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ABSTRACT

An independent panel of five experts in materials science, combining expertise in the areas of localized
corrosion, stress corrosion cracking, thermal stability and microbially influenced corrosion, was selected
to review the Integrated Waste Package Experiments (IWPE) research project conducted at the Center
for Nuclear Waste Regulatory Analyses (CNWRA). The panel members reviewed the final report of the
IWPE, provided comments, and attended a two-day workshop in San Antonio in which their main
comments were resolved. In addition, the panel members provided recommendations for the new research
project, Engineered Barrier System Experimental Research (EBSER), as well as a prioritization of
research topics. The main conclusions arising from the workshop were: (i) the endorsement of the use
of E p as a predictive tool for evaluating the occurrence of localized corrosion (pitting and crevice
corrosion); (ii) the prioritization of the experimental research emphasizing the failure modes of carbon
steels as the outermost barrier; and (iii) the need for a technical workshop with the participation of DOE
researchers and managers.

v



CONTENTS

Section Page

FIGURES....................................................... viii
ACKNOWLEDGMENTS ................................ ix

1 INTRODUCTION ................................ 1-1

2 SELECTION OF THE EXPERT PANEL ................................ 2-1

3 PEER REVIEW WORKSHOP . ................................ 3-1

4 SUMMARY AND CONCLUSIONS ................................ 4-1

5 REFERENCES ............................................ 5-1

Appendix A-Nomination Elicitation Letter
Appendix B-Formal Letter of Invitation for Peer-Review Panel
Appendix C-Letter of Request for IWPE Report Review
Appendix D-Individual Expert-Panel Members' Reports
Appendix E-Letter of Invitation to Attend Peer-Review Workshop
Appendix F-Agenda for Peer-Review Workshop
Appendix G-Review Panel Caucus

vii



FIGURES

Figure Page

2-1 The overall cumulative number of potential peer reviewers who received at least the

number of votes indicated . ...................................... 2-2

2-2 The cumulative number of peer reviewers considered to have expertise in physical

metallurgy who received at least the number of votes indicated ........... .... 2-3

2-3 Number of peer reviewers with expertise in MIC who received at least the number of

votes indicated ........ 2-3

viii



ACKNOWLEDGMENTS

This report was prepared to document work performed by the Center for Nuclear Waste Regulatory
Analyses (CNWRA) for the Nuclear Regulatory Commission (NRC) under Contract No. NRC-02-93-005.
The activities reported here were performed on behalf of the NRC Office of Nuclear Regulatory Research
(RES). The report is an independent product of the CNWRA and does not necessarily reflect the views
or regulatory position of the NRC.

The authors acknowledge the participation of Peter Lichtner, Darrell S. Dunn, and Peter Angell in the
workshop. Technical and programmatic reviews by Hersh K. Manaktala and Wesley C. Patrick,
respectively, are acknowledged. Arturo Ramos and Bonnie L. Garcia provided valuable logistical support
during the process of selecting the members of the review panel and in the organization of the workshop.
In addition, Mrs. Garcia's assistance in the preparation of this report is appreciated.

ix



1 INTRODUCTION

The Nuclear Waste Policy Act (NWPA), as amended, establishes the responsibilities of the
U.S. Department of Energy (DOE) (the license applicant), the Nuclear Regulatory Commission (NRC)
(the license review and license issuing agency), and the U.S. Environmental Protection Agency (EPA)
(the promulgator of standards for long-term repository performance). Siting and licensing of a high-level
nuclear waste (HLW) repository requires that sophisticated technology, technical complexities, intense
public scrutiny, and rigorous schedule constraints be integrated into one program. This mission has the
additional complications associated with a complex multiparty legal and regulatory evaluation and
approval process.

In fulfilling its responsibilities for assuring the radiological health and safety of the public, the NRC
conducts confirmatory and exploratory research to:

* Ensure a sufficient independent understanding of the basic physical processes taking place
at the proposed geologic repository site

* Develop the technical bases and licensing tools necessary to judge the adequacy of the DOE
license application

* Maintain an independent, but limited, confirmatory research capability to be used in
evaluating DOE prelicensing and license application submittals

Regulations applicable to the licensing of a HLW repository are expressed as regulatory requirements,
each of which must be met before the NRC staff can recommend the issuance of a license. Compliance
determination strategies (CDSs) and compliance determination methods (CDMs) are currently being
developed and will be updated in the License Application Review Plan (LARP). Key technical
uncertainties (KTUs) are defined based on the risk to compliance determination. Evaluation and reduction
of those aspects of KTUs which are the primary responsibilities of the NRC are the objectives of the
research program. The results of research are used in performance assessments and in development of
methods for evaluating DOE compliance with the regulatory requirements.

The current Code of Federal Regulations Title 10, Part 60, Section 113 (10 CFR 60.113), requires that
the waste packages shall be designed to provide substantially complete containment for a minimum of
300-1,000 years after permanent closure. Arising from this requirement is the need for the license
applicant (i.e., DOE) to demonstrate, through proper material selection and design, the long-term
performance and corrosion behavior of the waste packages. In satisfying this regulatory requirement,
several KTUs have been identified.

(i) The uncertainty in predicting environment effects on the waste package and the
engineered barrier system (EBS)

(ii) The uncertainty in predicting thermomechanical effects on waste packages

(iii) The uncertainty in extrapolation of short-term laboratory and prototype test results to
predict long-term performance of waste packages and the EBS
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These KTUs are currently being grouped with others related to criticality events and prediction of release

path parameters in a Key Technical Issue (KTI) related to waste package degradation. To address these

KTUs, the Integrated Waste Package Experiments (1WPE) project focused on localized corrosion, stress

corrosion cracking (SCC), materials thermal stability, and hydrogen embrittlement of austenitic

Fe-Cr-Ni-Mo alloys, selected as candidate materials for the construction of HLW containers.

The DOE container materials program has historically seen many changes in the choice of materials and

is continuing to evolve. Consequently, the activities within the IWPE project were designed to focus,

where possible, on generic issues that can be valid for a given class of materials, such as the austenitic

alloys. This approach enables the techniques and the phenomenological understanding developed on a

given alloy to be applied to a different alloy of the same class of materials without initiating new

directions of research. It is realized, however, that the techniques developed on a given material cannot

be applied to a wide range of alloy classes and new research areas need to be identified depending upon

the type of materials selected by the DOE for their final detailed design of the waste package. The IWPE

project mainly considered the degradation modes of single-wall containers which were part of the DOE

site characterization plan design (U.S. Department of Energy, 1988). The results of five years of research

activities in the Integrated Waste Package Experiments project were compiled in a final report (Sridhar

et al., 1995).

Since the Center for Nuclear Waste Regulatory Analyses (CNWRA) is committed to providing the NRC

with the highest possible quality technical assistance and research products, external peer reviews of

research projects provide a mechanism to ensure that scientifically defensible research is conducted. An

external and independent review of the IWPE project was desired at the completion of the project. The

overall goals of the peer review and a follow-up workshop were:

(i) To examine the objectives and approach of the IWPE research project

(ii) To critically assess the accomplishments and the progress towards meeting the regulatory

needs of the NRC

(iii) To recommend further research consistent with the changing designs and materials of the

EBS proposed by the DOE and prioritized to meet potential resource constraints

The advanced conceptual designs of the waste package involving multiple materials and the multipurpose

canister (MPC) were considered in the plan for a new experimental project, Engineered Barrier System

Experimental Research (EBSER), which was prepared after the completion of the IWPE final report. This

project plan was sent to the expert-panel members for their evaluation and discussion at the workshop,

in order to accomplish the third goal noted above.
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2 SELECTION OF THE EXPERT PANEL

For the review of the CNWRA research program on high-level nuclear waste package materials, an initial
letter soliciting nominations for a panel of five experts (Appendix A) was sent in September 1994 to 88
active researchers in the field of corrosion and related disciplines. The letter was sent to researchers
working in universities, national laboratories, and industrial research laboratories, both in the United
States and abroad. There was a 52 percent response to the solicitation letters, which resulted in the
nomination of 130 potential peer-review candidates.

The nominations were tabulated in terms of cumulative frequency versus number of votes, as shown in
Figure 2-1. Additionally, the overall voting was broken down into voting for those nominees whose
primary area of expertise was considered to be either in physical metallurgy related to effects of
interfacial segregation and precipitation on corrosion or in microbially influenced corrosion (MIC). These
two areas were chosen because of increasing importance of thermal stability issues and MIC in the new
DOE waste package designs. The voting distributions for these specialties is shown in Figures 2-2 and
2-3, respectively.

Three individuals were eliminated from further consideration as a result of their previous involvement
as consultants in high-level nuclear waste programs supported by the DOE. The five members of the
panel were selected among the candidates with the highest number of nominations but maintaining a
balance between researchers with academic background and those employed in national/industrial
laboratories. As noted above, an additional consideration was given to special areas of expertise. Letters
of invitation were sent to the five leading candidates (Appendix B). All the candidates accepted the
invitation to participate in the review panel and were hired as CNWRA consultants for this review after
resolution of any potential conflict of interest. The expert-panel members were, in alphabetical order:

* Dr. F. Peter Ford; General Electric Corporate Research and Development Center (GECRD);
Schenectady, New York. Dr. Ford's research for the past 20 years has centered on
quantifying the mechanisms of environmentally assisted cracking and applying this
knowledge to the prediction and extension of life of nuclear power reactors. He has authored
over 65 technical papers and 2 patents and has given many invited talks on environmental
cracking of materials. Dr. Ford has received various awards including the 1995 Willis R.
Whitney Award from NACE International, and he is currently the manager of the Materials
and Environmental Interactions Program at GECRD.

* Dr. Jerome Kruger; The Johns Hopkins University, Department of Materials Science and
Engineering; Baltimore, Maryland. Dr. Kruger's research for the last 40 years has covered
a wide range of subjects in corrosion science and engineering, including electrodeposition;
passivity; breakdown of passivity and localized corrosion; ellipsometry; underground, marine
and atmospheric corrosion; and conservation (artistic and historical objects) science. He has
published over 150 scientific papers and edited or co-edited six books. He has received many
awards and honors including the 1977 Willis R. Whitney Award from NACE International,
the 1991 Ulick R. Evans Award of the British Institute of Corrosion, and the 1995 Olin
Palladium Award from The Electrochemical Society. He is a Fellow of NACE International
and The Electrochemical Society.
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the number of votes indicated

* Dr. Brenda Little; Naval Research Laboratory; Stennis Space Center, Mississippi. For the

last 15 years, Dr. Little has been involved in MIC of metallic materials covering a wide

range of aspects related to biofouling, biofilm formation, application of advanced

experimental techniques, such as the environmental scanning electrode microscope; and

mechanisms of biodeterioration of metals in marine environments. She has authored over 45

peer-reviewed articles and 11 chapters in specialized books. She has been the recipient of

several awards.

* Dr. Roger C. Newman; University of Manchester-Institute of Science and Technology,

Corrosion and Protection Centre; Manchester, United Kingdom. Dr. Newman's research for

the last 15 years has focused on a wide range of topics, including mechanisms of SCC;

breakdown of passivity and pitting corrosion; and application of percolation models to

corrosion, passivity, and oxidation of alloys, using a variety of advanced experimental

techniques. He has published over 100 journal articles and has made over 20 invited keynote

presentations in international conferences. Among other awards, he was the recipient of the

1984 A.B. Campbell award of NACE International and the 1994 Helmuth Fischer Medal of

DECHEMA.

* Dr. Gary S. Was; University of Michigan, Departments of Nuclear Engineering and

Materials Science and Engineering; Ann Arbor, Michigan. For the last 15 years, Dr. Was

has been involved in a wide range of subjects including SCC, hydrogen embrittlement,

effects of segregation and precipitation on corrosion, surface modifications of materials, ion

implantation and ion-assisted deposition, and radiation effects. He has authored over 88 peer-

reviewed articles and has edited or co-edited 5 books. He has received several awards
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including the 1995 Presidential Young Investigator Award, and he is currently the Chairman

of the Department of Nuclear Engineering.

Although Dr. Kruger participated in the Ad Hoc Corrosion Panel of the Materials Review Board that

reviewed and evaluated certain aspects of the DOE materials programs for high-level nuclear waste

repositories in 1985-86, it was determined, after examining the appropriate documentation, that no

conflict of interest would arise with respect to his participation in the 1WPE review panel.

After completion, the report "Experimental Investigations of Failure Processes of High-Level Radioactive

Waste Container Materials," which is the final report of the IWPE research project, was sent to the

members of the review panel on June 2, 1995 (see Appendix C), together with appropriate instructions

contained in the CNWRA Quality Assurance Procedure (QAP)-002.

As requested, the members of the panel completed their independent reviews of the final report by

July 14, 1995. Their reports are included in Appendix D. At the beginning of August, a letter was sent

to the panel members (Appendix E) inviting them to the workshop and defining its objectives and scope.

24



3 PEER REVIEW WORKSHOP

The peer review workshop on the IWPE project was held on August 23-24, 1995, at the CNWRA, with
the participation of the five members of the peer review panel: Drs. F. Peter Ford, Jerome Kruger,
Brenda Little, Roger Newman, and Gary Was. The workshop was attended by Dr. Michael B. McNeil,
NRC Office of Nuclear Regulatory Research, Project Officer for IWPE, and Dr. Charles G. Interrante,
NRC Division of Waste Management, Program Element Manager for EBS. The agenda for the workshop
is included as Appendix F.

Prior to the workshop, the members of the peer review panel were informed that much of the research
conducted in the IWPE project pertained to the original design of the waste packages by the DOE, also
referred to as the Site Characterization Plan (SCP) design (U.S. Department of Energy, 1988). While the
IWPE project was cognizant of the evolution in the waste package design, the focus during the course
of the project was on the development of methodologies for long-term prediction, as reflected in the final
report and in a series of publications in the open literature. The approach adopted was to focus on generic
issues that can be valid for a given class of alloys, such as the austenitic Fe-Cr-Ni-Mo alloys.

The recent changes in the DOE program approach and the advanced conceptual design of the waste
package have necessitated changes in NRC-sponsored research, which are embodied in the plan for a new
research project, EBSER (Cragnolino et al., 1995). A draft of the EBSER project plan, as approved by
Dr. McNeil, the EBSER Project Officer, was sent to each of the reviewers prior to the workshop, along
with the compendium of comments on the IWPE project final report by the other members of the panel.

The purpose of the workshop was to discuss the major action items arising from the peer review
comments and the scope of activities proposed in the EBSER project plan. As a basis for discussing the
scope and schedule of the EBSER project, the present status of the DOE research project in the area of
waste packages was described. In this description, the recent Scientific Investigation Plan for metallic
barriers (McCright, 1995) was included as well as information on the MPC design (U.S. Department of
Energy, 1993). The approach to performance assessment being used by DOE was presented, accompanied
by a brief description of the schedule currently being followed by DOE to submit the license application.
It was emphasized that the goal of the workshop was not to review or critique the DOE program since
researchers from the DOE or its contracting agencies were not invited to this workshop. It must be noted
that research pertaining to container materials was the main subject of discussion in the workshop, and
although waste form research was discussed as a part of the EBSER project plan, it was not emphasized.

Prior to the workshop, the members of the panel were advised that the main objectives were as follows:

* Provide overall comments, based on knowledge of the DOE program and NRC goals, on
the research activities carried out thus far and recommendations for short-term actions
(before the end of FY95) that can be taken by the CNWRA to improve the final report to
be published as an NRC NUREG/CR report

* Provide recommendations for further research by the NRC/CNWRA with particular attention
to prioritization of activities in light of potential research resource reductions

* Assemble a short (two- or three-page) document providing overall comments on the IWPE
project approaches and recommendations for future research in the EBSER project
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At the beginning of the workshop, the panel selected Dr. J. Kruger as its chairman to coordinate its

actions and responses. The regulatory bases for the research project were addressed by Michael B.

McNeil and Charles G. Interrante. P. Lichtner presented the modeling activities currently being conducted

in the EBS Element, centered on the development of the MULTIFLO and GEM codes. The relation of

these activities with the experimental research programs was emphasized, indicating the need for

experimental data to be used as parameters in the modeling effort as well as the prediction of the near-

field environment. The connection of the current modeling activities with performance assessment was

also pointed out.

The presentations by D.S. Dunn, G.A. Cragnolino, N. Sridhar, and P. Angell on Tasks 1, 2, 3, and 4

of the IWPE project, respectively, contain the response to the major comments provided by the various

reviewers. Minor comments were not included in the presentations because most of them were considered

acceptable. These minor comments refer to lack of appropriate description of experimental details

described in other referenced publications but considered by the reviewers to be useful to the readers of

the final report and necessary clarification of certain concepts. For all the major comments, a response

was offered that, in most cases, was considered acceptable by the peer review panel (see Appendix G).

The concept of the repassivation potential (E.) for localized corrosion as a valuable predictive tool for

the long-term performance of the austenitic 1e-Cr-Ni-Mo alloys was endorsed by the members of the

panel. However, reservations were clearly expressed by one member of the panel with regard to the

applicability of the same concept for SCC in the absence of precise and accurate measurements of crack

growth rates, particularly at potentials below Er.

The need to study the effects of weldments on SCC propensity and cracking mode was emphasized,

taking into consideration a broad experience of service failures in many industries. A probabilistic

approach, based on extreme value statistics, was suggested as appropriate for addressing uncertainties in

the parameters needed for predicting the occurrence of SCC. Some words of caution were expressed by

one of the panel members regarding a possible overinterpretation of corrosion potential measurements

in the presence of biofilms or microbial activity. However, the members of the panel concurred that long-

term measurements of corrosion potentials, as well as concurrent modeling efforts to predict the evolution

of this potential with time, were an important component of the approach adopted in the IWPE project

and justifiably included in the EBSER project.

It was recognized by the members of the panel that several points of contention and additional data to

corroborate some of the results and interpretations provided in the IWPE final report were incorporated

in the EBSER project plan as subjects of investigation. The explanation of lack of studies on weldments

during the course of the IWPE work was accepted, but, nevertheless, it was recommended that proper

attention should be given to this issue in the EBSER project.

The plan for the EBSER project was presented and discussed in detail with the members of the panel.

During the course of the presentation, several suggestions were made by the panel members or arose as

questions from the discussion. These suggested ideas or questions were incorporated in the document

included as Appendix G.

The panel caucused to produce a document (Appendix G) summarizing the major points of each expert

panel member's review, the examination of the comment resolution provided by the CNWRA staff, and

recommendations to the EBSER project plan. The main comments of the review panel can be summarized

as follows:
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* The experimental tasks were competently performed with good attention to test control and
awareness of the relevant mechanism, assumptions, etc. Moreover, the conclusions were
logical and generally defensible.

* The applicability of Erp as a conservative long-term predictive parameter for localized
corrosion (pitting and crevice corrosion) has been essentially established.

* There was little quantitative modeling or experimental analysis which specifically stated the
relationship between the short-term experimental results and the likelihood of achieving
300-1,000 year design lives.

* Extensive long-term measurements of the corrosion potential should be made for examining
modeling results and for the development of monitoring methodology in the preclosure
period.

* MIC of stainless steel is discussed as though it were a separate phenomenon from pitting and
crevice corrosion.

* Some concern was expressed that the aggresiveness of the conditions tested in terms of
chloride concentration and temperature may not represent the "worst" case.

* Additional comments refer to the lack of consideration of crevice corrosion model by
Stockert and Boehni, insufficient information on experimental methods or sample
characterization, and lack of complete studies on the whole set of degradation modes for a
particular alloy.

The panel noted that most of reviewers' comments of the IWPE final report were adequately addressed
by the CNWRA staff. A detailed annotation of the panel views regarding the comment resolution is also
incorporated in the document included in Appendix G. The panel emphasized the need to examine the
failure modes of the carbon steel outer barrier as a high priority item in the EBSER project. The
prioritization of the various subtasks of the EBSER project proposed by the panel, taking into
consideration potential budget reductions, is included in the document.

A point that was clearly raised by the panel members during the final wrap-up discussion was the concern
regarding the lack of interaction between the NRC and the DOE in the area of waste package research.
A workshop in which DOE investigators and program managers will participate was strongly
recommended by all the members of the panel. They expressed their desire to participate, if invited.

The final resolution of the peer review comments of the IWPE final report will be done through
appropriate corrections to the report prior to publishing it as a NUREG/CR report early in FY96.
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4 SUMMARY AND CONCLUSIONS

The expert-panel review of the IWPE research project accomplished all its objectives successfully. Five
independent experts in materials science reviewed in detail the final report of the project and examined
the new research project plan. Thea reviewers concluded that the experimental tasks were competently
performed with good attention to test control and awareness of the relevant mechanisms and assumptions,
reaching conclusions that were logical and generally defensible. The main conclusions and
recommendations can be summarized as follows:

* Erp is applicable as a predictive tool for localized corrosion (pitting and crevice corrosion)

* Experimental research must be prioritized with emphasis on examining the failure modes of
carbon steels

* A workshop with the participating DOE researchers and managers in life prediction of waste
package components needs to be organized

Thanks to the contribution of all the participants and, in particular, the panel members, the peer review
process and the development of the workshop constitute a valuable experience that will lead to
improvements in the quality of the final NUREG/CR report and to an adequate prioritization of the tasks
included in the EBSER project.
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APPENDIX A

NOMINATION ELICITATION LETTER



Center for Nuclear Waste
Regulatory Analyses
6220 CULEBRA ROAD *RO. DRAWER 28510 eSAN ANTONIO, TEXAS, U.S.A. 78228-0510
(210) 522-5160 *FAX (210) 522-5184

September 29, 1994

Dr.

Dear Dr. :

We are soliciting your opinion on the selection of a panel of experts to review our research program on high-
level nuclear waste package materials. The Center for Nuclear Waste Regulatory Analyses (CNWRA) is a
federally funded research and development center that supports the U.S. Nuclear Regulatory Commission
(NRC) High-Level Nuclear Waste Repository Licensing Program. As part of this NRC support, the CNWRA
has undertaken an experimental research program to investigate the phenomenological aspects of several
failure modes of container materials and the methodologies for long-term performance prediction.

The CNWRA research program on waste package materials, the Integrated Waste Package Experiments
(JWPE) project, has been in progress for about 6 years. At the start of the project, a formal peer review of
the project proposal was conducted and the proposed project was modified in accordance with the peer review
comments. The IWPE project consists of five technical tasks: Task 1, Localized Corrosion; Task 2, Stress
Corrosion Cracking; Task 3, Materials Stability (including sensitization); Task 4, Microbiologically
Influenced Corrosion; and Task 5, Other Degradation Modes (including hydrogen embrittlement and
degradation modes of alternate container materials and designs). The project is scheduled to be completed in
its present form in FY95 with a final project report to be submitted to NRC in May 1995. We are organizing
an independent peer review of the project final report to be conducted at the reviewers' locations in the June
to August 1995 time frame. Following the peer review of the report, a workshop will be conducted at San
Antonio with the participation of the peer review panel, personnel from CNWRA and NRC, and other
experts, if necessary. The overall goals of the peer review and workshop are to: 1. examine the objectives
and approaches of the IWPE project; 2. critically assess the accomplishments and the progress towards
meeting the regulatory needs of the NRC; and 3. recommend further research consistent with the changing
designs and materials of the engineered barrier system proposed by the U.S. Department of Energy (DOE).
The reviewers will be contracted by the CNWRA as consultants and will be paid for their time, travel, and
associated expenses. We anticipate a total time commitment of about 80 hours for the review of the project
report and 2 to 3 days for the workshop, including travel.

