that
SA/V (flow) is considered more important than air/no-air conditions. Flow of brine will
only occur under accident conditions (repository flooding), while air will certainly be
present after emplacement and for a significant fraction of the life of the containers. Is
this an experimental convenience or a belief on the part of the team that brine flow is
more realistic or a higher stress than the presence of air? Consider that Basham (1984,
p. 281) found that for cast steel, oxic conditions resulted in higher corrosion rates than
anoxie conditions.

Deseription and Application of a Key Stress. Brine composition, one of the four
key stresses, is not adequately described in terms of the main parameters that can be
monitored and those that can affect the corrosion reactions. 'Appendix B gives the
compositions of three brines. Brines 1 and 2 are very similar to each other and are
referred to in the text as intrusion brines, while Brine 3 is the inclusion brine. The
intrusion brines are close to saturation with respect to NaCl. [t is likely that NaCl would
either precipitate from the solution or dissolve from the host rock, but whether it did
would depend on local changes in temperature and brire composition.

Brines 1 and 2 contain caleium and sulfate, about 4.5 grams CaS0, per liter in
Brine 1 and 2.7 grams CaSO, per liter in Brine 2. Solubilities of CaSO4 {solid-phase
gypsum, CaSO,-2H40) in pure water and in NaCl aqueous solutions bracket the CaSO,
coneentrations in the subject Permian brines:

H,0, 65°-100°C:

solubility 1.9 to 1.6 grams CaSO, per liter ) -
Seidell's solubilities

260-320 grams NaCl per liter, 25°C: of inorganic compounds

solubility 6.5 to 5.7 grams CaSO, per liter

From the above solubility vaiues, it is conceivable that gypsum could precipitate locally.
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Identification of a key stress, such as brine composition, can be very misleading.
The initial brine ecomposition can change greatly during the process of corrosion and
irradiation of the brine and the host rock. Evidence for the occurrence of such dissolved
species as OCl~, HOC], and Hy in brines of irradiated salt has been given by Jenks et al.
(1975). Levy (1983) reported that when rock salt is irradiated for variable periods at
150°C, significant quantities of Na-gel are formed, accompanied by evolution of chlorine
gas. Such a rock salt, if it were in contact with water, would be likely to react and
produce NaOH and Hy, making the brine highly alkaline. The stress intensity of the brine
would be determined by the extent to which this hypothetically high concentration of
OH" ions could be neutralized by acidic species.

Such brin: composition parameters as C1°, HS, H,S, HCOS s and CO, are listed
in Table 1 (p. 5) in the category of "brine dictated." Although this designation takes into
account the possibility that their concentrations will vary during the time of corrosion, it
tells nothing about which of these chemical species may be more stressful than the
others. The distinction between the two kinds of brines -—- Brines 2 and 3 -- is based on
the magnesium concentration. However, other important chemical parameters must be
considered to be among the "stressful characteristies" of a brine, such as:

e Oxidation and reduction of sulfur-containing species.

e Precipitstion or dissolution of minerals in the host rock (primarily
NaCl and CaS0,).

o Formation of exotic chemical species caused by prolonged irradia-
tion of the host rock, including the ionic species and dissolved gases.

e Possible roles of the electrical potentials at the steel-brine and
brine-salt interfaces.

e Development of variably acidie or alkaline conditions in the course
of active corrosion.

4.1.2 Applicability of Eyring Model to Data

The mathematical formulation of the rate of corrosion is given on page 7 in the
following form:

CR = AeB/T(R)C+D/T (BR)E+F/T o)
where:
CR = corrosion rate (length/time),

R = radiation,
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T = temperature, and

BR = brine.

Parameters A through F can be obtained statistically from the "eonsensus data” on the
corrosion rate CR. Equation 1 ecan be simplified to:

CR =K /T 2

by making the following substitutions:
K = AR)C@BR)E,
In(R) = r,
In(BR) = b, and
a=B+rD +DbF.

Although Eq. 2 does not distinguish between the effeets of individual stress factors, it
gives an identical dependence of the corrosion rate on temperature and other para-
meters. Thus, if the ecorrosion rate CR were determined at different temperatures,
keeping all the other parameters at their constant vaiues (i.e., presumably independent of
temperature), then the graphs of In{(CR) plotted against 1/T would be identical. The data
in Tables 4 and 5 give consensus ¢ -timates of the eorrosion rates at three temperatures
for two brines and two levels of radiation, for a total of 3-22 = 12 corrosion rate values.
These data are shown plotted in Fig. 1 and consist of two curves for a low-magnesium
brine (brine "1/e") and two curves for a high-magnesium brine (brine "e"), for low and

high radiation levels, respectively.

If the Eyring model held for the results, the three data points (three tempera-
tures) for each consensus experiment would fall on a straight line. As Fig. 1 shows,
however, considerable departures from linearity are clearly visible to the eye, with no
need for statistical analysis of the data. Thus, a conclusion that the Eyring model does
not apply to the data should be drawn for the entire set of the consensus estimates, not
only for the high-temperature portion of the set.

To determine whether the Eyring model is appropriate to corrosion of iron in a
radiation field in saline brines at elevated temperatures, the behavior of the individual
stress factors and their interactions must be examined. Obtaining a statistically good fit
of the consensus estimates to the Eyring model cannot be meaningful if the individual
estimates are based on different corrosion-mechanism models.

For the three temperature data . ints (see Fig. 1), either the Eyring (or
Arrhenius) model does not fit or the power exponents (B, D, F, and a) in Egs. 1 and 2 are
temperature dependent. Such a conelusion is obviously unsatisfactory.

One of the problems seems to lie in the definition of the stress factors. Brine
composition is not a sufficiently precise stress factor, as explained earlier, and the
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FIGURE 1 Natural Log of Cerrosion Rate versus Inverse
of Temperature for Data of Tables 4 and 5

additional stresses originating from the irradiated host rock have not been explieitly
ineluded in the model. To test the applicability of the Eyring model, one must know
more about the corrosion mechanism, which requires a better understanding of the
chemical changes taking place in a system comprised of an iron alloy, salt brine, and a
host roek. A departure from the simple Arrhenius, or Eyring, plot -- such as that shown
in Fig. 1 - may also indicate that the mechanism of the chemical reaetion changes with
temperature. If this is the case, understanding the relevant mechanisms is indispensable
to successful modeling.

4.2 ONWI-501: METHODOLOGY FOR PREDICTING MATERIAL LIFE

The technical purpose of the ONWI document is clear. However, the seope and
objeetive of the technical discussion and the depth to which some topies are covered are



16

not always well defined. The report titie, Methodology for Predicting the Life of Waste-
Package Materials and Components Using Multifactor Accelerated Life Tests, is probably
the best statement of objective in the document.

With a few specific exceptions, the technical ispects of the administrative
approach (Sec. 2) and the mechanical aspects of the technical approach (Sec. 3 and Apps.
A, B, and C) are relatively clear and understandable. While the discussion of the
mechanics of factorial tables and hierarchical trees is quite complete, the discussion of
the two aspects of multifactor accelerated life tests that logically follow that topie are
incompiete, or at least confusing. These important aspects are (1) technical definition of
the objectives of the tests and related definitions of the stresses and (2) extr apolation of
test results to predict behavior, or time to failure, at end-use conditions. Both items
receive somewhat scant attention, as in Secs. 4.2.1-4.2.3, yet appear to be essential to
successful application of the subject methodology to evaluation of waste package
materials and components.

4.2.1 Test Objectives

The introductory sections of Sec. 3 (Technical Approach) should provide the
rationale for the technical approach. However, the generic deseription of performance is
not well linked to the specific problem of uniform corrosion testing. The use of the term
"degradation curve" leads to some confusion. For example, Sec. 3.1 is entitled "Degrada-
tion Curves" and Sees. 3.1.1 and 3.1.2 are entitled "Hypothetical Degredation Curves"
and "Desired Graphical Output.” The latier two topics are quite distinet and probably
should not appear under the same heading unless the relationship between them is spelled
out more clearly. As the heading implies, Sec. 3.1.1 addresses the dependence of some
measure of performance P on the time t during which a sample is exposed to a constant
level of strass. The form

P(t/tF)

_ _ 1/n
Boy - [1 - (e/eg)d]
is suggested as a way to express the degree of nonlinearity of this relationship, where tp
is the time required for the sample to fail.

