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Question 1: On the effects of |ong-term passive dissol ution.

-Since commercial allows are being used to manufacture the
wast e packages and due to "at nmospheric" corrosion conditions
in the repository, it has to be assuned that nost of the
effects described in the specul ative scenari os (defect
sweepi ng, vacancy build up, debris accurul ation, potenti al
ennobl enment) do not necessarily occur uniformy over the
whol e passive surface of a WP (Waste Package). Therefore, if
these effects are really occurring during the long-term
exposure, and if these are also effective to pronote passive
nmetal dissolution, they will |ead to sonme degree of

i nhonmogeneous netal loss. In case of oxide spalling, it is
assuned that repassivation occurs fast enough and no

| ocal i zed corrosion takes pl ace.

-According to our experience fromexposure tests in |ong-
range al pine road tunnels in Switzerland and in France up to
25 years, we never observed this scenario on passive netal
surfaces. |Instead, external debris accumnulation from

envi ronnment al influences occurs nuch faster and may lead in
case of hindered repassivation to enhanced | ocalized
corrosion processes. These debris accumnul ations are not
necessarily connected to the passive state of the material s,
but are rather caused by the environnent in the repository.

-Qur results fromthe field tests in the Mnt-Blanc Tunnel

| asting for approximately 8 years show that the nickel -base
al l oys (I nconel 2.4856, Hastelloy C4 2.4610) do not corrode
at all in this heavily contam nated atnosphere of |ong-range
al pine road tunnels, contrary to 304 and 316 SS whi ch show
severe corrosion already after one year. (Pollution:
Chl ori des, sul phates, sulfides, nitrates, RL plus or m nus 78
percent, T plus or mnus 35 degrees C.)



Question 2: On the long-term preservation of conditions
preventing | ocalized corrosion.

a)

-Critical pitting potentials quoted in the literature are
usually threshold potentials at or above which stable pit
growh occurs. Pit initiation processes followed by

nmet astabl e pitting may al ready occur at nuch | ower

potentials. This |eads to the concept of "netastable
pitting". Therefore, Question 2 should be rewitten nore
precisely: What is the | owest potential where netastable pits
can be transfornmed into stable pits under certain given
environnmental conditions. (In case of Ni in highly conc.
NiCl2 - solutions this potential is approx. -50 - -100 nV sce
at RT)

-If the transformation fromnetastable to stable pitting is
mai nly controlled by the chem cal conposition of the pit or
crevice electrolyte, the pit or crevice geonetry of the
initial pits and crevices, together with the mass transport
in the bulk electrolyte are of decisive inportance. High C
concentrations (saturation) in the water filnms strongly
pronote this transition and decrease the correspondi ng
critical pitting potential. Therefore, the expected
environnmental conditions in the repository, including
tenperature, play a key role with respect to the critical pit
growh potential. It is inportant to consider these surface
conditions as function of time. Qur experience in |ong-range
road tunnel investigations indicate that we get a gradual

i ncrease in concentration over the years.

-The open circuit potential is mainly influenced by the
oxidizing conditions in the repository, in the present case
probably air or eventually products fromradiation.
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b)

-Transition fromnetastable to stable pit growth depends on
many paraneters, such as potential, pH tenperature crevice or
pit geonetry, etc. Sone of themmay not be directly related
to Ecrit. Therefore, the necessary conditions for stable

pitting always result fromthe behavior of the whole system
It also has to be | ooked at froma stochastic point of view

c)

-Corrosion tests and surface anal ytical investigation of
wor st case repository conditions.

PROCEEDIL NGS
(8:30 a.m)
BULLEN: Good norning. Thank you for your indul gence

while we took care of sone technical difficulties up here.

My nane is Daniel Bullen. |'ma nenber of the U S
Nucl ear Waste Technical Review Board, and I'd like to wel cone
you to this International Wrkshop on Long- Term Extrapol ati on
of Passive Behavior. This workshop is being conducted under

t he auspices of the Board's Panel on the Repository, which

chair. | wll be serving as the noderator and facilitator
for nost of the workshop. It's ny please to welcone you to a
wor kshop which is a little bit of a departure fromthe norma

meeting format for the Nucl ear Waste Techni cal Revi ew Board.
First, I'd like to say a few words about who the
Board is and what the Board does. As you may know, Congress

enacted the Nuclear Waste Policy Act in 1982. The Act nade
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official the policy that the Federal CGovernnent is
responsi bl e for permanently di sposing of spent nuclear fuel
and high | evel radioactive waste, and that the owners and
generators of the waste should pay for that disposal

Anmong ot her things, the Act created the office of
Cvilian Radi oactive Waste Managenent, or OCRWM w thin the
U S. Departnment of Energy, and charged it with devel opi ng
repositories for the disposal of the nation's spent nuclear
fuel and high-level wastes for reprocessing. Five years
later, in 1987, Congress anmended that |aw to focus OCRW s
activities on the characterization of a single site for a
per manent repository, Yucca Muntain, on the western edge of
the Nevada Test Site, about 100 mles northwest of Las Vegas,
in the State of Nevada.

In those 1987 anendnents, Congress created the
Nucl ear Waste Techni cal Revi ew Board as an i ndependent
Federal agency to review the technical and scientific
validity of OCRAWM s activities. The Board is required to
furnish its findings, conclusions, and reconmendations to the
U. S. Congress and to the Secretary of the Departnent of
Energy at least twice a year. W do this in Congressiona
testimony and through our witten reports. W issued our
| atest report, a summary of last year's activities, about

t hree nont hs ago.
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As specified by the 1987 Act, the President
appoi nts our Board nenmbers froma |list of nom nees submtted
by the National Acadeny of Sciences. The Act requires the
Board to be a nmulti-disciplinary group representing a broad
range of scientific and engineering disciplines related to
nucl ear waste managenent. A full-strength Board, which we
now have, consists of eleven nenbers. W neet as a ful
Board three or four tines a year, usually in the State of
Nevada.

| would Iike to introduce a few Board nenbers and a
few of the Board's staff at this time. As | nentioned, ny
nane is Dan Bullen. 1'ma Board nenber and a nucl ear
engi neer in the Mechani cal Engineering Departnent at |owa
State University. M areas of interest include nuclear waste
managenent, risk nodeling, and materials science.

Paul Craig--Paul, would you raise your hand pl ease-
-is professor eneritus at the University of California at
Davis. He is a physicist by training and has speci al
expertise in energy policy issues related to gl obal
envi ronment al change.

Al berto Saglés--Al berto, would you rai se your hand,
pl ease? Alberto is D stinguished University Professor in the
Department of Civil and Environnental Engi neering at the

University of South Florida in Tanpa. He's an expert in
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materi al s engineering and corrosion, with particul ar enphasis
on the behavior of steel in concrete and in infrastructure
durability.

We have one nore Board nenber here. This is
Priscilla Nelson. Priscilla, would you raise your hand?
Priscilla is Director--or actually, yeah, Director in the
Directorate of Engineering at the National Science
Foundation, and a civil engineer by training. | want to say
geot echni cal engineer by training. |Is that not correct? |
don't have it witten here, Priscilla, so l'min trouble. I
have to do this fromnenory. Priscilla is a Board nenber and
previously served as Chair of the Repository Panel.

| al so have a couple of staff nmenmbers that 1'd |ike
to acknowl edge. First, I'd like to introduce Bill Barnard.
Bill, wll you raise your hand? He serves as our executive
director for the Board. Next to Bill is Carl D Bella.
Carl, would you raise your hand? He is the staff nmenber who
spent many hours on the phone and on e-mail organizing the
many technical aspects of this workshop and conmuni cati ng
with our experts internationally.

|'d also like to introduce Linda H att and Linda
Coultry. Linda Coultry is right there. |Is Linda Hiatt
out si de? The Lindas have been responsible for many of the

| ogi stical aspects of travel arrangenents, getting everybody
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here, organizing the room and |I'd |ike to express our
appreciation for that. Unlike Board nenbers who are part-
time, these staff menbers serve on a full-tinme basis.

I"d like to talk a little bit about the agenda for
today and tonmorrow. In a few mnutes, I'mgoing to turn the
neeting over to Al berto Sagués, who will introduce our
di stingui shed panelists and explain why the Board is
sponsoring this workshop. Carl D Bella will then sumarize
to the panel the current repository and waste package design
and the environnment that the waste package will experience in
a repository. Alberto will provide an overview of research
on Alloy 22 related to nuclear waste disposal, and he wll
repeat the two questions about |ong-term corrosion that were
furnished to the panelists about a nonth ago.

Each panelist will then give a very brief five to
ten mnute presentation on his or her initial response to
t hose questions. Followi ng the conpletion of the panelists
presentation, which should be around lunchtinme, the entire
remai nder of the workshop, with the exception of the public
comment periods, which I'll talk about later, the entire
remai nder of the workshop will be devoted to a roundtable
di scussion of the question anong panelists. So this is going
to be like a brainstormng session. And a little bit of

apol ogy to the general public, because it m ght get very
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technical, but that's the purpose of this neeting, for us to
understand the technical opinions of the international
conmuni ty.

As | said before, this is not a typical Board
nmeeting. In a typical neeting, presentations are nmade, often
by the DCE or its contractors, and the Board engages in a
di al ogue with each of the presenters, with the neeting Chair
often |l eading that dial ogue, or at |least participating
heavily init. Here, ny role as Chair will be sonmewhat
different. 1'll be nore of a noderator, facilitator
ti mekeeper, and maybe even a referee, should we have sone
heat ed exchanged. Rather than ask many questions of ny own
during the roundtable discussion, I'll be nore concerned
about the questions asked of the panelists and questions by
t he Board menbers, Paul Craig and Al berto Sagués, or the
ot her panelists thensel ves.

| need to offer our usual disclainmer that everybody
is clear on as we conduct this workshop. Wat you are
hearing, and its significance, and the reaction by Board
menbers are spontaneous by design. Those of you who have
attended our neetings before, and I know many of you have,
know that the nenbers of the Board do not hesitate to speak
their mnds. |1'msure that goes for the panelists today,

too. But let me enphasize that Board nenbers and panelists



© 00 N oo o A~ w N P

N N N NN B R R R R R R R R
A W N P O © 0 N O OO0 M W N B O

13

are speaking their mnds. They do not speak on behal f of the
Board. They're speaking on behalf of thenselves. Fromthe
Board' s perspective, the purpose of this workshop is
information gathering. Any Board position that may devel op
woul d be taken only after the full Board has had a chance to
process this information.

Now, |et ne say a few things about the
opportunities we've provided for public comment and
interaction during the workshop. This is sonething that is
extrenely inportant to the Board. By "public" | mean those
who are not Board or staff menbers, or nenbers of the panel

W try to give the public as many opportunities as possible
to comment during our neetings. Today's public comrent
period will take place at the end of the roundtable
di scussion of Question 1, and tonorrow, at the end of the
roundt abl e di scussi on of Question 2.

Board Menmber Paul Craig will chair the public
comment session. Those wi shing to comment should sign the
Public Comrent Regi ster at the check-in table where Linda
H att and Linda Coultry were sitting on the way in. So, if
you're interested in making public comment, please sign up
and we' Il hear your comments either today or tonorrow. Both
of the Lindas will be glad to help you sign up and be

prepared for the public comment period.
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Now, let nme point out, and I'lIl rem nd you again
| ater, that depending on the nunber of people who sign up,
Professor Craig may have to set a tinme [imt on the comments
t hat are made.

An additional opportunity for questions or
comments, and continuing sonething that we've tried pretty
successfully before, is you can submt questions or conments
or concerns in witing to either Linda H att or Linda Coultry
during the workshop. |If there's time and the question or
comment is relevant to the discussion at hand, then | wll
read that question to the panel nenbers during the course of
the workshop. [If | can't get the question or comrent worked
in during the workshop, I will hand that question to Paul,
who will reserve the right to read that question, the sane
guestion, during the public coment period.