The first step in this review process is the selection of a five-member panel of recognized experts in the field
of materials science and/or corrosion, involved either in experimental or modeling aspects of research. We
would like the review panel to be balanced in terms of its background in academia, national laboratories, and
industrial research laboratories. Because you are an expert in the relevant fields, we need your assistance in
identifying candidates for the five-member review panel. We would like to obtain your recommendation of
several experts in the relevant fields, not necessarily in any order of preference. You may include yourself,
if you think that you can commit your time to this process. Your recommendations will be kept confidential

Washington Office eTwinbrook Metro Plaza, #210 * 12300 Twinbrook Parkway * Rockville, Maryland 20852-1606



Dr.
September 29, 1994
Page 2

and will only be used to compile a list of potential candidates for the peer review panel. Selection of panel

members will be based on recommendations of experts such as yourself, availability of the candidates, and

freedom from conflicts of interest. The latter requirement will preclude employees of the U.S. DOE and its

contractors and associated national laboratories. However, for the purpose of obtaining a list of potential

candidates for the review panel, you can recommend individuals from any organization or country.

We hope to finalize the panel list by the end of January 1995. Therefore, we would like to receive your

recommendations by the middle of December 1994. If you have any questions or comments, you may reach

me by phone at (210) 522-5538, fax at (210) 522-5184, or by e-mail at nsridhar~swri.edu.

Thank you for your efforts in making our program more effective.

Sincerely,

Narasi Sridhar
Principal Engineer

cc: G. Cragnolino
P. Nair
B. Sagar
W. Patrick
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Center for Nuclear Waste
Regulatory Analyses
6220 CULEBRA ROAD *RO. DRAWER 28510 9SAN ANTONIO, TEXAS, U.S.A. 78228-0510
(210) 522-5160 *FAX (210) 522-5184 March 7, 1995

Dr.

Dear Dr. :

Recently, Dr. Narasi Sridhar of the Center for Nuclear Waste Regulatory Analyses
(CNWRA) contacted you about participating on a peer-review panel of the final report
of the Integrated Waste Package Experiments (IWPE) research project at the CNWRA.
Having received your preliminary indication of interest, we are initiating formalities
to acquire your services as a consultant to the CNWRA for this purpose. A brief
introduction to the CNWRA and an outline of the review we desire is included in this
letter, along with a request for information from you to permit us to initiate a
contract.

The CNWRA is a Federally Funded Research and Development Center that has been
established with a mission to provide quality research and technical assistance to
the U.S. Nuclear Regulatory Commission (NRC) toward licensing the first national high-
level nuclear waste (HLW) repository. The CNWRA is situated at the Southwest Research
Institute (SwRI) in San Antonio, Texas, and is operated by SwRI. The CNWRA currently
has professional staff spanning all areas of geosciences and engineering relevant to
HLW geologic repositories.

As the licensing authority, the NRC has a strong interest in the evaluation of Yucca
Mountain, Nevada, as a potential HLW repository and the performance of the engineered
barrier system (EBS) as designed by the U.S. Department of Energy (DOE). Towards this
end, it sponsors several research projects at the CNWRA to help in this evaluation.
One of these research projects is the IWPE project addressing the various issues
related to the performance of waste packages and the EBS. The present performance
standard, as specified in the Code of Federal Regulations (10 CFR 60.113), requires
that the waste packages substantially completely contain the radionuclides for a
period of at least 300 to 1,000 years after closure of the repository. The IWPE
project addresses the key technical uncertainties involved in meeting this performance
requirement by focusing on techniques for long-term prediction of several corrosion
processes. An additional aim of the project is to develop techniques to better
evaluate the designs and data supplied by DOE in its license application.

Both the NRC and CNWRA recognize that peer review will improve the products of
research programs significantly. The overall goals of the peer review and workshop
are to: (i) examine the objectives and approaches of the IWPE project, (ii) critically
assess the accomplishments and the progress towards meeting the regulatory needs of
the NRC, and (iii) recommend further research consistent with the changing designs
and materials of the engineered barrier system proposed by the DOE. The review panel
will consist of five senior scientists such as yourself, with expertise in
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experimental and/or modeling studies of material degradation processes. The 
CNWRA has

developed and implemented a formal quality assurance program, which includes

procedures for the performance of peer review. A copy of this procedure, 
CNWRA Quality

Assurance Procedure QAP-002, is enclosed for your information.

We anticipate completing the final report for review at the end of May 
of 1995. We

will send you the report along with supporting materials such as project plan,

previously published reports, and papers. The review of the report will be done at

your location. We anticipate that the review will take about 80 hours of 
your time.

After receipt of your written review comments, we will respond to those 
comments that

will not require significant new research by making suitable modifications 
to the

report. The NRC may request that the review comments and their resolution be made

available to the public in due course. The revised document will be sent to NRC on

or before July 15, 1995, to be published as a NUREG/CR. For those areas that need

significant new research, we plan to discuss them, along with other research needs,

in a workshop to be held in San Antonio in mid-July or early August of 1995. We

anticipate that the workshop will take about 3 or 4 days including travel. The

workshop will be attended by the reviewers and NRC and CNWRA staff. Following the

workshop, a report of the proceedings will be published by CNWRA as a letter 
report,

with the consent of all the parties. We expect that this will take an additional 
20

hours of your time. We anticipate completing this report by the end of 
August.

To meet CNWRA Conflict of Interest requirements and to assist us in setting up a

consulting agreement, we must receive from you the following items (if you have not

provided them with your previous letter):

Conflict of Interest Statement (form and a sample copy of a letter

enclosed)
* A copy of your current curriculum vitae

* Your fee schedule

We would appreciate your attention and quick response in supplying these items. 
Please

send them to the CNWRA, attention Anna Lopez. We greatly appreciate your 
interest in

helping the NRC and the CNWRA in this matter of national importance. If 
you have any

questions about the review, please contact Dr. Narasi Sridhar (210-522-5538) 
or Dr.

Gustavo Cragnolino (210-522-5539) at the CNWRA.

Sincerely,

Dr. Budhi Sagar
Technical Director

Enclosures
cc: W. Patrick G. Cragnolino

CNWRA Directors D. Dunn

CNWRA Element Managers A. Lopez
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Regulatory Analyses
6220 CULEBRA ROAD eRO. DRAWER 28510 *SAN ANTONIO, TEXAS, U.S.A. 78228-0510
(210) 522-5160 *FAX (210) 522-5184

June 2, 1995

Dr.

Subject: Peer Review of 'Experimental Investigations of Failure

Processes of High-Level Radioactive Waste Container

Materials'

Dear Dr. :

The report 'Experimental Investigations of Failure Processes of High-Level

Radioactive Waste Container Materials,' which is the final report of the

Integrated Waste Package Experiments Research Project, is enclosed. Please

perform a peer review of this document according to CNWRA Quality Assurance

Procedure QAP-002 (appropriate sections are attached) and the enclosed

'Instructions to Peer Reviewers.' According to QAP-002, the peer review is

to be a documented, critical review, including a critique of matters such

as assumptions, calculations, extrapolations, alternate interpretations,

methodology, and conclusions. Your peer review comments are to be submitted

to me in writing by July 14, 1995, at the latest. You may retain the

document or return it with marginalia at your discretion.

A workshop is tentatively scheduled to be held on August 23 and 24, 1995,

in San Antonio, Texas. If you have problems in meeting this schedule, please

contact me. The purpose of the workshop is to complete the resolution of the

peer-review comments on the report and discuss areas of new research

planned. The scope and agenda of the workshop will be sent to you at the end

of July.

To expedite payment for your services, your time is to be recorded daily and

reported monthly by invoice to Anna Lopez at the CNWRA. A sample invoice is

enclosed for your reference.

Please feel free to contact Gustavo Cragnolino at (210) 522-5539 or Narasi

Sridhar at (210) 522-5538 or either one by FAX at (210) 522-6081 if you have
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any questions concerning the report or the review. We greatly appreciate

your interest in helping the NRC and the CNWRA in this matter of national

importance.

Sincerely,

Budhi Sagar
Technical Director

GAC/blg

Enclosure

cc: W. Patrick
CNWRA Directors
CNWRA Element Managers
G. Cragnolino
D. Dunn
A. Lopez
M. McNeil
S. Rowe (SwRI)
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F. Peter Ford
General Electric Company

GE Corporate Research & Development
P.O. Box 8, Schenectady, NY 12301

July 1995



Review of Final Report of the Integrated Waste Package Experiments
(IWPE) Research Project

CNWRA Report; 95-010, May 1995

Reviewer: F.P. Ford

Overall Remarks

I focused my review of this report on how it addressed the overall objectives of
the NRC/CNWRA contract. These were; (a) to attain an adequate understanding of the
long-term performance of radioactive waste packages, and (b) to assess various material-
degradation test techniques in terms of their ability to predict long term (e.g. 300-1,000
year) behavior. Attention was focused primarily on sections 2,3,4,5,7 and 8; the section
on microbially influenced corrosion was cursorily examined since it was outside my
detailed expertise.

It was concluded in general that the main experimental tasks were competently
performed with good attention to test control and awareness of the relevant mechanisms,
assumptions, etc. Moreover the conclusions were logical and generally defensible.

The main criticism relates to addressing objective (b), (stated above), for there
was little quantitative modeling or experimental analysis which specifically stated the
relationship between, for instance, the repassivation potential or the stress corrosion data
obtained in short term tests and the likelihood of achieving 300-1000 year design lives in
the radioactive waste containmen. In my view, this relationship between the results of
short-term tests and long-term behavior can only be deterministically defined via the
development and use of sensitive degradation monitors and validated mechanistically-
based models. Elements of these "tools" are addressed in this current project, but it is
obvious that further work is needed. Some of these further work items were discussed in
section 8.2.

Detailed comments on the report sections are given below:

Section 2. Materials and Environments

This section makes factual statements on the historical background regarding the
choice of material/environment systems relevant to the CNWRA studies on high-level
radioactive waste container materials. There were several technical aspects that were not
adequately addressed in this section which, unfortunately, have a bearing on the
assessment of the relevance of the experimental data reported in later sections to the
behavior of containments with a 300-1000 year design life. For ease of review a
summary of the findings of Sridhar (1993a), justifying the choice of
materials/environments would have been a useful addition to this report. The specific
points which were not adequately addressed in this historical overview section were:

1) Since the containment is a welded construction, why weren't the time-
dependent material and residual stress changes in the weld and adjacent base metal
considered? Certainly these factors are important in the development of a life prediction



methodology for power-generation equipment; I would be surprised if the same did not
apply to high-level radioactive waste containment.

2) Is it on good assumption that J13 well water can be used as a relevant reference state
(see Kerrisk 1987, at the top of page 2-6). In various sections in this report reference was made
to abnormal environments (e.g. drilling muds, etc.) being present. Surely it is possible that
these may present a credible "worst case" environment, and such a "worst case" situation is
precisely that which you are worried about?

3) Various changes in the environment are discussed (pages 2-6, 2-7. 2-8), but
there was no conceptual time line given for these changes. Is it possible for the
repository to be dry (because of "high" temperature at atmospheric pressure) and for all
residual stress to have relaxed by the time that the surface becomes wet? If this were the
case, it could impact on the likelihood of stress corrosion cracking. Conversely is it

necessarily a "worst case" assumption that the repository is always wet at -950 C; could it

not be that a "worst case" scenario is a surface at, say, 1150C with a porous, water-
absorbent, salt (created by evaporation)?

4) There is no mention of the application of extreme value statistical methods to
the analysis of environmental degradation. The event you are concerned with is the first
incident of containment penetration and how this is predicted via quantitative knowledge
of the distribution of the relevant system parameters and their effect on the degradation
process. Are you evaluating (perhaps in another part of this overall program) this
approach, and if not, why not?

Section 3. Localized Corrosion

In reviewing this section I have assumed that the prediction rationale is as
follows:

a) The containment is prepitted (during fabrication) and is exposed to an
aggressive aqueous environment from time of insertion into the vault i.e. an assumed
"worst case" situation..

b) The definition of the environment will be forthcoming from another task
group, as will be the definition of the corrosion potential. This latter parameter will
presumably be defined either by direct experiment and/or by the development and
validation of a mixed-potential model.

c) That the preexisting pits/crevices will not propagate provided the (external)
corrosion potential is more negative than a "repassivation potential".

Thus the validity of this rationale for predicting the likelihood of containment
penetration within 300-1000 years by localized corrosion depends on validating item (c)
above, where "will not propagate" is defined as "a pit or crevice propagation rate of less
than 1.375"/1,000 years (for 316L) or 5"/1000 years (for 825)". Therefore, we need (i)

pit/crevice propagation monitoring capabilities with a sensitivity of the order of 4 x 10-10

to lxlO-9 mms-1, and (ii) modeling capabilities to rationalize the observed dependencies
of the propagation rates with time and environment.

Neither of these two requirements have been completed in this current contract,
although certainly it was demonstrated that, in the short term, preexisting pits/crevices



did not apparently propagate at potentials below the repassivation potential, and that the
"chemistry change" models for localized corrosion explained most consistently the
observed changes in measured crevice chemistry (pH, potential chloride concentrations)
with time.

More detailed comments on Section 3 are as follows:

Section 3.2 Experimental Approach

*How do you measure "area" in the repassivation time experiments where the
specimen is only partially immersed; is there not a large error in the area value
due to "meniscus" wetting? (Incidentally I found the description of the
experimental procedures in Sridhar and Cragnolino (1993b), Cragnolino and
Sridhar (199 1c) and Sridhar and Dunn (1994) more complete and easier to
understand than those given in this report).

*How relevant are the ranges of anionic concentrations examined vis a vis the
observed and/or calculated ranges expected in the repository.

* How do you correct for IR drops in the cyclic polarization and Erp tests,
especially in the low Cl- solutions?

Section 3.3 Results

*Section 3.3.1.1 was confusing in parts until the original Cragnolino and Sridhar
(1991 c) paper was read. In this final report a graph indicating the correlation between
LCI and the Ep-Erp should be given, and compared with that for alloy 825 (i.e. figure 4 in
the 1991c reference).

*The validity of multiplying a "visual rating" and (Ep-Epp)/Ep, is not at all clear
apart from the fact that it ensures a value of "O" when there is no pitting". More
importantly I don't see how this final LCI evaluation parameter relates to how one would
predict the extent of localized corrosion after 300-1000 years of service in a changing
environment/temperature in the repository.

*Why wasn't temperature examined as a variable in the LCI factorial experiments
for 316L?

*Why is it "reasonable" to assume a linear relationship between LCI (?) and the
concentration of the anions studied (bottom of page 3-12)?

-In Figure 3.5 there is a big effect on the alloy 825 corrosion potential of the
presence of H202 versus air(assumed to be 8 ppm dissolved oxygen). This is significant
enough that localized corrosion would be expected in relatively low chloride
concentrations if H202 was present. What H202 concentration was used in these
laboratory tests, and is this relevant for the containment given the radioactivity expected?

*The detailing of the corrosion potential for 316L in Figure 3-6 is not clear. I
assume that the open squares refer to corrosion potential in deaerated solutions and that
the upper dotted line is that for aerated solution. If so, why is one dependent on Cl- and
the other not?



oEquation 3.5 is different from that given by equation 1 in Sridhar and Cragnolino
(1993b). Why is that, and is it important?

Section 8.1.1 Conclusions on Localized Corrosion

.1 have an uncomfortable feeling concerning predictions and conclusions based
on the LCI parameter, where the "visual rating" parameter has an undue influence on the
LCI rating. If you don't see pitting (i.e. visual rating zero) then you predict no pitting
(i.e. LCI value zero), i.e. is this not a circular argument?

*It is not obvious to me "that the slope of (Erp versus chloride concentration) was

smaller than that corresponding to Ep" (page 8-2), judging by figures 3.5 and 3.6.

-I don't see the argument in figure 3.5 and 3.6 for suggesting that alloy 825 would

be better than 316L in H202 containing environments. No data is shown for 316L with
H202, and certainly, as pointed out, localized corrosion of alloy 825 would be activated

in H202 containing water with -100-200 ppm Cl-.

*Although the ET limiting potential concept has been validated on a "few"

samples of alloy 825 in 1,000 ppm Cl- up to 18 months, this is a long way from making a

statistically-valid conclusion that this test parameter is applicable to longer term (e.g.
300-1000 years) exposures. Surely you must start to envoke some statistical criteria
when defining the validity of this test procedure? (c.f. the other safety-regulated
industries such as the aircraft engine business).

Section 4. Stress Corrosion Cracking

The main contention being examined in this section is that there is "no" crack
initiation and sustained propagation in 316L or alloy 825 in dilute chloride systems at
low temperatures, unless crevice corrosion acts as a precursor. Thus, cracking should not
be initiated at potentials below Ercrev.

This hypothesis was explored by both SSSRT and constant displacement U-bend
techniques, using hot rolled and annealed material in simulated crevice environments; in
some limited tests, geometric crevices (0-rings, Teflon sleeves, double-U bends) were
employed. A wide range of conditions of anionic concentrations, cation types, specimen
orientation with respect to liquid/vapor interface, etc.) were examined. In general the
changes in cracking susceptibility with e.g. chloride concentrations (Figure 4-11),
temperature (Figure 4-1) and potential (Figure 4-12) were understandable given the
observations in other similar ductile alloy/aqueous environment systems, and the higher
cracking resistance of alloy 825 compared with 316L was not surprising given the
different chromium contents of these two alloys.

In all cases (except for one questionable outlier) cracking was only observed
when the potential was more positive than Ercrev.

My general comments on this section are as follows:

(i) Assuming that the detection level for a crack in the SSRT is -10plm then the

sensitivity of this technique vis a' vis average propagation rate at the most discriminating

slow strain rate (i.e. -2x10-7 s-1) is lOnm/-900 hours i.e. - 3x10-9 mm s-1. Thus we

must assume that, when "no cracking" is reported, it is possible that a crack initiated and

I



propagated at 3x10- 9 mn s-1 but was not detected. As pointed out at the beginning of this
review significant crack (or pit) penetration rates for containment vessels over 1000
years are of the order of 10-9 mms-1. Thus this SSRT is not absolutely relevant. I agree
with the authors, however, that it is useful for relative susceptibility evaluation.

(ii) It is important that the SCC evaluation be conducted under relevant stress
conditions; (or at least the test condition can be quantitatively related to the plant
conditions). With regards to stress, the SSRT technique is relatable to containment
conditions via empirical correlations to "crack tip strain rate" which are generally well
accepted. However, as pointed out above, the SSRT test suffers in terms of an inadequate
sensitivity to detecting average propagation rates that are relevant. The U-bend test,
however, is the most relevant stressing condition (i.e. constant displacement in a welded
structure) and moreover at the resultant low crack tip strain rates it will be most
discriminatory vis a' vis material/environment conditions. Given these facts, it is most
disturbing that relatively high degrees of cracking are observed in 316L in this test; the
fact that it occurs mostly above the liquid/vapor interface is academically interesting and,
also, particularly alarming given the fact that you do not have to wait for the containment
to be completely wet before cracking might occur.

(iii) It is also important that the SCC evaluation be conducted under relevant
material conditions to those in the waste containment. As mentioned before it concerns
me that welded structures are not being evaluated. Two factors must affect the sensitivity
of the SCC test technique in this regard:

(a) The degree of grain boundary sensitization - even for 316L and the
"stabilized" alloy 825. The fact that intergranular cracking is occurring is
suggesting that some chromium denudation or solute segregation is occurring
even in the mill- annealed condition, and this can only be accelerated by the
welding procedure and possibly by the "long term sensitization" (LTS) in the
following 1000 years.

(b) The extent of residual stress adjacent to the weld.

Both of these aspects have been exhaustively analyzed in the Light Water Reactor
technology and their effects on SCC of austenitic alloys in 2880C (as well as lower
temperature) high-purity water evaluated. Indeed in most field incidences of cracking in
LWR's, these two factors are of overwhelming importance.

Section 8.1.2 Conclusion on Stress Corrosion Cracking

The stated conclusions are generally supportable. However, I believe you should
bear in mind the following:

*E for localized corrosion is not always a lower limit for the critical potential for
SCC of 316L in reasonably pure environments. For instance there is no such
relationship for 316L in high purity 2880C water. The question is, therefore,
where does the relationship break down, and does this occur in a temperature
range that is relevant to the containers.

*The various statements stating "no cracking" should be modified with "an
average propagation rate less than ......... to take into account that there is a
detectability limit to these test procedures.



Section 5. Materials Stability and Sensitization

I have relatively few or minor comments on this section.

*The development of the Erp test as an evaluation of the degree of grain boundary
chromium denudation is most interesting. In this regard, it would be more convincing if
you showed the relevant CPP data illustrating the effect of Cl- concentrations referred to
at the bottom of page 5-10. Surely the correlation should be between the E data and the
A262E test data (i.e. they both relate to chromium content)? A cross plot ofrErp and
corrosion rate data shown in Figure 5-10 would be more convincing (at least it was to me,
when I did it!)

*Again I am having problems with relating your laboratory test data with the
predicted degrees of sensitization after several hundred years at low temperatures (e.g.
2000C). There was an extensive amount of literature on this subject of "low-temperature
sensitization" as it related to Light Water Reactors operations at 2880C over 40-60 years
but I do not see this referenced in this report. The validity of using Figure 5.17 for those
evaluations is not clear, since this is not a true Arrhenius relationship. That is, it is
measuring the combined contribution of carbide precipitate and chromium depletion to
dissolution in HNO3, where the different microstructures have been obtained after 15
hours at high temperatures. It is a big stretch of the imagination to extend this to predict
only the increase in grain boundary chromium depletion at lower temperatures and long
(100 years) times, where both precipitate nucleation and chromium denudation rates are
changing at different rates.

Section 7. Hydrogen Absorption and Embrittlement

I have few comments on this section, which covers very preliminary work. I
agree that "a critical review of the available models of hydrogen embrittlement and their
limitations" is needed (Section 7.4.1), especially as they apply to long-term, relatively
elevated temperature (vis a' vis hydrogen embrittlement phenomena) operating
conditions.

With regard to the experiments conducted at OSU, the correlation between
hydrogen permeation and the cracking susceptibility of alloys 825 and C22 at different
temperatures are interesting. The two main comments on this very preliminary
experimental work are:

-How significant (i.e. reproducible) are the tensile data for C-22 at 250C and
50C? What type of "secondary cracking" is noted; no micrographs or SEM evidence
was presented.

-In Section 7.5 .1.1 it was mentioned that the Pd coating used in the permeation
experiments was "non-adherent, thus giving rise to a high background current density".
Is this not a serious experimental drawback, and how do you know that using 0.1 M
Na2SO4 to counteract this effect, was not introducing other less desirable effects? For
instance, why did 0.1M Na2SO4 reduce the background "current density", and how do
you know that this did not also affect the HVH+ oxidation rate?



Section 8. Summary and Recommendations

The recommendations in Section 8.2 are absolutely endorsed. As mentioned in
my opening remarks long-term predictions of environmental degradation can only be
developed via sensitive monitoring of the degradation process in relevant
material/environment/stress systems, in conjunction with validated modeling of the
system response. This approach is currently used successfully in the Boiling Water
Reaction life prediction/extension technology. Thus:

*Long term experiments must be conducted under the heat-transfer conditions
expected in the ACD.

-Stable degradation monitors/sensors must be used to quantify the degradation
process with a sensitivity relevant to the time scales of the ACD. For instance
potential-drop crack-following techniques have such a sensitivity and should be
used in the proposed SCC tests. I question the sole reliance on wedge-opening
loading specimens, in this regard; constant load specimens may be controlled
better.

*These tests must be done on welded structures in a range of expected
environments; e.g. variations of the nominal J13 well water plus abnormal
environments such as drilling mud (if that is appropriate).

*Relevant process variables must be continually monitored, e.g. corrosion
potential, pH, anionic activity, etc.

*Sufficient repeat experiments must be conducted in order to create a statistically
valid data base. Extreme value statistical approaches should be considered.

*Mechanistically based models of the degradation processes must be developed, in
addition to models of the controlling variables e.g. corrosion potential, low
temperature sensitization, etc.