Section 3.1.2, on the other hand, addresses a type of graphical display that ecan
serve as a guide to the analysts of accelerated material-life test programs. In this
display (Fig. 3-2), the corrosion rate relative to a reference corrosion rate {center point
value) is plotted against the time to failure divided by the reference time to failure
{eenter point value). This graph is constructed so that all of the points fall on a single
straight line with a slope of -1. This construction assumes that the time to failure (t) is
inversely proportional to the corrosion rate (CR). In other words (CR/CR,) = (t,/t).

What is the relationship between Sees. 3.1.1 and 3.1.2? In particular, what is the
relationship between performance measure P and corrosion rate CR? Or, is the linearity
or lack thereof between P and t relevant? What are the implications of the relationship
between P and t with respect to the applicability of a corrosion rate model such as the

o
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Eyring model, which does not have any explicit time dependence? The authors note that
failure of performance need not be defined initially. However, if there are eritical
uriderlying relationships between some measures of performance of the waste package
and the eorrosion rate, then perhaps the question deserves more attention. Furthermore,
if the relationsiip between P and t is to be determined experimentally, additional
requirements may be placed on the design of the accelerated life test, especially if
destructive testing is required.

4.2.2 Definition of Stresses

The introduetory portions of Seec. 3 include little discussion of the characteristics
of the stresses that may frustrate the successful application of the methodology. Section
3.1.1 begins with these statements: "It is assumed that the system (waste package
material or component) has a long life under the stress conditions associated with end-
use exposure ... Reduced lifetimes can sometimes be achieved by operating the com-
ponent under higher-than-normal stress." However, no specific example is given to
illustrate how one takes the time-varying stress conditions expected in the repository
environment and arrives at a set of constant end-use stress conditions for use with this
methodology. Likewise, determination of "higher-than-normal stress" values from
transient stress conditions of an actual repository needs fuller explanation.

It would seem that the nature of the stresses deemed important for testing may
impose limitations on the methodology. A discussion of such "theoretical” limitations
would be helpful. For example, simple quantification to represent brine composition for
use in the proposed methodology can be a daunting problem, as demonstrated in the
specific application of the methodology given in O/TM-48. Yet, the limitations that such
stresses place on the methodology are not covered in ONWI-501.

Another fundamental problem associated with definition of the stress is that the
choice of a low and a high value of a stress factor in each model test explicitly assumes
that the effects due to such a stress vary monotonically with the value of the stress
factor. Hcwever, in the case of the stress factor pH, it may be that the effects on iron
alloys (and possibly other materials as well) show a different type of behavior. For
example, the solubility of iron and aluminum oxides and oxy-hydroxides in aqueous solu-
tions goes through a minimum as the pH is allowed to vary from low to high. Suech
behavior may be missed if too wide a range of pH values is chosen for the model. The
use of pH as a stress factor leads to strange results. Given the definition of pH (pH =
- log ay+), the outcome of a reaction is determined in part by thz activity of the
hydrogen or hydronium ion in solution. If the negative logarithm of the activity is used,
it becomes difficult to understand the complicated chemical meechanisms of the reactions
that are involved in corrosion processes and to predict the long-term effects of ecorrosion
processes. Thus, the use of pH raised to a power in Eq. 1 on page 27 looks like a com-
putational convenience divorced from any chemically meaningful reaction mechanisms.

While the purpose of ONWI-501 is to describe a test methodology, concrete
examples of the relationships between the stresses imposed in the test situation and
those expected in the repository situation would bolster arguments supporting the utility
of this approach.
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4.2.3 Extrapolation to End-Use Conditions

The eoncept of extrapolation is introduced in Sec. 3.1 (pp. 16-17), which states
that the plot shown in Fig. 3.2, which includes the straight-line extrapolation, may be
helpful for assessing final experimental design but is not to be construed as a method of
data analysis. The authors also note that "more appropriate methods for analysis of
accelerated aging data are coasidered later" (p. 17). Although references to specific
sections are not given, App. C and portions of Sec. 4 are probably the most relevant.
However, these later parts of the text still leave some guestions unresolved.

First, how are the times to failure and their mean values and, hence, the
corresponding rates of corrosion or performance degradation, to be experimentally
determined? Second, given this information, how should the extrapolation to meaningful
real-world stress levels be carried out? Section 4.2 conveys how the test specimens
should be allocated to maximize the extrapolation precision and concludes with a
numerical example that indicates that accelerated life testing may be undesirable.
Section 4.3.1 addresses the problem of experimentally determining the times to failure,
but concludes that there are a number of serious problems, not to mention possible non-
linearities, in the time dependence. The authors do say that a method is proposed in App.
C that avoids some of these problems. Finally, Sec. 4.3.2 briefly summarizes several
corrosion models, all of the same general exponential form, that may be suitable for
extrapolation to the end-use stress levels.

Considering all of the above, no justification is given, other than previous
applications to electronic components, for the use of any of these models in corrosion
testing. In particular, no reason is given for not using a general multiple regression
analysis. Granted, the specific models do provide suggestions for particular functions of
the stresses to be used in a regression analysis.

As a result of trying to assimilate these related portions of the text, the reader
is given the distinet feeling that the methodology is not yet complete and that more
specifie guidance would be very helpful in answering the questions raised above.

4.2.4 Use of the Eyring Model

Use of the Eyring model for corrosion studies is discussed explicitly in See. 4.3.2
o. ONWI-501 but is implieit in much of the earlier discussion. It is far from clear how
the equation cited on page 42 is related to the original reaction rate model of Henry
Eyring and his associates. In general, the Eyring theory of rate processes allows one to
compute the forward and backward reaction-rate parameters‘as functions of the state of
an activated complex. In a nutshell, the reaction rate as applied in O/TM-48 depends on
an exponential factor of the form expl(X + Y + ...)/RT}, where X, Y, ... are thermo-
dynamie funections, R is the gas constant, and T is the absolute temperature. The
mathematiecal form alone is not sufficient to call the model "the Eyring model." From
the text of the two reports, it is not clear whether the parameters X and Y can be
identified with the thermodynamic funct'ons. It seems that the authors of the two
reports treat parameters like X and Y as if they were freely adjustable, without any
clear connection to Eyring's reacticn rate model. While the particular name associated
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with a clearly defined model may not be significant in practice, the association of
Eyring's name with the model without noting modifications or limitations leads to
confusion of the type indicated above.

4.2.5 Use of Hierarchical Trees

Developing hierarchical trees for presenting corrosion data is a valuable
technique for evaluating interactions between parameters important to the corrosion
process. Furthermore, the exercise would be very helpful for a team responsible for
desig.ing a test matrix. However, the document does not clearly express how one goes
from the hierarchical tree to the life prediction. Several alternatives are suggested in
See. 4.3 of ONWI-501, but the connection between the hierarchical tree prozess and the
life-predietion process is weak or poorly explained.

4.2.6 Mechanies of Computations

The explanations of the computations made in developing a hierarchical tree
(e.g., App- A, pp. 49-51) are rather mechanical, and they lack much explicit generality to
other factorial layouts. Although the specific numerical example is very helpful, a more
general description of the procedure, or 2 more fundamental formulation of the computa-
tions, should be added.

An example follows of the type of confusion that a "mechanical” explanation of a
computation can lead to. Computation of values used in the factorial tables and
hierarchical trees (Apps. A and B) is straightforward and makes use of simple arithmetic
or geometric means. However, in a numerical example in App. B, the authors compute
the corrosion rate at the "eenter point" stress conditions using the geometric mean of the
corrosion rates obtained from each of the eight possible combinations of the three
stresses, rather than by simply evaluating the fitted Eyring model at the center point
stress condition. The text does not mention the fact that the two methods of computing
CRo are equivalent under the assumed form of the Eyring model and the corresponding
special definitions of the mean temperature and stress. It might prove misieading if
some alternative model were used.

In modeling the relationship between stress levels and corrosion rates to permit
extrapolation to the corrosion rate under the normal stress condition, the authors point
out that the Eyring model, or various special cases of it, can be considered a default
model when the dependence of corrosion rate on the various stresses is not known. This
model and its use is satisfactorily deseribed by the authors. However, in one numerical
example, a total of five parameters in an Eyring model are fitted to eight points using a
regression analysis. No estimates of the standard errors of these five parameters are
given. When one has almost as many points as parameters, the quality of the fit is
generally very poor.

Another issue related to the methodology, which may become important in a
computational sense, is the matter of handling the variability of the uncertainties
associated with hypothetical corrosion rates. As the computational procedures for
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hierarchical trees stand in App. A, all estimated corrosion rates would appear to have
identical levels of uncertainty. However, nne can imagine in practice that even
consensus estimates for corrosion rates might have varying degrees of uncertainty
associated with them because of the variability in the knowledge and prediective
capabilities available for the ranges of stress conditions encountered. Should the levels
of uncertainty vary widely among the estimates, the hierarchical tree methodology could
lead to biased, and thus misleading, results. The issue of variable uncertainty in the
estimates and its potential effects on the analysis should be addressed.