In addition, we always wel cone witten conments for
t he wor kshop transcript, and this workshop is being
transcri bed. Those who prefer not to nmake oral comments or
ask questions during the workshop may choose this route at
any time. W especially encourage witten conments when your
comments are nore extensive than our workshop tine all ows.

Pl ease submt these witten coments also to either Linda
Coultry or Linda Hatt, and they' Il be happy to help you.

Are there any questions fromthe panel about how
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we're going to operate the workshop?
(No response.)

BULLEN: Excellent. Seeing none, | will turn it over to
ny esteened col |l eague, Dr. Al berto Sagiés to introduce the
panel i sts and begin the process.

Al berto?

SAGUES: Thank you, Dan.

Good norning. M nane is Al berto Sagiés, and as
Dan has explained, I'malso a nenber of the Board. | would
like to wel come you, the panel, officially to the workshop,
and tell you how absolutely elated | amthat all of you could

make it. We have truly work-cl ass panel .

One of the things that pleases nme the nost is that
so many people were able to accept our invitation to
participate, despite the fact that there was two nonths or
| ess notice. And several of you have |ong distances to
travel. | think this testifies to the inportance of the
i ssue we are addressing, as well as its intellectual
chal | enge.

Stating the overall issue is sinple. In the United

States Repository Program and this nmay be true in sone other

countries as well, the waste package, that is the container
the waste will in when its placed in the repository, has cone
to have a very inportant |ong-termrole.
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The proposed outer |ayer of the waste package is a
two centinmeter thick shell of Alloy 22. Alloy 22 is a very
corrosion resistant material that depends on a nanoneter
t hi ck passive layer for its corrosion resistance.

Now, mankind's experience with Alloy 22 is only a
few decades, and mankind's experience with alloys |ike Al oy
22 spans only a few nore decades. And manki nd' s experience
with any netal or alloy that owes its corrosion resistance to
a passive layer is at best not much nore than a century.

By the way, | fully expect to be challenged on this
particul ar issue during the workshop by nenbers of the panel,
and you're wel cone to do so.

So if our experience is limted to a century or so,
what are the theories and the assunptions that formthe basis
for extrapolating for thousands and thousands of years? In
ot her words, what is the basis for extrapolating? That's
what I"'mtrying to get at here. Do we really have one? Wy

or why not? And in a nutshell, that's what the workshop is

al | about.

| think everyone on the panel knows each ot her.
But both for the record and to refresh our nenories, | would
i ke to introduce each panelist briefly, and I would ask you

to pl ease raise your hand when | call your nane.

We'||l start with Dr. Ugo Bertocci. He holds a
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doctorate in chemstry fromthe University of Mlan. He
wor ked for the National Institute of Standards and
Technol ogy, NI ST, for nore than 20 years, and retired about
ni ne years ago. Now, NI ST, of course, used to be the Bureau
of Standards.

More recently, Dr. Bertocci has done research at
t he Federal H ghway Adm nistration, again at N ST, and he has
col | aborated extensively with the French CNRS. His research
interests have always been in the field of electrochemstry.

Dr. Qustavo Cragnolino is a staff scientist in the
Center for Nucl ear Waste Regul atory Anal yses at Sout hwest
Research Institute in San Antoni o, Texas, where he has been
conducting experinmental research and nodelling of corrosion
and thermal stability of netallic container materials for
hi gh-1 evel radioactive waste disposal since 1990. He holds a
Li cenci ado and doctorate degrees in chem cal sciences from
the University of Buenos Aires in Argentina, and has worked
before in the Argentina Atom ¢ Energy Conm ssion, the Fontana
Corrosion Center at Chio State, and Brookhaven Nati ona
Laboratory.

Dr. Alison Davenport is a lecturer at the
Uni versity of Birm nghamin the School of Metallurgy and
Materials. Now, that's Birmnghamin the UK and not in

Al abama. She has a doctorate in Materials Science and
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Metal lurgy fromthe University of Canbridge. Her research
interests include the structure, chemstry and stability of
passive oxide filnms, and the effect of mcrostructure and
al l oyi ng additions on corrosion and surface treatnent of
netals. She's al so a Brookhaven al umma, spendi ng ei ght years
there as a scientist in the late Eighties and early N neties.

Prof essor Jerone Kruger, Jerry Kruger, received a
Ph.D. in physical chemstry fromthe University of Virginia,
and joined the Naval Research Laboratory. Three years |later,
he went to the National Bureau of Standards, and eventually
becane Chief of the Corrosion Section. |In 1984, he joined
the faculty of John Hopkins University in the Materials
Sci ence and Engi neering Departnent, becom ng Eneritus in
1999. He's a fellow of NACE, National Association of
Corrosion Engineers, the El ectrochem cal Society and the
Institute of Corrosion in the WK

Prof essor Di gby Macdonald is a professor of
Materials Sci ence and Engi neering, and director of the Center
for El ectrochem cal Science and Technol ogy at Penn State. He
has a Ph.D. in chem stry fromthe University of Calgary and
BS and M5 degrees in Chemistry fromthe University of
Auckl and. Hi's research interests include passivity, nuclear
reactor technol ogy, and high tenperature aqueous

el ectrochem stry. And, of course, he's the devel oper over
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t he past two decades of the Point Defect Mddel for the growth
and breakdown of passive films. Dr. Macdonald is a fell ow of
NACE and the El ectrochem cal Society.

Dr. Barry MacDougal | |eads the El ectrochem ca
Technol ogy Group at the National Research Council of Canada.

He received his doctorate in electrochem stry fromthe
University of Otawa. His research interests include the
formati on and breakdown of passive oxide filnms on netals and
all oys, with enphasis on the nmechani smof film breakdown
| eading to localized pit initiation. H s interests also
i ncl ude inproving understandi ng of fundanmental s of corrosion
processes of nmetals and all oys through the use of surface
el ectron spectroscopies to study the conposition and
structure of surface layers. Dr. MacDougall is a fellow of
NACE and the Chemi cal Institute of Canada.

Prof essor Philippe Marcus directs the | aboratory of
physi cal chem stry of surfaces, part of the National Center
for Scientific Research at the University of Pierre et Marie
Curie in Paris, France. He received his doctorate in
chem stry fromthe University of Pierre et Marie Curie. His
research interests include the effect of atomc |ayers of
absorbed sul fur on dissolution and passivation of netallic
surfaces, the study of passivity of nmetals and alloys, the

use of photoel ectron spectroscopy toward the standard
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rel ati onshi ps between the chem cal nature of passive filns
and their corrosion resistance, as well. He co-chairs the
Corrosi on El ectrodeposition and Surface Treatnents Division
of the International Society of Electrochem stry, and al so
chairs the Corrosion Wrking Party on Surface Science at the
Eur opean Federati on.

Prof essor Roger Newmran is professor of Corrosion
and Protection at UM ST, which is the University of
Manchester Institute of Science and Technology in the UK He
has a doctorate in netallurgy and materials science fromthe
University of Canbridge. He's been at UM ST for 17 years,
but is another of the fol ks spending tine at Brookhaven, in
his case, four years, as a researcher in the early Eighties.

He's a fellow of the UK Institute of Materials and of NACE
and hol ds a doctorate degree fromthe University of
Manchester. H s research specialties are passivity,
| ocal i zed corrosion, and stress corrosion cracking,
especially the formation of oxide filnms on alloys, nechani snms
of growth of pits and cracks, and prediction of pitting or
cracki ng threshol ds.

Prof essor Howard Pickering is distinguished
prof essor of Materials Science and Engi neering at Penn State
University. He has a Ph.D. fromGChio State University. Hi s

research interests include selective elenent dissolution from
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al l oys, localized el ectrochem cal degradation processes, such
as crevice, pitting and grain boundary corrosion, hydrogen
evolution and its absorption and diffusion into netals, and
surface reconstruction in netal electrodissolution and

el ectrodeposition in aqueous sol utions using the scanning
tunneling mcroscopy and atom c force m croscopy.

Prof essor Robert Rapp is distinguished university
profession enmeritus in the Departnment of Materials Science
and Engineering at the Chio State University. He has a
doctorate in netal lurgical engineering fromthe Carnegie
Institute of Technology in Pittsburgh, a predecessor to
Carnegi e-Mel I on University. By the way, our Board Chairman,
Dr. Jared Cohon, is the president of Carnegie-Mllon these
days. Dr. Rapp is well known in the areas of corrosion
mechani sns, coating and protection, extractive netall urgy,
and high tenperature materials. He's a nmenber of the
Nat i onal Acadeny for Engineering, and a fellow of four U S
Societies, ASM TMs, Electrochem cal Society, and NACE, as
well as two foreign societies.

Professor Norio Sato is eneritus professor at
Hokkai do University. He received a doctorate in engineering
from Hokkai do University in electrochemstry. He's an
el ectrochem cal scientist, specializing in corrosion and

fundanment al understanding of nmetallic passivity and its
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breakdown. Professor Sato is a fellow of NACE, the Japan
Soci ety of Corrosion Engineering, the Institute of Corrosion
in the UK and the Electrochem cal Society in the US.

Al so from Japan we have Dr. Toshi o Shibata, who is
prof essor enmeritus as of March of this year in the Departnent
of Materials Science and Processing of Gsaka University. His
doctorate is from Hokkai do University. He has been concerned
with the passivity of stainless steel and its breakdown,
including pitting, and stress corrosion cracking.

Prof essor Susan Sm al owska is professor eneritus at
Ohio State University, and also the director enmeritus of the
Fontana Corrosion Center there. She earned her doctoral
degree in chem cal engineering at the Silesian Technical
Institute and University in Poland. Dr. Sm al owska's
principal research interests have been investigation of the
ki netics of the nechanismof electro processes, pitting
corrosion, stress corrosion cracking, corrosion inhibitors,
hydrogen enbrittlenent, different types of aqueous corrosion
at high tenperatures and, of course, passivity.

Pr of essor Hans-Henni ng Strehblow is professor of
physical chem stry at the Institute for Physikalische Chem e
and El ektrochem e at Heinrich-Heine University in
Duessel dorf. He has a doctorate in physical chemstry from

the Free University of Berlin. His research interests
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i nclude el ectrochem stry, corrosion, surface anal yses, and
t he physical chem stry of surfaces.

Now, we have one ot her distingui shed panel nenber
who unfortunately will not be able to be with us today. That
was Professor Hans Bohni of the Swi ss Federal Institute of
Technol ogy in Zurich, who was to have been a panelist, and he
e-mai |l ed us Monday afternoon that he has cone down with an
infectious disease with a fever and, therefore, would not be
able to participate. However, he had gotten started on
preparing some notes for the neeting, and he was ki nd enough
to forward themto us. You should find them it is one sheet
of paper printed on both sides, in the package of handouts
that Linda Coultry and Linda H att set out for you this
nor ni ng.

| have a couple nore introductions to nmake for the
benefit of the panel. And before | nmake those introductions,
| first want to apol ogi ze to any of the other distinguished
visitors and friends that nay be present in the audi ence that
| nmore than likely will be overlooking, but I wanted to
hi ghl i ght some of our participants that are involved in the
project in one manner or the other.

First of all, Dr. Gerry Gordon, fornerly of GCeneral
El ectric, he's the lead materials scientist for the

Department of Energy. And he and the group that he's with
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have kindly volunteered to answer any questions about the

mat eri al s DOE program should they arise during the course of
t he workshop. [Indeed, the work of that group is going to be
di scussed in sone detail during this neeting.