These are not just "nice things to do" but, from experience in the BWR life
prediction exercises, they are absolutely vital if there is to be any hope of developing a
long-term life prediction for high-level radioactive waste containment.
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REVIEW OF

EXPERIMENTAL INVESTIGATIONS OF PROCESSES OF HIGH LEVEL
RADIOACTIVE WASTE CONTAINER MATERIALS

BY
Jerome Kruger

The Johns Hopkins University
Baltimore, Maryland

The final report of the Integrated Waste Package Experiments (IWPE) research project was
reviewed using each of the evaluation issues provided by CNWRA. Section 1 "Introduction" and
Section 2 "Materials and Environments" were not reviewed with respect to the evaluation issues
because they were introductory in nature and, therefore, contained no results or conclusions
requiring evaluation. All of the other sections, including the last, Section 8 "Summary and
Recommendations", were reviewed on the basis of each of the provided evaluation issues where
appropriate.
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3. LOCALIZED CORROSION

The major emphasis in this section is the use of the concept of the repassivation potentials,
Etp and E_,_ to provide a basis for the long term prediction. The section discusses the
methodology for determining the repassivation potentials and uses it in many of the
experiments reported in the results. Also, the main emphasis in the evaluation of the issues
that are listed in the instructions to the peer reviewers will be on this approach towards long
term prediction of the localized phenomena of pitting and crevice corrosion. The issues
dealing with the appropriateness of methodology and procedures will be evaluated in the
discussion of the results rather than dealing with them as they are described in the
"Experimental Approach" section of Localized Corrosion.

3.3 Results
Each sub-section (3.3.1, 33.2, 3.33) of section 3.3 will be examined with reference to the
evaluation issues.

3.3.1 Effects of Environmental Factors

A. Validity of assumptions - The major approach to evaluate the effects of environment is
the use of the breakdown or initiation potentials, En and E,,, and the repassivation
potentials, EP and E_,, to examine the effects of the environment on pitting and crevice
corrosion. This is the main idea directed at predicting long-term resistance of localized
corrosion. The repassivation potential is the foundation for the development of long term
predictive tests. This, in my opinion, is the most sound and conservative approach towards
the development of a long term predictive capability. The major difficulty, however, in
applying this tactic in Section 3.3.1, "Effect of Environmental Factors", and in the other sub-
sections in 3.2 is the methodology for determining the initiation and repassivation potentials.
Too much reliance on the cyclic potentiodynamic polarization (CPP) technique to determine
these potentials is not warranted unless the values obtained are checked by other different
techniques that overcome some of the shortcomings of the CPP test. A discussion of these
limitations of the CPP technique is given in the review by Kruger and Rhyne, Nuclear and
Chemical Waste Management, 31 205-227 (1982), "Current Understanding of Pitting and
Crevice Corrosion and its Application to Tests Methods for Determining the Corrosion
Susceptibility of Metallic Containers". In this paper a discussion is given of many test
methods used to evaluate pitting and crevice corrosion. It points out the following
shortcomings of the CPP test:

(a) The presence of a crevice makes it difficult to detect pitting susceptibility.
(This was borne in mind by the authors of the report.);

(b) The determination of the initiation potentials (Ed E,,>,) is very sensitive
to the scan rate, the more noble the potential the shorter the initiation time.
Therefore, if the scanning rate is rapid the initiation time is shortened and a
higher value for the breakdown potential is obtained. For long term
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predictions, where very long initiation times (perhaps a year) should not be
ignored, even a slow scan rate may provide high (less conservative) values for
Ep and E.,

(c) The CPP technique also has problems in determining the repassivation
potentials, Ep and E.., because the values obtained depend on the point
chosen for the start of the reverse scan. The repassivation potentials
determined by CPP are not unique to the alloy and environmental conditions
because their values depend on the amount of pit propagation before the
reverse scan begins.

These problems with the CPP techniques can be resolved by comparing some of the
values obtained with the values arrived at by some of the alternative tests described by
Kruger and Rhyne to examine whether the CPP values are conservative.

B. Appropriateness and limitations of methodology and procedures The discussion in A
covers this issue.

C. Adequacy and appropriateness of application The values of Ep - E p used in the
determination of the Localized Corrosion Index (LCI) in the factorial studies directed at
examining the effects of environmental factors have the same problems that are introduced
by the use of the potentials obtained from the CPP test that are described above. This use,
however, is probably quite adequate for the factorial studies even though the ratings
obtained, as pointed out by the authors, possess an element of subjectivity. This study,
however, is superior to past factorial studies of the same problem in that the past studies
have relied on the number of *pits/unit area. Because of the great variation in the depths
of pits and the nature of the corrosion products associated with these pits, these other
studies were more subjective than the results obtained in this work. Therefore, the approach
used is more reliable than the usual electrochemical tests applied in the older studies. In
spite of the limitations of the factorial studies that the authors list, the method chosen for
the factorial analysis is useful and has provided data on the effects of environmental species
on the extent of localized corrosion processes.

With respect to the other experiments addressing the influence of changes in the
solutions encountered by containers on the critical potentials used to predict long term
stability, the same limitations discussed above, i.e., the application of the CPP test to
determine these potentials, are relevant.

D. Uncertainty of results and consequences of incorrect results The uncertainty of results
lies in the reservations expressed above in relying entirely on the CPP test to provide the
determination of E,, E,, E,, and E.,. The consequences of this uncertainty may not,
however, be serious if these critical potential values obtained from CPP measurements are
utilized conservatively, assuming that they are not the most accurately determined values but
values that can be used as tools to make conservative estimates. This would entail the
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assumption that the Ep and E,,, values determined by CPP are high and the Erp and Ercrev
are low - a point that the authors make in a later section. This would make the value of
Ep - Ep the highest estimate of the extent of pit propagation, a good measure of the
corrosivity of an environment.

E. Alternate interpretations I suggest as an alternate interpretation the concept that the
best way to examine the effect of a given species in the environment is to determine how this
species affects the value of EP, conservatively determined. This approach relates more
directly to the thrust of this study - the use of the repassivation potential as a long term
predictive tool. It also eliminates the subjective elements that the use of LCI introduces.
This is so, because LCI is a measure of the pit propagation process, a process that the
approach of this investigation has as its goal to eliminate.

F. Validity of conclusions This issue will be discussed at the end of my evaluation when
Section 8, the summary, conclusions and recommendations of the report are considered.

3.3.2 Repassivation Potential Experiments

A. Validity of Assumptions As the authors point out the E,. and E,,,, values obtained
in the repassivation experiments are lower than the values measured using the CPP test.
The lower CPP values make them more conservative than the result of the stepwise
decreasing potential repassivation tests. These tests are essentially the modified ASTM F-
746 test examined by Thompson and Syrett (1992) which allow only a minimal time for pit
growth prior to repassivation. The lower CPP values for ET and E,, are the result of the
pit propagation process that takes during the time the potential is allowed to remain
between Ep and Ep during the cyclic polarization scan of the CPP test. This process of
keeping the system at the potential where pit propagation proceeds alters the environment,
makes it more aggressive, and, thereby, requires a lower potential for repassivation.
Therefore, the CPP test provides an opportunity for the pit growth process to produce a
change in the occluded cell environment and, fortuitously, provide conservative values of the
repassivation potential.

The assumption that a valid value for the repassivation potential can be obtained by
measuring repassivation time is not especially useful because, as equation (3-6) shows, the
repassivation time, tr depends strongly on pit depth. The fact that no localized corrosion
occurred at a potential 100 mv lower than the Eq, measured in the CPP test is to be
expected. It would be useful to examine values a few millivolts above the CPP EW. It would
also be of interest to look a few millivolts below the CPP values for evidence of localized
corrosion.

When the induction (initiation) time is minimized, Ep will approach EM. This
minimal time can be made to happen by removing the passive film mechanically (scratch
test) or electrochemically (by imposing a high potential for a short time as in the modified
ASTM standard F-746 test). The tests based on this concept leads to the results reported
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by the authors and Thompson and Syrett (1992) that there exists a unique potential, E,,
defined as the potential where Ep = Ep. The authors arrive at a value for E. by a different
method than Thompson and Syrett. They plotted E4p as a function of time for pit growth
and Ep as a function of exposure. The authors plotted both potentials as a function of
exposure time. The existence of a unique potential is supported by other tests described by

Kruger and Rhyne, namely the scratch test and the pit propagation rate (PPR) test (also
mentioned by Thompson and Syrett along with other tests). All of these tests have the
necessary feature of minimizing the effect of the change in the pit environment that occurs
during the time that the potential is going from the Ep and Ep in the CPP test. This change
in the occluded cell environment accounts for the low values of the CPP repassivation
potential. The existence of E. has, to my knowledge, only been established for pits, but

should also be applicable for crevices as well.

The likely existence of E,, argues strongly for the examination of the CPP values using

these alternative tests. As Thompson and Syrett point out, the other tests suggest that Ep

is lower than El and, therefore , more conservative whereas Ep is higher and less
conservative. Therefore, long term prediction based on the validity of the repassivation
potentials as good predictors of the possibility of pitting or crevice corrosion would be a

conservative approach and establishes that the repassivation potentials determined in this
study should be reliable long term predictive tools.

Studies of the effect of the surface finish demonstrated, correctly, that the surface

finish is not an important factor in determining corrosion resistance. The repassivation
potentials, regardless of the surface finish, remain the critical parameters affecting long term

stability. The examination of the effect of the alloying elements has found that the CPP test

is not suitable for some alloys. This argues for the use of some of the other tests mentioned
above.

B. Appropriateness and limitations of methodology and procedures

C. Adequacy and appropriateness of application
These two items (B. and C.) are covered in item A.

D. Uncertainty of results and consequences if the results are incorrect - The uncertainties

of the CPP determinations of the initiation and repassivation potentials have been pointed

out. In addition, methods for evaluating their reliability have been described. However, it

was also noted that if the CPP values are incorrect, there will be no adverse consequences
because it is likely that the values of the CPP repassivation potentials are probably lower,

and therefore more conservative, than the values obtained by the other test methods that
do not suffer from the limitations that have been cited for the CPP test. The fact that the

CPP initiation potential values are higher (less conservative) is not a problem because they
are not used to predict long term behavior.

E. Alternate interpretations An alternate interpretation is that the correct value of the
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repassivation potential is the unique potential, E.. described above which is not only the
value of the repassivation potential but is also the value of the initiation potential.

F. Validity of conclusions This issue will be discussed at the end of my evaluation when the
summary, conclusions and recommendations of the report are considered.

3.3.3 Crevice Corrosion Experiments

Essentially the discussion of the evaluation issues considered in 3.3.2 for pitting apply
to this section and will not be repeated for this section. The results described in sub-sections
3.3.3.1 through 3.3.3.5 are solid and appear to be valid, They require no additional
discussion beyond that given in 3.3.2. The results in 3.3.3.6 Electrochemical Behavior in
Simulated Pit Solutions do, however, require a few additional comments.

The CPP repassivation results obtained in the simulated crevice solutions have the
same limitations (and also provide the same advantages) described earlier for pitting. These
measurements in simulated crevice environments (Figs. 3-27,28) show all the problems of
the CPP procedure that I have been discussed by Kruger and Rhyne (see above).

3.4 Discussion

This section will be discussed without dealing with each evaluation issue in turn as was done
in the discussion of 3.3 Results. Instead, this section will include within its text a reference
to the issue or issues (indicated by *) to which the point being discussed applies.

3.3.1 Effect of Environmental Factors

(a) The authors have shown that this study has identified that the role played by NO3-
ions in the inhibition of localized attack lies in its removal of HI ions by the reduction of
nitrate to nitrite, thereby enhancing repassivation. This supports the work of Galvele (1981).

(b) The study of the role of surface finish which shows that E., is raised less in an
oxidizing environment (the lower the Ea.,, the better) for a mill finished surface than it is
for a 600 grit-polished one correctly points out the need for a study of the cathodic reaction,
oxygen reduction.

3.4.2 Dependance of Ep and E,., on the Extent of Corrosion

The extent of corrosion involves two factors, the amount of corrosive attack and the
extent of the change in the occluded cell environment. The effect of these two factors,
especially the second one, on the values of the repassivation potentials determined by the
CPP test constitutes one of the main sources of the limitations* leading to uncertainty* for
this test. This problem arises during the period encompassing the current increase at the
point of initiation and the current drop off at the repassivation (or protection) potential,
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a period when extensive localized corrosion takes place. As discussed earlier (and
mentioned by the authors), these supposedly incorrect* values have beneficial consequences*
because the effect of the extent of corrosion has the effect of lowering Ep or E,,, and
thereby making them more conservative values.

The test methods described by Kruger and Rhyne and, more recently, by Thompson
and Syrett (1992), which expose the test specimen to minimal attack when localized
corrosion initiates at the breakdown of passivity, do not give values of the repassivation
potentials that depend on the extent of corrosion. Therefore, the test used by Thompson
and Syrett in their 1992 paper probably gives a more valid* value for the repassivation
potential which is the same as that of the initiation potential and designated as the unique
potential, E.. Fig. 3-30 of the report makes this point and shows good agreement with E,.

3.4.3 Repassivation Potential Measurements on High Ni Alloys

As the authors point out, the CPP test is not an appropriate* test for alloys like C-22
because the repassivation potentials measured by it are very sensitive to the occluded cell
environment, a factor that has, as pointed out in the discussion of 3.4.2, on CCP values. E.
measurements may be an approach for studying high Ni alloys.

3.4.4 Stochastic Aspects of Pitting Corrosion Considering Repassivation vs. Initiation

The problems described by the authors using Fig3-11, which shows that stable pits
are initiated in crevices and/ or smooth surfaces above ET, when stable pit nuclei (depending
on a process of constant alternation between initiation and repassivation), has the
consequence that, according to stochastic models of initiation that Ep must equal E1 ,. This
suggest that the use of E. (=Ep = EP ) is the most appropriate parameter to use for long
term prediction. It should also be pointed out that the relevance of the various stochastic
models, except for their support for the application of E., for long term stability prediction
is questionable.

3.4.5 Stochastic Aspects of Crevice Corrosion Considering Repassivation vs. Initiation

(a) The results obtained in this study carried out under potentiostatic control supports
many studies that show that, contrary to Oldfield and Sutton (1978a), the chemistry changes
in a crevice occur after initiation and not before. How can the chemistry change if before
initiation the current density in a passive system is very low at a potential above E,, ? It
is the flow of current after the breakdown of passivity (initiation) that causes the change in
crevice chemistry. The time for breakdown to occur is called the induction time, r.

(b) The suggestion that the initiation potential of 316L (which contains Mo) is higher
than that of 304L (no Mo) is correctly explained by the role played by the reduction of a
molybdate that would be present in a crevice involving 316L It should also be pointed out
that molybdate increases the repassivation rate [T. Kodama and J.R. Ambrose, Corrosion.
33, 155 (1977]. The higher potential of initiation for 316L probably results from the
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oxidation of Mo to a molybdate ion.

(c) The data in Fig. 3-33 when extrapolated for the 10 0C and 30'Ccurves do support
the 30,000 year life, but the extrapolation of the 50 IC curve (a more relevant temperature)
does not.

(d) The discussion of theories involving a salt film at the bottom of a pit assumes
changes in the pit environment after pit initiation has occurred and at a potential above the
repassivation potential to allow for the chemistry changes that enable the formation of a salt
film. For the approach used in this study that relies on the repassivation potential as a
predictor of long term stability, these theories are not especially relevant.
3,5 Laboratory Data vs. Field Experience

As is generally acknowledged, there is great difficulty in using short term laboratory
tests to make predictions for periods up to 1000 years and at high temperatures. However,
if Err , bearing in mind that it is not constant over time under changing conditions, is in a
range that is greater than Ep (correctly or conservatively measured), the probability of
localized corrosion is quite low. The 10 year tests of Lalibert6 and Garner (1981) where the
potentials of the test specimens was maintained by cathodic protection significantly (470 my)
below ET demonstrated this point. This bodes well for methodology* and procedures* that
underlie the approach of this investigation.
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4. STRESS CORROSION CRACKING

Unlike the treatment of Section 3, which considered the evaluation issues for each

of its results sub-sections, the Stress Corrosion Cracking (SCC) (Section 4) will be evaluated

as a whole.

A. The Validity of assumptions - The major assumption is that there exists a critical

potential for SCC and that this potential is the repassivation potential, Es, for crevice

corrosion, E,. This assumption was chosen as the basis of the investigation because it can

provide "a unified boundary parameter not only for localized corrosion [as described in

section 3] but also for SCC`. Thus, it is assumed that repassivation is the key process that

determines SCC (or localized corrosion) susceptibility and is, thereby, the parameter that

should be used to enable the prediction of long term stability of waste package alloys.

The majority of the SSRT results given in section 4 support the validity of the

premise of this study that when the potential of a 316L or 825 surface lies below E', no

SCC will be observed. The same results, perhaps not quite as solid because of the

complicated stress distribution that develops in the test specimens, were found when the

constant deflection test (U-bend) technique was used. These results essentially support the

assumption that forms the basis of this study. Since some of the tests purposely examined

higher Cl- concentrations than those likely to be encountered by the waste package, the

probability, that the assumption used in this study of SCC is valid, is high.

B. Approprateness and limitations of methodology and procedures - To examine this issue

it is necessary to consider the two techniques employed to determine the susceptibility of the

316L and 825 alloys as a function of environment and stress level. For 316L no SCC was

observed in dilute chloride solutions when applying the SSRT test. The constant deflection

test, however, did find some susceptibility to SCC in the dilute chloride environment. Dilute

chloride solutions were the main environment in which different results were obtained for

the two different test methods. The U-bend test always produced failures at the

vapor/solution interface and, as the authors point out, this environment may be more severe

than the bulk liquid where SSRT failures occurred. The rather different stress distributions

in the test specimens that existed between each of the two techniques may also be a reason

for the different results obtained using these test methods. An explanation can lie in the

fact that the rate of passive film rupture at the crack tip depends on the strain rate at the

tip. Strain rate is, of course, dependent on the stress level. It is the competition between

the rate of passive film rupture and the rate of repassivation (film repair) that determines

the SCC crack growth rate, an invaluable parameter for the prediction of the life expectancy

of a container. Neither of the techniques used in this work measure the crack growth rate.

Fracture mechanics tests not only measure crack growth rate but also does so under

controlled and well-defined stress conditions. It also determines the parameter Kiscc, the

stress intensity threshold below which the crack growth rate becomes vanishingly small.
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C. Adequacy and appropriateness of application - The discussion in B. applies to C.
D. Uncertainty of results and consequences if results are incorrect - The results rest on two
factors that possess uncertainties:

(a) There is an uncertainty in the ET, measured by the CPP test, which was
covered extensively in section 3;

(b) The stress spectrum is inadequately characterized when using the two tests,
especially so in the case of the U-bend tests.

The consequences of these uncertainties may not be serious for the following reasons:

(a) As discussed earlier in the evaluation of section 3, the uncertainty
introduced by the use of the CPP measured Ep may actually be advantageous
because this measurement provides conservative ET values. This is supported
by Fig 4-1 which shows systems with potentials above the CPP Ep that do not
fail by SCC. It is likely this occurs because the Ep, value is conservative and
the more accurate (and higher) value is the E, described in section 3.

(b) The tests, even with their uncertainties, used the rather extreme conditions
of high stress levels and high chloride concentrations. The actual conditions
under which the waste package will be exposed will be less severe. The
conditions used in this work should be able, even with the inherent
uncertainties of the test methods, to identify the bounds of SCC susceptibility
under the less severe conditions that may be encountered in practice.

E. Alternate interpretations - I cannot suggest any alternate interpretations. However, an
alternative approach to testing that carefully controls well-defined stress distributions and
determines a parameters (crack growth rate and KLsm) that are the best measures of the
lifetime of a container do exist. The alternative approach is the use of fracture mechanics
tests. Moreover, the authors have recommended that a limited number of such tests be
carried out, "once the environmental and potential conditions are better defined."

F. Validity of conclusions - This issue will be addressed when Section 8 is covered.
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5. MATERIALS STABILITY AND SENSITIZATION

This section will be evaluated in the same manner as Section 4.

A. The validity of assumptions - The assumption made in Section 5 is that the corrosion
resistance of an alloy to be used in the integrated waste package depends on the degree of
sensitization which is directly related to the corrosion rate ( using the ASTM A-262-93a,
Standard Practice C) and inversely related to Ep - both correlated with the size of the Cr
depletion zone. Underlying this assumption lies an even more encompassing assumption
that applies to all forms of local attack - pitting, crevice, and stress corrosion. This
assumption is that Ep is the bounding parameter for the localized corrosion of sensitize-
alloys.

As the authors point out, Section 5 does establish a methodology for predicting the
effect of sensitization on localized corrosion. This methodology involves the coupling, by
modeling, of corrosion rate and E, empirical results with the kinetics of Cr depletion.
Indeed, Fig. 5-18 shows a reasonably good correlation between corrosion rate and Cr
depletion widths below a Cr concentration of 20-21 at% for alloy 825 in boiling 65% HN03
(the ASTM A-262-93a environment). However, the basic assumption of this section is
somewhat less valid when the effect of the Cr depletion size on the values of E,p is
determined. As Fig. 5-19 shows, the correlation between Ep and Cr depletion size is not
as good as that for corrosion rate (Fig. 5-18). The authors suggest that the poorer Ep
correlation lies, perhaps, in the possibility that resistance to localized corrosion is a function
of both Cr and Mo depletion and not only Cr. This possibility may be responsible for the
less strong support for the validity of the basic assumption. Another possible origin for the
poorer E., correlation as proposed by the authors is that, since Egr, does not depend on Cr
depletion width below 19% Cr, leveling off at Snm, it is not linearly dependent on Cr
depletion. It is suggested that this occurs because pitting in the matrix with the lower Cr
content would take place.

Despite these problems, the assumption underlying the role played by sensitization
on local attack is essentially valid because it provides, though not precisely, a means for
relating the conditions for sensitization to resistance to localized corrosion.

B. Appropriateness and limitations of methodology and procedures - The methodology and
procedures are appropriate for the determination of the size and composition of the Cr
depletion zone and for relating Cr depletion to localized corrosion resistance. The only
limitation I may suggest - also recognized by the authors - is the lack of data on Mo
depletion.

C. Adequacy and appropriateness of application - The application of the methodology was
wholly adequate and appropriate.

I



12

D. Uncertainty of results, and consequences if the results are incorrect - There are three
uncertainties:

(a) The origin of the fact that there is poorer correlation of Cr depletion size
with E. than with the corrosion rate is an uncertainty. The authors suggest
that this may be due to their consideration of only the Cr depletion and not
the lowering of the concentrations of both Cr and Mo. Another of their
speculations is that this uncertainty may arise out of the possibility that ET is
not linearly related to the size of the Cr depletion zone for Cr contents below
19% because pitting in the matrix results when its Cr content is low.

(b) Another uncertainty may arise because of the difficulties encountered in
determining the Cr interfacial concentration leading to higher actual
concentrations at lower temperatures. The authors suggest that the
discrepancies produced by this uncertainty may be caused by the different
morphologies of the carbides that have been observed at different
temperatures.

(c) The uncertainty of the effect of cold work on the sensitization of alloy 825
may have an effect on the prediction of corrosion resistance in a repository.
This problem may arise because the U-bend specimens may not introduce
enough cold work to accurately examine this factor.

There appear to be few consequences that would emanate from (a) or (b) because
the uncertainties are not large enough, under the relevant conditions in a repository or for
the composition of the alloys used in the waste package, to distort the essential thrust of the
results. The uncertainties in the effect of cold work on sensitization (c), however, may lead
to a problem because the mechanical loads from wall-rock shear could introduce significant
cold work in the surface or near surface of HLW containers and thereby increase the
possibility of adversely affecting material stability.

D. Alternate interpretations - The only alternate interpretations of the results I can propose
are those described in A that deal with the origins of the problems in the correlation of Ep
with the size of the Cr depletion zone.

E. Validity of conclusions - To be considered in the evaluation of Section 8.
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6. MICROBIALLY INFLUENCED CORROSION

Since this section is only a review of microbially influenced corrosion (MIC),
containing no new results, the evaluation issues will not be examined. However, the
following two comments on sub-section 6.4.8 (Conclusions and Further Study) should be
made:

(a) I strongly support the conclusion that there is a great need for other
electrochemical and nonelectrochemical measurements to supplement the
determinations of E..,, in the literature in order to develop a better
mechanistic understanding of the role played by MIC in pitting. It is evident
from the approach and results in previous section that measurement of the
"bounding parameter" Ep should be a significant component of these further
studies.