4.2.7 Other Technical Issues

Assessment of the eonfounding effeets of "pruning” the hierarchical tree (Sec.
4.1) involves the straightforward use of algebra to solve a system of simultaneous linear
equations and is quite satisfactory. The objective is to retain the ability to distinguish
the effect of each individual stress. However, the physics of the situation and
experience may indicate that it is not worthwhile to separate out individual stress
effects. Allowance is made in the administrative structure for such a contingeney, but it
might be reemphasized in the techniecal portion of both reports.

Determination of the average lifetime 1 under constant stress conditions (Sec.
4.3.1) is one of the more interesting and challenging aspeets of the accelerated material-
life test problem. It is clearly pointed out that one has to make compromises when the
process of determining an average time to failure requires that one econduet tests leading
to a number of failures. {(Some confusion exists between the topie of failure of some
performance messure and the topic of corrosion rate. The two are never clearly
connected.) In particular, the report points out that if a one-parameter exponential
distribution funection is used to deseribe the distribution of the time-to-failure random
variable, the standard deviation and therefore the expected error of the mean lifetime 1
1s inversely proportional to the square root of the number of failures. In other words, for

 no or few failures, the expected error in T is unaeceptably large.

The authors suggest an interesting and potentially very useful (but untested)
alternative approach that can be used with few or no failures (App. C). It involves
assuming that the times to failure are distributed according to a two-parameter Weibull
distribution. Using the assumption that the Weibull parameters are invariant under
changes in stress level, they develop a relationship bstween the number of samples
required under normal conditions and the number required under overstress coaditions to
make the same statistical inferences regarding sample survival. This alternative
procedure should be investigated further and validated with test data.

Allocation of test samples (See. 4.2.1) involves the following problem. Given a
total of N tests, at which stress levels should the tests be conducted and what fraction of
the tests should be conducted at each stress condition to maximize the precision at the
extrapolated corrosion rate under normal stress eonditions? This problem was solved, as
noted by the authors of ONWI-501, by Hoel and Levine (1964) for only one independent
variable (i.e., one stress). The authors of ONWI-501 assumed without formal proof that
Hoel and Levine's soiution could be generalized to the case of several stresses. Although
the generalization was straightforward, it is not clear under what eonditions Hoel and
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Levine's resuits remain valid. Of particular concern is the case where some of the
stresses may not be entirely independent of one snother. This problem needs to be
investigated more fully, because specifying the number of replications of tests at given
stress conditions and the spacing hetween stress levels is critical to the design of a

corrosion test program.
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5 ANSWERS TO DOZ/SRPO QUESTIONS AND REQUESTS FOR COMMENTS

5.1 O/TM-48: DESIGN OF A MULTIFACTOR MATERIAL-LIFE TEST

Will the resulting test matrix generate a statistically sound data base on the performance
of low-carbon cast steel in a salt repositorv environment to support design, modeling, and
licensing activities?

The test matrix reported in G/TM-48 is not final. Although the final test matrix
developed using this approach may prove to be acceptable, the present test result
(Table 6) is not supported by the document. The statistical soundness of the
present form of the data base cannot be judged.

The offered test matrix does not provide a complete data base. Other corrosion
mechanisms must be, and apparently are being, addressed. The authors need to
explain how they selected uniform corrosion as the dominant degradation
mechanism. The method of selection is not deseribed or referenced.

Are there other key stresses, besides those mentioned in the report, that should be
considered in the design of the test matrix to meet the stated objectives?

The preclosure environment of the repository includes an air environment, which
is not addressed in O/TM-48. Lithostatic and induced pressure stresses are not
addressed, nor are sulfide and carbonate concentrations and chemical reactive
stresses individually identified in the report. The reasons for excluding these
stresses are not given. Also, the chosen stresses are neither well referenced nor

well justified.

Are there better approaches for the nominal variables?

One could argue that a better approcach to the nominal variables would be to
analyze them mechanistically and not necessarily statistically. Guidance must
be given as to which variables will be used to accelerate the life tests. This
guidance would allow clearer identification of the physically and chemically
meaningful variables within the artifieially lumped ecategory of a nominal
variable.

Comment on the dominant type of degradation for the overpack material.
Selection of the dominant degradaticn mechanism underlies the document, yet it
is neither described nor referenced. Therefore, we eannot evaluate the selection

process. Actually, the assumption that uniform corrosion dominates the degrada-
tion process is not adequately justified in either O/TM-48 or ONWI-501.

Are the interpretation[s] of the results presented correct?

One cannot tell, because Table 6 has not been interpreted.
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Comment on the Eyring model used in the curve fitting. Are there other better models?

The Eyring model may be appropriate, but refer to the answer to the next
guestion. However, the report seems to conclude that the model is not adequate
and states that a model presently under development to address the problem will

be relied upon.

What happens when radiation approaches zero?

Since zero radiation levels will not be achieved within the lifetime of the
package, this issue should not be of concern. The zero-radiation case may be an
important experimental link to existing data on low-carbon cast steel.

If this question refers to the fact that in O/TM-48 the radiation level (R) enters
the Eyring model in such a way that when R approaches zero so does the
corrosion rate (CR), then the following answer applies: Since one does not
expect CR to go to zero when R does, it follows that the form of the Eyring
model being used is inadequate. A better choice of corrosion rate rzodel would
allow the corrosion rate to remain finite even when the radiation level is zero.
In general, if the corrosion rate remains finite when a particular stress is turned
off, that stress should be represented by an additive term rather than a
multiplicative factor.

5.2 ONWI-501: METHODOLOGY FOR PREDICTING MATERIAL LIFE

Comment on the technical approaches for the designing of the test matrix.

The basic approach seems good. It highlights the important parameters and
allows the design team to visualize the interactions of the parameters. However,
the method has two weaknesses. First, the importance of selecting the dominant
degradation mechanism is underemphasized. If the wrong mechanism is selected,
the whole process is wcrthless. Second, the method for extrapolating supporting
data to end-use conditions is not well defined. Eaeh user must devise a
mechanistic model to make a meaningful extrapolation.

Comment on the 2" factor approaches.

The 2" factor approaches seem appropriate and justifiable, although individual
stresses may be difficult to quantify and interactions between nonthermal
stresses are not accommodated. Some distinction should be made between the
variables that are suitable for accelerating corrosion rates and those that are
not. In addition, using only a high and a low value of a variable may be helpful in
the preliminary design phase, but such a limited choice of values is not eonsistent
with the need to allocate test specimens to maximize the precision of the
extrapolation at normal stress conditions.
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Comment on the mathematical approaches to the accelerated life testing.

See Sec. 4.2 of this review report, especially Secs. 4.2.3-4.2.6.
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6 PAGE-BY-PAGE COMMENTARY

6.1 O/TM-48: DESIGN OF A MULTIFACTOR MATERIAL-LIFE TEST

Page(s)

6

10

13

13,

14

15

14

Line(s)

5

19

14-16

Comment

What were the bases for the "predicted" corrosion rates? Were
they quantitative predictions? If so, how were these predictions
made, given the "undefined" nature of the steel, specimen
orientation, salt solid phase, and oxide film thickness?

The right-hand column in Table 3 should be labeled "LOG(EST
CR)," not "LOG(CR)."

The Eyring model does not account for nonthermal stress
interactions. What the model is proposed to quantitatively
describe is interactions betweer, say, brine composition and
radiation level. Is there any guarantee that the mechanistic
models under development can account for these interactions?
Will this same type of analysis be used to refine the test design
once those models are available? These conelusions should be
stated somewhere, as should plans for revising the test matrix.

"Rows 1 and 4" should be changed to "rows 1 and 5."

The right-hand columns in Tables 4 and 5 should be labeied
"LOG(EST CR)," not "LOG(CR)."

A bit of confusion has gradually crept into the discussion. [n the
second paragraph on page 7, it is clear that the corrosion rates are
"hypothetical predicted corrosion rates that represent the
consensus of the members of the team." On page 8, these
hypothetical data are fitted to the Eyring model. Then, on page
13, the hypothetical consensus values are called “"data," and the
fitted values are called "estimated corrosion rates." Now, on page
14, we have "estimated CR" and "actual CR." The terminology
needs to be consistent throughout to make it clear that actual
experimental data are not being introduced on pages 13 and 14.