We al so have Professor Joe Payer. He's professor
of Materials Science and Engi neering at Case Western Reserve
University in Ceveland, and he directs the Yaeger Center of
El ectrochem cal Sciences at Case Western Reserve. He's
chairing a ten nonth peer review of the DOE Materials
Program and we have sone of the peer review panel nenbers
here as well. The peer review just got started a nonth ago,
and sonme of you nenbers of the panel may be serving as
subject matter experts for the peer review as well.

| want to assure you that this workshop and the
peer review are independent efforts. The workshop has a very
narrow focus, and is a one shot affair. The peer reviewis
much, nuch broader and extends for nearly a year. Even
t hough the two efforts are independent, they do overlap, and
we hope what cones out of the workshop will be hel pful to the
peer review, as well as the Board.

| think that we have Professor Gerry Frankel in the
audi ence as well. Jerry? He's in the Materials Science and
Engi neering Departnent of Chio State, and is the current

director of the Fontana Corrosi on Center. He's a nenber of
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Dr. Payer's panel

Do we have Professor Kelly as well in the audi ence
today? Maybe | ater

Dr. David Shoesmith is in the audi ence? David
Shoesmith originally from Engl and, he spends nost of his tine
in London, but that is London, Ontario, where he's a
prof essor of chem stry at the University of Western Ontari o.

And | know Professor Shoesm th because of his extensive
participation in the DCE effort and as a contributor to a
nunber of previous discussions concerning materials in the
repository.

Let's see, we have also Dr. Roger Staehle in the
audi ence. Roger? He's fornerly an Chio State professor
University of Mnnesota dean, and he is also involved in
Ri ckover's nucl ear navy, and now he's associated w th Roger
Staehl e Consulting, and he's also in the audi ence and he has
been involved also for a long tinme in these areas.

We have, again, many other friends and
di stingui shed people. Dr. Scully maybe is in the audi ence?
Wel |, anyway, and | apol ogi ze for those whose nanes | may
have failed to notice at this nonent.

Okay, a coupl e of housekeeping issues. You m ght
notice that the neeting is being transcribed, and this is

standard practice for all Board public neetings. The
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transcript will be kept in our permanent archives and will be
posted on our website.

Scott Ford, who is recording the neeting and his
staff back in Denver have provided transcribing services to
the Board for quite a while, and they're good and they're
famliar with many of our technical terms, but there is
sonet hing you can do to help them \Wenever you speak,
menbers of the panel, please identify yourself, unless
sonmeone has just introduced you, just saying your |ast nane
i s enough, but that will help keep the record straight as to
who i s saying what.

Now, just a couple of very brief comments
i ntroduci ng the next presentation and the overall orientation
of the workshop. Now, the basis for extrapolating corrosion
resi stance thousands of years into the future has been a
concern of our Nuclear Waste Techni cal Review Board for at
| east four years. And this is a concern that the Board has
mentioned frequently in its witings.

We have encouraged the Departnment of Energy to
begi n sone basic research on the issue, and the DOE has
responded by begi nning sone basic research, but nmuch of it
only recently. You will need to consider that in detail, and
we're going to be addressing sone of that in sonme of our next

present ati ons.
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Way are we having the workshop and why are we
having it now? Dan Bullen nentioned the Nucl ear Waste Policy
Act of 1982. This Act, and its subsequent anendnents, set in
pl ace, anong other things, a careful and detail ed process
involving the Secretary of Energy, the President of the US,
the State of Nevada, the Congress, and other parties, for
maki ng the social decision on whether to proceed with Yucca
Mount ai n.

The Departnent of Energy plans that the first step
of the process, a decision by the Secretary of Energy whet her
to recormend the site to the US President, shall take place
late this year. Cearly, the decision will have a technical
conmponent. The Board's views will be inportant for the
deci sion, and we want to have as conplete a basis for our
Vi ews as possi bl e.

Hence, this workshop. W are seeking a broad range
of diverse opinions on the matter of extrapolating corrosion
resistance far into the future. W are not seeking
consensus, and we are not seeking agreenent. W are seeking
opi ni ons.

What transpires during the workshop will form an
important part of the basis for the Board' s view on the
extrapol ation issue. And since we have to express that view

before the Secretary's decision, you can understand the
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timng of the workshop.

Now, finally, the subject of this workshop is the
| ong-term extrapol ati on of passive behavior. | know there
are many tenpting side topics that this group is emnently
qualified to explore, for exanple, stress corrosion cracking,
or the design of the waste package itself. But if we get off
onto those topics, we risk not fully addressing the reason
we're gathering here in the first place. Long-term
extrapolation is our focused interest. Also, we didn't
furnish you with the background information to address those
ot her issues.

So, if we travel down the side road, |'msure Dr.
Bullen will feel obliged to pull us back before we go too
far.

Thank you. And now | would like to turn the floor
over to Dr. Carl D Bella, who wll describe briefly the
wast e package designs and the range of chem cal, physical and
thermal environnents that the waste packages may experience
in the repository. Then | will return to sunmarize Al loy 22
corrosion research, and repeat the questions for the
wor kshop.

Before I turn the neeting over to Dr. D Bella, do
we have any specific questions on the part of the panel?

(No response.)
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SAGJES: If we don't, then Dr. Di Bella, please
DI BELLA: Thank you very nuch.
Well, M. Referee, we're running just a bit behind,

but I'm going to help.

BULLEN: | am keepi ng score.

DI BELLA: | sent to each of you about a nonth ago sone
i nformati on about the waste package desi gn and about the
envi ronment that a waste package at Yucca Mountain woul d
experience. |'mgoing to repeat that very briefly, nore for
t he purpose of you asking questions, if you want to.

| don't have copies of nmy handouts because |'ve
al ready sent themto you, and because | got themfromthe DCE
websi te anyway.

So, first, let me rem nd you, particularly for
visitors fromoverseas, where Yucca Muwuntain is. Al right,
Yucca Mountain is located in the State of Nevada about 150
kil ometers northwest of Las Vegas. |It's at the very western
edge of the Nevada Test Site, which is blown up here--blow up
| guess is a good word for it. Here is the footprint of the
repository |ocated just west of the Test Site on Bureau of
Land Managenent Land, on Nellis Air Force Range |land. That's
where it's | ocat ed.

This is a sem-arid |ocation. There are about 17

centinmeters of precipitation a year. Mst of that evaporates
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off or runs off, but some does filter into the nountain and
eventual |y reaches the water table, which is about 600 neters
bel ow t he surface.

The repository would be | ocated above the water
tabl e about 300 nmeters. So it's in the unsaturated zone, the
vadose zone, as it's known. And the pressure at that |evel
is essentially the pressure of outside air, or the
at nosphere, and the elevation of the repository is about 1000
nmeters. So at that elevation, pure water boils at 96 degrees
rat her than 100 degrees.

The repository would ook like this. This is an
isometric view of the repository. 1'll give you a little
closer viewin just a nonment. The enplacenent drifts are the

drifts going east/west where waste packages woul d be pl aced.

This is another view that enphasizes the
ventilation aspects of the repository. |I'mdoing that to
show you that the repository would not be closed i medi ately

after waste packages are enplaced, but that sonme period of
ventilation would take place, and this period of ventilation
could be as short as 25 years, could be as |ong as 300, or
per haps even | onger.

The waste packages | ook like this. There's a
person there shown for scale. They do vary sonewhat in

di aneter and length, but they're roughly between one and a
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half neters to two neters maxi numin dianeter, and they're up
to on the order of five neters |long, about the size of a
Lincoln linmousine, if you happened to see them when you cane
into the airport waiting outside for VIPs.

The outer surface of the waste package is C 22, a
two centinmeter |ayer of Alloy 22. The inner |ayer of the
wast e package is 316-N stainless steel, five centineters
thick, and it gives the structural strength, or a |arge
portion of the structural strength, to the waste package.
Then there is a basket to hold the assenblies. And the
entire waste package, with the exception of the lid, is
anneal ed before waste is put intoit. Then waste would be
put into it, and the lids welded on, and then the lids would
be individually treated to put into a conpressive state.
There's a double lid. One lid gets |aser peened in the
current concept, and the other |lid weld gets induction
anneal ed, locally induction annealed to protect the waste.

That's the design of the waste package. Let ne
show you one conceptual diagram of how the waste woul d be put
into the repository. The dianeter of the enplacenent drifts
is roughly five and a half nmeters. The dianeter of waste
packages renenber is on the order of two neters. Selection
of waste packages are shown here in an enplacenent drift, and

you might notice towards the back of the drift, this device,
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which is called a drip shield, which would be nade out of
titanium and the idea is to place the drip shield after the
ventilation period, just before closure of the repository.
And it would be a continuous drip shield of segnents that are
hooked toget her, overlapped |like shingles, so that they would
prevent water from going onto the waste package. That's the
concept anyway.

You m ght think, of course, that besides C 22 outer
| ayer of the waste package dependi ng on passivity, so does
titaniumdrip shields, so does the stainless steel inner
| ayer, so does, hence, and we don't have a picture of an
assenbly here, but so does the zircal oy tubing that consists
the assenbly rods. However, we're going to talk about Alloy
22, of course, for this workshop. Wat conmes out with regard
to that may well have application to passivity for these
ot her materials, too.

There is water in Yucca Mountain. Even though it's
above the water table, water percolates down through Yucca
Mountain and there is water in the pores of the rock at Yucca
Mountain. And | have here a very conplicated table, a very
dat a-l aden table that has the conpositions of two of the
native waters in the Yucca Muntain area.

This colum here is the water fromthe water table,

actually several kiloneters away from Yucca Mountain, but
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it's close. This water here is water that has been squeezed,
or centrifuged |I think, out of rock pores at the repository
level. They're really quite different, and you can see the
difference in when you evaporate the respective waters. This
is an evaporation of this water. This colum is an
evaporation of this water right here.

You will notice in evaporating the water bel ow the
water table, that you basically get rid of all of the cal cium
and the magnesium \What happens is that they conbine with
the carbonate, and that it precipitates them out.

However, in the case of water at the rock level, in
the pores, there's nuch higher concentrations of cal cium and
magnesi um and when you evaporate this, you basically get rid
of all of your carbonate, but you still have cal ci um and
magnesi um | eft.

What's the significance of that? The significance
is that the cal ciumand the magnesium together with the
chlorine anion, have very high boiling points as saturated
solutions, or near saturated solutions in water. \Wereas,
the salt here that has a conbination of cation and anion that
woul d have the highest boiling point of the saturated m xture
here, is sodiumnitrate.

In this case, the boiling point approaches 150 to

160 degrees. In this point, the boiling point approaches 120
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degr ees.

Now, why am | bringing that up and what does it
have to do with corrosion? Well, the salts that are
deposited on the waste package, whether they are from
ventilation air that conmes in, whether they are fromrock
dust that cones onto the waste package over this 25, 50, 100
year period, may have sone of these salts here in them sone
cal cium magnesiumchloride salts in them or sone sodi um
nitrate salts in them which would determ ne the highest
tenperature at which is going to be aqueous condition on the
wast e package.

If this is typical of the kind of salts that are on
t he waste package, then pretty nuch 120 degrees you can
safely say is the highest tenperature that there's going to
be liquid water on the waste package. |If this does, then
maybe 160 degrees is the highest tenperature, and that has
sonet hing to say about the corrosion.

For the purposes of the workshop, | think we're
going to have to play it safe and say it's possible that
maybe there will be liquid water on sone of the waste
packages, or sonme part of sonme of the waste packages as high
as 160 degrees.

Now, there are many other trace conponents. These

are just what | call a major species in the water, and they
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can be inportant, particularly if they find a way to
concentrate, and that's sinply out of the scope of the
wor kshop, but it's an inportant issue.

Tenperatures can be generated at Yucca Muntain.
There are basically two schools of thought for a repository
at Yucca Mountain. One is called hot and one is called cold.

And 1've tried to represent themboth here with a plot of
wast e package surface tenperature versus time for the hot
case, which is red, for the cold case, which is green. And
there are many, many of these different kinds of cases. This
is just neant to be a representative or a sanple case. The
actual tenperature of a waste package is going to depend on
where it's located in the repository, and what's inside that
particul ar waste package.

But let's take this. And so in the hot case,
ventilation goes on for 50 years. Then the repository is
closed. Ventilation is turned off. The decay heat fromthe
package boosts the tenperature up to 160, and there's a slow
decay as the heat dissipates fromthen on.