(b) It is a worthwhile idea that serious attention be given to the determination
in a systematic way of the relationship between E,, and the factors that
control microbial activity. Part of this effort should be directed at developing
techniques for monitoring E. in the underground repository environment.
Monitoring E., is an essential activity, not only for MIC, but also for all of
the other forms of local attack covered in previous sections of this report.
Unless one has good measurements of E., in the underground repository, one
cannot determine the position of its value with respect to the "bounding
parameter" that provides the basic predictive tool that arises from the main
thrust of this report
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7. HYDROGEN ABSORPTION AND EMBRrITLEMENT OF CONTAINER
MATERIAL

This section is mostly a review of past research on hydrogen absorption and
embrittlement research (some of it under CNWRA sponsorship) with a few new preliminary
results. It will, however, be examined, though briefly, with respect to the evaluation issues.

A. The validity of the assumptions - The major assumption is based on SSRT measurements
of the hydrogen embrittlement (HE) of pre-charged alloys C-22 and 825 specimens. This
test method found less embrittlement (higher % reduction in cross sectional area) for 825
at all temperatures than for C-22 at low temperatures. At the highest temperature studied
both alloys were resistant to HE. The assumption is that the addition of Fe to a Ni alloy
will lower hydrogen diffusivity and, since permeability is the product of diffusivity and
hydrogen solubility, it is also lowered by the addition of Fe to a Ni alloy. Hence, 825 has
a greater resistance than C-22 because it contains a significant higher Fe content.

The validity of this assumption, as pointed out by the authors in their review of the
literature, may be subject to question because results have been found that contradict it.
Besides Fe content, microstructure can play a role in controlling diffusivity of hydrogen
because it probably affects the concentration of hydrogen traps - an aspect not covered by
the authors.

B. Appropriateness and limitations of the methodology and procedures - The only test
method used to obtain the preliminary results described in the report is the SSRT. The
limitations of this method are described in the evaluation of Section 4.

C. Adequacy and appropriateness of application - See B. above.

D. Uncertainty of results and consequences if results are incorrect - The uncertainty of the
results lie in the uncertainty of the SSRT as discussed in Section 4. However, since all
research reported in the literature strongly indicate that HE becomes less of a problem at
the high temperatures of the waste package, the possible small uncertainty of the SSRT
results should not lead to any significant problems.

E. Alternate interpretation of the results - I can offer none.

F. Validity of the conclusions - These are covered in the evaluation of Section 8.
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8. SUMMARY AND RECOMMENDATIONS

As indicated in the evaluation of all of the previous sections, this last section which

contains a summary of the work described in the previous sections and the conclusions of

that work and the recommendations of Section 8 will be evaluated with respect to the last
evaluation issue - "F. Validity of conclusions".

8.1 Summary of Results and Conclusions

The conclusions that I have extracted from Section 8.1 are quoted and their validity
evaluated for each of the sub-sections of 8.1.

8.1.1 Localized Corrosion

The following conclusions have been identified and are presented in the order in
which they appear in 8.1.1:

(a) "Chloride was the most important promoter and nitrate the most
important inhibitor of localized corrosion for alloy 825." The validity of this
conclusion rests on the factorial analymis of environmental factors covered in

Section 3. As pointed out in my discussion of this analysis, there eists an

uncertainty that arises in the use of the Locaized Corrosion Index (LCI) in the

factorial analysis. Applying LCI, however, led to a high correlation coefficient for

the analysis and a number of the LCI values correlated well with visual

observations of localized corrosion. Because of these results, conclusion (a) has

a high probability of being valid.

(b) "For type 316L SS there was good correlation between visual observation

of localized corrosion and electrochemical parameters. In this case chloride

was the only factor of importance in promoting localized corrosion, whereas

the other anionic species were not important within the concentration range

of study." Since it was pointed out in (a) above that there was a good correlation
between LCI and visual observations, the validity of this conclusion supports the

validity of (a) as (a) supports the validity of iL

(c) "...Ep ...exhibits a linear relationship with the logarithm of the chloride

concentration." The validity of this conclusion rests on the results of a test of the

assumption that the factorial analyse were limited to the range of the

environmental factors studied within which linearity is assumed Since this was

found to be obeyed, it supports this assumption and establishes its validit.

(d) "In aerated solutions corresponding to mild oxidizing conditions... alloy 825

should be expected to be resistant to localized corrosion even in concentrated
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chloride solutions, except in the presence of thiosulfate." This conclusion
appears to be valid because it rests on the reasonable assumption that when a
system eperences mild aondig conditions, there is an improvement in the
properties of the passive film (including its thickness which increases with the
enhancement of aoidizing conditions) that resist the initiation of local attack
However, thiosulfate does reduce resistance to attack and this is poorly
understood, at least, by me. It probably results from the incorporation of the
thiosulfate ion in the film, leading to a less protective passive film. Another
suggestion is that an environment with thiosulfate may be one that lowers the rate
of repassivation.

(e) "..Ee values are dependent on surface conditions." There are many
studies in the literature that support the validity of this conclusion.

(1) "...the initiation of crevice corrosion is the result of pitting at isolated spots
within the crevice area." The validity of this is supported by many studies in the
literature.

(g) "Surface Cr depletion has a profound effect on the corrosion behavior of
alloy 825." The validity of this conclusion is supported by the data given in this
work and by the studies of many others as well

(h) "...alloy C-22...is considerably more resistant to localized corrosion than
alloy 825 [but] the applicability of the CPP test to determine Ep for this type
of alloy is questionable." The validity of this conclusion is supported by the data
given in Section 3.

(i) "...the Ea. for deep pits measured by the slow scan rate technique can be
used to predict the long term occurrence of localized corrosion." As discussed
in Section 3, there are problems with the use of the parameter E,, as a long- term
predictive tool because the value of the repassivation potential probably lies closer
to the unique potential E, However, because ET, is lower than E, Ep is more
conservative and this makes it a better predictor of long-term resistance to
localized corrosion

0) My opinion is that this is the major conclusion of Section 3. This
conclusion is that "...the concept of Ep as the lower limit [of E.J for the
occurrence of localized corrosion seems to be valid over an extended range of
alloys and applications." This conclusion has validity because, as stated in the
evaluation of Section 3 and in (i) above, EP, may not be the exact potential for
repassivation because it is always lower than the value thought to be a more
accurate value of the potential below which repassivation occurs, E, it is a good
basis for long-term prediction of resistance to local attack
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8.1.2 Stress Corrosion Cracking

The following conclusions have been identified and are presented in the order in
which they appear in 8.1.2:

(a) "The results generated so far are consistent with the assumption that the

E,. for localized corrosion constitutes a lower limit for the critical potential for

stress corrosion cracking in the case of type 316L SS. However, the range of

chloride concentrations over which SCC occurred seems to be dependent on

the test technique." The validity of this conclusion rests on the validity of the use

the repassivation potentia4 E., as discussed in Section 3, with the added

assumption that SCC depends on the repassivation of the passive film after it has

been ruptured by the application of stress. It is the competition between the rate

of film rupture (determined by the rate of strain at the crack tip that is controlled

by the stress intensity) and the rate of repassivation or film repair. This is a

concept that is generally held but with controversy about the fine details by most

workers in SCC The fact that there exists a range of chloride concentrations
where SCC of 316L is observed is dependent on the test technique arises because

of this interplay between the rate of film rupture when stress is applied and the

rate of repassivation. The rate of film rupture at the crack tip depends strongly

on the test method. This argues for the use of fracture mechanics test methods

because these test provide a more precise control and measurement of the stress

intensity at the crack tip which determines the strain rate that controls the rate of

film rupture.

(b) "No SCC of type 316L SS occurred in the chloride concentration range

extending from 1,000 to 10,000 ppm at 95 'C... at potentials where SCC would

b expected." This result held even in the presence of crevice geometries and with

the addition of thiosulfate. It would appear then that either the validity of

conclusion (a) is brought into question by (b) or that SSRT is responsible for

producing results that are not valid Either of these reasons for suspecting that

(b) is not valid may be ovem led -the former because of what will be discussed

when considering conclusion (c) or the latter because the failure was ductile and

was accompanied by pitting conrsion. It can be concluded that SCC may be

promoted using SSRT under crevice conditions in this chloride concentration
range because incipient cracks were detected in a constant etension test.

(c) "Contrary to the [SSRT] SCC of type 316L SS occurred in constant

deflection tests in the [dilute chloride solutions]... with and without the

addition of thiosulfate." Since the potentials were in a range above E,.

conclusion (c) supports the vady of (a) - more so when thiosulfate is added
because it lowers Ep and thereby increases SCC susceptibility.

(d) "Cracks were mostly detected above the vapor/solution interface [by the

constant deflection tests] indicating that the local environment created as a
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liquid film on the specimen surface could be more detrimental than the bulk
liquid environment." This appears to be a valid conclusion because the
environment in the vapor/solution interface is closer to the more detrimental
environment that exists in occluded cells (in crack;s pits, crevices) that promotes
a higher repassivation potential

(e) "In more concentrated chloride solutions, SCC was observed in constant
deflection tests conducted in both LiCI and NaCI at concentrations...at which
no cracking was detected in SSRT." This supports the validity of conclusion (c)
and also brings into question again the validity of conclusion (b). Out of this
point, one again encounters the limitations of the SSRT.

(f) "Alloy 825 only failed by SCC by SSRT when exposed to MgCl2 solutions
at a concentration of 14.0 molal at a temperature of 120 'C. In contrast, SCC
did not occur in LiCl and NaCI solutions in which the chloride concentration
was equal to 9.3 molal or lower at temperatures below 110 IC." The validiy
of this conclusion rests again on the validity of conclusion (a). This is so because
all of the conditions where SCC occurred for 825 were conditions in which the
corrosion potential was considerably above E,, The problems mentioned in the
discussion of (b) for 316L do not arise for 825 since SSRT results were confirmed
by constant deflection tests.

(g) "Contrary to the case of type 316L SS in which a significant susceptibility
to SCC in constant deflection tests was detected in vapor phase under
conditions leading to the formation of a liquid film on the surface, localized
corrosion in the form of pitting was the dominant phenomenon in alloy 825."
This conclusion illustrates the complexr of SCC and argues for better control of
the application of the stress that controls the rate of strain at the crack tip that
ruptures the passive filn, a process that competes with the rate of the film repair
(repassivation) process. Neither the SSRT or the constant deflection test provide
well defined stress conditions that detenmine the stress intensity factor which, in
turn, determines the strain at the crack tip. To provide the well defined stress
conditions at the crack tip requires firacture mechanics test methods which equip
us with more precise tools to predict long term resistance to SCC

8.1.3. Materials Stability

This is, as with the previous Sections 3 and 4, a section that deals with an
experimental study, and a number of the conclusions are based on the experimental results.
The validity of the conclusions depends on the validity of the experimental approach used.
The following conclusions have been extracted from the section on Materials Stability:

(a) "...alloy 825, despite the low carbon content attained with new production
methods and the introduction of an appropriate stabilization treatment is still
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susceptible to sensitization." The conclusion is valid because the alloy is treated
in a temperature range that leads to sensition and this led to the observation
of intergranular comosion.

(b) "...solution annealing prior to these thermal treatments, enhanced the
degree of sensitization significantly, leading to high corrosion rates in boiling
65% nitric acid solution." This is a valid conclusion because the results used
one of the standard tests to judge the degree of sensitization, the use of boiling
65% nitric acid solution.

(c) "Cold work (up to an estimated 25%) of [solution annealed] specimens
prior to thermal treatment did not affect the degree of sensitization..." The
authors state that for this conclusion to be valid, further studies are necessary,
particulady at low temperatures.

(d) "The most effective assessment of the effect of sensitization through
electrochemical methods was performed by measuring Ep in CPP tests
conducted in a 100 ppm chloride solution at 95 CC." The validity of this
conclusion depends strongly on the measurement of Ep in CPP tests, and as
stated many times above, these tests give a conservative value for Ep, and,
therefore, this conclusion based on experimental findings using the CPP/Ep is
valid.

(e) "A significant decrease of E.) greater than 100 mv with respect to that for
[mill annealed] or [solution annealed] specimens was observed for specimens
sensitized for 100 hours at 700 0C." This conclusion seems to be valid because
these results correlated well with those obtained in the boiling nitric acid test.

(t) "...very prolonged heat treatments may be required to induce sensitization
at low temperatures." This conclusion, which comes out of experimental results
using well established techniques, is a valid one.

(g) "The extent of chromium depletion approximately correlated with the
corrosion rate from the nitric acid tests and E. measured in chloride
solutions." This conclusion, based on experimental results using established
techniques is valid

8.1.4 Microbially Influenced Corrosion

Since this topic was based entirely on an extensive review of the literature, the validity
of the conclusions drawn from the literature research depends strongly on the validity of the
work in the literature. Since the review was extensive and thorough, its validity appears to
be satisfactory. The following conclusions have been extracted from Section 6.
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(a) "...AJI the alloys reviewed, with the possible exception of titanium, may be
susceptible to [microbially influenced corrosion]."
(b) "...sufficient nutrients for microbial life are likely to be present in the near-
field to promote [microbially influenced corrosion] if the temperature of the
waste package drops below 100 'C and the moisture content rises above 60
percent for any period of time."

8.1.5 Hydrogen Absorption and Embrittlement

This section, as was the case for the previous section, was based primarily on the
literature. However, most of it is based on CNWRA sponsored research at OSU. The
following conclusions, many based on the OSU study, were extracted:

(a) "The most likely sources of hydrogen include crevice environments and
galvanic coupling with the carbon steel disposal overpack." This conclusion
is based on a review of the best available sources of information in the literature.

(b) "Microbially influenced generation of hydrogen cannot be precluded, but
the survivability, in the repository environment, of organisms with similar
capabilities is yet to be demonstrated." The validity of this, as quoted above,
is yet to be demonstrated.

(c) "Radiolytic generation of hydrogen from vapor sources is unlikely because
of the predominance of the oxidizing species so generated, as well as the
reactions of hydrogen radical with oxygen radical present in the unsaturated
zone of the Yucca Mountain site." The chemistry of this system argues for its
validity.

(d) "Radiolytic generation of hydrogen from aqueous environments inside
crevices is possible because of the acidic and anoxic conditions prevailing in
these regions." Again the validity of this rests on the vadt of the literature and
the generally held concepts of corrsion science.

(e) "Long-term exposure to repository thermal conditions can be deleterious
to the room temperature embrittlement susceptibility of the low Fe Ni-base
alloys such as alloy C-22 because of ordering reactions." This result is based
on some preliminary experiments carried out at CNWRA using the SSRT. Its
validity depends on the validity of the results obtained by this technique which is
discussed above.

8.2 Recommendations

I will examine the recommendations for future studies in this section from the
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standpoint of their possible contribution to the furtherance of the objectives of this CNWRA
project. The recommendation, in a brief form, and my assessments (in italics) are as follows:

(a) Further experimental work is needed to establish more firmly the

fundamental aspects of the test methods that are relevant to the KTUs.
Among these recommended studies are an examination of the performance
of new DOE strategies, designs, and materials and the development of new
confidence in the use of parameters such as Ep keeping in mind all the
factors that influence the effect of the environment on long-term performance.
The discussion of the evaluation issues in Sections 3 and 4 argues strongly for Just

the kind of future studies that are proposed in this recommendation.

(b) Since the crux of the approach adopted by the IWPE project for long-term
prediction using short-term tests is the reliance on critical potentials for
localized corrosion such as E. future studies are recommended that aim at

obtaining a better understanding of the mechanisms controlling E1p and its
relationship to the resistance to localized corrosion. Because so much reliance

is placed in this project on citical potentials, it most certainly is prudent to obtain
a firmer understanding of the mechanism of localized corrosion processes and

their relationship to critical potentials in order to build greater confidence in their
use as long-term predictors

(c) Experiments are needed to model more accurately the heat transfer

conditions that exist around the waste package in the repository. This work

is necessary because the experimental conditions used in the work thus far was

always canred out under isothermal conditions.

(d) Future investigations to assess resistance to long-term exposures should
examine periods of several years duration. A number of activities are

suggested to support the goal of this recommendation:

1. Confirmation of the validity of the basic approach of this project - the use
of critical potentials to predict long-term susceptibility to local attack. As

stated in many instances in the preceding discussion, this work is essentiaL I

would add the additional recommendation that other test methods for the

deteminatin of repassivation potentials be performed to confirm that the Ep

determined by the CPP technique is conservative.

2. A significant increase in the use of fracture mechanics test methods to
determine long-term susceptibility to SCC. As discussed in the evaluation of

Section 4, fracture mechanics testing is of utmost importance not only to verify

the SSRT and constant deflection test results, but, more critical, to provide

information that bears more directly on the expected time that a container il

resist failure by SCC. This isso because a fracture mechanics test determines two
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parameters that relate directly to long-term performance - the crack growth rate
which provides a measure of long-term life expectancy and the threshold stress
intensity, Krscc , which defines the conditions far resistance to SCC.

3. Measurement of specific electrochemical mechanistic parameters to enable
the modelling of E., This is mainly an approach towards developing a better
understanding of corrosion mechanisms and their effect on E,, I am not sure
that this recommendation should be given a high priority. Since corrosion
scientists have been attacking this problem for a long time with few achievements
that show promise in coping with the problems that are addressed by this project,
there are more pressing tasks that should be supported

4. Evaluation of the potential for hydrogen embrittlement over long durations.
This can best be accomplished using fracture mechanics test methods.

(e) Investigation of the thermal stability of candidate materials. The
sensitization research carried out by this project demonstrates that these studies
are necessary and should be expanded,

(f) Extension of the experimental work on MIC, including the examination of
the Ep concept for MIC. This would explore a new concept that may provide
a valuable tool for the prediction of long-term resistance to MIC

(g) Expand the studies that have only involved container materials to include
the waste forms. Since much remains to be done on container materials, these
studies should only be undertaken in a minor way as support for the other
CNWRA projects that are mainly concerned with waste form materiaLs.

Finally, I propose as a recommendation for future work that seeks to provide a tool
that is crucial if the estimable approach of this CNWRA project - the use of critical
potentials as long-term predictors - is to succeed. Since the repassivation potential can only
predict resistance to local attack if it is known to lie above the corrosion potential, E,,,,, of
the container alloy in the repository environment, measurement of E.,, is indispensable over
the duration of the beginning years of the exposure in the repository. My recommendation
is that such measurements should be made on candidate materials in the repository
environment and monitoring techniques be developed or adapted to determine E. for the
long-term.
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Key technical uncertainties related to localized corrosion,
stress corrosion cracking, material stability and sensitization,
microbiologically influenced corrosion and hydrogen embrittlement
for high-level nuclear waste multipurpose storage containers
emplaced in the unsaturated zone of the Yucca Mountain site have
been addressed. Information in the report is focused on alloy
825, a potential material for the innerpack of the advanced
conceptual design. Data for alloy 825 are compared to alloy C-22,
316L stainless steel and carbon or low-alloy steel, as
appropriate. The report is thorough, organized and well-written.
All assumptions are defined and documented. My specialty is
microbiologically influenced corrosion (MIC) and most of my
comments will deal with that topic.

The use of a localized corrosion index as a conservative
estimate of the propensity of abiotic localized corrosion and
repassivation potentials as a lower limit for the occurrence of
abiotic localized corrosion appears to be valid for the alloys
under investigation. If water reaches the containers it will
contain bacteria that may influence the reliability of these
parameters. Slow strain rate and constant deflection tests to
predict environmental stress corrosion cracking are certainly
valid and have provided some definition of the environments
conducive to stress corrosion cracking. Stress corrosion cracking
was accompanied by extensive pitting near the vapor/solution
interface. During slow strain rate testing cracks were detected
above the vapor/solution interface, indicating that partial
immersion may be more detrimental than complete immersion. What
is the likelihood of partial immersion in the vault over the 1000-
year containment period? Will bacteria increase the likelihood of
localized corrosion at the vapor/solution interface? Partial
immersion of metal specimens is referred to throughout the text
(pp. 3-22, 3-40, 4-20, and 4-26,). Despite the implied importance
of partial immersion, there are no recommendations for additional
specific tests.

Susceptibility to sensitization and resistance to hydrogen
embrittlement for alloy 825 under specific abiotic conditions were
confirmed and compared to other materials. Heat treatments such
as welding are known to predispose austenitic stainless steels to
MIC and alloy 825 was shown to experience intergranular corrosion
after thermal treatment at 6000C. Heat-treated alloy 825 should be
evaluated in biologically active media.



Assumptions/data/conclusions as to the possibility of

abiotic corrosion mechanisms have been generated for a wide range

of specific vault conditions and candidate materials. That is not

true for MIC. Instead information in the report about MIC is a

generalized literature review. The bulk of the literature review

deals with two mechanisms for MIC for stainless steels: (1) the

impact of sulfate-reducing bacteria (SRB) and (2) ennoblement.

Stainless steels are vulnerable to SRB under specific conditions,

but in most cases of MIC in natural environments, SRB are not the

causative organisms. Biogenic sulfides in the laboratory enhance

passivity breakdown of stainless steels in the presence of

chlorides. However, the sulfide concentration needed to induce

pitting is >10-2M. At lower sulfide concentrations the passive

films remain intact (Moreno et al., 1992). SRB can cause the

formation of a non-adherent sulfide layer that is easily disrupted

in the presence of mechanical disruption or alternating

aerobic/anaerobic conditions. In the absence of those

circumstances, a sulfide film will form, but localized corrosion

will not be observed. Again, sulfide induced localized must be

related to the operating conditions in the vault. Most MIC in 304

and 316 stainless steels in natural environments is the result of

under-deposit corrosion or crevice corrosion related to the

activities of metal-depositing bacteria.

The literature review of ennoblement of Ecorr for stainless

steels is thorough but the phenomenon of ennoblement must be put

into context. The assumption is made on page 6-9 that "the

biofilm catalyzes the oxygen reduction reaction." That has never

been demonstrated. The mechanism of organometallic catalysis has

been criticized because ennoblement is also observed on more noble

metals, including titanium and platinum, which lack the transition

elements thought to be necessary to form catalyzing complexes.

Those same alloys are resistant to pitting and crevice corrosion.

It is remarkable that despite the often significant increase of

Ecorr for stainless steels, localized corrosion which would lead to

a sharp decrease of Ecorr is most often not observed. Apparently,

Epit for a stainless steel surface covered with biofilm is more

positive than that determined in an abiotic solution of the same

chloride concentration. Based on this result alone one could

conclude that biofilm formation is beneficial for the resistance

of stainless steels to pitting. Furthermore, siderphores produced

by all microorganisms have been shown to possess excellent

corrosion inhibition properties. Eashwar et al. (1993)

hypothesized that siderphore production accompanies maximum

ennoblement of stainless steels in chloride-containing media.

Despite the possibility of corrosion inhibition in the presence of

biofilms, in practical applications as previously stated, 304 and

316 stainless steels usually fail in biologically-active media due

to crevice corrosion. Molybdenum content of the alloy appears to

influence ennoblement. In Johnsen and Bardal's (1985) study, the

two stainless steels showing little ennoblement had low

molybdenum content, while those experiencing greater ennoblement

contained 6% Mo or more, i.e., the alloys that are more resistant



to pitting showed greater ennoblement. Dickinson and Lewandowski
(1995) showed that Fe2O3 was enriched and Ecorr was ennobled for
type 316L stainless steel exposed to fresh river water for samples
initially possessing an Fe2O3 surface phase, suggesting that
ennoblement involves modifications of the metal oxide by the
bacteria.