In this discussion, "actual data" presumably means actual experi-
mental data, and "hypothetical data" means the "hypothetical
consensus values" referred to earlier. This distinetion should be
clarified through the use of appropriate, consistent language
throughout.



Page(s)

16

16

Line(s)

21-23

26

Comment

In Table 6, only one test condition involves high radiation.
Radiation is estimated (hypothetice! consensus values) to be an
important splitting parameter, so at least two or three high-stress
cases should be tested. Why is only one case being tested?

This coneluding sentence should be in the Introduction. One has to
read the entire document before finding out that it does not
describe the entire ONWI corrosion testing program.

6.2 ONWI-501: METHODOLOGY FOR PREDICTING MATERIAL LIFE

Page(s) Line(s)
3 25-30
6-7 13-31; 1-9

Comment

The ideas expressed here should be presented near the beginning
of See. 1, and the references especially should be cited there.
Also, a clearer statement of the scope and objectives of the
document would be helpful.

While identification of failure mechanisms and selection of the
dominant failure mechanism are discussed here, the importance
of these steps is not placed in proper perspective. At least half
the effort should be placed on this item, or it will be necessary
to take all reasonable failure mechanisms through the same
design procedure.

The first paragraph of Sec. 2.2.2 implies that more than one
failure mechanism will be examined. The second bullet refers to
the "first iteration of the design procedure.” However, the point
should be highlighted. Selection of the dominant failure
mechanism is critical. Corrosion testing programs have been
known to spend millions of dollars studying a particular
mechanism only to have the material fail in service as a result of
some other cause.

The importance of identifying all reasonable failure meechanisms
and selecting the dominant mechanism cannot be overempha-
sized. ONWI-501 treats the issue entirely too lightly. The
reader is then lulled into a false sense of security by the
mathematies and statisties in the rest of the report. The idea of
iterating through several possible failure mechanisms seems to
get lost in the mathematical details.



Page(s)

11

24

36
36
37
49

50

Line(s)

8-25

15

23

24

27

Comment

Further iterations on other failure mechanisms are not
mentioned. Only one failure mechanism is analyzed. For the
case of metal corrosion, at least three mechanisms should be
examined by this process: uniform corrosion, stress corrosion
cracking or environmentally enhanced crack growth mechanisms,
and localized corrosion (pitting and crevice corrosion). In
addition, at least two environments should be evaluated: the
preclosure environment, including air-saturated (perhaps steam)
diy or moist salt, and the postclosure environment, including
anoxic inclusion brine. The preclosure environment obtains over
a significant fraction of the total life requirement, that is, over
more than 50 years out of a total of 300 years.

The phrase "... first iteration ..." oceurs agsin. What does this
refer to? It implies more than one iteration. Do the iterations
include the mechanism determination ste)?

"Lg = 0.5682" should be "Lg = 0.0568."

"Lq = 0.5682" should be "L¢ = 0.0568."

"pg = 0.001" should be "pg = 0.003."

The citation for "Davies, 1377" is not given in the references.

In the caption to Table A-1, "rotation" should be changed to
"padiation.” Also, the mechanical description of the analysis

(e.g., add successive pairs} is not very general or appealing.
Finally, the description of column (5) is very weak.
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Department of Energy

Chicago Operations Office

Salt Repository Project Office

505 King Avenue May 14, 1984
Columbus, Ohio 43201-2693

Wyman Harvison

EES-362
Argonne

National Laboratory

9700 South Cass Avenue

Argonne,

Dear Dr.

SUBJECT:

IMinois 60439

Harrison:

REVIEW OF REPORTS ENTITLED, "DESIGN OF A MULTIFACTOR LIFE TEST TO
INVESTIGATE UNIFORM CORROSIGN OF LOW-CARBON CAST STEEL AS A NUCLEAR
WASTE PACKAGE OVERPACK MATERIAL IN A SALT REPOSITORY ENVIRONMENT,"
ONKI 0/TM-48, AND "METHODOLOGY FOR PREDICTING THE LIFE OF WASTE-
PACKAGE MATERIALS AND COMPONENTS USING MULTIFACTOR ACCELERATED LIFE
TESTS," ONWI-501

We would appreciate your forming a panel to review the attached subject

reports.

appropri

Since these two reports are closel' related, we Teel it is
ate to review both reports simultaneously. The review should include,

but need not be Timited to, the following points:

ONWI 0/TM-48

1.

Will the resulting test matrix generate a statistically sound data
base on the performance of low-carbon cast steel in a salt repository
environment to support design, modeling, and licensing activities?

Are there other key stresses, besides those mentioned in the report,
that should be considered in the design of the test matrix to meet the
stated objectives?

Are there better approaches for the nominal variables?
Comment on the dominant type of degradation for the overpack material.
Are the interpretation of the results presented correct?

Comment on the Eyring model used in the curve fitting. Are there
other better models?

What happens when radiation approaches zero?

Other comments.
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ONWI-501

1. Comment on the technical appproaches for the designing of the test
matrix. _

2. Comment on the 2N factor approaches.

3. Comment on the mathematical approaches to the accelerated 1ife testing

4, Other comments.

Please complete the review and submit the final report to SRPO by June 18,
1984. 1If you have any questions, please contact Roger Wu at FTS 976-5916.

Sincerely,

Lol A1l .

1(21 Robert C. Wunderlich
; Acting Chief
Engineering and Technology
Salt Repository Project Office

SRPO:KKW:2367B ST# 519-84

Enclosures:
1. OMWI-501, "Methodology for Predicting the Life of Waste-Package Materials

and Components using Multifactor Accelerated Life Tests" {September 1983)

2. ONWI 0-TM/48, "Design of a Multifactor Life Test to Investigate Uniform
Corrosion of Leow-Carbon Cast Steel as a Nuclear Waste Packaga Overpack
Material in a Salt Repository Envivonment.” (April 1984)

cc: T. Baillieul, SRPO
R. HWu, SRPO
Jd. Sherwin, SRPO
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CONCURRENCE SHEET

[ concur that the Argonne National Laboratory report on ONWI's internal
technical memorandum O/TM-48 and on ONWI-501 fairly represents my comments,
where incorporated, to the peer review panel.

()
D —
.

John D. Ditmars Abraham Lerman

Deorlond £ben

Dorland E. Edg'm'q

pel bty

Dougms/}‘.amm /

< 5 Wyman Harrison



John D. Ditmars

Princeton University: B.S.E., Civil Engineering (1965)
California Institute of Technology: M.S., Civil Engineering (1966)
California Institute of Technology: Ph.D., Civil Engineering (1971)

Dr. Ditmars is leader of the Geophysies and Engineering Section of the
Geoscience and Engineering Group of the Energy and Environmental Systems Division at
Argonne National Laboratory. Measuring and modeling portions of the hydrosphere
impacted by energy technologies and natural resource development has been the main
research area of this section. Particular attention has been given to evaluations of
model performance and to experimental designs for the acquisition of data at prototype
scales for performance evaluation. Dr. Ditmars has extensive experience in modeling
and measurement of transport and mixing processes in the hydrologic environment. He
was for several years responsible for the annual literature review in the area of "Mixing
and Transport” for the Journal of the Water Pollution Control Federation and is presently
the Chairman of the Paper Awards Committee of the Hydraulics Division of the
American Society of Civil Engineers. He is also the Chairman of the Task Committee on
Verification of Models of Hydrologic Transport and Dispersion for the Hydraulics Division
of the same society and, as such, has been concerned with the generie aspeets of
verification and validation as well as with those aspects of particular models.

Before joining Argonne in 1977, Dr. Ditmars was Assistant Professor of Civil
Engineering at the University of Delaware. From 1970 to 1972 he was Visiting Assistant
Professor in the Water Resources and Hydrodynamies Division of the Civil Engineering
Department at MIT. His teaching and research activities at the University of Delaware
and MIT focused on hydraulic engineering and fluid mechanical processes in the natural
hydrologic environment, and involved analytical and numerical modeling as well as
laboratory and field experiments. He is author of more than 45 technical publications in
these aress.
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Dorland E. Edgar

Central Missouri State University: B.S., Geology (1968)
Colorado State University: M.S., Geology (1973)
Purdue University: Ph.D., Geology (1976)

Dr. Edgar joined the Geoscience and Engineering Group of the Energy and
Environmental Systems Division of Argonne National Laboratory in 1978. Since that
time he has worked as a geologist and hydrologist on programs related to waste
management and energy and mineral resources development. From 1981 through 1983,
he participated in studies of the geologic setting of erystalline rocks of the northeastern
and Lake Superior regions of the United States for the purpose of assessing their
suitability as sites for a high-level radioactive waste repository. His primary areas of
responsibility on this project were surface-water and groundwater hydrology,
geomorphology, and surficial geoiogy.