In the cold case, ventilation is not turned off.
The repository is not closed at 50 years, but instead,
natural ventilation is allowed to occur, and this renoves a
portion of the heat fromthe repository, keeping the

t enperature bel ow 80 degrees.
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Again, this red case here is the DOE base case

ri ght now, although they have studi ed both cases right here.
But | think for the purposes of the workshop, that it would

be wi se to consider the DOE base case as being the base case
for the workshop, that is, one where the tenperature wll
stay above 95, 96 degrees for nmaybe on the order of 1000
years. It's going to be 500 to 2000, depending on the
i ndi vi dual waste package.

Now, | think that's really all | wanted to say.
Really, | put this up nore to give you an opportunity to ask
questions, if you want, about the environnent that the waste

package is going to experience. Are there any?

NEWVAN: | just have a question, which shows ny tota
i gnorance of radiation. Does the stainless steel stop al
t hat ?

DI BELLA: Yes. Does the stainless steel?

NEWVMAN: Does the stainless steel stop all the
radi ati on?

DI BELLA: No, there is a fairly significant radiation
field outside of the C-22, at |east froma personal point of
view. From a radiation damage point of view, | think the
consensus is pretty strongly that radiati on damage fromthe
waste, either of the stainless steel or of the CG22, is not a

significant issue.
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However, radiolysis, which is ionizing of chem cals
in either the water on the waste package or in the humd air,
and then sone sort of concentration of, say, the nitric acid
or hydrogen peroxide that you get, that's a potential issue
if you can think of a concentration nmechani sm

Dr. Kruger?

KRUGER: Are there any scenari os where the waste package
sees only hot air and steam and no aqueous environnment?

DI BELLA: The proponents of the hot repository hope, of
course, in this period of time that all of the water is
driven away, that it will condense soneplace far away from
t he waste package, and drain in between the tunnels, and so
that it's not an issue.

KRUGER, The issue is that the environnent at 160 at
| east, hot netal, in gaseous environnent, which | think is an
i ssue as well.

DI BELLA: There has been a fair anmount of study of
that. And, indeed, dry oxidation, or dry air oxidation is
what termis used inside the project, does occur, but the
rate is infinitesimal, | amtold, so dwarfed by any aqueous
corrosion rate.

KRUGER: Okay.

DI BELLA: Dr. Davenport?

DAVENPORT: | just wondered how nuch variability there
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is in the solution conpositions that you quote? |Is there a
sense that in different parts of the tunnels, there m ght be
some areas with particular constituents that go significantly
above the anmounts that you' ve indicated?

DI BELLA: In ny mnd, just speaking for nyself, neither
the variability issue nor the uncertainty issue have been
sufficiently addressed yet.

Looking at it froman overall point of view the
nmountain is a relatively honbgeneous kind of rock called
tuff. But looking at it froman individual waste package
point of view, and there's going to be nore than 10,000 waste
packages, each waste package is going to see different
characteristics of the water around it. And what that spread
is, I don't think there's enough data yet, particularly of

water at the repository |level, to answer the question.

Dr. Strehbl ow?
STREHBLOW | wonder why you stopped your concentration
of the brine action? | would guess it's sone 10 to the m nus
2 nolar solution. You're talking also about dry situations,

and it could be that the electrolyte is really concentrated,
nore concentrated, like a Q brine, or sonething like that,
which is extrenely high in concentration. It mght be nore
corrosive. |Is that a realistic situation? W can talk about

that later. But you might give it sonme thought.
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DI BELLA: | think it's an absolutely realistic
situation. | only put that chart up because | had sonet hi ng
to cite behind it.

And now may | give the floor back to Dr. Sagués?

SAGJES: Geat. Well, we're getting closer now to the
substance of the workshop, and what Dr. Di Bella showed you
is another introduction of our nental paraneters. By the
way, we do have here in the audi ence Yucca Mountain Project
scientists who m ght be able to clarify some of these issues.

So | would invite the panel participants that if they have
any additional questions on this, feel free to indeed ask if
we can have sone additional clarification. And that applies
also to what I"'mgoing to nention right now. |1'mjust going
to highlight a couple of issues, and | don't pretend by any
means to nmake this into an exhaustive presentation.

And what | wanted to do is to quickly address the
qguestion of what kind of corrosion performance is needed if a
repository of this type would be somewhat successful in doing
what it's supposed to do. And the first thing | want to
mention is that the performance of the repository has becone
i ncreasi ngly dependent on the integrity of the waste package.

Maybe a decade ago when the initial concepts of the
repository were considered, at that tine, the nmountain was an

extrenely, and still is an extrenely inportant part of the
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overal | equation that woul d determ ne separati on between the
waste and the public, but the nmountain, during the |ast
decade or so, nore evidence began to appear that the nountain
had a ot nore water than was initially anticipated. The
flow of water, the flux of water was found to be quite
significant. There was uncertainty as to how sl owed down

t hat water notion would be, and so on.

So, as a result, the present performance
projections for the repository are relying strongly on that
package being there and staying in very good shape for a very
long tine.

| ndeed, at this nonent, to have a very credible, a
very robust repository concept, really, there shouldn't be
any w despread penetration of the Alloy 22 shell during the
first 10,000 years of operation of the repository. And we
cannot give any specific tine period, and the |ike, but
i ndeed, a very robust package, a package that will stay for a
very long tine is indeed needed.

Now, things |ike l|ocalized corrosion would be very
detrinmental to the anticipated performance of the repository.

If there were strong evidence that |ocalized corrosion, big
pits would develop in the system if those penetration
phenonena are really very fast, to get sonething that would

be a workabl e repository concept, so, really, localized
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corrosion is sonething that the concept cannot afford very
nmuch.
Now, that |eaves, of course, uniformcorrosion
Now, uniformcorrosion rate would have to be quite small. To
be quite sure that there's no w despread penetration, well,
we have to have corrosion rates that have to be nuch, nuch
smaller than two m croneters per year. Two mcroneters per
year is, of course, the nom nal kind of corrosion rate that
woul d give you two centineters penetration in 10,000 years.
So, you realize that we are asking here for the

kind of performance that in many industrial operations nmay be

sonmet hing you could live with, but in this case, you
couldn't.

Now, the challenge that we have here is an
extrapol ati on chal | enge, because the package corrosion

performance relies on passivity. And I'mgoing to show a
graph in a second here to dramatize this. The enpirical

evi dence that we have on the performance of passive materials
is very, very low W haven't used a trick for engineering,
as far as | can think, and as far as fromconversations with
a nunber of individuals who should know, we don't have nuch
nore than about 100 years, maybe 150 years perhaps, the first
applications of some alum num all oys, and one could say that,

wel |, yes, maybe steel and concrete, there have been nails or
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sonme smal |l conponents of steel enbedded in nortars and
concrete for a long period of tine, and that woul d be
passive. But, again, we are talking about a fairly short
tine.

So | put together this graph sonme tine ago, and
this graph is sinply an indication of the follow ng. Here,
we have, say, assunmed uniform penetration rates in
m croneters per year. Here would be the mllinmeters per
year; here would be the mcroneters per year. And here would
be the nanoneters per year kind of thing. To penetrate
through 20 mllinmeters, well, you have this anount of tine.
So if you have 10 microneters per year, then you are talking
about a coupl e thousand years, and so on, and so on.

Well, the kind of desired performance is sonething
that begins to get better and better the farther away we are
from 10,000 years. So this is sort of |like a desired kind of
regine, that cloud of behavior over there. But the problem
is that the actual enpirical evidence that we have on passive
materials doing their job is about 100 years.

So, we have here an extrapol ati on gap, and we have
here a heck of an extrapol ation gap. W are talking about
one, two, maybe three orders of nmagnitude extrapol ati on gap.

And, clearly, we cannot just rely on nmaybe ten years test

and saying this worked for ten years. W have to have
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sonet hing to support that, and that something has to cone
from sone fundanental understanding of the processes that are
responsi ble for this behavior. And, of course, that's why
you' re here.

Let's talk a little bit about what is the avail able
evi dence on uniformcorrosion. |'mjust going to highlight
some of the results that the Project has produced, and sone
of the -- . And, again, as | said before, feel free to ask
some of the Project scientists in the audience, if you would
i ke, sonme very specific detail.

The evidence that is available on Alloy 22 cones,
quite a bit of the nost detail ed evidence conmes from
gravinetric corrosion tests, coupon tests, in a fairly large
facility that is |ocated at Lawence Livernore Nationa
Laboratory. Over there, Alloy 22, anong other alloys, has
been tested, and in sinulated repository environnments, the
corrosion rates that are obtained by gravinetric tests are
distinctly below the tenth of a mcrometer per year. And |I'm
going to show that nmuch of them maybe show a hundredth of a
m crometer per year

There's al so el ectrocheni cal evidence that provides
simlar evidence, and then there is a little bit of evidence
on tenperature dependence. So let nme show you sone of that

evi dence so you get a flavor of what is involved.
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First of all, about gravinmetric corrosion rates,
t hose of you who have been invol ved in coupon testing know
that when we are tal king about those very |ow rates, we nust
be tal ki ng about very, very small mass differentials in
coupons that can be quite heavy. And sure enough, when you
have data fromthe first maybe couple years, or one year, you
may get indications like this.

And, here, we have the eval uated penetration rate
for a whol e bunch of coupons, in this case, of Alloy 22 in a
nunber of simulated environnments, and this is the cunul ative
percentage of it. And, of course, what you see is that a
nunber of your coupons are going to show a negative mass
| oss. They have gai ned wei ght during the test, even if you
cl ean them up, and so on

So, you realize that right there, you are in a

situation in which you have to start nmaki ng sone assunpti ons.

Maybe we have silica deposition on the surface of the
speci mrens. Maybe we have to have sone controls, and so on
and so on.
Now, this gets a little bit better when you go over
maybe two or three years, and that is indeed what is

happeni ng here, are simlar cunulative distribution curves,
in this case, going up to tw years, and now a nunber of

t hi ngs showi ng negative rates are becoming a little bit |ess.
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Up here you have your corrosion rates. You have sone kind
of a nedian that is less than a tenth of a mcroneter per
year, but you have some of -- here and there.

And, indeed, this kind of information is being used
now for a nunmber of ways of assessing what may be happening
over long periods of tinme. |Indeed, also what you see is that
as the time of exposure increases, the nean rate of corrosion
of these coupons by gravinetric observation is, indeed,
com ng down. And, here, we are hitting nore |ike maybe the
hundredth of a microneter per year. But, of course, you have
this uncertainty that cones fromthis test, and of course
means you're going to have al so a spread of val ues.

So, so much for the kind of gravinmetric information
that is comng up for these periods. There aren't too many
ot her studies of extrenely |ow corrosion rates by gravinetric
pur poses of passive alloys in general. You do have
el ectrochem cal evidence.

For exanple, in GQustavo's group at the Center for
Nucl ear Waste Regul atory Anal yses, they have produced
information Iike this. 1'mgoing nowto the Yucca Muntain
Project which provides information of this type. You go
ahead and you potentiostat an Al loy 22 specinen, and then of
course you | ook at the kind of current decay that you get,

and in this particular case, we have, in this exanple, we
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have a couple of weeks worth of testing, and you see that the
corrosion rate reaches sone kind of apparent stabilization at
the value that is maybe about a tenth of a m croneter per
year kind of information.

Now, as many of you know this, you can get this,
you plot a log of current density as a function of |og of
time, and in that case, well, maybe it still has a way to go
on this. It may go to nuch, nmuch |ower value if you
extrapolate in that fashion. And |I'm sure that many of you
have ot her opinions and may have conflicting opinions after
having interpreted this kind of evidence. But this is the
ki nd of evidence, direct inmedi ate evidence that we have
right now, sort of |ike enpirical observations, that have to
be neshed with sonme basic understanding to be able to go

ahead and extrapolate this orders of magnitude into specific

behavi or.