The authors of the report indicate that microbiologically
influenced ennoblement should be investigated for candidate alloys
(p 6-18) by monitoring Ecorr and correlating it to "microbial
activity, as determined by pH changes, dissolved oxygen
consumption/production, sulfide production, thiosulfate/sulfate
reduction and hydrogen peroxide production." Firstly, it should be
determined whether or not ennoblement leads to increased
likelihood for localized corrosion for alloy 825. It may be that
ennoblement is only a potential problem for 304 and 316 stainless
steels that are prone to crevice corrosion in chloride-containing
media without or without the presence of a biofilm. In any case,
the proposed study is like several others that have been completed
and will not contribute to our understanding of the phenomenon.
It has already been established by numerous references cited in
the report that ennoblement is not related to physiological
activity, biofilm weight, pH, oxygen or peroxide. Any ennoblement
study should include basic metallurgy to examine surface oxides.

The work of Brennenstuhl et al. (1990) indicated MIC of
alloy 825 after a 3-year exposure to lake water and several
mechanisms were proposed. Those mechanisms should be evaluated in
the laboratory as to their importance in the vault environment.

In summary, the report contains useful baseline data that are
difficult to interpret in terms of the environmental conditions
that will evolve in the vault over time. There is a real need to
integrate the testing so the results are not isolated data points.
Future testing should evaluate the impact of microorganisms on
electrochemical parameters. All abiotic testing should be verified
in the presence of biologically active media to determine their
environmental relevance to the storage vault.

Literature cited

Brennenstuhl, A. M., P.E. Doherty, P.J. King and T.G. Dunstall. 1990. The
effects of biofouling on the corrosion of nickel heat exchangers alloys at
Ontario Hydro. Microbially Influenced Corrosion and Biodeterioration. N.J.
Dowling, M.W. Mittleman, and J.C. Danko, eds. Knoxville, TN: The University of
Tennessee: 4-25 to 4-31.

Dickinson, W. and Z. Lewandowski. 1995. Electrochemical and microelectrode
studies of stainless steel ennoblement. Paper No. 223. Corrosion/95 Houston,
TX:NACE International.

Eashwar, M., S. Maruthamuthu, S. Sathyanarayanan and K. Balakrishnan. 1993.
Ennoblement of stainless alloys by marine biofilms: an alternative mechanism.
Proceedings of the 12th International Corrosion Congress, Houston, TX,
September, NACE, p. 3708.



Johnsen, R. and E. Bardal. 1985. Cathodic properties of different stainless

steels in natural seawater. Corrosion 41: 296-302.

Moreno, D.A., J. R. Ibars, C. Ranniger and H. A. Videla. 1992. Use of

potentiodynamic polarization to assess pitting of stainless steels by sulfate-

reducing bacteria. Corrosion 48: 22-229. 1992



Experimental Investigations of Failure Processes of
High-Level Radioactive Waste Container Materials

(review of report CNWRA 95-010)

R.C. Newman

UMIST, Corrosion and Protection Centre
PO Box 88, Manchester, M60 1QD, UK

July 1995



2

SUMMARY

The investigations presented in this report show a high level of understanding of localized
corrosion and environment-assisted cracking. The recent literature has been read and
understood in unusual detail. The experimental approaches are soundly based and have
novel features. The repassivation potential has rightly been used as the characteristic
potential for predictive purposes. Directions for future work are clearly described and
excellently thought out.

A large number of points of detail are discussed in the review. Some of the more important
are now summarized:

1. It is recommended that more attention be given to the time evolution of the
corrosion potential, including the effect of radiolytic hydrogen peroxide.

2. A crevice corrosion model in which initiation occurs by metastable pitting was
introduced by Stockert and Boehni in 1987. Further evidence for the applicability of this
model has been found by other authors including my own group. Such a mechanism
provides a natural bridge between pitting and crevice corrosion and is amenable to statistical
approaches.

3. The authors could consider using simple reaction-diffusion models of localized
corrosion to interpret some of their results and provide a basis for further rigorous work.
I had the feeling that they did not want to present 'non-rigorous' models, but in fact these
have great power to unify disparate data.

3. Creviced stress-corrosion cracking tests were used in some of the work, but seem
to have been rather inconclusive. Discrepancies between Japanese work and that of the
authors could be addressed in more detail.

4. MIC of stainless steels is discussed as though it were a separate phenomenon from
ordinary pitting and crevice corrosion. There could be more of a link between these two
sections, since in my opinion microbes enhance the normal localized corrosion process,
either chemically or geometrically, rather than introducing totally new mechanisms.

5. The validation procedure for the hydrogen permeation testing is not described fully,
especially issues related to the exit-side pretreatment.
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Detailed Comments on the Report

2-3 - my first reactions to the water composition are as follows: (i) I remember from some

work we did a few years ago that bicarbonate is a rather ineffective inhibitor of pitting

(compared with nitrate or sulfate); (ii) since each ion, individually, obeys an inhibition

equation of the type developed by Uhlig for the pitting potential, might it not be possible

to try combining these equations to see if one can explain the data from first principles

(since the individual equations can be understood using Galvele's pit model).

People are sometimes puzzled that fluoride is not aggressive for stainless steel. No mystery!

HF is a weak acid, so you cannot have a low enough pH in a pit when fluoride is the main

anion.

2-7 - radiolysis in crevices. I suppose any radiolysis in a crevice, in so far as it tends to

produce oxidizing species like peroxide, might be beneficial since reduction of these would

increase the pH.

2-7,2-8 - products of radiolysis. I found this unnecessarily equivocal on the subject of

peroxide. The discussion of nitrite and nitrate is, I believe, misleading in that this refers to

moist air and not to liquid water - at least this is what the authors say on pages 3.43 and

7.3. If the container design does not shield y-radiation then peroxide will be the main

oxidant and the corrosion potential will be dominated by its presence. Amongst other

things, this may mean that the corrosion potential would always tend to be above the

repassivation potential for localized corrosion.

2-9 - the correlation coefficient should be explained.

3-2 - crevice design. I recently had to review the literature on crevice corrosion of titanium,

which shows some similarities to that of high-alloy stainless steels and probably has the

same mechanism. In the case of titanium, the kind of crevice former shown in the figure

on page 3.3 would not initiate crevice corrosion except at extraordinary temperatures or

chloride concentrations. Very deep crevices are required to get crevice corrosion. I do not
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think this point is particularly relevant to the 825 alloy, which is not a "high-alloy" material,

but it is worth remembering that different materials respond differently to crevice depth -

for example, when considering the C-22 alloy.

3-4 - the stability of this solution with respect to atmospheric CO2 might be mentioned here.

3-6 - repassivation potential tests. The relatively rapid stepwise decrease in potential may

not allow the solution in the crevice to reach a diffusional steady state, so may overestimate

the susceptibility (underestimate E,,.r,). I understand what the authors are doing (combining

this fast measurement with long-term repassivation experiments) but it would have been

helpful to have an explicit statement to this effect. The characteristic time for diffusion out

of the crevice is on the order of 1000 s.

3-7 - with regard to crevice corrosion mechanisms (discussed later), I have the feeling that

the procedure enhances one type of crevice corrosion initiation mechanism (pitting in the

crevice) at the expense of the "Oldfield" mechanism (passive dissolution leading to passivity

breakdown). This does not matter if the main focus is repassivation of active crevices, but

it does become important if one is considering the possible immunity of a material like C-

22 to crevice corrosion initiation.

3-7 - For the long-term potentiostatic tests, were the specimens 'examined..for visible signs

of corrosion' by removing them from the solution? By removing the crevice former?

3-7 - repassivation time tests. Is it not interesting to do this for crevice corrosion as well?

This would help to interpret the stepwise repassivation tests and show any conditions that

might be non-conservative.

This also seems to be a missed opportunity to do some simple Fickian modeling. Can the

repassivation time be rationalized?

3-7 - I do not have Dunn et al. (1995b) so I cannot judge how useful EDS is for what

might be a very thin Cr-depleted layer. Some comment on the result of the Auger analysis
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would be helpful.

3-9 - rectangular crevice. This is quite complicated, since not only is the diffusion distance

to the edge of the metal different in different directions, but there is a PMMA/PMMA

crevice in the more important (shorter) dimension.

3-10 - CPP tests. These are pitting tests. Why not use crevice tests to guide the choice of

potentials?

3-11 - electrochemical behavior not correlating with visual observation of localized

corrosion. This is presumably because transpassivity (induced by Mo in the case of C-22)

can give an electrochemical response like pitting.

3-11 - definition of LCI. This seems to ignore the absolute value of the potential. So an

alloy showing pitting at 900 mV and repassivation at 400 mV would have a fairly high LCI

but would never pit in practice. Also it would seem more logical to measure Ep with respect

to some rational potential of the alloy, such as the corrosion potential in the local

environment, and not with respect to an arbitrary reference electrode.

3-11 - I am concerned that no attempt has been made to use Galvele's pit model, or a

modification thereof, to rationalize the trends seen in the factorial experiments. I'm not sure

how to handle nitrate, but sulfate, fluoride and bicarbonate are all buffer anions.

3-12 - I would have expected to see some anodic repassivation in nitrate/chloride solutions,

as reported by Leckie and Uhlig in the 1960s. Pitting starts at a certain potential, then

repassivates with further anodic scanning. This might be mentioned somewhere, as it

complicates the interpretation of nitrate effects (see ref. 38, Newman and Ajjawi).

3-12 - comment on the inhibition by fluoride. This is due to the buffering effect (HF is a

weak acid). I believe this has not been noted in the literature. Fluoride can pit metals like

Ni because they do not require such acidic pit solutions as stainless steel.
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3-12 - effect of temperature. It is well known that stainless steels and Ni-base alloys show
a critical pitting temperature. For 825 this must be around room temperature. Near this
temperature one can expect the unexpected! The same might be true of C-22 at 95C.

3-12 - assumed linearity. It is surprising that this works, for the reason given by the authors.

3-13 - reduction of E rp but not Ep by thiosulfate. This is consistent with data for 316SS

reported by ourselves (see refs 12. 31. 47. (14). (24)). Once the pitting potential exceeds
a certain noble value (about +200 mV), it cannot be reduced by adding thiosulfate as no
electroreduction of thiosulfate can occur in the pit nucleus. However if you initiate a pit and

scan in the negative direction, both the nominal potential and the IR drop in the pit help to
bring the potential low enough for activation by thiosulfate reduction to occur.

3-13 - Table showing effect of peroxide. Precautions against decomposition of peroxide

should be mentioned somewhere in the text. The delay before measuring the corrosion
potential should be mentioned. It is odd that 825 has a more noble potential than platinum

in the peroxide-containing solutions. This would be expected if there was hydrogen in the
solution. I also wonder if nitrate affects this behavior.

3-14 - Figure 3-5. This shape of Erp versus C[- was seen in Italian work about 15 years ago
and I attempted to rationalize it in a minor paper (ref. 21). Odd that no such shape is seen
in Figure 3-6.

3-14 - corrosion potentials with air. These look very low to me. I am concerned that these

are not steady state values.

3-15 - role of transport limited processes. I am not sure what these are. Certainly on
stainless steel the cathodic reactions are much too slow to be transport limited (unless there
is rapid corrosion).

3-15 - effect of nitrate and nitrite. Again one might mention the inhibition potential
phenomenon seen with nitrate.
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3-15 - lack of an effect of nitrate on growing pits. This is consistent with the relatively

lesser effect of nitrate on Erp than on Ep and arises from the same cause (it is easier for an

inhibitor to suppress the extremely high current densities required for pit initiation than the

much lower ones required for propagation). Similarly for sulfate (same page).

3-15 - lack of significant inhibition by sulfate. The number of pit initiation events is

certainly reduced by sulfate at these levels (see refs 59, 78), so a bigger effect might be

seen in practice where the initiation rate falls continually with time at constant potential.

3-16 - use of ppm is not helpful in comparing the inhibition efficiencies of anions or in

comparing the results with others in the literature.

3-17 - these Erp data are determined as a function of the growth time of the corrosion, but

are determined relatively fast, thus tending to underestimate Erp (the scanning or stepping

of the potential outruns the decrease of the solution acidity in the corrosion site). This

apparent contradiction needs to be resolved; that is, I do not see a good link made between

the E.rp measurements and the repassivation time measurements. I appreciate that one reason

for using a fast scan rate was to maintain the pre-set amount of propagation of the

corrosion.

3-17 - apparent contradiction in the behavior of Erp as a function of scan rate. I agree there

is certainly no contradiction.

3-17-18 - In a similar study (ref. _) we found that the necessity for a high scan rate (to

maintain the pre-determined depth of corrosion) could be avoided by pre-determining

roughly where ET. was, then stepping the potential down to just positive of that value, then

scanning slowly to determine Erp Alternatively, by current integration one can determine

how much extra charge has flowed while determining Erp, and assign that value of E rp to

that amount of charge.

3-19 - diffusion calculation. This is rather crude. As pointed out by Newman and Isaacs

(ref. 22), when a pit is switched off the concentration of cations at the pit surface falls by
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about one order of magnitude during the interval r2/D. Since the pit repassivates at more
than 50% of the saturation concentration of cations, it will take much less than the quoted
time to repassivate. This might not be so for extremely deep, slowly growing pits or
crevices which can tolerate a lower cation concentration without repassivating.

3-19 - Thompson and Syrett work. I don't believe in this unique potential. Its existence will
be very material-dependent. For higher-alloy materials, there is a range of temperature
where crevice corrosion occurs but pitting does not, at any potential. Where is the unique
potential then? And if one takes the view that crevice corrosion is initiated by metastable
pitting (see later discussion), this point becomes even less clear. There is no fundamental
reason why the onset of metastable pitting should occur at E V though I must admit the two

potentials are often close.

3-22 - Cr depletion. Is it possible to quote Auger data indicating the depth of this depletion?
Are we to assume that the EDS results are a correct reflection of the surface composition?

3-22 - I don't know why there would be bursts of cathodic current.

3-22 - increase of Cr from 15.6 to 16.5%. I doubt that it is possible to be sure about this
given the scatter in the data.

3-22 - I wonder if the Cr depletion is greater at grain boundaries owing to intergranular
oxidation? I have seen something like this before.

3-24 - noise on current records. How much of this is coming from the corrosion process
and how much from the electronics?

3-25 - It is very important to be aware that high-Mo alloys like C-22 show a premature
transpassivity (not pitting) due to Mo dissolution. This caused some corrosion problems in
the pulp and paper industry, at least in C-276 alloy. I wonder what the polarization curves
would look in a sulfate or other non-aggressive solution? This might help to be sure
whether pitting was occurring or not.
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3-25 - gold-colored film. This is the transpassive film, but I am not sure it is due to Cr

transpassivity. Mo(VI) dissolution also gives a clear feature on the polarization curve at

much lower potential. We have also found such films to be more noticeable in the presence

of certain anions that complex Fe(III) and help the transpassivity process to get started (ref.

109).

3-25 - last line. This should read oxygen reduction.

3-26 - I am surprised that thiosulfate enhanced pitting of C-22 at such a high anodic

potential. In our work on thiosulfate pitting (refs 12. 26, 33 etc) it was clearly shown that

thiosulfate tended to enhance pitting at relatively low potentials, as these were required for

electroreduction of thiosulfate within the pit nucleus.

3-28 - I recall from early work at INCO (but cannot trace the reference) that 1000 ppm

chloride was considered to be a borderline concentration between marine-type crevice

corosion (at higher Cl-) and a different pit-like phenomenon that predominated at the edge

of the crevice former. Certainly this is what we have found in our own unpublished work.

3-28 - increase in Cl- and decrease in pH after the initiation of corrosion. This is consistent

with the model of Stockert and Boehni [L. Stockert and H. Boehni, in Advances in

Localized Corrosion, eds H.S. Isaacs et al., p 467, NACE, Houston (1990)].

According to Stockert and Boehni, crevice corrosion (at least in simple 300-series stainless

steels) occurs by the stabilization of a pit that would have been metastable (would have

repassivated after a short amount of growth) had it occurred on a free surface. Such pits

give rise to small current transients below the pitting potential. They thought that for their

crevice geometry a certain fraction of metastable pits occurring in the crevice were in sites

(for example tight metal contact points) where the loss of the pit solution would be delayed

or prevented by the geometry of the mating surfaces. Laycock carried out a potentially more

quantitative study along the same lines (ref. (44)) and found that his crevice corrosion

results on 316LSS could be explained assuming a very high probability of a metastable pit

leading to crevice corrosion, between 0.5 and 1.0. There were detailed differences from his
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expectations that were tentatively assigned to thiosulfate in the crevice from MnS

dissolution.

The absence of discussion of the Stockert/Boehni model is unfortunate and ideally should
be remedied. This model is powerful and quite different from the others discussed in the
report.

3-28 - uniform appearance of corrosion in the crevice. It would be helpful to have some

information on the appearance at short times after breakdown.

3-28 - crevice pH values of 4 at the tip site. For a propagating crevice, this must correspond

to a site remote from the corroding area, as pH 4 is not low enough for corrosion. It is
therefore surprising to read that the corrosion was greatest at this tip site.

3-32 - 'quite' high breakdown potentials (1.2 and 1.1 V) - I would have said these were
very high and probably transpassive.

Lower pH values for 825 than for 304SS - I do not know how to interpret this. Possibly

the corrosion was faster because it required higher potentials for its initiation.

Repassivation times and relaxation times of ionic concentrations on repassivation - some
discussion in terms of characteristic times for diffusion in the crevice would be helpful.

Appearance of corroded region - again some idea of the time evolution would be helpful.
Does the corrosion start as pits and then spread? Or does it have the appearance of small
patches of general corrosion from a very early stage?

3-36 - rate of increase of Cl compared with rate of decrease of pH. This explanation seems

naive as written. The Cl- concentration will not increase noticeably until the molar
concentration of dissolved cations is comparable with (say one tenth) that of Cl- (0.028M).

At this metal ion concentration there is already a significant decrease in pH (0.005M Cr3"
gives a pH of about 3).
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3-36 - radial crevice. This is much nicer than the rectangular one and obviously should be

used in any further work.

3-38 - simulated crevice solutions. There is an important distinction between the work of

Hakkarainen, who used actual metal salt solutions, and other authors who have mainly used

NaCl + HC1 solutions. Incidentally the concentrated metal salt solutions change with time

owing to slow substitution of Cl by OH when the solutions are made up with solid salts.

This is quite a complicated subject and has been studied by physical/inorganic chemists.

3-39 - mode of initiation. This looks like pitting.

3-40 - critical conditions for exhibiting passivity. The oxygen content and any cathodic

pretreatment will be important when the active dissolution peak is small. Some discussion

of this point may be useful.

Depassivation pH - there are at least two definitions in the literature. One relates to

spontaneous activation under open circuit; the other relates to an arbitrary size of active

peak in a scan conducted in de-aerated solution. Maybe they are the same; maybe not. Now

there appears to be a third definition - the absence of passivation in a scan. Some

clarification seems to be required here.

3-43 - independence of the depassivation pH on Cl- and temperature - this may or may not

be true of the one defined by Okayama, but I do not think it can be true of the one defined

by the present authors which appears to relate to a much stronger acid condition and is

defined quite differently.

High corrosion potentials above the critical pH - this is not surprising. Once the metal is

passive, and if the duration of the experiment is on the order of hours to days, the passive

current density is extremely low, in the range of nA/cm2, and only requires small traces of

oxygen for its maintenance.

Further discussion of depassivation pH on this page - this also confuses at least two
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different definitions.

Absence of an active peak for 304LSS at 95C - this might be because the pitting potential
(or breakdown potential for a site at the edge of the mounting material) is lower than the
active peak potential in the presence of a considerable and inhomogeneous IR potential

drop affecting the latter. If there was no IR drop .1 think a peak would always be observed
unless there was no passivation at all.

Generation of nitrate and nitrite by radiolysis - this statement is clearer than those on 2-7
and 2-8 with regard to the irrelevance of nitrate in bulk water.

3-43/44 - effect of nitrate. I thought the work of Ajjawi (ref. 38) was one of the better
attempts to explore the mechanism. We showed that nitrate only affected pitting when a salt
film was present, and introduced passivation under the salt film enhancing a tendency that
was already present in plain chloride solutions.

Nitrate not expected to migrate into the pit - why??

3-44 - corrosion potential values. This is a major point for discussion. It is hard to believe
that the corrosion potentials presented are steady-state values, and not enough detail is given
to enable the reader to judge how high they could go with time. Clearly this is a critical
issue related to prediction of localized corrosion.

3-45 - Tsujikawa work. I don't think they claimed that ER,,, was independent of crevice
geometry and extent of growth from a crevice of particular geometry. There is a distinction.

3-46 - repassivation potential data. Some effort should go into simple modeling, along
'Galvele' or Fickian lines, to account for these results. I plan to bring some calculations to
the workshop.

3-46 - size of crevice sites - see comment on 3-2.
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Geometry of crevice attack - clearly there are differences from the large crevice chemistry

assemblies. There is a clear indication that corrosion in the multi-element washer crevices

is more pit-like. Some discussion of this point would be helpful.

3-47 - fast scan rate versus chemistry changes. Clearly the use of a fast scan rate will

underestimate ER and will do so more severely (perhaps) for deep crevices.

Relationship between pit and crevice geometry - I suppose the main difference is that pits

can always be understood with a one-dimensional model (albeit with a cap over the pit

mouth in some cases), whereas a crevice has a wall that is closer to or further from the bulk

solution depending on location.

Work of Okayama - there was nothing invalid about using HC1 to initiate the crevice attack

prior to determination of the repassivation potential. Initiation is another matter, and I agree

that initiation of crevice corrosion in C-22 and similar alloys is highly unlikely or

impossible.

Pitting initiation as a balance between generation and repassivation of nuclei - I very much

agree. Do not use initiation models based on passive film properties!

3-48 - dependence of pit nucleation rate on potential in the work of Williams. This

statement is not quite correct. The value of X was roughly independent of potential above

a certain value.

Similarity of En to Ep for long-term experiments - this may be true in susceptible alloys but

cannot be generally true for reasons given earlier.

3-49 - crevice corrosion models. For reasons already given, I think a major model for the

initiation of crevice corrosion is the stabilization of metastable pitting. To omit this model

does not reflect current opinion among those working in the field.

3-50 - this is a good discussion.
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Open-circuit potential after repassivation of crevice corrosion and possible role of

molybdate - I do not believe this. Why should molybdate be produced during crevice

corrosion? The potential required to generate molybdate is quite clear from polarization

curves of high-Mo alloys, and is very high in an acidic solution.

The reference to Mo(IV) on the next page seems inconsistent. Should this be Mo(VI)?

3-53 - the model of Okada is presumably applied to the critical solution condition (e.g. pH)

required for repassivation. The statement that the model of Gaudet et al. is a 'variant' of

Okada's theory is puzzling. Gaudet et al. studied the coupling between dissolution, diffusion

and passivation without reference to why a critical solution was required for repassivation.

3-54 - need for independent analyses of chloride, etc., inside pits. I suppose this is true if

there is complexation that changes the distribution of free and bound chloride. But the

analyses of Gaudet et al. were mainly related to the cation concentration at the pit bottom

and the consequent kinetics of the metal. An interesting paper is Mass transport and

chloride ion complexes in occluded cells, by T. Tsuru, K. Hashimoto, A. Nishikata and S.

Haruyama, in Materials Science Forum, vols. 44-45, p 289, Trans Tech, Zurich (1989).

3-54 - corrosion potential at 95C - I do not believe -280 mV is a steady-state value.

Laliberte and Garner - temperature should be quoted (60C?).

3-55 - crevice corrosion on C-276 reported by Kain. This was a very significant result as

it showed that short-term tests showing immunity were not necessarily relevant to long-term

perormance with tight crevices.

Microbially enhanced cathodic reduction of oxygen - this is probably hydrogen peroxide

formation (see later).

Observations of Postlethwaite - observation after a cyclic potentiodynamic test is not very

meaningful.
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Observations of Okayama - worth mentioning again that initiation was artificially stimulated

using HCl solution.

Lower E rp for alloy 625 than 825 - very odd. Maybe this reflects the longer propagation

time owing to the higher pitting potential, or maybe the Cr content influences the Ep.