From 1978 to 1981, Dr. Edgar was affiliated with Argonne's Land Reclamation
Program and Environmental Control Technology Program, where he studied the rela-
tionships between surface mining and reclamation activities, and geomorphie processes,
hydrology, water quality, and erosion and sedimentstion. Dr. Edgar also served as a 1J.S.
Department of Energy representative to an interagency group that reviewed comments
and drafted revised regulatory guidelines for the U.S. Office of Surface Mining.

Before coming to Argonne, Dr. Edgar was employed at Oak Ridge National
Laboratory, where he conducted research on surface and subsurface hydrologic and
geologic conditions, and their relationship to the shallow land disposal of low-level
radioactive waste. One project involved the study of the hydrologic and geomorphie
processes involved in transporting radionuclides from burial sites through an
instrumented watershed. Dr. Edgar's graduate research was direeted primarily toward
the relationships between hydrology and the geomorphie processes operating within
alluvial stream channels and drainage basins.

Dr. Edgar has authored approximately 25 scientific and technical publications,
and is a member of two professional societies.
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Douglas F. Hambley

Queen's University at Kingston: B.Se., Mining Engineering (1972)

Lewis University: MBA candidate

Registered Professional Engineer, No. 18026014, Provinee of Ontario, and
No. 062-03920i, State of Illinois

Mr. Hambiey has more than 10 years experience in mining, tunneling, and
underground construction. He joined the staff of the Geoscience and Engineering Group
of the Energy and Environmental Systems Division of Argonne National Laboratory in
1984. Prior to working at Argonne, Mr. Hambley was employed as a Senior Mining
Engineer for nearly four years by Engineers International, Inc., a mining/tunneling
consulting firm located in Westmont, Ill. In addition to designing several large tunnels
for various purposes, he spent over two years as Project Engineer on U.S. Nuclear
Regulatory Commission contracts to assess retrievability from repositories for high-level
radioactive waste and to provide technical assistance for repository design reviews.

Between 1972 and 1980, Mr. Hambley held various technical positions with major
Canadian mining companies, including Denison Mines Ltd. and Falconbridge Nickel Mines
Ltd. During his employment at Denison (1977-1980), he was responsible for several major
projects, including (1) a tripartite (Denison/Rio Algom/CANMET) regional stability study;
(2) investigation, specification preparation, and tender evaluation for Stanrock Mine
dewatering and shaft rehabilitation; (3) design of the backfill system for a pillar recovery
scheme; and (4) design of the underground garage and supply station for diesel fuel at
No. 1 shaft.

Mr. Hambley has published on retrievability of high-level nuclear waste, design
of shafts and tunnels, computer modeling of mine openings, and raise boring cost
estimation. He is active in several technical societies.
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Wyman Harrison

University of Chicago: S.B., Geology (1953), after three years of
undergraduate work at Stanford University

University of Chicago: S.M., Geology (1954)

University of Chicago: Ph.D., Geology (1956)

Registered Geologist, No. 2476, State of California

Certified Professional Geologist, No. 134, American Institute of
Professional Geologists, and No. 487, State of Virginia

Dr. Harrison is Associate Director for Geoscience and Engineering for Argonne
National Laboratory's Energy and Environmental Systems Division. He directs a 25-
person group that performs analytical and experimental studies related to management
of energy and mineral resources and to development and deployment of related
technologies. Major activities of the group include (1) acquisition of geophysical and
geotechnical data bases, {(2) analysis of the data of geoscience to support design and
deployment of energy technologies, and (3) development of physical and mathematical
models of geophysical/geotechnical systems.

Dr. Harrison's group recently ecompleted comprehensive surveys of the geoscience
data pertaining to crystalline rock complexes in the northeastern and Lake Superior
regions of the United States to help assess their potential as possible sites for
repositories for high-level radioactive waste. Dr. Harrison has conducted numerous other
geological and geotechnical studies at Argonne, ranging from estimating the petroleum
resources of selected basins in the Soviet Union to determining near-shore circulation in
Lake Michigan.

From 1971 to 1975, Dr. Harrison was Professor of Geography (Associate Depart-
ment Chairman) at the University of Toronto, where he specialized in geophysical studies
related to slope stability in sedimentary terrains and the siting of supertanker ports.
Prior to that, he was Associate Director for Physical, Chemical, and Geological
Oceanography at the Virginia Institute of Marine Science and a Professor of Marine
Science at the University of Virginia. Dr. Harrison was Director of Environmental/
Science Services Administration's (now National Oceanic and Atmospheric Administra-
tion's) Land and Sea Interaction Laboratory from 1964 to 1968. Before that he was on
the faculty of Dartmouth College's Department of Geology and a geologist with the

Indiana Geological Survey.

An author of over 100 papers, reports, reviews, and books, Dr. Harrison was made
Senior Scientist at Argonne in 1976.
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Abraham Lerman

The Hebrew University: M.Se., Geology (1960)
Harvard University: Ph.D., Geology (1964)

Dr. Lerman joined the Department of Geological Sciences at Northwestern
University in 1971 as Associate Professor and has been Professor since 1975. Dr. Lerman
has extensive experience in ayueous geochemistry, geochemistry of brines, isotope
geochemistry, and radionuclide migration. He is a resource consuitant on waste
packaging and geochemistry for the Basalt Waste Isolation Project Overview
Committee. During 1980 Dr. Lerman was a member of the Backfill Evaluation Panel for
Battelle’s Pacific Northwest Laboratory.

While associated with Northwestern University, Dr. Lerman has served, at
various times, as a visiting professor at several European universities. Prior to joining
the faculty at Northwestern, he was a Research Scientist in Chemical Limnology at the
Canada Certre for Inland Waters (1969-1971), a Visiting Investigator and Senior Seientist
in Isotope Research at Weizman Institute of Science (1966-1969), an Assistant Professor
of Geology at the University of Illinois at Chicago Circle Campus (1965-1968), a Visiting
Investigator (geochemistry) at Lamont-Doherty Geological Observatory of Columbia
University (Summer, 1965), and a Lecturer and Assistant Professor of Geology at the
Johns Hopkins University (1964-1965).

Dr. Lerman has published extensively in the areas of geochemical processes in
water and sediments, halite and brines, chemieal limnology, geochemical cyeles, and
radionuelides in sedimenis. He is a member of five professional societies and a Fellow of
the Geological Society of America.
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Charles C. McPheeters

University of Missouri: B.S., Metallurgical Engineering (1963)
University of New Mexico: M.S., Engineering Science of Materials (1968)

Mr. MePheeters joined the Chemical Technology Division of Argonne National
Laboratory in 1970 and currently provides technical support to the Materials Integration
Office of the 1.S. Department of Energy's Chicago Operations Office. He has helped
coordinate the development and review of test methods and data used to support nuclear
waste repository licensing and acceptance of waste for disposal in repositories. In
previous work at Argonne, Mr. McPheeters developed a computer model for & sodium
impurity precipitation process, various sodium processing systems, and instrumentation
for monitoring impurities. Other areas of research have included lithium/sulfur
batteries, liquid-metal fast breeder reactor safety experiments in TREAT, and detection
and location systems for failures of fuel elements.

Prior to joining Argonne, Mr. MecPheeters was employed by Atomies Inter-
national, Rockwell International, where he designed equipment for sodium purification
and removal of dissolved gases from sodium in liquid metal fast breeder reactors.
Between 1963 and 1968, at Los Alamos Secientific Laboratory, he developed a solid-
electrolyte electrochemical cell for determining oxygen activity in sodium and studied
the corrosion of containment materials in liquid Pu-Co-Ce alloys. During this time he
supervised and operated a metallography laboratory where the effects of Pu-alloy
corrosion of containment materials were studied.

Mr. McPheeters has authored approximately 25 publications and has three
patents.
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Donald M. Rote

Cleveland State University: B.E.S., Engineering Seience (1960)
Case Western Reserve: M.A., Theoretical Physics (1963)
Case Western Reserve: Ph.D., Theoretical Nuclear Physics (1967)

Dr. Rote is a geophysicist in the Geoscience and Engineering Group of the Energy
and Environmental Systems Division of Argonne National Laboratory. He has served as
principal investigator since 1970 on numerous projects sponsored by the U.S.
Environmental Protection Agency, U.S. Air Force, and Federal Aviation Administration
concerned with development, verification, validation, and documentation of models used
for air pollution assessment. He has also directed a number of field programs that
required the acquisition, analysis, and interpretation of air-quality, meteorological, and

source data.