And then, yes, you do have electrochemcal, in this
case pol arization resistance to the inpedance as well, and
you see al so corrosion rates approaching a hundred, naybe a

tenth and a hundredth of a mcrometer per year, and this is
linear polarization. |In this case, we're tal king about a

hal f a year kind of period of tine. And this also indicates
sonet hi ng which seens to be distinctly below the tenth of a

m croneter per year
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So nmuch for rates. This is the kind of
information, the imediate information that is available. A
l[ittle bit on tenperature dependence of this kind of uniform
corrosion.

The first indications of tenperature dependence
cane fromgravinetric tests, and those indications were
really not very informative. These are rates, in this case
i n nanoneters per year, fromcoupon tests that were conducted
at a couple of tenperatures, 90 degrees and 60 degrees
centigrade, and this is the spread of the information.
There's no really good indication about what m ght be the
tenperature dependence. O course, this is a very crude
met hod of trying to obtain that.

But on the other hand, we're tal ki ng about data
that spreads over a couple of years of tine. So you have
sonmething in one direction, and you have sone in the other.
But this was quite inconclusive. And in the initial
performance assessnent exercises that the project carried, it
was assunmed that tenperature dependence of the uniform
corrosion rate of Alloy 22 in these kinds of environments was
not very great.

Now, yes, you can do short-term experinents, and
this is an exanple of results fromshort-term experinents

that were made at the University of Virginia by John Scully
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and his collaborators. And here, you have sone potenti al
scan tests perforned in a relatively short tinme scale. W're
talking here in the hours or maybe a day at the nost kind of
time frane. And, yes, in this case, you can get sone
i ndi cations of apparent corrosion rates. This is a natural
log, by the way, so it's a little bit--it's not inmmediately
easy to | ook at.

But neverthel ess, yes, there seens to be an
i ndication of an increase. You can go ahead and do what
we'll do, just put a range of dependence, and you end up with
about 30 kil ojoules per nole kind of activation energy. It
doesn't sound too outrageous, but what | want to indicate,
this is very prelimnary information. This is just quick
kind of testing. W have sone idea of what is happening, as
one can specul ate, but that's about the kind of bit of
information that is available for this particular issue at
this nmonent. More is comng, but we are not quite there to
t he point where we have very nice data after several years of
exposure with different tenperatures and very | ow margins,
and so on.

So, I"'mshowing this primarily to give you a flavor
of the kind of information that exists. And, again,
apol ogi ze to the Project if | am short-changi ng sonme of the

information that is available. |I'msure they' Il be glad to
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suppl enent sonme of it.

Now, I'mjust going to say a couple of words about
| ocalized corrosion, and the kind of information that is
available at this time. And | should say that at this
nmonment, the Project approach to performance anal ysis, which
is sort of Iike an extrenely sophisticated overall durability
projection type of nodel, and that approach uses a critical
potential criterion. And that is, of course, to neasure
ranges of open circuit potentials, to nmeasure ranges of
repassivation potentials. [If your open circuit potential is
bel ow t he repassivation potential, well, you should be fine.

If it is above, you're in trouble.

A lot of this information cones fromcyclic
pol ari zation tests, and sonme additional information is now
enmergi ng, but again, we have to deal with what is avail able
at this tine. And the overall conclusion of what has been
observed is that crevice corrosion will not sustain the
tenperatures on the order of 100 degrees centigrade, and at
t he kind of expected open circuit potentials, if you are
bal ancing the chloride ion content of the solutions wth a
conpar abl e concentrati on of beneficial ion, such as nitrate,
for exanple, things of that order, if you put just sodium
chloride at those tenperatures, and it's highly concentrated

sodi um chl ori de, several nolars, and so on, yes, you may
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devel op | ocalized corrosion even in Alloy 22.

But when you have the kind of balances that Dr. D
Bel | a showed earlier, then the | ocalized corrosion doesn't
seemto develop, at least within the tine frane and within
the limts of the information available to date.

There is concern, and Dr. Staehle has pointed out
this, that there may be ot her substances, say, trace elenents
of lead in the rock, and the like, that may |l ead to surprises
in not only the localized corrosion, but also perhaps uniform
corrosion of these materials.

But what | want to do is | want to close this
review of the highlights of what is know about corrosion of
these materials by enphasi zing sonmething in here. A we have
a very long tinme frane. We nmentioned this. 10,000 years, we
want to get farther ahead than that. The other thing is
sonmething that I'"msure Dr. Shibata has sensitized many of us
of that, and that is that each one of these packages, oh, has
about sone 20 to 40 square neters of surface, say 30 square
meters of surface. There's about 10,000 packages, or so,
dependi ng on what kind of a concept we have. So, you can
have 30 tinmes 10,000, have 300,000 square neters of passive
alloy here to deal with. And there's a little bit of an
extrapolation fromtests that you performw th 10 square

nmet er speci nens when you're going to 300,000 square neters of
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surf ace.

The other thing is welding. These things have
wel ds that have been anneal ed, and then there's finally a
closure weld at the end of the package. Well, each one of
t hese packages will have at |east sonme 6 neters, or so, of
closure weld at one end. So you have 6 neters tines 10, 000
packages, mnimal, so you' re tal king about sone 60, 000- - about
some 60 kiloneters of weld to consider in here. W are
talking a long tine, and we're tal king about a | ot of
material to consider. Al of it has to stay--you want for it
to be passive, and you certainly don't want w despread
failures of that material.

So, having said all that, we went ahead and we
submtted to this distinguished panel a couple of questions.
And you have the text of the questions. |'mjust going to
show this to rem nd everyone of what is the general flavor of
the questions. And the first question was can you propose a
mechani sm or nmechani sns that would after a long service tine
substantially increase the passive corrosion rate of all the
presently expected val ues.

You saw that if we go to -- in the mcroneter per
year, we are likely to have sone kind of a very inportant
guestion as to whether these packages will do the job that

the repository would need to have done.
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And the idea was, of course, that maybe we do have
t hese very | ow corrosion rates, maybe a tenth or a hundredth
of a mcroneter per year. This is happening for a while.
But then maybe there is sone kind of an agi ng process that we
don't know about. And, again, we're bringing you here to
specul ate as to what processes mght occur, and -- may kick
in after 100 years or 1000 years or 5000 years. And if at
t hat nmonent we get sonething that starts boiling quickly
t hrough the container, we want to have an idea, we
collectively, not just the Board, but the community, we would
like to have sone idea as to whether that m ght or m ght not
be happening. And the best thing that we thought of was to

bring you all here and ask you directly that question.

And then, of course, the other is let's suppose
that we lay uniformcorrosion to rest, well, could sonething
be happening at the localized corrosion end? |Is this open

circuit potential, critical potential criterion, that works
so well when you're designing a refinery for a chem ca
processing plant, will that work also for sonmething that has
such a huge tinme designed service life, if you want to put it
in those ternms, and al so such a large opportunity for damage
to develop froma surface area standpoint.

And, of course, if you conme up with ideas of things

t hat coul d happen, you thought about this or this, how could



53

this be tested in a reasonable tinme frame? As you heard
today, our society is getting very close to nmaking sone kind
of a decision. Qur representatives will make that deci sion.
We're not going to nmake that decision. But they are going
to have to be inforned as to what nay be happeni ng, what may
not be happeni ng, what may go wong, and al so, of course,
what can go right with the present concept.

| would like to finish this by pointing out a
coupl e of questions which are a little bit broader, but have
to do with this as well, and they have been posed by Dr. Pau
Craig. And I'mjust going to flash them here. W may put
them back later. And | guess that soneone decided to cal
t hese phil osophi cal questions. That was not ny choice, but
we'll leave it with that nanme, and | think philosophical is a
good i dea.

And | think that the nunber one, this is addressed
to the nmenbers of the panel, and this is nore of a general
flavor kind of idea, and that is what is, you know, when
t hi nk about this, what is the nost significant unexpected
result or surprise that you have experienced personally in
t he physical, chem cal, materials science area. And then
given this experience, why do you or don't you believe that
unexpected results or surprises concerning A loy 22 corrosion

behavior will or will not occur over very |ong periods of
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time. | think that that's a very good point that Dr. Craig
has made, because this is going to be a hunbling experience
of going through observations in this area.

And, now, nunber two, which is again a little bit
nore general, is what is your level of confidence in this
ki nd of extrapolation that one would be doing. And then how
far out in tinme would you feel confident extrapol ating the
corrosion behavior of Alloy 22. And, again, how far in tine
are the operational works in here? Because that is what
makes this problem quite unique.

And | think those two particular issues are of
quite significant inportance, and we're going to have to be
| ooking at them And there may be one or two ot her questions
that will be brought out that we can discuss |ater.

So, this is really the overall kind of introduction
that | wanted to give you. And before we go into the
i ndi vi dual presentations, do we have any questions or
comments that you would like to bring up based on what | have
shown up to now?

(No response.)

SAGUES: Well, | think that you will have plenty to say

on your own presentations, so |'mgoing to now pass the
nmeeting to Dr. Bullen

BULLEN: Thank you, Professor Sagués. | appreciate you
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getting us right back on schedule. W are at 9:55, and
that's the beginning of the individual responses.

Fortunately, | had a vol unteer approach and
vol unteer before the neeting started to be the first
participant, and that is Dr. Gustavo Cragnolino fromthe
Center for Nucl ear Waste Regul atory Analyses. And so |I'd
like to ask Gustavo to give us a five to ten mnute overview
presentation of the response to the two questions.

So, CGustavo, would you pl ease kick us off?

CRAGNOLINO | want to start raising the sane slide that

you have seen that Al berto placed here, and these are the
results of our work, only to enphasize that in this type of
extrapol ati on that was done on the basis of electrochem cal
nmeasurenents of passive current density over the period in
whi ch steady state conditions are very well attained, we are
using Faraday's laws to extrapolate tine of this nature.

However, these are the main issues that we have to
confront, that we don't have any way to estimate defect
generation or accunul ati on of netastable events that may | ead
to higher corrosion rates at |onger tines.

And at sone point that he touched on at the very
end on how this could be inpacted by the effect of
fabrication processes that we need to consider.

These concerns about the validity of these |ong-
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term extrapol ations, either fromthe experinents that |
nmenti oned as el ectrochem cal or gravinetric - we believe they
need a critical assessnment of nechanistic nodels that could
provide us a framework to try to understand new net hods or
approaches that can be used for the purpose of experinental
verification.

And we have used this nodified point defect nodel
as a starting point, but we have to keep in mnd
consi deration of other type of passivity nodels that should
be placed in the perspective of providing us a way to find an

experinment that can in sone way test, within the limtation

of time, the results.

And I will talk on one issue that we have to deal
with very clearly is there is validity for high tenperature
experinments as accelerated tests for extrapolations to the
| ow tenperature reginme. This is a question that has been
posed for many systens. |It's possible that we are
confronting here tinmes that are nuch | onger than the tine of

t he engi neering experience. And there is another factor that
can be used to accelerate this.

l"mnot going to go into details because | can
cover this later on, but to give you an idea, we started
working with the idea of the nodified point defect nodel to

try to devel op a concept about the stability of the passive
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film and we cane to the conclusion that by using this nodel,
the only thing that can explain seeing that would |lead to
eventual failure of the passive filmis the process of film
spalling at irregular |ocations. And we propose an heuristic
nodel to account for this process.

But the final conclusion by analyzing the process
through this type of nodel is that the steady state passive
di ssolution of this filmis stoichionetric in nature, even
though initially, it would be a preferential dissolution of
the nost easy to dissolve species like the nickel in this
particul ar case of the nickel chrom um based all oy.

The inportant thing is that as we nentioned here,
inthis famly of the Hastalloy alloy that may contribute to
passivity of the chromiumrich oxide type of filmin which we
can have a double layer in the interface with the aqueous
solution that is essentially nore of a hydroxide type of
effect.

We went through this type of exercise using this
t heoristic nodel to consider the process of filmspalling and
the alloy at different thickness, and we can work with this,
in which situation with particularly this type of thickness
of this flat, thin material in the calculation, and the
l[ifetime of the container will be a function of the critical

vacancy concentration fraction. This fraction is the
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concentration of vacancy over the concentration of the other
species present in the interface. And filmspalling is
assuned to have occurred under this condition.