4-1 - contradictory results for SSRT of austenitic stainless steels in hot chloride solutions.

This is mainly because of lack of consideration of the localized corrosion process required

for crack initiation.

Usually such a review starts with reference to the 'Copson curve' showing SCC of

austenitic stainless steels as a function of nickel content, using boiling MgCl2 solution. I

still think this is worth a mention in relation to the resistance of 825.

SCC occurrence above Erc,, - worthwhile to mention that there is a range of potential for

SCC. Above a certain potential there is only localized corrosion. This is because the

corrosion is now propagating faster than the crack.

4-2 - O-ring used for creviced SCC tests. Details should be given.

4-4 - use of thiosulfate. Apart from the fact that it gives nice cracking, some rationalization

of the practical relevance of thiosulfate addition should be given. I suppose it can be present

in crevices owing to the dissolution of MnS inclusions, but this is less likely for alloy 825

than for 304 or 316.

4-5 - lack of SCC initiated from pits. This would depend on the depth of the pit, according

to the Tsujikawa concept. The key factor is the pit propagation rate which has to be less

than the cracking rate. A deep pit has a lower propagation rate.

4-6 - extension rate too high for SCC. I agree, based on Suleiman's work (ref. 100).

4-7 - rationale for thiosulfate addition, based on Lott and Alkire. This would have to be a

U
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uniform thiosulfate concentration in the crevice. One could not appeal to some localized
concentration near an inclusion.

Concentrations of thiosulfate selected - in our work (see refs), it was shown that the most

severe condition always corresponded to a certain ratio of chloride to thiosulfate. This ratio
using molar concentrations, was about 17 for 304SS.

Lack of SCC at potentials 280 mV above the OCP - not surprising as thiosulfate tends to
activate localized corrosion at relatively low potentials.

4-7 - SCC in chloride/thiosulfate solutions. I have personally witnessed very easy SCC in

Shibata's lab at Osaka University. Some of this work was published in the proceedings of
Stainless Steels '91 (pub. ISIJ, Tokyo) by Fujimoto and Shibata.

4-7 - lack of SCC in creviced SSRT tests. I am surprised no SCC was observed with
thiosulfate present, as Suleiman had little trouble obtaining SCC under similar conditions
(ref. 100). Probably the current of 1-3 gA was too low.

4-8 - proportion of intergranular cracking. The original work on this subject was by Russell
and Tromans (Metall. Trans. A, 10A, 1229 (1979) and 12A, 613 (1981) and Can. Metall.

Q., 19, 161 (1980)). They showed that intergranular SCC was systematically increased by
increasing K and by increasing cold work in unstable austenites. Thiosulfate also promotes
intergranular SCC as shown by Fujimoto and Shibata, and by Suleiman.

The data in this section (SCC in concentrated chloride solutions) are not particularly
original.

4-11 - lack of SCC even in concentrated chlorides at 95C. This shows very clearly that a

crevice would be needed. SCC in such an environment is very easy with a crevice.

Use of galvanostatic tests to control the potential in the 'passive range'. Unless the current
densities were in the range of nA/cm2 , or unless the potential rose to the transpassive
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region, this is not possible. The passive current density always drops too low for a

galvanostatic test to hold the potential without any localized corrosion or other source of

extra current.

Tests in chloride/thiosulfate solutions - now reasonably consistent with Fujimoto and

Shibata mentioned earlier.

4-15 - SCC at or above the vapor line. This is a rather uncontrolled result and I suppose

is mostly due to concentration effects.

4-19 - dominate in line 4 should read dominant.

The double U-bend results are important. More discussion on the nature of the cracking

would be helpful.

4-19 - SCC of 825 alloy in MgCl2 solution. This is an important result in so far as it shows

there is no immunity (though already known from the time of Copson). The micrograph on

page 4-22 suggests that more cracking would have been obtained at a slower strain rate.

4-20 - SCC of creviced specimens in concentrated solutions with thiosulfate. I am surprised

no SCC was reported without thiosulfate as we found it rather easy to obtain.

4-21 - absence of SCC below E p - this appears to be a definitive result and agrees with

Japanese work.

4-23 - effect of Mo in promoting IGSCC. I doubt this is due simply to increased corrosion

resistance, though this is certainly a sensible hypothesis as it parallels other examples - for

example, brass in tarnishing and non-tarnishing ammonia.

4-24 - Lack of SCC from pits - not surprising at 95C as the pits grow too fast compared

with the cracks.
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SCC with thiosulfate - I repeat that Shibata's group obtain very easy SCC.

4-25 - reasons for SCC observed by Tamaki et al. We too have had trouble reproducing the

exact results of Tamaki et al. However we would not blame the carbon content; rather the

overall alloy composition including S and P (I am certain this alloy was chosen for its high

susceptibility), and the way the crevice was formed and initiated by potentiostatic

polarization prior to SCC testing. It has to be said their fractography was unconvincing and

there is always much localized corrosion that can be hard to distinguish from SCC.

4-26 - advantages of galvanostatic testing according to Suleiman and Newman. The main

advantage is not related to pitting. It is that the potential is automatically maintained just

above Erer,, however this may vary with time.

Explanation involving H2S for cracking at waterline - I have no evidence one way or the

other, but I doubt that this is true.

Differences between SSRT and constant deflection - the basis of comparison is unclear.

Cracking above the waterline cannot be compared with the SSRT behavior.

SCC below Erp in thiosulfate solutions. This is not really below Erp A peculiarity of
thiosulfate-catalyzed pitting, as shown by Newman et al. (ref. 2), is that when it occurs

at low potentials it is acutely sensitive to mechanical damage of the surface. It is quite

normal for an Erp value measured in a scan to be above the EP value measured with

scratching or straining. Another factor is that the lower the potential where pitting initiates,

the more efficiently the black cap of corrosion product forms over the pit (since this forms

partly by thiosulfate reduction) and the more stable is the pit (lower Erd.

4-27 - lack of SCC in 825 reported by Tsujikawa. This is very important. If he couldn't

crack it, no-one can.

4-28 - Crack propagation rates need to be measured in 825.
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5-1 - The possibility of sigma-phase in 825 is interesting. In my lab we have shown that

a sputter-deposited alloy will, if it is susceptible to formation of undesirable phases, show

100% chi phase or sigma phase at some level of substrate temperature or ion-assisting

energy.

5-2 - inclusions in 825 microstructure. This is relevant to pitting and should be linked to

that chapter.

5-3 - measurement of sensitization. I suppose there was a metallographic element as well

as electrochemical.

5-10 - I have done work on 6000-series Al alloys in which a galvanostatic test proved to

be very good for detecting susceptibility to intergranular corrosion. Whereas a pit needs an

increasing current to remain stable, an intergranular fissure (or crevice) can survive with

a constant or even decreasing current. Thus galvanostatic testing tends to emphasize

intergranular corrosion at the expense of pitting, especially at low currents.

5-13 and similar data - I assume these are single tests. If any of the figures like this refer

to multiple tests at each condition, this should be mentioned.

5-18 - dissolution of Cr carbides by Cr(VI). I am sure this is true, but I do not understand

it. What do they dissolve as?

5-22 - amount of cold-work in a U-bend. Unless this is made from a tube by the van

Rooyen method, this is very small and unlikely to affect sensitization significantly.

6-3 - this is a good review of MIC, but tends to understate the differences between mild

steel and stainless steel corrosion mechanisms, and between MWC of stainless steel and

normal localized corrosion of stainless steel.

6-3 - depletion of cathodic reactant enhancing anodic dissolution under the biofilm. This

is more of a mild-steel corrosion mechanism. Oxygen depletion is not particularly important
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in localized corrosion of stainless steel, as the conditions required for initiation are so

extreme that they swamp any OH- from oxygen reduction.

Role of SRB - this is often assumed, but the membrane activity of the biofilm can be just

as, or more, important (see ref. 89).

Existence of a threshold potential - this was already demonstrated in the literature (Webster

and others). MIC of stainless steel is just a catalyzed form of localized corrosion.

6-4 - effect of thiobacillus. Surely this is due to the great enhancement of hydrogen

evolution as cathodic reaction. The oxide film is destabilized long before the pH reaches

these low values.

Oxidation of passivating or protective Fe(II) films by Thiobacillus ferrooxidans as a

promotion of corrosion - since protective films on iron are normally Fe(II) compounds, this

may be incorrect. The membrane or crevice effect of Fe(III) hydroxide (N. Sato, Corros.

Sci., 27, 421 (1987)) must be more important.

6-5 - protective Fe sulfides. Mackinawite can be highly unprotective. In my opinion the

protectivity is determined by non-structural factors, such as the surface H2S concentration

at which precipitation occurs (see ref. L9).

Formation of Fe sulfides via oxides or hydroxides - I suppose this means when sulfide is

introduced after forming the oxide or hydroxide. Barbara Webster certainly saw this and

it would be interesting to study.

'Little work has been done on MuC of mild steel under low water potentials' - I thought

most of the work had been done under such conditions.

6-5/6-6 - hydrogen embrittlement induced by SRB. I do not see how this can be ascribed

to direct effects of the bacteria rather than the well-known effect of dissolved sulfide.
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Underestimation of corrosion rates compared with the field - one reason for this, in the case

of anaerobic bacteria, is that field failures oftn involve remote reduction of oxygen driving

local anaerobic corrosion sites. This is mentioned elsewhere in the review.

6-6/6-7 - effect of Gallionella. I have already mentioned the membrane effect of iron

hydroxides. Another possible effect of Gallionella is potential ennoblement. I do not believe

the Fe(III) and Mn effects would harm stainless steel (they might have some effect on mild

steel). See ref. 89.

6-7 - formation of thiosulfate from sulfide. This certainly does not happen by reaction with

sulfate. It happens by reaction with oxygen, and can be catalyzed for example by Ni2+.

Pitting of SS as a sulfide-catalyzed dissolution - this was indeed the mechanism given by

Webster, but I think we were under the illusion that we needed something to replace the

perfectly good thiosulfate theory of ref. 37! In fact sulfide is remarkably bad at catalyzing

corrosion sites of any depth, as it gets depleted at the corrosion front - ref. (30). I now

believe the thiosulfate theory is the most promising, but that in many cases the membrane

effect of Fe(OH)3 is capable of doing the job without reduced sulfur.

Trapping by a biofilm of aggressive species - not really relevant to stainless steel, unless

the species are sulfide and chloride.

High chloride concentrations inside established tubercles - this could be electromigration

due to corrosion. The onus is on the biologist to show it is something more exotic!

Effect of chloride ions on the passive film - Fan and Bard is a weak reference for this

specific point.

EPS - this is interesting and well-discussed.

6-8 - organic acids produced by bacteria. These are not relevant for stainless steels, unless
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as inhibiting agents.

'Undefined change in electrochemical response..' - I do not know what this means.

Prevention of passivation by a slime layer - not directly relevant to stainless steel.

MIC at welds - I always get annoyed when I read about this. These welds are more
susceptible to normal pitting, owing to local Cr depletion, so why should they not be more
susceptible to MIC which is a form of pitting?

Selective attack of phases - it is well known that this can vary depending on the potential

and the depth of the pit. Where both phases are dissolving, ferrite is the more rapidly

dissolved owing to its lower Ni content, but ferrite is easier to passivate so may be left

behind as in pitting of duplex steels in FeCl3.

MIC of Ni based alloys - a general point worth making is that sulfur activates the corrosion

of nickel in particular.

6-9 - residue of alloy 400 corrosion. I suppose this is a de-alloying process leaving metallic

copper.

Slower SRB activity on alloy 400 than on steel - maybe this is some toxic effect of Cu.

6-10 - work of Gouda et al. If the SRB cultures were de-oxygenated, I am surprised there
was any corrosion of alloy 400. Probably this is one of many studies showing minute attack

in the lab extrapolated to massive attack in the field.

Work of Brennenstuhl et al. - a very good paper not mentioned was in the proceedings of

the UMIST conference - Corros. Sci., 35, 699 (1993). In this paper they identified

thiosulfate pitting as the most likely cause of the failures (I am not sure I agree with this

but the work was impressive).
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6-11 - Brennenstuhl (continued) - there is a hint here (probably deriving from the early

papers from Ontario Hydro) that a low corrosion potential is bad in itself. This is definitely

wrong. The corrosion is of the pitting type and is favored by more oxidizing potentials.

There is no active loop in neutral solutions.

Chloride ions likely to be involved in passivity breakdown - they must be involved. Ezuber

showed (ref. 45) that only alloys free of Mo would pit in sulfate/thiosulfate solutions. Even

316SS required chloride.

Results of Dexter et al. on relative effects of natural and synthetic seawater - this is quite

confusing and if taken out of context could imply there is no general effect operating. All

passive materials have been shown to initiate corrosion more easily in natural seawater

owing to the high potential. If corrosion is measured by counting crevice sites then incorrect

conclusions could be drawn.

Last paragraph on MIC - I do not like this as we are dealing here with stainless steel where

the MIC mechanism is an enhanced form of the normal corrosion mechanism (pitting,

underdeposit corrosion). It is important not to place MIC out on its own - otherwise we get

strange controversies like the one about bacteria preferring welds.

No in-depth studies of alloy 825 - not entirely true. I recommend obtaining the more recent

work from Ontario Hydro and AECL, if it is available.

6-12 - resistance of Ti to MIC. This is quite natural if one regards MIC as a corrosion

process modified by the chemical species produced by the bacteria. Obviously these cannot

harm titanium.

6-12 - Ennoblement. I have strong views on this subject, which may be summarized as

follows:

1. The Dexter hypothesis that ennoblement is due to hydrogen peroxide could be one

of the major advances in corrosion science within the last decade. It is not to be dismissed
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lightly.

2. Experiments on noble metals and corrosion-resistant stainless steels are essential for

a proper interpretation of the phenomenon.

6-12 - work of Dexter and Gao. Some of these samples are corroding and consequently will

have depressed potentials. Without some other kind of monitoring (e.g. coupled-electrode

ZRA) we cannot tell.

6-13 - (and elsewhere) - units needed in the figure.

Work of Mollica - the corrosion potential can remain negative if corrosion is occurring. A

corrosion-resistant alloy must be included to see the full ennoblement effect. Similar

potentials are possible for two alloys: one passive (no ennoblement) and the other corroding

with (or following) ennoblement.

6-14 - explanation of Mollica et al. If ennoblement is due to peroxide as suggested by

Dexter, this would certainly react with azide.

6-15 - 'ennoblement' seen by Little et al. By using the term to describe the simple rise in

corrosion potential in aerated NaCl (really the baseline) this causes confusion. I would

define ennoblement as any increase above this baseline, where no localized corrosion is

occurring.

6-16 - Chandrasekaran and Dexter. Having read their papers, and now this account, I am

less certain that they have found the mechanism of ennoblement. Of course most of their

ennoblement studies using additions of peroxide were done on platinum and the results on

stainless steel were less conclusive. But I have seen data at the 5 mM peroxide level in

other contexts (irradiation of water) that gave corrosion potentials of about 300 mV (SCE).

I would expect this potential to be achieved in the marine system, other things being equal.

I suppose I am saying that the explanation of Dexter just feels right!
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Work of Dickinson - I don't think this addresses the issue of peroxide one way or the other.

The level of ennoblement is the point. Anything below 150 mV (SCE) could just be normal

oxygen reduction.

6-17 - work of Peterson and Taylor. If the potential drops to -300 mV, corrosion may or

may not be occurring; a low Rp could be due to some redox process.

Work of Feron - obviously adding this much sulfide will cause the potential to drop, if only

because it consumes oxygen.

Electrochemical anomalies - correctly points out that you need to know whether corrosion

is occurring or not. There seems to be a lot of scope for coupled electrode studies.

6-18 - effect of biofilms on the pitting potential. The Little data are different from those of

other investigators going back as far as Uhlig. Neither do I understand what the relevance

of the Pourbaix diagram is to this result. If there is an effect of pH on the pitting potential

it is to do with the dissolution of MnS inclusions. Pit propagation does not sense the bulk

pH at these levels, as the pit pH is about zero, Cl- about 8 molar.

Conclusions - sulfate cannot be reduced. Maybe this means formation.

7.1 - hydrogen effects. I have recently reviewed this subject for a major oil company in

relation to deep-sea, high-temperature facilities, so I am fairly knowledgable in this area

despite lack of publications.

7-2 - galvanic currents. If these are with oxygen present it is not easy to judge how much

hydrogen is being produced, unless hydrogen evolution is the main cathodic reaction.

Long-term embrittlement at low charging currents - needs a reference.

7-3 - result of Turnbull and following discussion. I suppose this is before any corrosion

starts. The potential will be lower and more hydrogen generated when there is corrosion.
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Radiolysis - this is a good discussion and would have belonged better in the localized

corrosion section.

7-4 - necessity of examining radiolytic hydrogen effects in crevice environments - I predict

this will not be very interesting or important.

7-5 - the fact that austenite is very resistant to hydrogen embrittlement, especially when it

is stable against martensite transformation and has no ordering reactions or precipitation,

needs to be made early on.

Work of Sridhar and Kane - I suppose this was slow strain rate testing of pre-charged

samples. There is a problem here which is that in some materials a hydrogen effect is seen

but only at the very end of the SSRT, after necking. There is not a single parameter that

can identify the susceptibility from this kind of test.

7-6 - the point that increased temperature greatly reduces hydrogen effects, especially in

austenite, needs to be made more strongly and clearly. I like the old work of G.R. Caskey

from Savannah River.

7-9 - the exit-surface treatment is very important and most investigators plot the permeation

current (steady-state value) against the reciprocal of the foil thickness. If this is a straight

line then one normally concludes that oxidation is efficient on the exit surface. Maybe this

was done and not reported.

The results are analyzed in terms of effective diffusivity. A few words on trapping would

be helpful.

7-10 - I suppose the effect of exit-surface potential was studied and the value selected was

in a region where the permeation current did not depend on the choice of potential. Again

this important detail is not mentioned.

7-14 - the control tests appear to have been done in the solution, not in a reference inert
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environment. This is probably OK in this case but risky in general.

Diffusivity of H in Fe - this is affected by metallurgy (purity, carbides, dislocations).

7-15 - effect of ordering. This is important at 95C. As I recall, most disordered fcc solid

solutions have stopped cracking by 95C but the ordered ones will crack at (somewhat)

higher temperatures.

Hydrogen Affinity Index - I agree this is a dangerous though interesting concept.

8-2 - summary and recommendations. this is generally very well written.

8-2 - E rp versus log Cl - I would not have said the relationship was linear.

Effect of hydrogen peroxide - mentioned here but not much in the relevant chapter.

Mild oxidizing conditions at -300 mV - to say the least! This cannot be a steady-state

potential.

E p for pitting and crevice corrosion - I assume this means deep pits.

Should mention Boehni model.

8-4 - SCC results. I feel that the issue of creviced SCC tests has not been resolved yet. The

Japanese have green fingers when it comes to this kind of test, but they may be right and

we wrong. They were right about crevice corrosion of titanium being possible at much

lower temperatures than believed by the Timet group.

8-5 - MIC. The links with conventional localized corrosion are not made. I disagree with

this approach while seeing its utility at the time the work was done. Some text on this point

would be helpful.
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8-6 - ennoblement as a factor in the waste package corrosion. While the temperature is high

there will be no microbial action, so I suppose this means at a later stage. I agree that E.,

is very important but I feel that the time variation independent of MIC needs to be

addressed first.

The long-term evolution of Ec., should be highlighted as a priority independent of MIC.

8-7 - the first paragraph is important. It emphasizes that EcorT needs to be known.

Effect of iron corrosion products on corrosion of stainless steel - important (see ref. A).

8-8 - I agree with most of this program. I wonder how relevant thiosulfate is, but I like the
idea of keeping it in the program.
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Numbering of points is incorrect.Page 2:

Page 19: 6-3
to

Page 20: 6-4

Page 25: 6-16

This comment should read: This is a good review of MIC, but tends
understate the differences between mild steel and stainless steel
corrosion mechanisms, and to overstate the difference between MIC of
stainless steel and normal localized corrosion of stainless steel.

Should read: ... since protective films on iron are normally Fe(III)
compounds ...

This comment is incorrect since the text states that potentials of up to
350 mV were reported by Dickinson. The issue of peroxide remains
unresolved, to say the least.
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3 LOCALIZED CORROSION

Points of Clarification (missing information. aMarent contradictions. apparent errors. etc.)

3.2 Experimental Approach

- The microstructures and surface conditions of the alloys used should be described
in this report. The authors reference another report, but this does not help the reader to
understand the corrosion results in the context of composition and microstructure.

- p. 3-2: The scan rate was not given for the CPP tests described in chapter 3.2.2.
- p. 3-2: The determination of Ep and Erp from the CPP test was not described.

The CPP test does not directly result in these values, rather measurements are used to
determine the values. The procedure for doing so along with a discussion of its validity
and uncertainty was not presented.

- p. 3-4: In what cases was a graphite rod used as a counter electrode and why?

3.3 Results

- p. 3-17, first pph: It is stated that the Erp and the Ercrev values determined in
repassivation potential tests and shown in Fig. 3-9 are as much as 250 mV lower than the
repassivation potentials measured in CPP tests. As I read the data from Figs. 3-9 and 3-
10, Erp and Ercrev range between -50 and -100 mVSCE. The results of CPP tests on alloy
825 are given in Fig. 3.5 and for the same Cl- concentration, give a value of -50 mVSCE
for Erp, the same as that in Figs. 3-9 and 3-10! Where is the difference?

- p. 3-17: In the second full pph., it is stated that for pitted specimens, the area
of the corroded region was assumed to be twice the pit area fraction multiplied by the total
specimen area. It was not explained why tmice the pit area fraction was used?

- p. 3-20: Little or no background or explanation is given on the nature of the
Cr surface depletion phenomenon in mill-finished specimens. Some information on the
origin of this effect and the technique used to characterize and quantify it would be very
helpful.

- p. 3-22: There are two apparent contradictions in the first two full paragraphs
on p. 3-22 and they pertain to the discussion at the ends of the paragraphs and to the data in
Fig. 3-14. The discussion at the end of the first pph. indicates that uniform corrosion is the
observed mode of degradation in the Cr-depleted surface while pitting occurs at higher Cr
concentrations, in agreement with Fig. 3-14. However, the end of the second pph.
contains a statement that says that at 300 mVSCE and a Cr concentration of 17 percent, pits
were not present. This contradicts Fig. 3-14. It is later stated that polarization of 15
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percent Cr material at higher potentials results in low uniform corrosion and localized

attack, also in contradiction with the earlier discussion and Fig. 3-14. However, there is a

reference injected here. Is this a conclusion from the reference or a conclusion of the

authors of this report? This is also not clear.

- p. 3-28: Results of crevice experiments are reported in mVsH while the

discussion on CPP and potentiostatic experiments were reported in mVSCE. This is

confusing.

Substantive Comments

Assumptions

Pit reactivation: By selection of experiments to measure passivation and repassivation

potentials, the authors have made the implicit assumption that reactivation of pits will not

occur below Erp. However, reactivation of pits is probably a more serious concern in this

application since, over the relevant time period, the probability of initiation of pits is high,

as is the probability of repassivation (at least temporarily). Therefore, one potential

scenario is the reactivation of pits which have repassivated. In fact, if pitting occurred early

enough in life, reactivation would be a concern for virtually 100% of the life of the

container. A useful set of experiments would be to study the process of pit reactivation as a

function of parameters which are expected to vary from pit-to-pit, such as depth, aspect

ratio and amount and nature of deposit. Of concern here is the magnitude of the potential to

reactivate and propagate dormant pits (crevices) and the degree to which the crack tip

chemistry becomes isolated from the bulk chemistry. Further, the question should be

addressed whether it is possible to enter into an autocatalytic condition where pit

propagation is no longer self-limiting.