Dr. Rote has concurrently served as an advisor on model validation, model
applications, monitoring, and data analysis techniques to the above institutions. In
addition, he has given series of lectures on these subjeets at both the Majorana Sehool of
Physies of the Planetary Boundary Layer held at Erice, Sicily, and the Korean Institute

for Science and Technology at Seoul, Korea.

Dr. Rote has published over 60 reports, book chapters, and journal articles.
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The cconplistment of this 30ap 13 20d8¢ by aalyeng e Agpethetics!
dots pamarated darlicr ond pletting the results ¢? WMits amiyets fa
the Toem of & horerciical tree.

Tais snginearing design it then sugoentad to recever sufficiont
statiscicad stucturs in the tast meatric 9o thet with sptimel
allccations of tast spacimmms, statistizally valid and sptimel
sstimationz/predictions/extrapeliations caa bu obtaines.

The remsindger o thiz report will saphasise the resuits of this teas effert
and not the detatis of the methudeiogy. As stited shove, tin sethedelegy is
described in OMMI-S0%.
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The chjectivg of this (esm offort wis %2 divelep a4 test matrix thet sow!
e the frambeerk of 2 muiti-yoor ceperiasatal snd xadsling pregram. e
chjective 0f this sulti-yesr agperiosail pregran 11 19 Corry ont the
lsboritory 2:p0rimsels wnded 1 shtate & statistically sound deda base o
parfonenca of (ou-carbon cost stes! in & 32t repecitory ansviremmant se taet
ensinogring desige, sedeiing, end ltcomsing ectiviites cam ba swpperded.

The initial ameting of the 2o Tocwee: se clorifying the specific
Gbieciives of the tens alfert ts bo wadertshesn. 1o addressing this fsews the
potertia] types sod mechenisms oFf depradctien that winid nsed %o b
fnvetligated warg considerad. In Ssigiing & suiti.facior Jong-tere 08t
citrix ¢ dewinedt Fiilere machastice moit Do peletted Yrem the itit of relevan
foilure machaninms and Thon 203 predesi oF disigning the tset pretcss? fecwme
Ch that machanits. In the cass 9 Tomecortun coast stoel 85 & comtaiser
ioverpaci] mekorlal to 3 2alt rapesitery. the demiecnt txie oF daprefetisom
crptcted 15 wnifore corrssten. The hey resulits and Contlsatens of tais
{nltial mating e given Dolew:

® Careful comgigeration nects t0 e given 0 the rorisus corrssten
predutts Farsed weder differant eavircamentis! comtitione. S De-pN
gigprem can bt of 200 L0S1ERZE e Daking tuch predictiens, hwpwer
sucly thorapdynamic predictions 9 ot Alweps valid wator the nea-
equilibriue conditions that sreveil vhen astz! is corresSing rapiéiy.
The inpertence of the asiure of TRICO Corresien pregucts ams thetr
(et luomce o covrgiiom »atos were Stresed Jevers] tiess Guring tamm
ditcessiont. For azamsle, mogaetite (Feyls) is the meet protective
corvesion sTobuct File Cormed e from. The présonce of corbenates ov
gulfiges, aven 4t law concemtiritiens, C&5 couse the proferentia)
formation ¢f iron Corionaty or frem suifide corretiom products, which
Cetng legs protactive, c8h cass significant (acraase in the corresio
PERES oR1srves,



o Since wifurews spacies ore 20 comton §2 Pureian Besin ground weters

and tince the prasence of sulfides can dawo significant effects en
neials dogradaiion, it i3 fmpertast that these species ot lesst be
maitored Guwriag enporimental wort. It wes aoted thet the predende
tulfer con pramdte the hpdreges charging of stesls by 1antbiting the
retambinction of corvesisa-preduct mescont Hgdreger inte gasaPus
soiccular hfregem that teuld roadily secape ints the stmsepheren 1
peceral, Aydrogen gubrittieusnt fo sk & sovere predblem fn nasr-
aputral pH savironmeats and 1f the Terveus allsy tawelves 1 nct
herdored.

- Lew g brisgs at alevated Ssaperetures, sspecially those cantatining
some ssifureus species, ore extremply corvesive. I wis noted thet
recactiy there hes boon auth interest # stanls comtatniop large
ameuats of Sr sd M, 0.9., S Cr st M.

Considerable ditcussion revelved arsand the Torcution of very thick
corresica preduct f1las, sad the Lype: of owvirermanis thet atght be
formed 1n such fidas sador conditieons of irredistien-Sorvesioe. e
tomt gamerslily sgroed that hotviiy-entdisud specimans shewld be
imsgctigeted. Noovy daidetien con be Drewgt showt by upsstition of
high fupacity saidizicgy spacies on the paciuem; either by
sliectrelysis or & Righ §oceeus ayPsa sargressee, Gwing
hydreothoran] escproure.

™he machanisa of i contre), Both 1n the repesitery and 17 tha
Tolaratery, was discutsed szimmsively. High segnaatun {incizgion
tie] drines are Delieved Lo Jrap ia pil due %0 the fermaties of
InoTuedle eny-sulfate. 3Such s coméition could W artifice.iy
shenliated by sdding HCY, bowpver, tuch & pN 25justment would aet bo
sustatned in & test aulazlave ac the HCY adéition weui€ be rapidly
consumss. The toas gengrilily sgrosd that the best way to “adjwst) pl
for accelarated testing or olhgrwise, weuld be to selact the
Worop-iate brine formulation, and perwmit the elevated temperature

______ Pmwn Bom L2 b ado Ale 2och =i Toavread



A listing cf the key strass porameters tc b comtidered 14 forming & tes
satrix for long torm testing is given in Table 1.

Tadie 1. Stress Parameters Assecisted Hith Wnifere
Corresion Tosting of Low-Corben Cost Stes)

Temporatere 2%, 1%, B C
Radiation 108 resor, W) respr
drine Composition isclmsion, Intrusion
SA/V (Flow Kate) Flowing, Natsc

& mouic food brime

Fe 1n solution maiter - a9 cantrel
ci- bring dictoted

HS=, W2S rins eictobed

w0y, 06y ring dictated
Netaliergical condition wistreossd coet mpterial
Speciaen orientation ot yot @ofinnd

Salt selid phese mat yot &afiasd

Calde filam thickmess it yot éelinnd
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The first four stresses (shown shove the line ia Table 1) sre vaed %o
@fing 8 3:23 compleve factoria] design. WtN thres levels of Sempereture it
15 conveniont 1o rogerd the sverall design o being comprised of thres N
nsigne. At the canclution of the first mseting, coch (oo ammber wes asshed
ts wacify ¢ “preadictad® cor-esion rete for aath of the XN cobiastions of
tesperaturs, radistions, bring compotitions, and flow rate, and record tham 1o
8 table such o thewn ia Tadle 2.

Todle 2. 3:20 Camplete Pasterial Bustgn for
wmifera Corrreion Tootiag
of Low-Corbon Zaat SNee!

Corvestien Sate - ol o

Padiation Pring Wy < MR C ne
3 o ¢ 1.6 o8 8
¢ 0 i t.$ 1.0 1.8
7 '} 0 » 5.0 2.0
0 1 1 % 5.8 3.0
i 9 g e §.8 1.0
H 0 i b | X 1.1
1 i o » 9.0 4.0
bl 1 1 N 18.0 4.2




e

in Tablie 2 the Tow 2id Righ stress lovels are doniter by O ans 1,
roipactively, for the thwee nen-thermel stresses (radisiien, brime
compesitions, snd flew rate). Fer radiation, the twe stress levels are 109
cad/reur and (0P reé/eer. For drinc competition the lew stress lovel
correspends 1w istrusion bring, repredented by Poveien Beste Iring . &,
ané the Xigh itrees tevel correspenids to an fzclucion (high M consentretion
Brine, driigaated 8¢ Permian Deste Bring No. 3. Compesitions for %eee hwe
hring Foramlstions e shoam in Agpandix 4. Per the Tlew rete strees
parsamiisc, the low stross corresponds %8 8 static test, and % Migh stvess
corrassondy 1o & lew fiew rote of sppreniociely 3 ol/Mewr.

ha vaives glven in the thees right meet columms of Table 2 are the

Gasthetics] predicted corrasion retes thet regpressct e concantus of the
mwsiary of the to2R. These Mypethitieal data ware "aneligeed® o #f Uhay w7
&1t 5] chenevad dota Tor the coxplete facterial dnign. The resuits of ¥/s
ese ! pis are indicatzd graphically ia the higrorchicat tres thit ts shew: &
Figera 1. The fete are further “anciyast® by sttampting %o Pit = bpry/y
#97s] te (haon Zonsenset Mpethetical prefictions. The Epriag sade) vied he
ten Calleding form:

REIP{I/T)

*R)*>{ColyT)

s R)oo{Lor/T)

theee ® and % Jemptz meitiplication ond saponentistion, respectively; CR
Gengles corrosian rale, R denete radisttec, IR donsdes briar, and T danecdes
{ongerature. The leiters A theough F damote Conttomts thet ore compubed we i
0 Tesst caras precodurs to Fi2 the aadel teo the comdtensvs deata.