We can conme out with prediction in life that |ead
us to very long tines, except for critical vacancy
concentrations that are relatively long. This puts in
guestion obviously to our thinking, that for one side, this
is valued as a concept, or there are sone essential flaws
that we have to find out.

Qur approach by using this nodel, and for that
reason | enphasize the nodel as a good way to design the
experinment, but as critical responses. |If the nodel will not
agree with the response that we are expecting, we have to
change the nodel. But this is the only way that we can cone
out with an approach to predict this type of long, long tine
decay.

And we are doing an experinent in which we neasure
sol ution conposition, you' ve seen capillary el ectrophoresis,
toreally evaluate if this concept of stoichionetry in the
long termis maintained, or we have preferential dissolution
of the alloying elenents, and this is the type of cell that
were used for electrochem cal purposes. |'mnot going to go
into details. W can discuss it later.

We need to grow to have very high resolution of the
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passi ve corrosion density nmeasurenment over an extended period
of time, because in ny first failure, you see that even
t hough the current density is steady there is a |ot of
fluctuation, indication that they are processes of film
breakdown and repair, and in order to evaluate the
possibility of metal vacancy accumnul ati on, we consider the
use of resistivity nmeasurenents in thin foils.

To conplete ny point, we have to consider any other
possi bl e processes |leading to small increases of passive
current density. That could be a superposition of cumulative

net ast abl e passive film breakdown and ot her repassivation

effects. And another approach is consider other types of
nodels. | nentioned initially if the nodification of the
outer deposit layer is able to create a local, nore

aggressive environment with tinme, that will pronote this type

of very localized fluctuation in the concentration of the

vari abl es that influence the breakdown and repair of the
filns.

Qovi ously, the possible nmethodol ogy that we have in
mnd is this. Enhanced resolution of |long-termeither

potentiostatic or zero resistance anmeter neasurenents. But
we have to keep in mnd that when we are using an
el ectrochem cal approach, this is a very inportant

consi der ati on.
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The basis of the consideration that was nenti oned
by Al berto regarding the probability of events that we cannot
capture using the smallest specinen - tied to this, we have
to consider the inportant role of the cathodic area when we
are tal king about a very extended cathodic area, conpared to
the situation when we are doing this under potentiostatic
control, in which we have a driving force for the process.

|'"mgoing to go very, very briefly, and think that
is a matter of further discussion, about certain sem -
enpi rical approach that we have been using for |ocalized
corrosion. And I think that we have to distinguish very well
inthis type of approach. Here, we are representing this dry
period that was nentioned before in the discussion, the
situation of the formation of the liquid filmthat was the
condensed | ayer, that is many tines pronoted by the
del i quescent point of salts that have high hydrotropic
properties, and the possible evolution of the corrosion
potential or the repassivation potential.

But this critical potential is not the potenti al
that you have for the initiation of pitting corrosion in the
short-termexperinent, but it's a potential that you define
as the mnimum potential at which a surface can remain active
after having grown. And, here, there are sone factors |'ve

included in this, and what we have to consider is the
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stability of this type of paraneters in the long-term
because, as | nentioned here, these paraneters are
environnmental | y dependent and the environnent's change with
tine.

And to enphasi ze the point, here are probably the
mai n factors that have an involvenent in the definition of
this corrosion potential and repassivation potential. The
tenperature of the repository will decrease with tinme. The
corrosion potential will increase, but at the sane tinme, wll
increase the critical potential, decreasing the possibility
of | ocalized corrosion.

But you have other types of events that could have
an effect, like the well-known effect of chloride, or the
effect of the aging of the passive filmthat will lead to an
increase in the corrosion potential and pronote conditions
for the initiation of corrosion.

And, finally, two aspects that cannot be negl ected,
and depending a | ot about the fabrication processes, and in
particul ar, the post-welding type of treatnent either in the
stage of fabrication or as was nentioned by Al berto, in the
closure welds, and this has a detrimental effect in
particular on the critical potential. For that reason, |
don't have a clear answer to the question in the way that it

was formulated, but | think that | tried to provide the idea
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that we have to confront this issue by | ooking not only in
terns of the projection in tine and in the space, but the
projection in space has to take into consideration the
inmportant variability in the condition of the material, as
they seemto consider in the |ong-term

Finally, I want to acknow edge the people that have
hel ped ne in this endeavor.

BULLEN: Thank you, Gustavo. | appreciate your brevity,
and you were done in twelve mnutes. That's great. [I'lIl try
to keep everybody to at |east ten.

Now, at the risk of asking a professor who's
usual ly programred for 50 mnutes to tal k, because | notice
nost of you are faculty menbers, do | have a vol unteer?

D gby Macdonald, | saw himrustling his view graphs
there. So, Digby, if you could do it in ten m nutes, that
woul d be great, or Iess.

MACDONALD: Ckay, | want to address this question in a
somewhat phil osophi cal manner by pointing out that
repositories are unique. In fact, we haven't actually built

one yet. And being unique systens, we have great difficulty

in devel oping enpirical nodels that are based on a

statistically significant database. It doesn't exist.
Furthernore, the horizon is far too distant, 10,000

years, conpared with our experience in any given system where
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we have a well established database, far too distant for any
effective extrapolation. Accordingly, enpirical nodels are
highly unlikely to succeed in this business. And what we
have got to do is to appeal to determ nismas a prediction
phi | osophy.

And what is determinisn? Determinismin this
context sinply says that the future nay be predicted fromthe
past, provided that, and this is the caveat, the caveats in
this business are very, very inportant, the phenonena are
described in terns of viable physical nechani snms and nodel s;
that the solutions to the constitutive equations, those are
the equations in a nodel that tell you how the nodel works,
are constrained by natural laws that are invariant in space
and tinme; and finally, that the path to the future state is
continuous and can be specified. And that is part of the--
one of the major problens in this whole business. Can we
accurate predict the path over which one of these canisters
is going to travel for the next 10,000 years.

" mgoing to show you a couple of nodels just very
briefly that neet these criteria, and the first one is sone
work that |'ve been doing for Gerry Gordon and his coll eagues
on general corrosion, and it's just essentially a m xed
potential nodel. What it proposes is that any corrosion

process can be broken down, fundanmentally down into anodic
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and cat hodi c processes, or oxidation and reduction processes,
if you like, and that the constraining condition is that
charge nmust be conserved at the surface.

So, the sumof all the partial anodic current
densities nust be equal to the sumof all the cathodic
current densities. And that condition defines a very
i nportant paraneter called the corrosion potential that
GQustavo just tal ked about.

Wt hout going through all the mathematics, and
there are a ot of mathematics, I'lIl just point out that the
nodel is based upon point defect nodel, which I and ny
col | eagues have devel oped over a couple of decades, and |
shoul d point out that one inportant reaction, and this should
actually be over here, is the dissolution of the barrier
| ayer, in this case, chromc oxide, and that establishes a
lower limt for the corrosion rate. The rate of dissolution
of the barrier layer represents a lower limt, not a higher
[imt and not necessarily the corrosion rate, because there
are parallel reactions that can occur, the transm ssion of
cations by cation vacancies and the transm ssion of cation
interstitials through the barrier |ayer.

Neverthel ess, if one goes through the mathematics
and carries out the prediction, you can predict the corrosion

potential, which | should add is in reasonable accord with
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t he experinent, and you get this classical "S" shaped,
signmoi d shaped variation with log of the partial pressure of
oxygen. And this is on a standard hydrogen scale, which is
not a scale that is commonly used, but open atnospheric
conditions puts the potential around here.

Now, why is the potential so inmportant? Well, the
potential is inportant because it determ nes the |ikelihood
of localized corrosion occurring. | think as Gustavo has
shown, and Al berto showed as well, there's a good argunent
t hat can be made that general corrosion probably will not
represent the major threat, unless there's sone process that
is currently unknown in corrosion science that causes a
massi ve increase in the corrosion rate.

But that's not true with regards to |ocalized
corrosion. The problemwth |ocalized corrosion is that we
have very, very long periods of tinme available for the
nucl eation of |ocalized corrosion events on the surface, and
yet our experience of course is very, very short.

Just to show you sone predicted corrosion current
density plots, up to 120 degrees, you'll see that the
corrosion current density is not a strong function of the
corrosion potential .

But let me nove on to | ocalized corrosion damage.

Now, the objective in localized corrosion damage is to
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cal cul ate the so-call ed damage function as a function of
time. The damage function represents a histogram of the
nunber of pits that exist on a surface per unit area as

pl otted against the pit depth. The pits that cause the
greatest damage and could ultimtely cause failure are, of
course, at this upper extrene of that distribution. The
total damage on the surface is the integral of the

di stri bution.

Now, the reason why the damage function is
inmportant is that you can see--and these are just schematic
ones, but I'Il show you actual cal cul ated ones shortly, and
by the way, this work was funded by--this type of work was

funded by the Departnent of Energy's Nucl ear Energy Research

Initiative. The reason why this is inportant is it leads to
a natural definition of failure. |If you have a critica
dimension, in this case 2 centinmeters of C 22, then what you

seek to calculate is the tine at which the upper extrene of
this distribution extends past that critical dinension, and
that gives you the tinme of failure. And what we want to
assure is that the tinme of failure is greater than 10, 000
years.

Now, does C-22 pit? Yes, you can make C- 22 pit.
Here's a pit. C 22, this happens to in saturated sodi um

chl oride solution at 80 degrees Centigrade and a pH of 3, and
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| should point out a very high potential, about 900
mllivolts on the saturated cal/nol electrode scale.

Here's another one. This one shows the remants of
the barrier layer on the surface, and you m ght also notice
here that there's sone very small pits associated with
crystal |l ographic features on the surface. W can actually
measure the property. For exanple, we can neasure the
apparent breakdown potential as a function of voltage sweep
rate, and the theory predicts that this should be a linear
relationship, which it is. And fromthis, we can extrapol ate

to obtain a fairly accurate value for the breakdown voltage.

And that's required in order to actually do the nodelling
wor K.

Now, the nodel assumes that passivity breakdown
occurs via the accunmul ati on of vacancies at the netal film

interface, followed by just dissolution of the film And
"1l show you now a series of cal cul ated danmage functi ons.
And I'lIl draw your attention to this paraneter gama. Ganmma
is the del ayed repassivation rate constant.

What happens, you see, is that pits are |like
people. They're born, they live, and they die. And this

par anmeter gamma actually describes how these pits will die
after they're formed. So if gamma is high, the popul ation

dies very rapidly. If gamma is |ow, the popul ation doesn't
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die very rapidly. Gamma being zero, this cal culation says
none of the pits die. They |live forever.

The reason why you get a distribution is that pits
are nucleating at different tinmes on the surface. Now, if |
increase ganmma, and |'Il do that drastically, let nme go to
this plot here, we now take ganma as being equal to ten to
the mnus 3, year to the mnus 1. |It's the first order rate
constant. You can see that it has a very remarkabl e effect
upon the shape of the damage function. But nobst inportantly,
it has a trenmendous effect upon the population of pits at the
upper extrene.

In this case, the pits do not extend to the
critical dinmension of 2 centineters. And nost of the pits in
this distribution are dead. They're ones that have already

died. And it's only pits here at the top of the distribution

that are still |iving.

Now, | bring up this whole issue of ganma because
it provides an avenue, | believe, for being able to control
the rate at which | ocalized corrosion accunul ates on the

surface. [If you can devise a nmeans of controlling the val ue
of gamma, you hold within your grasp a tool for determning
the ultimte amount of damage that will accunul ate on the
surf ace.

Wth that, 1'll finish
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BULLEN: Thank you, Digby. Again, twelve mnutes. You

did a great job. I'll try and be nore strict with the rest
of you, | guess, otherwise we'll be here all day.