Methodology and Procedures

Potentiostatic tests: Long term potentiostatic tests were conducted to determine the validity

of Erp as determined by short term, stepwise decreasing potential tests. Why was only a

single Cl- concentration selected, Fig. 3-11? Why not vary the potential and Cl-

concentration to trace out the Erp curve in Fig. 3-5 and 3-6? Also, why didn't the authors

verify the Ep determined by CPP as well? These tests were done in a closed system. Was
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the pH monitored for the duration of the test to verify the consistency of aggressiveness of
the test solution? Also, the authors should clearly describe the visible signs of corrosion.

CPP tests: A point which has added to much confusion in understanding the results of
this section is the lack of any explanation of how Erp was measured in CPP tests. The

measurement of Erp in CPP tests is referred to numerous times in this and succeeding
chapters, but there is no description of how Erp is determined from a CPP test. Further, no
raw data is shown. The results are presented for the first time in Fig. 3-5 with no
explanation of their origin. This is a serious omission which needs to be clarified.

Pit reinitiation: It seems that a key concern with long term storage should be the reinitiation
of dormant localized corrosion sites, or reinitiation of passivated pits. Why was this not

included in the study? Where will pit reinitiation occur? Above Ep? Above Erp but below
Ep? Below Erp? This is an important question that needs to be addressed.

Effect of T: The authors chose not to investigate the effect of T in the factorial experiment
for 316L SS. This is a potentially serious omission as it is unlikely that there is a great

degree of certainty over the expected temperature of the repository. In that regard, a
knowledge of the dependence on temperature is important. The dependence of pitting and
crevice corrosion on temperature is also important in the context of its effect on SCC, as
discovered in chapter 4.

Alloy C-22: The authors found that the CPP test technique was not suitable for
investigating localized corrosion parameters of alloy C-22. Why weren't repassivation
tests under potentiostatic conditions tried. Arresting growing pits under very slowly
varying (or nearly constant) conditions would seem like a reasonable simulation of
repository conditions.

Application

Visual ratings: There was no information provided on the meaning and distinctions
between visual ratings. These can be highly subjective. Without presentation of examples
of what constitutes each visual rating, there is no way to evaluate the usefulness of this
parameter. Examples of each visual rating should be included in this report.
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Thermal aging: What is the effect of thermal aging on the passive film and why should

such an aging treatment influence corrosion behavior? This question was not addressed in

the discussion. However, it may be extremely important since in repository applications,

these containers may be expected to see highly variable histories prior to final placement,

and the condition of the surface may vary greatly from one container to another. Handling

of the container, the thermal history, the emplacement process all can significantly affect the

surface finish in terms of roughness and condition of the oxide film. As such, it is

necessary to develop an understanding of the role of surface roughness, cold work and the

nature of the oxide film on the subsequent corrosion behavior.

304L vs. 316L: Why were crevice experiments and experiments in a simulated pit solution

not conducted on 316L SS in a more complete and complimentary manner to alloy 825?

Since section 4 treats both 316 and 825, it would be nice to have a full compliment of data.

Further, it is expected that 304 is less resistant to pitting and crevice corrosion so its

selection for study seems hard to justify.

Check on Erp measurements: Cyclic potentiodynamic polarization measurements have been

used to measure repassivation potential in a simulated crevice or pit environment. A check

on the repassivation potentials or crevice corrosion, Eaves, measured by the stepwise

decreasing potential tests is the value obtained from the CPP test. The relevant value is the

potential at which the reverse scan crosses the forward scan, usually in the passive region.

From the graphs in Fig. 3-27, this appears to occur between -100 and -150 mVSCE, and

can be compared with a value of -100 obtained for stable crevice corrosion in Figs. 3-9 and

3-10. This lends additional support for the values of Ercrev determined by the stepwise

decreasing potential test. This point may have been intended to be obvious by the authors,

but the lack of a description of the determination of Erp from CPP tests causes confusion.

Results - Uncertainty and Consequences

Visual ratings and LCI: There is no indication of the sensitivity of the LCI rating to the

visual rating. This is a major problem and undercuts the significance of the LCI parameter.

Basically, the visual rating is a key ingredient in the LCI parameter and it is completely

qualitative. Yet the accuracy of the LCI is quantitatively determined in terms of a 95%

confidence interval. How then can a qualitative input parameter contribute to an output

variable with a quantitative confidence interval?
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Shape of Erp curve for alloy 825: The Dependence of Erp on Cl- concentration is not
smoothly varying even on a semi-log scale, Fig. 3-5. This is troublesome in that it
suggests a complicated functional dependence on Ct- concentration and hence, multiple
mechanisms. Do the authors have any explanation for the shape of this curve?

pH/potential vs. current: The authors discuss the significance of the causal relationship
between changes in pH or potential inside the pit/crevice and changes in current. They
argue that changes in pH/potential must precede an increase in current even though their
data indicates the reverse. The authors argued that while current changes can be detected
virtually instantaneously, the potential drop is dependent on the relation between the
location of the initiation site and the reference electrode. This also applies to the detection
of the crevice chemistry. This argument is strengthened by the observation and support of
the argument that crevice corrosion initiation proceeds by pitting which is a stochastic
process and involves multiple, spread out initiation sites. While this is a reasonable
argument and adequately explains the apparent reversal in the causality of current and
potential/pH, it undermines the objective of determining the relationship of chemistry
changes in crevices to initiation and repassivation. In this regard, it would seem like a set
of experiments of the nature given in Figs. 3-32 and 3-33 would be of much use in
providing a relationship between the applied potential, the spatial distribution of pitting and
the temporal element, thus allowing the extrapolation to significantly longer times. A set of
experiments on 316L SS and alloy 825 such as these should be considered.

Alternate Interpretations

LCI index: The authors need to more fully explain the dependencies of the resulting LCI
index for alloy 825. For example, why should the product of the Cl- and NO3 -
concentrations have a coefficient that is the same magnitude as that for Cl- and NO3- alone,
but of the same sign as for N03- and opposite that for Cl-? Simple reasoning suggests that
if the coefficients are of the same size but of opposite sign for Cl and N03, then the
combination of the two should essentially offset each other. This is contrary to the size of
the coefficient in eqn. 3-3.

Corrosion at 0 mVSCE: On p. 3-19, it was stated that the results of long-term potentiostatic
tests have shown that localized corrosion did not occur at 0 mVSCE (a potential 100 mV
lower than the Erp measured in CPP tests) over a cumulative test time of 18 mo. According
to Figs. 3-5 and 3-12, this point (0 mVSCE, 1000 ppm Ci-) falls almost precisely on the
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point from the CPP test! It is not 100 mV lower than the Erp measured in the CPP test.

Further, it is a single point in potential-concentration space and by itself is inconclusive.

Surface finish: The discussion of the effect of cold work and surface finish draws a

distinction between the two entities. However, the surface finish is closely related to the

level of cold work. It is not surprising that Ep is strongly dependent on the surface finish

more than the cold work. It is the deformation at the specimen surface which will dominate

the corrosion behavior, not that in the bulk. As such, if the deformation due to the surface

finish dominates that due to bulk cold work, then the observed dependencies make sense.

Similarly, it is not surprising that Erp does not depend on either measure of cold work since

if it is truly a measure of repassivation of existing localized corrosion sites, then it will

depend only on the pitted surface, not the original surface. That is, the effect of the surface

has already been incorporated into Ep. Results may be much different still on an

electrochemically polished surface where all cold work has been removed.

Validity of Conclusions

Extrapolation: There is a conspicuous absence of an effort to address the extrapolation of

short-term results to the long-term application in a repository. Although the time scales are

beyond what can be achieved in a laboratory, long term immersion experiments under

controlled potential and controlled environment (flowing system) conditions would provide

an indication whether the CPP tests or other short time-scale tests are relevant on longer

(yearly) time scales. The only data approaching this type of results is given in Figs. 3-11

through 3-13 which is a nice presentation of repassivation time. However, to compliment

this data, pitting and crevice corrosion experiments on smooth samples in a controlled

environment as a function of applied potential would substantiate Ep and also the relation

between Ep and Erp.

Release path: Another KTU which was not addressed was item 3 (i) on p. 1-2 involving a

characterization of release path parameters on environmental effects. If such containers are

to be built, they will have substantial thickness (several cm). Thus, penetration by pitting

will require similar pit depths. It appears that the deepest pits in this study are on the order

of 1 mm. It would be very relevant to study deeper pits to see if reactivation behavior

changes for pits greater than 1 mm. In particular, it would be interesting to find the pit

depth at which changes in the bulk solution conditions no longer affect repassivation or

reactivation. Clearly, as important as repassivation is reactivation.
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4 STRESS CORROSION CRACKING

Points of Clarification (missing information. apparent contradictions, parent errors. etc.)

* Table D-4: There is no condition "e" identified in the table.

* 4.2 Experimental
- p. 4-2: Schematic of sample designs should be shown - all three conditions -

smooth bar, notched bar and artificial crevice.
- p. 4-3: Schematic of SSRT experiment should be shown.
- p.4-3, Second pph from bottom of page: In the second line, to what does "All"

refer? I see mention of only one double anion.
- p.4-4: Schematic of U-bends and double U-bends should be shown.

4.3 Results

- p. 4-6, Figure 4-1 should include Ecagr (0.lM S203 2-) since it is discussed later.
- p. 4-19, top of page: The statement "no SCC was detected for the specimen heat

P80746 under open-circuit conditions" is contradicted by lines 6 & 7 in table D- 11.
- p. 4-19, second full pph: It should be clarified in the text that cracking in 825 is

transgranular.

- p.4-20, first full pph: What type of crevice is being described? A notch or the
artificial crevice?

- Figs 4-2 and 4-18: Since each group of data at a given Cl- concentration in each of
these figures was taken at a different temperature, the temperature should be marked on the
graph next to the data.

* Discussion
- p. 4-27, end of first full pph: Reference to Figure 4-18 is incorrect. It should be

Figure 4-19.

Susantve Comments

Assumptions

Test method and test duration: Little justification was provided for the selection of the SCC
test method and test duration. Since the key concern is integrity of a container over an
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extremely long time period, the test type needs to match the required application. While it

is impractical to contemplate tests lasting significant fractions of the intended life,

consideration does need to be paid to selection of tests which are not highly sensitive to the

time element. While the SSRT test is a commonly used screening test and has been

employed successfully in the assessment of SCC susceptibility for many alloys in many

applications, it does suffer from problems in that the relatively high strain rates often render

it insensitive to time-dependent phenomena which can influence material degradation. Even

strain rates in the 10-8 s-5 range are fast on the geologic time scales anticipated here. U-

bend tests are often better in this regard because they are designed to look at a much larger

time period. However, they suffer from the need to introduce high degrees of cold work,

often masking the sensitivity to smaller levels of surface deformation. A compromise is a

constant load or constant extension test. These tests combine elements of both the SSRT

and the U-bend. Further, effects of cold work, surface condition, etc., can be studied. In

particular, it seems that it would be of much interest to look at a loading scheme which is

characterized by a base load with intermittent load drops or excursions. This would

probably be a justifiable loading scheme from a point of view of the application and would

be a more severe test in that the intermittent loading can rupture oxides or dislodge pinned

dislocations, both of which are critical processes in the SCC mechanism. This test mode

allows more for capturing time dependent processes as well. As such, provisions for

longer term testing should be incorporated into this test plan.

Methodology and Procedures

Microsture: There is no information given on the microstructure or microchemistry of

any of the heats of materials used. Corrosion, and in particular, intergranular corrosion can

be extremely sensitive to microstructure, the phases present and local variations in

composition. In addition to the composition, a full characterization of microstructure,

phases analysis and grain boundary composition profiles should be conducted and

described in this chapter. Otherwise, there is no possibility of uncovering a microstructural

understanding of the SCC observations.

SSRT procedures: SSRT experiments were conducted over a fairly narrow range of

extension rates. In fact, a more accurate simulation may be either constant loading or

constant loading with intermittent plastic straining. There is abundant literature to show an

effect of strain rate over regimes that extend beyond that studied here. Since the application
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is to time scales of the order of 102 to 103 years, the SSRT extension rates should extend in
that direction as well.

Temperature effect: Although the temperature range over which SCC was studied was
quite narrow (950C to 120'C), there were some significant variations in elongation-to-
failure ratio over this range (fig. 4-11). Since increasing the temperature is also a means of
accelerating a test, it is puzzling why tests were not conducted at higher temperatures,
perhaps under pressurized conditions. Extrapolation of the curves in Fig. 4-11, shows that
the elongation reaches 0 around 160'C. Although the validity of this extrapolation is
admittedly debatable, this is the sort of interpretation to which this data is subject when
taken over such a narrow temperature range.

Use of a static system: On pp. 4-23 and 4-24, it is stated that the pH often rises from about
2.5 to 6 during the course of a test due to either generation of hydroxide or reduction of
either water or H+. This represents a less aggressive condition. This is an argument for
conducting these tests in a refreshed, or flowing system where the environmental
conditions are under better control. Perhaps a few key experiments should be repeated
under these conditions to determine the degree of conservatism in the static test results.

Application

Extrapolation: More needs to be done to address the extrapolation of short-term laboratory
tests to predict long-term performance. Common methods of acceleration include the use
of a more aggressive environment defined either in terms of the solution chemistry or the
temperature. A test program involving less concentrated environments at higher
temperatures could be used to help in the extrapolation to low temperatures at lower
solution concentrations. Long term, -5 yr, immersion tests with varying solution
composition and temperature could also be used in this same regard.

Release path: The KTJ on the prediction of release path parameters for failure by SCC vs.
localized corrosion (pitting or crevice corrosion) was not addressed.

Uncertainty of results and consequences

Knowledge of Ep and Erp: Results discussed on p. 4-24 and 4-25 on the occurrence of
pitting below the CPP-determined value of Ep for 316L SS implies that the value of Ep
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determined from potentiodynamic polarization experiments in section 3, may not be an

accurate representation of this value. Indeed, the conditions of the controlled potential

SSRT experiment represent more of a potentiostatic polarization experiment. The

consequences of a poorly known value of Ep is a poorly known Erp and therefore, an

erroneous assumption that Erp represents a conservative estimate of the lower bound on the

potential for SCC.

Pitting vs. SCC: In general, the SCC test results are plagued with the problem of pitting as

the dominant corrosion mode. In one sense, this is expected due to the fact that both

mechanisms rely on local breakdown of the passive film. However, this may be an

indication that it is unlikely that damage to the container will come from a single

degradation mode.

Alternate Interpretations / Validity of Conclusions

Heat variations: It was concluded that because SCC was observed on U-bend specimens

of both heats of 316L SS, that the differences between SSRT and U-bend tests are not the

result of heat to heat variations. This argument is valid assuming that there is only

"susceptible" and "non-susceptible" conditions and no level of variation between the two

extremes. If there is a variation in level of susceptibility, and there is a variation in the

degree of aggressiveness of the types of tests, then one could easily envision the case

where both heats would crack in the aggressive solution and either one or neither would

crack in the less aggressive test. Results on Alloy 600 have shown that the U-bend test is

indeed the more aggressive test.

Cracking mode: On p. 4-27, the authors state that the higher Ni content of alloy 825

combined with the higher levels of Cr and Mo makes this alloy far more resistant to SCC in

Cl-containing environments than any of the austenitic SSs. While the dependence of SCC

on Ni content is true in general, an additional factor is the mode of cracking. Cracking in

316L SS was dominated by intergranular cracking in the solution, cracking in 825 was

transgranular at the vapor-solution interface. These are very different degrees, modes and

locations of cracking. It is not clear how the increase in Ni content or in Mo and Cr

contents influence these different modes and locations. It also emphasizes the importance

of shifts in degradation mode with alloy composition. While cracking in 825 may be

construed as less severe, it is clearly more severe in the context of TGSCC and cracking

out of the aqueous solution.
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Location of cracking: Cracking in U-bends occurred predominantly if not exclusively
above the vapor/solution interface. The authors did not discuss the importance or
implications of this observation. If the repository conditions are such that a vapor phase is

expected to be present, then perhaps alloy 825 is the more susceptible alloy. Further, this
also seems like a more "attainable" repository condition since saturated solutions need not
be present for cracking to occur. There should be a more substantive discussion on the
potential mechanism of cracking under these conditions as opposed to immersion in a

saturated solution.
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5. MATERIALS STABILITY AND SENSTIATION

Points of Clarification (missing information, apparent contradictions, apparent errors. etc.)

5.2 Experimental Procedures

- p. 5-2, first full pph.: Alloy heats should be identified in micrographs shown in

Appendix E.

- p. 5-2, second full pph.: Microanalysis in TEM should be conducted to verify

the identity of cuboidal precipitates suspected to be titanium carbonitrides and small

precipitates suspected to be titanium/chromium carbides.

- p. 5.2, third full pph.: The combination of heat treatment temperatures and

times should be explicitly stated. Also, the heat-up time of 8-12 min. is larger than the time

at temperature for 0.1 hr (6 min.) and can result in ambiguous results if procedures are not

carefully followed.

- p. 5.4: The book by G. F. Knoll, Radiation Detection and Measurement, 2nd ed.,

John Wiley & Sons, 1989 contains an excellent description of the treatment of error

propagation. The method described in eqn. 5.2 does appear to be in agreement with the

standard error propagation formula described in this text.

5.3 Experimental Results

- p. 5-5: There should not be any reason to expect a difference between the two

methods of measuring corrosion rate as long as the individual segments are weighted

properly by their exposure time. Therefore, the inclusion of both "methods" is

unnecessary and could be confusing.

- p. 5-6: Figure 5-2 should be replotted with the ordinate on a more expanded scale

(say up to 40) to show small changes which are lost on this coarse scale. The condition

with the very large normalized corrosion rate can be indicated with an upward arrow.

- p. 5-7, first full pph: The authors should show micrographs of the surfaces of

samples after Standard Practice C testing to show pitting or evidence of other localized

corrosion.

5.4 Discussion

- p. 5-22, first full pph: In the third line, the "equivalent chromium depletion

width" was originally referred to as a "parameter" rather than a "width" since it incorporates

the effects of both width and depth.
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- p. 5-22, first full pph: Was an attempt make to correlate pitting with Erp as
suggested? Was pitting observed? Is Elp concept relevant to Cr depleted zones?

- p. 5-25, first full pph: The statement on the increase of the depleted zone
width with aging temperature should be modified to indicate that this is at a fixed heat
treatment time.

Substantive-Comments

Assumptions

Corrosion rates: The corrosion rates determined by Standard Practice C were referred to as
uniform dissolution or penetration rates. However, both this Practice and Practice D are
designed to preferentially attack chromium depleted zones or chromium carbides which are
very inhomogeneously distributed. Dissolution of the matrix in a nonpreferential manner
will occur, as does pitting. So this corrosion rate is most properly a measure of the total
dissolution rate which is probably dominated by localized corrosion at grain boundaries.

C solubility: It was mentioned on p. 5-20 that while the carbon solubility at 9800C is about
0.01 weight percent, it could be slightly smaller at lower temperatures. Carbon solubility is
a very sensitive function of temperature and in fact, varies exponentially with temperature:

C(I) a exp (-Q/RT).

As such, it should be expected that the solubility would decrease sharply with decreasing
temperatures.

Methodology and Procedures / Uncertainties in Results

The authors selected the correct tests to characterize the electrochemical behavior and the
intergranular corrosion susceptibility of these alloys. Unfortunately, none of the available
test methods provides a complete picture. The attempt to correlate the IG corrosion
behavior with the shape of the chromium depleted zone is also reasonable and appropriate.

One comparison that should be made is between results of Practice C and the measurement
of Em with a visual characterization of the attacked areas and also with the measured Cr
depletion profiles. It is commonly observed that the width of the attacked region around
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the grain boundaries is up to a factor of lOx wider than the measured FWHM of the Cr

depleted zone. One reason for this may be the increased concentration of Cr6+ in the

solution of the nitric acid test which then attacks areas that are nominally less susceptible

and of higher chromium concentration. As such, results of this test do not always correlate

well with measured Cr depleted zone volume, width or depth. A key element in any of

these tests which are designed to be sensitive to grain boundary Cr depletion is the

establishment of the actual volume of attacked material.

How many samples were tested in the various corrosion tests? Do the data presented in the

tables and figures represent the results of single samples or were multiple samples used?

The same question pertains to the chromium depletion zone determination? What were the

criteria used to select regions of grain boundaries for STEM microanalysis? How many

boundaries were used in the determination of the equivalent chromium depletion width

plotted in Figs. 5-18 and 5-19?

Alternate Interpretations

IG corrosion: The use of 0.3 mm/yr as a boundary between sensitized and

nonsensitized regions of the diagram is indeed arbitrary and irrelevant if it is not based on

the existence of IG corrosion. Instead of selecting a numerical value for the boundary, the

results of optical observations of IG corrosion should be used as well. However, these

were not shown in this report. The danger in using a purely numerical criterion without

consulting micrographs is that the number is insensitive to the corrosion mode and it may

be an indication of an increase in uniform corrosion and not the onset of localized

corrosion, which is irrelevant for this study.

Activation Energy: The activation energy measured from the data in Fig. 5-17 may be high

for another reason. While the authors have chosen to try to justify the magnitude of the

measured activation energy in terms of the chromium composition of the alloy,

consideration needs to be given to the processes involved. The measured corrosion rate is

in large part intergranular corrosion localized to grain boundary regions that are depleted of

chromium. Therefore, the regions of attack are not at the bulk chromium levels, and if they

were, the corrosion rate would be considerably less. Since the chromium depletion for the

data plotted in Fig. 5-17 likely increases with increasing temperature, the contribution of IG

corrosion increases as well. On the other hand, diffusion studies are conducted on alloys

with fixed composition. Of course, there are other processes involved in the establishment
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of the corrosion rate which may influence the measured activation energy such as the
concentration of a high concentration of Cr6 +. Nevertheless, comparison with activation
energies determined from diffusion experiments may not be valid in this case.

e-bewn analysis: In addition to "spilling over" onto chromium carbides and yielding
erroneous values of chromium at the grain boundary, an additional contribution to a higher
measured grain boundary Cr concentration is the size of the electron beam probe. From the
profiles supplied in Figs. 5-14 through 5-16, and given a probe size of 20 nm, it is likely
that additional beam broadening will occur and that the measured grain boundary chromium
concentration could be underestimated by -1 atom percent.

Conclusions

Cr depletion profiles: On p. 5-25, it is stated that beyond 600 or 700'C, the depletion zone
width increases, but the minimum Cr concentration also increases. This is true at all
temperatures, not just above 600 or 700TC.

Long term tests: It would seem that further efforts are needed to address the long term
issues. In particular, the effect of cold work should be investigated in the temperature
range from 300-500'C, or in the upper end of the temperature range that may be reached in
the repository. If short-circuit diffusion paths are operative at lower temperatures, they
may have a profound effect at temperatures much below those used to study chromium
depletion by volume diffusion, due to their lower activation parameters. Hence, a series of
thermal treatments lasting 2-3 years at significantly lower temperatures would be very
relevant to the intended application of the alloys of interest.

A second issue is how to overcome the effect of chromium carbide precipitation which
occurs in the HAZ. It is clear that there will be some regions which will see time-
temperature histories that will cause the precipitation of these carbides. What are the
possible solutions to this problem. Could surface heat treatment be considered to avoid
heating the entire package to unacceptable temperatures?

Cr depletion: The development of the chromium depletion zone with time and
temperature can best be understood by the following three diagrams. At any temperature,
the lowest grain boundary chromium concentration occurs at the initiation of chromium
carbide formation (first figure). Increasing time at temperature will lead to a monotonic
increase in the grain boundary chromium level because the carbon activity is dropping due
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to carbide formation. The rate of increase is temperature dependent as is the starting point.

The width of the depleted zone will increase monotonically with time as well. This is

shown in the second figure. Here again, the rate of increase is temperature dependent, but

the starting point is zero in all cases. The depletion parameter referred to in this section is a

combination of the two. It is essentially the area (or volume) of the depleted zone below

some chromium level. Because higher temperatures mean higher initial grain boundary Cr

concentrations, the magnitude of this parameter will be less than at lower temperatures.