Ba-use Bring t5 0 nomisgl virighle, It is nocessa’y te assign distinct
coar{0] values o copresent the intrusion driag and Aigh neguesium bring.
To2 cen(ried valus crg oritrerily tiken to we 1l/e 70d ¢, respectively. Thf
23022 00 quided By the fact thi? Cne Citling procedures imve ve goemstric
Coats D Togarithmic tromsformitiigre. The peemetric meen o° i/c and ¢ s
iy, a8 the Togaritm of aeity i3 Cwe. This assigement parmits ihe Teest
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shuire computations to be mede withowt swmivical 4ifficuity. It sheuld be
tireized 3t this peint that the engrcise of fitting an Eyring mede! is cerried
out &8 & BLChanism for ouplering the strecture of the ccnsenous of Shs

srous 8 rafiectad in thess Nypotheticsl data. It is gt twbended te b
rosardst 8¢ an Apprepriste athenstital medul tht could e weed ‘or parysess
87 sredictison and extrapeleticn. Indesd the discavaion thet fo!lms potats
aut instoncst in whtich the 7ittad Kyring sadel 15 Scedoguete oven withia the
rorge of the mpethetizal deta, net o muntion the probiens thet sseld b
argictad vpen satrapsistions. Kavertheiees, the fitting esorsite 15 weefe)
for the wrpeses stoted.

Toe Fitted Epring meda! i3 givee 2 follom:

Che? . 00 {l-4)
b b
*(R)**{]1.2000-000.987/T7)
S{OR) *o( 1. JNOT-205.804/7)

Tedle 3 sheus the resslts for 3w cose of soatic fiaw. Tin fiest tree
caliemi s the levels for tonpursdwre jo Gagress C, redistion o ralafr,
d (e of bring in ardbitrery snits. Coluin § shons 00 S0M0GRDUS A0SEN0SS
Cor thm sweresion rate (R ik gils/yr. The valuos shtained frem e fo0ed
Ciring mede] are shows in colem § togethor with Lheir base 30 Jogorithes
e ot coleww.



Teble 3. [Eyring Made! Fitted to Conoonus Estins’m
for s Corveneten of Iran
Netic Case, Do I L

(
i

? ® [ o %t ;e MIBIE)
» 088 ¥ .8 ~”n 4.53
008 ] 3.0 .00 oAl
190008 Vs 1.0 1.8 oA
e . 4.0 .. oA
. 1900 e 2.8 &0 s
000 e 0.0 %N 1.9
100000 e .0 5.0 14058
100008 . .0 as.a .20

A cenperiser botusen the concenams and 9008 volass Shane apPaRINt
2thin 4 persent ot 2 isapersiure of 0 C. Mmmver, &t 5D C 9P sramtap
srrers e welved. Ia geagrel the fitted volums ere ofRir twite &8 O
or Mlf is large as the conoontaet veluss, with (e ressit thet hoir rediee
Mave 3 gosmetric meen thet is spprexicately egmel s 1.0.

The relatively pecr fit sugpasts thet the Bpriag made! aay aot B8 ¢
witablie Torm te reprecent She corresion gresmss. Allorastively, tn
Cordensus viluos may neod seng revisien. Cosh of tasee possidilities is
briefly exasined belew.
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e 71t providad Yy %w Lyr-iug made! ag %0 Gufictiont dessuse of WMu mond
te assign arditrory valuss o 100 manias! Jovels of brics. Tipteally, sush
asdeis sre ak ietended 3 imelve waies! verishies. amver, of aave
tapertanes ney be the faut that She conconoss volute show 0ot o tsboresiien
Sotusen refietien sxd Srime s on ordir of sagattus Yorger &8 88 € the N
C ot MC. Tis ooy be semn a e diorerehies! e reprelDReNR oF e
cynentet volugs {Pigwe 1). Tho bS0kn porim of The Fight un® of e
2768 Nem Shet the motn offest of Sréy s e dew redisiiee Yoeld o e
Torger then the anie $FNISE of brine & Wi Digp leust of PEliabime.
Sreghically thic e judiagind Oy M0 %0t At 1D Movialtet Sledmens A
ths drim pitis oo pestiy SiREIt i sggatlad. 0 aieast, WD PG
ot the Soviant Grenshes &8 s et G ¢ W e fauslue Qertapmdt
lorge mate offect, opivelant 19 il lerg Mrtoestel Gletunta, for briup &8
200 C oy be o saemsly fe 5 shrushwe of e caEpeNGws wCums. I 9% i,
ther Ws sosaensss volwes sharld %0 extudbiy asiiiics. ¥ D Yo e
offext is ot o ssanly, e s priqp a ey 0 & pPNEPED> B
for repredsatiag 3 reletions mang tagireinve, refistien, P S0t for 0
corveston of tvan. MtNeugh he Qyring et peadtc el asnthinnld stvums
te intorest with teapiretwe, o olher ERSGasbians &0 GHOBRERNED. Wit
Gy 00 sewn dy Sehfeg legerytiuo of Gmetten (1). Tho sesslbtay fese % &
linaer form fo the legerttins of Ghe stvensis, wilh cosfMioienls ARt are
tonpereture dapandeat. Tosunee srefusts of ssnlherat strosues, S »
refiction ani brins, comet Do chtolusd ta ihis wy, Ve S0l camast
sccomsinte e hind of faterestion shom fa ¥he Mereret:ites® Goas.
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It say alse be neted thet the initia) fixtors of She {pricg sode!
repreient e Ar-henivs sede’:

CRe XP{B/T)

Mhen wittan in thls way it s wsuslly seouned thet § s segitive se Pt
1NCF20008 ‘A Lenpersture “2sult ja 'acressss o e Corvesien retr. e
contraat, it 13 nodad Lhet the Titted B-confficiant 15 positive *» the [pring
mode! Titted to Yhe camsonius valuss. Tis aus 9t aaae Wed ieeresses fa
tonpersture yield S5-resses i the corredien roil dotouse e offects of
tenperature are 2ite reflectel in the enponunts of the o*ne- Tastars ‘a e
Erring madcl.

In 3 stirilor sonner Eyring madeis >3 8lse fi20ed ' e Contontus d0ts
for temps-atures /5 C ang 150 C, ond Yor tonporsieres .0 2 a8 MR C.e M
fitteod squetions for theee two Coses re Jiven Bolew:

el . 05054~{E-2)
LA BN/T)
o{R)*e(1.2000-308.900/7) (2)
*{0R)**{0.1763-108.900/T)

for the valwes at 70 < and 15 £; ad
Che3. 90083%(£-4)
o£.3{2790/1)
o{R)on(2.8633-000. 1 38/T) i3)
o(R)*e{2.3387-708.883/T)

Sor the values 2t 150 C and 290 ..
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Tabies & and 5 show the results for these twe cases. Again the ovarall
fit is ndt impressive, indicating possible problems with aither the Bog:l or
the cata. As an instance of & potantisl probiem with the 48t3 1t con be nated
the? in Yable 4 the seme corrosion vaiue of 0.3 is sstigned to rens 1 aned 4,
even thoud™ the temperatures astociated witk these i1ve rows are 70 £ and 190
G, respectisely. The condition: o rediation 922 Srine for these tws ™ are
matched. It seems unlikely tMaL suCh a chamge in telpurasture woulé lesve t'w

~orrosion rate unchaneed,

Teble §. Eyring Madel Fitted 0 Conesntus [sSimetes

for the Coragion of Irem

Static Casw, 70 L ané 1 C

7 A ] on EST O Las(Cn)
5] 1000 ije .8 e.7? -2.:12
1006 ® 2.2 .8 0.4l
100000 ile i.0 1.03 0.044
10000C 2 .0 3.8 .99
155 1000 l/e 2.8 1.13 0.00¢
1000 ] 5.0 3.57 0.347
100000 /e 5.3 4.0F 0.812
100060 e 8.0 12.7% 1.10%
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Teble 5. Eyring Made! Fitted to Consoneus Estisstes
for the Corvesten of lrem