Let nme also corment that if you have extra
vi ewgr aphs and you want to tal k about them during the
di scussion period, feel free to bring those up. We'd like
you to keep your comments to five to ten mnutes right now,
and I'm |l ooking for ny next volunteer. Any hands that are
going to shoot up before we have--we'll do one nore
presentation. Professor Strehblow? And we will take a break

after Professor Strehblow s presentation.

STREHBLOW Everybody has to conme up with ideas, and so
| thought I'd cone earlier so | can relax and listen to the
remar ks of others.

We have heard about the conposition of these filns,
and | think the major point is that these filns are highly
chrom um containing, and it depends on the pH whether there's
any nickel in there or not. It's a bi-layer film The
ni ckel is outside the chromum the oxide is inside. But in
acidic electrolytes, when nickel has a chance to dissolve, we
have a lot of chromuminside. So this is a good idea for
t he choice of the material, because chromiumand its oxides
are very resistant to any aggressive anions, so it does not

di ssolve. It does not pit. It has a slow dissolution rate.
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And the deeper reason is that the conplexing or the
fierce coordination of such an ion is relatively stable, and
it needs a high activation energy to nmake any changes, let's
say, to chromumion, to transfer the chromumion fromthe
oxi de phase to the electrolyte phase. So this is a very
sinmpl e nodel of a passivated netal to netal, oxide to the
el ectrol yte.

We di scussed about the corrosion rate in the
passive state, and this is the transfer of netal ions from
the oxide to the electrolyte.

The potential at that interface is also determ ning
the transfer rate, because this transfer reaction sees the
potential drop at the oxide/electrolyte interface, which is
in the stationary situation, determ ned by disequilibrium of
@2 mnus formation.

And there is a very inportant point that we can

expect that some aggressive or conplexing ions will help the
cation to be transferred into the electrolytes. So this is
the case with the nickel. This is the case with iron, which
is not a point of discussion for this material. But for
nickel, it is, and that is the deeper reason that we

accunul ate automatically the corrosion resistant chrom um

oxide which is sitting at the surface, and once it has a

chance to forma continuous film it will stop corrosion.
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But there is perhaps sone other point which we have
to nention, and that is the difficulties which may ari se.

One thing is the conplexing ions that | said when there's a
chrom um oxi de, we have a good situation. Mstly it's
anorganic. As we know, the conposition of the water in this
repository are -- and | have seen fluoride and chlori de,
which is very inportant.

Anot her problem could be the tenperature, and the
accunul ation of inpurities which could also lead to a | ow
| ocal deficiency of chromum Once we have not enough
chromum then at some part of the surface, we m ght not be
able to reformthis chromumoxide filmonce it has been
destroyed by sone event, it could be also nmechanically, and
in this case, we have perhaps a difficulty to reformthis
protecting chromumoxide film And as Al berto Sagliés has
menti oned, we have | arge surfaces, and these |arge surfaces
could have al so defects in manufacturing, in welding and
preparing the netal, and so forth.

Anot her point which | would like to nention, which
is very inportant in the test of corrosion rate, and could be
inmportant in the dissolution in the passive state, could be
radi ati on damage. This has been nentioned earlier, and I'm
j ust wondering whether this is a ngjor issue or not. W have

perhaps a difficulty to get al pha radiation through the thick
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shell, and we m ght have difficulty even with the beta
radi ati on, but we will not have difficulties with the gamm
radiation. And this could al so perhaps cause voids and
defects. Inplantations would be wth heavy nmetals, but this
woul d be at the opposite side of our material.

And then last but not |east, there is radiolysis,
whi ch i s causing oxidizing species |ike the hydrogen
per oxi de, which could raise the potential if this is a ngjor
problem But that depends on what is in the containers and

what the situation is there.

We have heard about the conposition of the water in
the water table -- and the brines which could be forned.
Then there was a rel atively nodest concentration of these

speci al aggressive anions, like a 10 to the mnus 2 nolar for
chloride, or four tines 10 to the mnus 2 for the fluoride,
which | estimated fromthe anobunt which is there. And these
concentrations mght not be critical for our Alloy 22, or
simlar alloys, but we have also the situation, as Carl D
Bella said, there could be an environnent where the
concentration could be higher. |If we, for instance, have a
hi gher tenperature and we concentrate nore and nore of these
speci es, then the concentration could be higher and we coul d
end up with a Qbrine, which is nore or |less a concentrated

chloride solution. And that's also sonething that Cragnolino
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menti oned perhaps. But |'msure that D gby has nentioned
that, and he did pitting experinents with a high
concentration of chloride.

And then we end up with a very critical situation
The fluoride is also very aggressive. W should call that
inmnd. It's very aggressive for the nickel, but not for
t he chrom um

Now, just to nmention sone few experinments which are
in this sense and which could be inportant, is passivation
transients with material which is relatively simlar to the
Alloy 22, this is Hastelloy CG4. It has 5 percent |ess
chromum but it is close to the Alloy 22, and it has a high
chromumcontent. |[|f we have a 25 centigrade el ectrol yte,
and if we have this highly concentrated electrolyte, high in
chloride, the Qbrine, then we don't see any pitting in these
transients. The potential is just positive enough to have a
transpassi ve situation

Now, if we raise the tenperature, then we end up
with pitting experinents. This is the logarithmc growth of
the current density as a function of the tinme, and with the
preservation change, you should have a slope of mnus 1
which is the case. But then if you have a slope of plus 2,
then you have the typical pitting situation, and then you

have a pit growing, and if this is the case, you can | ook to
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the surface and the pit is growing. So the potential is not
very high. This is against a standard --. And then you end
up here with a potential where nothing is occurring in this
short tinme scale at 200 mlliwatts, but this is 60 degrees.
And | have anot her one which shows the situation for 90
Centigrade, and this is even nore dramatic. Then you have
al ready a beginning of localized corrosion at 200 mlliwatts,
whi ch is about the open circuit potential for these
conditions, as has been studi ed.

| also would Iike to nmention that we have breakdown
and repair events. And if we increase the tenperature from
50 degrees to 80 degrees, and we nmake a tenperature
transient, then you see a strong increase in these
oscillations, which is breakdown and repair, then breakdown
and repair. And | just estimated if we take this anount of
charge and extrapol ate that, we are ending up also with
sonmething like a little bit nore than a mcroneter. It could

be two or three mcroneters if these oscillations remain as

|arge as they are. But they m ght die out and get smaller,
so | made a factor of .1 in there, but I'mstill ending with
3.5 microneters per year as a material |o0ss.

And if there's a pit and we have a pit wthin the
pit, it wll deepen the defect. And then, finally, we may

end up at up to 10,000 years with a breakdown.
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Well, just to illustrate a little bit radiation
damage, | brought al ong one viewgraph which is showing in
principle the possibilities which may occur. This is the
al pha radiation, which is not a big deal, because our
radiation is comng frominside. This is the situation when
the solution is contacting the corroding surface, and there
is the oxide film and there we have defects which will be
formed. And this is sonething that goes in the direction of
Di gby' s defect nodel.

You have al so the formati on of dopings, and then
you have--1 think that is the thing which we should di scuss a
little bit, whether this is realistic or not. W mght have
the formation of very oxidizing species due to radiolysis.
|f the gamma radiation is, for instance, getting through this
material, and it will, then there m ght be a chance that we
have oxi di zi ng species which are increasing the potential,
and then it could get above the pitting potential if the
concentration and addition of the aggressive anion is very
hi gh.

Well, | think this should be enough for the
vi ewgr aphs, because we would Iike to have sone little break,
and then the others m ght add sonething el se.

| just wanted to nention here at the end that the

penetration depth for alpha is definitely too small to get to
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the other side of the container. The beta m ght be good
enough if the energy of the radiation is high enough. The
gamma definitely will get through

Thank you.

BULLEN: Thank you very nuch, Professor Strehbl ow.

|"mgoing to keep us to a strict tinme table, so
we' |l take a 15 m nute break, and reconvene at 10:45.

Oh, by the way, could |I nmake the comment to all the
presenters if you have additional transparencies or
vi ewgr aphs that we haven't made copies of, would you pl ease
make sure the staff gets themso we can get copies to
ever ybody?

Thank you.

(Wher eupon, a brief recess was taken.)

BULLEN: The second part of the presentations by the
panel . Qur next presenter will actually be Roger Newman, to
be foll owed shortly by Alison Davenport. So, Roger, if
you're ready, we'll get you m ked up and ready to go.

NEWVAN:  This is the second one of these events that
|"ve been to, and | was very disappointed that the professor
of philosophy wasn't here this time. That was really
enj oyabl e havi ng her here pointing out when we were talking
bunk, which was nost of the tinme. But, anyway, now the

scientists are using the word phil osophy.
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l"d like to just say a few very brief words really
about, rather conventional words about this topic. And to
some extent, | think |I've addressed the questions, although
must admit to sone extent, |'ve made up ny own questions.

The first question is what is this passive film
that we're all talking about? And ny view, which I think has
been acted by one or two of the other panelists, is that this
is essentially chromumIIll oxide. You can find a |ot of
other things in it if you |look hard enough, but to this day,
| don't think we have any understandi ng of whether these
ot her things have any causal role in the passivation process.

We have quite a lot of evidence that the chrom umoxide is
the thing that actually causes the passivity.

The second point, and | certainly would expect a
certain anmount of discussion with some of ny coll eagues on
this point, is whether the nolybdenumis good for the passive
film M view, and | think I"mnot entirely out on a linb
here, is no. This nmolybdenumthat we put in this alloy
pronpts its resistance to |ocalized corrosion. But | would
certainly argue that that effect takes place when you al ready
have a small dissolving cavity, in other words, a kind of
protopit. It has absolutely nothing to do with the passive
film And, in fact, quite often, nolybdenum just cones after

the passive film So it's really this chrom um oxide film
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The third question, which | think we're comng to
the actual questions gradually here, is that how thick does
this passive filmgrow? Well, we often find this sort of
1/t, in other words, the growth rate of the filmis
proportional to tinme. And if you extrapol ate sone data that
exists, you find this thing doesn't really grow at all. It
wi Il never get further than about six or seven nanoneters.

On the other hand, the assunption in this 1/t
extrapol ation of the corrosion rate is that the passive film
is not dissolving. Well, that's clearly a poor assunption.
And | just point it out here. Suppose even though the film
devel opnment is limted by sonme filmdissolution process, and

even if this dissolution, the equilibriumsolubility, if you

like, is only on the order of 10 to the mnus 14 nolar, this
woul d still pin the corrosion rate up at one nanoneter per
year. And if all this stuff is re-precipitated, you could

build up a layer on top of the film

Now, so what, you mght say. It wouldn't be shiny
any nore, but it would still be protecting the contents.
And, indeed, nmy general viewis probably the so what is

probably right response to that, because | think this CG22 is
pretty good stuff. And nost of these discussions on
| ocal i zed corrosion probably are going to lead to the

conclusion that it will last pretty well, for at |east
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hundreds to thousands of years.

So, how could this nmechanismof filmgrowh change
with time? Well, one aspect that's already been nentioned is
that you have a steady outward drift in this thing called the
corrosion potential. That's the steady state electro
potential to nmetal. And not only do you have oxygen driving
that up, you al so have peroxide created by radiolysis on the
surface of the container. And, in fact, this reaches the
borderline of what |I've chosen to call transpassivity,
especially if the pHis a bit high. In fact, this
transpassi ve dissolution is wirse at high pH values than it
is at neutral pH val ues.

And in the pulp and paper print industry, for
exanpl e, when sone peopl e carel essly use peroxide as a bl each
wi t hout thinking about their materials, they discover that
t hese nickel based alloys would corrode at severa
mllineters a year. That was a | ot nore peroxide than you
have in this system obviously.

VWhat is this transpassivity? Well, normally it's
considered to be this chromumto chromumVl, and that m ght
be possible, but the main thing that's going to happen is the
nmol ybdenum i s going to dissolve out. So, to sone extent,
you're losing the beneficial effects of the nolybdenumin the

near surface layer as a result of this dissolution reaction.