However, it takes much longer times to develop a large depletion parameter and over the

time scale of the thermal treatments considered here, the parameter will remain small.

Hence, bounded by kinetic limitations at low temperature and thermodynamic limitations at

high temperature, the depletion parameter will peak at intermediate temperatures and heat

treatment times.
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6. MICROBIALLY INFLUENCED CORROSION

The units are missing in the time axis from Figs. 6-1 and 6-2.

Both the nature and the presentation of material in this chapter is substantially different

from that in the previous chapters since it consists of a review of literature of microbially

influenced corrosion of carbon steels, stainless steels and nickel alloys but no new data.

Since this is not an area of expertise for me, I will provide a brief summary of what I

consider to be the most significant points of the review and try to capsulate the conclusions

and suggestions of future work by the authors. I will then comment on the suggestions for

a plan of work.

The authors chose to focus on the literature pertaining to the measurement of Ecorr as

the most appropriate measure for the monitoring and prediction of corrosion on HLW

containers. The authors cited the literature on the effect of microbial activity on enoblement

of stainless steel and presented significant evidence that microbial activity can enoble

stainless steel. They also showed that enoblement can depend on levels of natural light,

lending weight to a role for photosynthetic diatoms in the observed enoblement.

The authors summarize the observed enoblement studies by stating that enoblement can

be caused either by thermodynamic driving forces (positive shifts of the reversible potential

of the oxygen electrode associated with changes in the dissolved oxygen content) or kinetic

driving forces (increase in exchange current density and/or a decrease in the charge transfer

coefficient for the oxygen reduction reaction) or some combination of the two. It was

pointed out that an enhancement in oxygen reduction can occur due to several mechanisms

including a decrease in pH. However, while a decrease in pH is believed to be at least

partially responsible for an increase in Ecofr the authors cite experimental data and the

Pourbaix diagram as evidence that a decrease in pH also results in a lowering of Epit,

making pitting more likely at low pH.

The authors suggest a careful and systematic study be undertaken in which Ecoff is

monitored and correlated to microbial activity, as determined by pH, dissolved oxygen

changes, sulfide production, thiosulfate/sulfate reduction and hydrogen peroxide

production. It may also be suggested that any program be closely coordinated with efforts

to characterize the microbial population and behavior on the relevant site in order to make

most efficient use of resources. A perhaps slightly more ambitious plan would also call for

the study of these chemistry changes on Erp and Ercrev to be consistent with those studies

already conducted in known media. The selection of candidate alloys should also be

confined to those that have been the subject of the study to date; austenitic stainless steels
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(316L) and nickel base alloy 825. In this way, a very useful result of this program will be
the production of a very complete data base on the localized degradation of these two alloys
in a wide range of environments and by a large number of possible mechanisms. This data
base will be invaluable for future researchers.
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7. HYDROGEN ABSORPTION AND EMBRfITLEMENT OF CONTAINER MATERIALS

Points of Clarification (missing information, apparent contradictions. apparent errors. etc.)

7.4 A Brief Review of the Hydrogen Embrittlement of Stainless Steels and Ni-Base Alloys

- p. 7-6, second full pph.: Deformation mode is generally not considered part of

the microstructure since the microstructure retains its full identity even without the

imposition of a stress or a strain. This feature should more properly be referred to as either

deformation mode or stress state.

* 7.5 Hydrogen Permeation and Embrittlement Studies on Austenitic Alloys

- p. 7-8, first full pph.: There is no description of the microstructure of either alloy

following the anneal. Based on the statement on p. 5-20 that the carbon solubility in alloy

825 at 9800C is 0.01 weight percent, an anneal at the same temperature of this heat of alloy

825 with 40% more carbon would not be expected to put all the carbon back into solution,

leaving a second phase in the annealed material. The existence or absence of this second

phase needs to be substantiated with an microstructural analysis. The presence of a second

phase may invalidate the assumption of no trapping during permeation. What are the grain

sizes of the two alloys and should this affect permeation?

- p. 7-13, table 7-2: h is not defined (but is presumed to be the Tafel slope).

- p. 7-13, tables 7-3 and 7-4: No temperature was given for these studies. It is

assumed that they are at 950C.

- p. 7-14, first pph: No information is given on the sample diameter or the

charging temperature. Without these values, one cannot assess the penetration of hydrogen

during the 24 hr charging step.

Substantive Comments

Assumptions

Container geometry: The issue of container configuration was not addressed explicitly in

the list of possible hydrogen embrittlement modes. Although not explicitly stated, it

appears that the assumption has been made that the outer overpack must have failed for any

of these sources of hydrogen to apply. Clearly, only by failure of the outer overpack can

both the inner and outer containers come into contact in the presence of an aqueous,

chloride solution. The same is true with crevice corrosion, microbially influenced
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corrosion and radiolysis. This should be stated. However, it should also be addressed
whether any of these embrittlement mechanisms could come into play without the failure of
the overpack. For example, could hydrogen absorption into, and transport through the
carbon steel overpack ever pose a threat in the 1000 yr life of the MPC?

Interpretation of results

Hydrogen precharging: Assuming the same sample design as in Section 4 (diameter =

3.175 mm), a charging temperature of either 250 C or 950 C, and the same temperature
dependence of D on T as shown in Fig. 7-5 for alloy C-22, yields a hydrogen penetration
depth of 0.03 mm at 251C and 0.07 mm at 950C. In either case, hydrogen would have
diffused by bulk diffusion only about 0.03/1.59 = 2% of the radius at 250C or 5% at 950C.
Therefore, precharging should not strongly affect the outcome of the experiment. If on the
other hand, if precharging were conducted for a longer period or a higher temperature, then
it may exert an effect on the results of alloy 825. Furthermore, in a 100 hr test, the depth
of penetration of hydrogen would only be a factor of 2 greater than those calculated after a
24 hr precharge. If dislocation motion did not significantly affect the transport of
hydrogen, then for the SSRT tests of alloy 825, the distribution of hydrogen may not have
been deep enough to affect the macroscopic behavior of the test.

SSRT tests: Nothing was mentioned about the fracture mode or the surface condition
following these tests. Was the fracture IG, TG, cleavage? Were there any cracks on the
surface of the alloy 825 samples? A more detailed description of the samples after the
hydrogen embrittlement test as well as an analysis of the stress-strain behavior is needed.

Perrneation studies: It was stated that the intent of the permeation studies was to establish
methodologies for obtaining hydrogen transport parameters and generating some initial data
on the kinetics of hydrogen permeation at various temperatures. It was also stated that the
emphasis was on measuring 0, the fraction of the surface covered by hydrogen that will be
absorbed. Both of these ideas could have used more complete developments. Regarding
the methodologies for obtaining hydrogen transport parameters. How was it decided to use
the particular methodology described in this report? What other alternative methodologies
were considered? What are the pros and cons of this methodology? Where are the sources
of error?

Regarding the parameter, 0, why is it the center of importance in this study? Why is it
such an important parameter in hydrogen embrittlement? Is there supposed to be a link
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between e and cracking susceptibility? Although no experiments were performed on 316L,

it may be expected that hydrogen will embrittle 316 under the same conditions that it

embrittled alloy C-22. But since 316 is a face-centered cubic iron-base alloy, how will

these results reconcile with the literature findings that the higher iron-containing Ni-base

alloy is less susceptible to hydrogen embrittlement?

Conclusions

In addition to hydrogen embrittlement, this section should address any other possible

failure mechanism. One additional such mechanism involves creep. Although these

temperatures are at a very low homologous temperature, creep has been measured in some

high strength alloys at room temperature. The key is the release of dislocations from solute

atmospheres by periodic rapid straining. Following such an event, creep can occur. A

situation in which creep combined with hydrogen ingress or vacancy injection by

dissolution could create a damage mechanism that over time may compromise the integrity

of the inner pack. This mechanism should be considered in any further studies.
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8. SUMMARY AND RECOMMENDATIONS

* 8.1 Summary of Results and Conclusions
- p. 8-1: The ranges given for environmental factors should more properly be

referred to with specific values rather than ranges since the majority of factors were varied
over only two values and the balance were varied over only three values. So, it should
read Cl- (6, 300, 1000 ppm), S04

2 - (20, 1000 ppm), NO3- (10, 1000 ppm), F- (2, 200
ppm) and temperature (60, 80, 950C).

* 8.2 Recommendations

In general, recommendations are all reasonable and well supported. However, the
next phase of experimentation needs to address the issue of extension of short-term testing
to long-term application in a more complete manner. Strategies for accelerated testing such
as increasing the concentration of aggressive species or increasing the temperature need to
be explored and evaluated. In all phases of experimentation, the short term tests need to
benchmarked by longer term experiments, at least on the order of 1-3 years. Strategies to
investigate the reactivation of pits, crevices and cracks should be explored. This could be
done by introducing these defects into the samples and determining the environmental and
electrochemical conditions for propagation. In addition, the possibility of other modes of
degradation such as creep need to be explored. Also the synergism between degradation
modes should be considered. Over such a long performance period, it is likely that
multiple modes of degradation may be in effect at any point in time.

An experimental test program can only provide information on long term behavior for a
few years at best. Prediction of degradation beyond that time period must be made with the
help of modeling. Models describing the various processes need to be developed in order
to aid in the prediction of the long term behavior of MPCs. As such, further work in this
program should be directed toward developing appropriate models, and providing the data
and parameters needed to validate the models and enable them as long-term predictive tools.

Overall, the report describes a quite comprehensive program for establishing potential
methodologies for long-term prediction of waste container performance. The selection of
alloys was justified. However, the authors chose not to investigate the effects of a possible
degradation modes on a single set of alloys. While alloy 825 was tested in virtually all
experimental test programs, alloys 316, 304, C4 and C-22 were "spot" tested. The logic
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behind this test strategy is unclear, but the authors may well have done better by limiting

the alloy choices to 2 or 3 and performing a more complete battery of experiments on each

of them. In this way, a complete picture for each alloy selected could be presented and

there would be no need to "backfill" with additional data in a follow on project.

A second general criticism of the report is that there is often insufficient data presented

on a particular test method, sample design, test procedure or the method of analysis of

results. Examples include the lack of presentation of microstructure of samples subjected

to corrosion or SCC testing, the lack of a description of the method by which Erp (and Ep)

was determined, the origin of the Cr-depleted surface layer in mill-finished samples in

section 3 and the lack of an explanation of the significance of surface coverage of hydrogen

(0) in the section on hydrogen embrittlement, section 7. This can be a source of confusion,

misunderstanding and misinterpretation of the results and conclusions.
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APPENDIX E

LETTER OF INVITATION TO ATTEND
PEER-REVIEW WORKSHOP



Center for Nuclear Waste
Regulatory Analyses
6220 CULEBRA ROAD PRO. DRAWER 28510 *SAN ANTONIO, TEXAS, U.S.A. 78228-0510
(210) 522-5160 .FAX (210) 522-5184

August 3, 1995

Dr.

Dear Dr. :

Attached is the agenda for the workshop to be held on August 23-24, 1995, at the Center for Nuclear
Waste Regulatory Analyses (CNWRA), Southwest Research Institute. The information on transportation and
accommodation will be sent to you separately. The workshop is a follow-up of the peer review of the
Integrated Waste Package Experiments MWPE) final report. Much of the research conducted in the IWPE
project pertained to the original design of the waste packages by the Department of Energy (DOE), also
referred to as the Site Characterization Plan (SCP) design. While the IWPE project was cognizant of the
evolution in the waste package design, the focus was on the development of methodologies for long-term
prediction.

The recent changes in DOE program approach and waste package design have necessitated changes
in the NRC-sponsored research, which are embodied in the plan for a new research project, the Engineered
Barrier System Experimental Research (EBSER) project. A draft of the EBSER project plan will be sent to
you prior to the workshop along with the compendium of comments by the panel of five reviewers on the
IWPE project final report. The intent of the workshop is to discuss the action items arising from the peer
review comments and the scope of activities proposed inthe EBSER project plan.

The present status of the DOE research project in this area will be described as a basis for schedule
and scope of the EBSER project. However, we wish to emphasize that the goal of the workshop is not to
review or critique the DOE program since we do not intend to invite researchers from the DOE or its
contracting agencies to this workshop. The main objectives of this workshop are as follows:

Provide overall comments, based on knowledge of the DOE program and NRC goals, on the
research activities carried out thus far and recommendations for short-term actions (before
end of FY95) that can be taken by the CNWRA to improve the final report to be published
as an NRC NUREG/CR report.

Washington Office eTwinbrook Metro Plaza, #210 * 12300 Twinbrook Parkway * Rockville, Maryland 20852-1606



Dr.
August 3, 1995
Page 2

* Provide recommendations for further research by the NRC/CNWRA with particular attention

to prioritization of activities in light of potential research budget reductions.

* Assemble a short (2 or 3 page) document providing overall comments on the IWPE project

approaches and recommendations for future research in the EBSER project.

Please feel free to contact Gustavo Cragnolino at (210) 522-5539 or me at (210) 522-5538 or either

by FAX at (210) 522-6081 if you have any questions regarding the workshop. We greatly appreciate your

interest in helping the NRC and the CNWRA in this activity. Looking forward to seeing you in San Antonio.

Sincerely,

Narasi Sridhar, Element Manager
Engineered Barrier Systems

g:\gustavo\workshop.agd

xc: W. Patrick
B. Sagar
M. McNeil
C. Interrante
G. Cragnolino
D. Dunn
P. Angell
P. Lichtner
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AGENDA FOR PEER REVIEW WORKSHOP
INTEGRATED WASTE PACKAGE EXPERIMENTS

RESEARCH PROJECT

Wednesday, August 23, 1995

8:30-8:45 Introductions and Welcoming Remarks Wes Patrick
President, CNWRA

8:45-9:15 Overview of the CNWRA Objectives of the Workshop Budhi Sagar
Technical Director

9:15-9:45 NRC Perspective Michael B. McNeil
Office of Regulatory Research

Charles G.Interrante
Office of Nuclear Materials Safety and Safeguards

9:45-10:15

10:15-10:30

DOE Scientific Investigation Plan, MPC design and
analyses, performance assessment, schedules Narasi Sridhar

Break

10:30-11:15 Modeling activities, integration with experimental programs,
and engineered barrier system performance assessment Peter Lichtner

11:15-12:00

12:15-1:00

Visit to the CNWRA labs

Lunch

1:15-2:15 IWPE Report, comment resolution, follow-on activities in
localized corrosion

2:15-3:15 IWPE Report, comment resolution, follow-on activities in
stress corrosion cracking

Darrell Dunn

Gustavo Cragnolino

3:15-3:30 Break

3:30-4:30 IWPE Report, comment resolution, follow-on activities in
thermal stability and sensitization Narasi Sridhar

4:30-5:00 Wrap-up of first day activities
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Thursday, August 24, 1995

8:30-9:30 IWPE Report, comment resolution, follow-on activities in

microbially influenced corrosion P. Angell

9:30-10:30 Plan for Engineered Barrier System Experimental Research

(EBSER) project G. Cragnolino

10:30-10:45 Break

10:45-11:45 Discussion on the EBSER project plan, comments, recommendations All

11:45-1:00 Lunch

1:30-3:30 Review panel caucus to discuss comment resolution and EBSER

project plan recommendations. Draft a preliminary recommendation. Review Panel

3:30-4:15 Preliminary evaluation/finding, further discussions of open items, wrap-up. All

4:15 Adjourn
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REVIEW PANEL CAUCUS
AUGUST 24, 1995

CNWRA 95-010

Experimental Investigations of Failure Processes of
High-Level Radioactive Waste Container Materials

The caucus of the Review Panel (P. Ford, J. Kruger, B. Little, R. Newman, and G. Was) undertook to
provide:

1) A summary of the major points of each Review Panel members' review of CNWRA 95-010.
2) An examination of the CNWRA comment resolution of the Panel's reports.
3) A setting of priorities for the recommended tasks in the EBSER project plan including comments

on the plan as presented.

Part 1. SUMMARY OF MAJOR POINTS OF REVIEW PANEL REPORTS

* In general, the main experimental tasks were competently performed with good attention to test
control and awareness of the relevant mechanisms, assumptions, etc. Moreover, the conclusions were
logical and generally defensible.

* The applicability of Ep as a conservative long-term predictive parameter for localized corrosion
(pitting and crevice corrosion) has been essentially established.

* There was little quantitative modeling or experimental analysis which specifically stated the
relationship between the short-term experimental results and the likelihood of achieving
300-1,000-year design lives. In our view, this relationship can only be defined deterministically via
the development of sensitive degradation monitors and validated mechanistically based models for the
specific degradation mode of interest. Elements of these tools are addressed in this current report,
but obviously, as acknowledged by the authors, further work is needed.

* It is recommended that more attention be given to the time evolution of the corrosion potential,
especially the lower-than-expected values obtained at 950 C.

* Extensive long-term measurements of E. for candidate materials in the repository environment
should be made to form a basis for examining the results of the modeling of E. and for the
development of monitoring methodology in the pre-closure period.

* A crevice corrosion model in which initiation occurs by metastable pitting was introduced by Stockert
and Boehni in 1987. Such a mechanism provides a natural bridge between pitting and crevice
corrosion and should be considered in the report.
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* The authors carried out creviced SCC tests that seem to have been less aggressive, in terms of

temperature and chloride concentration for cracking, than those reported in the literature.

* MIC of stainless steel is discussed as though it were a separate phenomenon from pitting and crevice

corrosion. Future testing should evaluate the impact of microorganisms on the electrochemical

parameters relevant to localized corrosion.

* It is assumed that 90'C is the "worst" temperature. This seems to have been chosen for ease of

experimentation rather than reality. It is perfectly possible that at a higher temperature a concentrated

aqueous phase could exist on the outer surface of the carbon steel canister (e.g., an extreme case

could be 42 wt% MgCl2 boiling at 1540C). If this were so, then this would make the long-term

predictions nonconservative.

* While the selection of alloys for investigation of particular degradation modes was justified, it was

noted that no one alloy was subjected to studies covering the whole set of potential degradation

modes, that would have been beneficial in terms of gaining a full picture of susceptibility.

* There were often insufficient data on experimental methods or background information on sample

characterization. This was contained in earlier reports but would be helpful if summarized here as

well.
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Part 2. CNWRA RESPONSES TO REVIEWERS' COMMENTS

Task 1: Localized Corrosion

* We were satisfied that the corrosion potentials of the stainless alloys at 950C do stay at around
-200 mV (SCE) for a month. The reasons for this (surface film effects, oxygen level in solution,
etc.) need to be elucidated.

* Procedures for determination of pitting and repassivation potentials were clarified.

* The trend of repassivation potential with chloride concentration was shown to have a similar shape
for all materials.

* The severe chromium depletion on the surface of alloy 825 was explained as due to less deep
dissolution of the metal in the mill pickling bath, compared with 304 or 316 steels. We were told that
the layer was so deep it could be analyzed in cross-section by EDS.

* The Stockert and Boehni model will now be introduced and discussed.

* The claim that molybdate is produced during crevice corrosion was substantiated by referring to the
high potential.

* No response was given to the problems of the CPP tests and the use of other methods to determine
Ep.

* A number of points of detail, such as test procedure, current resolution, and inspection of long-term
test specimens, were clarified.

* The trend of repassivation time with pit depth and the definition of E, were clarified, although the
latter is still under debate.

* Future plans to study propagation of localized corrosion were introduced.

Task 2: Stress Corrosion Cracking

Most of the reviewers' comments on stress corrosion cracking were adequately addressed. There
continues to be uncertainty in the following areas which should be acknowledged in the report.

1) The absolute validity of the concept of Ep or Em as a "threshold" potential for cracking of all
the candidate alloys in the relevant environments.

2) The quantification of the stress corrosion cracking mode at or adjacent to welds.

3) The ability to predict deterministically the extent of cracking after 300-1,000 years, given the
conjoint material, stress, and environment requirements. Since the absolute values of these
parameters are either not known or are changeable over time, there will be a predictable range

G-3



in the extent of canister degradation. The use of extreme-value statistics and probabilistic risk

assessment may resolve this problem.

Task 3: Thermal Stability

All major comments which were addressed were handled adequately. A few comments still remain to be

addressed.

* The determination and explanation of activation energy describing the corrosion rate of alloy 825 in

boiling 65% nitric acid was not addressed.

Task 4: MIC

* MIC of titanium: The possibility of MIC of titanium was reintroduced. One practical example was

mentioned by Prof. Was.

* It came out in discussion that some E~or, values for filtered or even sterile (plus organics) media

appear much lower than the NACE baseline, indicating that biofilms or organics can hinder oxygen

reduction.
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Part 3. SETTING PRIORITIES ON THE EBSER PLAN

General Comments

The criteria for prioritizing the various tasks and subtasks in the proposed EBS program was that the
HLW systems could be assembled and that final EBS could survive a series of chronological worst-case
scenarios. Thus, high priority is given to actions which ensure that this is achieved. Since the 5-inch
carbon steel layer will last at least 300-1,000 years and since it must all corrode away for its galvanic
protection of the 825 alloy to be lost, the program should, arguably, focus on the corrosion and fracture
of carbon steel.

Suggested Prioritization

Task 1: Effect of Microorganisms on the Near-Field Environment and the Corrosion of Waste
Packages

What is needed is a consistent, long-range approach such as 1) use the natural microbial population from
the Yucca Mountain site without extensive microbiological characterization to evaluate localized
corrosion; or 2) define vulnerabilities of material, delineate microorganisms that will accelerate failure
mechanisms, ascertain whether or not those microorganisms will be active in the repository,
systematically add microorganisms to constitute a consortium, and evaluate localized corrosion.

High priority: Subtask 1. 1
Subtask 1.3

Microbial Action on the Near-Field Environment
Effect of Reduced Sulfur Species and Microbial Activity on Stress
Corrosion Cracking and Localized Corrosion

Medium priority: Subtask 1.2 Microbial Effects on the Corrosion of Candidate Container
Materials

Task 2: Effect of Waste Packages on the Near-Field Environment

High priority: Subtask 2.1 Thermal and Capillary Effects on the Near-Field Environment

Medium priority: Subtask 2.2 Effect of Waste Package Corrosion Products on Groundwater
Chemistry

Task 3: Long-Term Corrosion Tests for Prediction of Waste Package Performance

High priority: Subtask 3.1

Subtask 3.2

Subtask 3.3

Prediction of Pitting and Crevice Corrosion and Measurement of
Propagation Rates
Long-Term Prediction of Stress Corrosion Cracking Susceptibility
of the Multipurpose Canister and Disposal Overpack Materials
Evolution of Corrosion Potentials of Candidate Container
Materials and Determination of Fundamental Electrochemical
Parameters

Medium priority: Subtask 3.4 Hydrogen Embrittlement of Waste Package Materials
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Low priority: Subtask 3.5 Failure Mechanisms of Zircaloy Cladding

Task 4: Long-Term Stability and Embrittlement of Overpack Materials

High priority: Subtask 4.1 Stability of Steel Overpack
Subtask 4.2 Stability of the Inner Alloy Overpack and the Multipurpose

Canister

Task 5: Stability of Multipurpose Canister Basket Materials

Medium priority: All Subtasks

Task 6: Dissolution and Radionuclide Release from Spent Fuel and Vitrified Waste Form

Low priority: Subtask 6.1 Simulated Spent Fuel Dissolution Rate and Secondary Mineral
Formation

Subtask 6.2 Effect of Iron on the Dissolution Rate of Vitrified Waste Form

Ramdom Thou2hts and Ideas

1) Initiate SCC at high [Cl-] and/or temperature, then dilute or reduce temperature before
determining crack growth velocity versus potential and stress intensity.

2) Microorganisms can reduce as well as increase EC.,.

3) Crack growth rate below E, must be measured with utmost sensitivity.

4) HS- is much less aggressive than S203 '.

5) Ferric hydroxide layers from prior Fe dissolution are potent promoters of localized corrosion
of stainless steel.

6) Why use redox couples to reproduce potentiostatic data?

7) Recommend extended investigation of 950C E,,., values. Can they eventually rise with time?
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