T ) " o st ; Les{CR)

150 1008 /e (W] 1.13 .00
1000 . 5.8 3.69 .90

100008 /e 5.8 .00 (W1

100000 . 9.9 unn 1.088

2% 1000 /e 2.8 FW ) .08
1000 * 8.0 0.73 1.308

190080 /e 20.0 5.9 1.0

100000 e 08.0 8.7t 2.788

Some asdtditions! ‘msight inte the fittiag procass wsed io these
applications may be gatfand by ssamining potrs of rews. Mor reus 1 and 2; PO
cxmple, the ratic of the sittasted CR %0 e actuel OR 1n Table § 15 semn
be 1.1370.8 = 1.4. The correspending *stYe for raw 2 1s glven by 3.50/8.0
= 0.71. The geemetric spen of *hese e reties is given by SPN(1.0020°0) 708
= 0.999. The idoal value for this goamgiric mpan is wity. A gEOEDOriCIoBM
of unity on a 1cparitheic scale correspondd 0 2 20r0 vl of Gwvistions o &
arithmetic scele thet is typically eduted by 3 least sgueres fitting
procadure. Becawes the Eyring mede! is Pitted ustag & legartthwic scale,
retios of fitted to actusl valuss, rether then $ifferences botusss Whoee
valves, sheuld be examined. When the results given 1n Tedles 3, & ané § ore
examingd in terms of raties, the ressits are soen to give gcometric msenst th
sre approximitely equal to unity ac desired.
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These calculations shes thot to sbtain ar adoguate mopresentatien of
the consensus valuss, sithe- the Sywring mede) or the consencus veluss or deth
it b medified. Werk i3 currently ‘s> pregress withia the svieling tesk of
the PIL Maste Paciage Program to daveles 3 corresion madel. A preliwinery
version of this sede! wes subeitted to OIMI in Augset, 1900. A wpiate
version of this wada] aleng with ¢« documentes ceaputer cada 15 asheduled feor
August, 1906. At that tim 1t will De apprepriste to 1t Soth actus! and
nypothetical data ts the medel. \here possible, this mees! will be weed ta
prodict resnits te be ce;ered to the Mpetheticel predictions cantatasd e
this ~pert. It i3 sticipeted thet the corvesien mpie! botag doveioped will
provide 3 mere sstisfactery medel.

The decic test matrix for lomng-term corrorion testing of law-Corben cast
.stenl s tae follewing:

Tenperstures: 2 C, 150 C, 208 C

Rediation: 108 reasve, 103 rag/vr

bring: Intrusion (Tow Mg}, aclesion {high W)
Flow Rate: Flowing, Static

The temperatures indicated sre reprosntalive of the rengt of teNperatures
that sppeers to be ‘upertast for thess 2asts. As interin resnits are
obtained, the nood for sditiene] deta within this rangs (M values other thon
the three 11sted sbeve) may be ingicated. The same situstion could held for
the other stresses; !.¢., dditiend] redtstion lovels, Srine chemistry
paramdters, surface ared-to-velume raties {ans reled flow retes). The
perticular Conmbinations of stretses included within the enginsering -
experingntal design are indicated by +'s in Table 6.
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Teble 6. Expertmente! Metrix Fer Long-Term Corvosion
Testing of Lew-Corben Cast Stes!

Corresion Rate - st/

Radiation brine s 280C 188C nNe

0 0 F | % * *
3 ¢ 1 * *

(1] 1 ] * » *
4 1 i + *

i 9 9

i 0 1 *

1 1 0

1 H 1

The test aatriz as indicated ia Table § represents the teitial frenewerk
of & statistically designad saperiment %o dovelep 2 ssund dats dase on
corrosion behevior of Tew-carben cast stesis ia & salt repostitery eovirement.
It dees not resresdnt the fink] version thet het 3 @eiired stattetical
structure. The 7vecess of aedifytss this test 2abrix will de revisited 1%e
in FY M as mere data beconms wvetishble ram sxnerineats curvently wnforwey.
At thet tiee 2 decwmonted Corresion Node! [ will 3lse e mvatleble ts assist
in defining future dota roguirements.

To as3ist in evaluating the teet oatrix propesas here for leng term
tests, 4 matrix of all structural barrier tests alrcady completed is presested
in Appendix A.
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Cawamic Scresning Studies - (Static Leach Tests)

s 7aterials tasted = slamine (908 and 99.08), mullits, besalt, BeTidy,
CaT10y, CaTiSi0g, Colr®y, vitresws silics, Ti0p, lalp, IaStGy,
praphite, Pyressran 9817, Macer plass-coramic

¢ Tempersture » 195 C ond 130 C

s Suple fern = aesalithic, et preseed in 2 graphite dle: 2.5 o o1
x 2.5 high. Samples were cut 8¢ fit inside g6 mmpulies

¢ Time = 4] days tetal smpecure

¢ Lwiresment = PP § brim

¢ Jloalyiis = astallegrichic ananiastion for aiterstion daptk, selutien
amalysis or matrix clementa

¢ Status = tests cempleted Octeber 1900

Somersi Corretion Rudies
s. Preliminery Scresatag Stedies ¢ 599 €
s Notersals tosted = 300 and 400 series stotnless shesils, cest
frams, lircaley-2, nicke! daes allege, titanium Base allegs and
copper base allegs
¢ Swpla fure = Y-und »ith stdaleted wsid boad wend both a8 2
strass corrsiien crecking inticste and 28 & wigt Joes saple
s Cavirenmoat = 3 NeCl-pC)2 Oring, ot 808 et with 2 flaw of B9
wl/a for thres nealth anposures
o Amalysis = waight 1oos, vioual smalysis for creching
o 3tatus = prelieinery soresntag tasts cempleted Octeber 1900
b. Gewrel Cerrosion Studies of Ferraws Matertals
® Allers tosted = 2-1/4 Cr-l Ma, )-1/4 Cr-1/2 W0, @ucttle frem)tca
low=carden stesl, Ngh perity fren
o Samples = flat coupens and U-Dands
e Tempsrature = 136 {
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¢ Lwireament = Pereien Besin brine M. 2, exic ( 1.5 ppo Op) ane
ampuic { 0.5 ppum O2)

o Amelysis = weight Joss, visus! amalysis for cracking, D, né
seme surface anelysis by COCA

& 3tates * tests are in pregrass

Linftad Reactant (Mpiat %alt) Yest

o Allaps tasted = cast and wought Tow corben steals, dustile .cost
fron, Migh-purity fren

o Sesples = corvedien coupens

o Tempereture = 108 £

8 bBwivennut » dehgirated VIPP A briae with woter lovels of 85, 1
198, 1%, and 222

o Amiysts = visusl, wight change

¢ Twme » J menths

o 3Natus = test canpleted sumer of 1983

3. ODwircamesta) Fatigue Cresi &enth Aote

Material = Titantun grados 2 and 12, wought 1006 s0ee!

Product form = sheet, 011l aanesled

Cavirgnmpat = WEPP A Drine (titaniun), Poreion Besia brise . 2
(svmel;

Tempersture = 90 C (titantam), 180 C {s0eel)

Orientations = N, LY

Specinsns * camter-creshed temsien

Proguency = §, 1, 8.1, 0.00 iy

Anslysis = visue! wnaninstion of cresk length

Status = tosts coapleted Sctaber 1002 (titanim), stes! tects degwn
tovesber 1803

&. Slew SRrain Rate Testing

Metertal » Titonium grados 2 and 12, wought and cast ferrews
saterials
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Product form = shget, aill-aanseled (titanive aliegs); piste and cast
metorial {irem alleye), normelised and as-cast

Savirenssat « NIPP A Srine, nd Permien Desin Dring M. 2
Teapersture » 10 C and 209 C

Sriontations « T, LT (wought ssterials), through-thichnons (esst
asterials)

Jercinens » tensile speciugns cut frem sheet materisl or castings
Stratn retes = ¥ a -7, 10°6, 105, 204 ta/tm-em

Amaiysis » detorning elengation and ~aduction of saple &rds,
fragtograghy, Xl snorgy Weerbed furing dafcrantien

tatus = origingl titantus 2oet matriz couploted Suptamber 200R;
wought md cost feorrous materisls fa Poreban Desin brine are fa
pregrees; cast materisls testiag o WY/ A brias conpleted Saptanber
1968. MNesting of referenss cast M 2tes! ia pregress

{rradistion-Correcion Tosting

Matertal » Titantam grades 2 od L5, woupt and cost forrems
materials
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