© 00 N oo o A~ w N P

N N N NN B R R R R R R R R
A W N P O © 0 N O OO0 M W N B O

80

So, in other words, the corrosion rate mght |evel out
instead of paring off and falling to 1/t.

Anot her thing that m ght do that is fluoride.
Henning said that fluoride doesn't conplex with chrom um
But it certainly is an aggressive anion and m ght nmake the
filmcontinue to dissolve.

There are other things. Peroxide itself is a
conpl exant of titanium The same people that had the problem
with the nickel based alloys in the pulp and paper industry,
some of themreplaced the nickel alloys with titanium and
pronptly found that the titaniumcorroded away at severa
mllimeters a year as well. And that's because the peroxial
anion is actually a conplexant of titanium So there could
be other things floating around in this water that you just
have to think about, even organic materials, which are
possi bl e conpl exants that could nmake this corrosion rate
| evel out instead of continuing to fall.

Having said that, | don't think that's going to
make these things fall apart or leak all over Nevada, or
anything |Iike that.

But, can a thicker filmbe bad? A thicker film
seens like it's good. It's a protective. Well, this is
where we conme to the issue of |localized corrosion. And there

is a strong possibility, and Professor Sato was the
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originator of this kind of idea, is that if you have this
thick sort of nanoporous type corrosion product filmthat
results fromthis | ong-term passive dissolution, it can act
like a nenbrane. Well, in fact, specifically can act |like an
ani on sel ective nenbrane, such that you will stabilize the
pitting process.

So, if we say that pitting is stable at 90 degrees
in normal conditions, over |ong periods of tine, you m ght
find that pitting is just as stable as crevice corrosion in
t hese containers, because this layer, this nenbrane of
corrosion product will enable the pitting to survive under
conditions where normally you'd only get crevice corrosion,
essentially because the chloride ions can get in through the
| ayer, but the nmetal ions can't get out. You build up the
aggressive netal chloride environnment underneath the film

On the other hand, if by that tine the tenperatures
fall to 60 degrees, | wouldn't anticipate that these
containers are going to suffer any dramatic corrosion. And,
in fact, all this discussion neglects the actual cathodic
reaction, in other words, the reduction of oxygen or
per oxi de, whatever is the oxidant in the environment. |
consider it perfectly possible that when you build up these
thick layers, that in fact that m ght shut off the oxygen

reduction reaction and make it very difficult for the process
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to continue.

However, we should al ways remenber this water is
full of nitrate. N trate is also an oxidant. You can say,
well, it's not very kinetically oxidizing, but it is there.

Wth regard to neasuring these corrosion rates with
el ectrochem stry, this water has enough redox activity in it
that I would rather doubt the ability of electrochem stry to
measure long-termcorrosion rates when you' ve got nitrates
and other things in the water.

And, finally, just a comment on netallurgy, is that

we do have welds in these things. They have spati al

variations in chrom um and nol ybdenum are | ess corrosion
resistant. | still don't understand why Henning's C-4 all oy
pitted as easily as it did. It shouldn't pit like that at 60

degrees anyway. These |arge areas of netal will have | arge
inclusions, fabrication defects, and so forth, in them

And 1'Il just nention phase transformations because
at one time, people were tal king about higher tenperatures
for these containers. Maybe that was a long tinme ago. But |
woul d think that the tenperatures that are bei ng discussed
now maybe these transformati ons are not inportant.

So, just reverting then to the two nmain points,
don't think these things are going to fail by passive

corrosion, but you will develop probably thick |ayers,
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m crons thick layers, and these thick filnms will probably
adversely affect the localized corrosion resistance, in other
words, pitting resistance, they'll act |ike nenbranes, and
you will, to sone extent, have local, the possibility of
| ocal perforation of the material if it's exposed to the
appropriate bul k environnment. But, you know, |'d have one of
these in ny back yard, and if anybody wants to pay nme to put
it there, 1'd be happy to discuss it with themlater.

Thank you very nuch

BULLEN: Thank you very much, Dr. Newran. W appreciate

Next up is Dr. Davenport.

DAVENPORT: Well, | think the issues that |I've been
considering are in nmany cases quite simlar to a nunber of
the ones that previous panel nenbers have conme up with. So
"1l try and keep things fairly brief, so that it doesn't get
too repetitive.

I"d like to start off by thinking about, very
briefly, about how passive filns actually form and in
aqueous environnments, because obviously that's going to be
the conditions where we're going to get the nost severe
attack, conpared with dry conditions.

First of all, we're relying on a passive oxide

film The passive oxide filmthat does the job, that
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actually drops the current density down to a |low | evel so the
corrosion resistance is very lowis very thin. It's on the
order of nanoneters. The driving force has to do with the
overall potential drop across the netal environnent

interface. And we formthe passive filmby a solid state
process here, and it's driven by the electric field, and then
we are going to have dissolution of the filmat the surface.
And chances are, over |long periods of tinme, we're going to
get to the point where we'll get to a limting thickness of
this film where when we get to the dissolution, we're going
to get a bit nore filmgrowh to replace the material that's
| ost.

So, chances are, in terns of the average passive
current density, the average penetration rate of a passive
system is going to be affected by the solubility of these
nmetal ions into the adjacent environnment. Very nuch as Roger
said before, these dissolved species are going to probably
precipitate with things fromthe environnent, ions fromthe
environment, and al so get involved with dust and scal e and
any other debris fromthe environnment, to performa nuch
t hi cker external |ayer.

So, thinking about the factors that could actually
make corrosion take place at a faster rate than we expect, |

think the thing that we need to think about is what the
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materials are that we're dealing with

Now, the group of people here, | don't need to have
to say this to, but to those of you who don't study passive
films, it's very difficult to study passive filns, and one of
the first things that we do when we study passive filnms is
try and work on a very, very well defined surface. So, a |ot
of us here spend a lot of time preparing single crystal
surfaces or spotted thin filnms that are beautifully
honbgeneous, so we can test fundanental nodels.

And so | think there's a risk that we m ght
possi bly forget that we're dealing with real alloys, and we
have to rem nd ourselves sonetines that the problemin these
systens is going to happen at heterogeneities in the surface.
These all oys have internmetallic particles. They have grain
boundari es and di sl ocati ons which are high energy sites,
where inpurities can segregate.

Wen we're dealing with very |arge amounts of
all oys, we're going to have big defects introduced fromthe
processi ng of these alloys, and then when we have segregation
and precipitation processes, we're going to get regions that
are depleted in beneficial areas.

So, | think we have to renenber that whatever
theories that we're using to test these ideas, to test

passi vati on processes, we have to renenber what netal |l urgica



© 00 N oo o A~ w N P

N N N NN B R R R R R R R R
A W N P O © 0 N O OO0 M W N B O

86

het erogeneity will do to this.

So, being a little bit nore specific, what are the
factors that could increase dissolution of passive filnms?
We've got the possibility of inpurities in the alloy, and
over long periods of tine, perhaps with el evated tenperature,
perhaps with the effect of vacancies introduced by radiation,
is there a possibility that el enents that we know are
damagi ng to passive filmstability, for exanple, sulfur and
phosphorous, these will increase the dissolution of the
passive film is it possible that these, over |ong periods of
tinme, can segregate to high energy sites such as grain
boundari es or dislocations, so that we get a | ocal
enhancenent in the rate of passivation?

Simlarly, as | nmentioned before, could we have the
formation of internmetallic phases or sol ute-depleted regions?

Agai n, could these happen over the very long periods of tine
t hat we're concerned about here?

To reiterate what Roger said further, other issues
we have to consider are the possibility of transpassive
dissolution. And this, for transpassive dissolution to take
place in the system we have to have a sonewhat el evated
potential conpared with the open circuit potentials that
peopl e expect for this material in the environnents that

we' re consi dering.
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So, | think we have to think about what sort of
factors m ght increase the open circuit potential, and those
are going to be things that affect the cathodic reaction.

And in worrying about anodic dissolution, | think it's very
inmportant that we don't forget the inportance of the cathodic
reaction.

Agai n, people have already tal ked about radiolysis.

Are there sone sites on the surface which could end up being
catal ytic for oxygen reduction, for whatever reason? |Is
there a possibility of mcrobial effects that could do that?

And then, finally, ny comment earlier, what is the
variation in the water chem stry across the repository? |Is
it a possibility that there are sonme regions in the
repository where we mght have particularly el evated
concentrations of sone adverse species? For exanple, sulfur
oxyanions are known to be very detrinental in affecting the
reacti on of nickel based all oys.

The factors that affect |ocalized corrosion are in
some ways going to be quite simlar to the factors that
af fect passivation. Again, we're concerned about the open
circuit potential, so we're concerned about the cathodic
reaction driving up the potential. Segregation of inpurities
or loss of beneficial elenents is also going to affect

| ocalized corrosion, as well as passivation processes.
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And, again, we have to think about the effects of
these thick scale-like deposits. Roger has already nentioned
these two factors, the idea that could we get crevice-like
behavi or underneath these deposits, and sone issues such as
ion-sel ective action of the deposits.

So | think the two main areas that 1'd like to
hi ghlight are the netallurgy of the alloy and how t he
heterogeneities in the alloy that could lead to sites that
actual |y behave worse than the bulk matrix of the alloy and,
secondly, to think a ot nore carefully about the cathodic

reaction and things that could influence the cathodic

reaction, and take the open circuit potential rather higher
t han we woul d perhaps normal |y expect.
BULLEN: Thank you very nuch. | appreciate your
succinctness. That's great. It keeps us on schedul e.
Qur next presenter who had volunteered is Jerry
Kruger. Dr. Kruger?

KRUGER |'mgoing to restate the issue as | see it, and

that is that even though the test facility results are a

rather narrow range of conditions, show-and |I'm quoting from

it--no discernable effects of solution conposition, vapor
space, or direct enersion of placenment, or tenperature, the
main issue, as | see it, is can |long-termchanges in these

conditions conpletely overturn this result.
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And, being an old tinme government worker, |'m going
to follow very precisely the kind of instructions that we
wer e given.

BULLEN: Thank you.

KRUGER: I ncl udi ng using the plausible nmechani sns that
were suggested. And it was said that we could use the ones,
and 1'Il one of my omm. First of all, is the defect
sweepi ng, and that's described in the attachnment, and I won't
describe it. But, anyway, what happens is that the passive
filmbeconmes a filmw th high vacant densities and | eads to

enhanced ionic transport.

And then we were asked is this plausible? And I
say, well, possibly plausible when conditions change over
tinme.

The second one is vacancy build-up. And what we
have is different rates of dissolution alloy conponents, and

that, as has been pointed out by the last two or three
speakers, is certainly a possibility when the potenti al

brings you into the transpassive region. So, these different
rates of dissolution yield to vacancies at alloy passive film
interface, causing filmdisruption, the kind of point defect
nodel that D gby Macdonal d, for exanple, has worked on. And
this is nore likely to occur at discrete sites because of the

metal lurgy and inpurities and various variations. And so
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this would lead to | ocalized corrosion

So, in ternms of uniformcorrosion, perhaps not.

But in terns of |ocalized corrosion, certainly. It would
lead to uniformcorrosion if the disruption or the spalling
of the film which was nentioned, would renove | arge parts of
the film which | think is quite unlikely.

The third one of these specul ative nechanisns is
debris accumul ation. And, here, the passive filmis
transfornmed into a filmconposed of corrosion products of
hydrated netal ions. Henning Strehbl ow nentioned these. And
the filmis probably, again, the result of chronme depletion.

And as the work of, for exanple, Norio Sato showed,
such filnms may be anion selective, thereby again pronoting
| ocalized attack. So this is plausible for failure by
| ocalized attack. Again, the question nunber two. | |ooks
like localized attack, is going to be a nuch bigger problem
of course. And as Roger Newran pointed out, the passive film
is pretty darned good.

I nci pi ent transpassive behavior. And this |I think
is maybe the biggest problem because thernodynam cs woul d
predict that if the potentials beconme transpassive, you would
get dissolution of nolybdenum and chromium They oxidize to
sol ubl e species, and this leads to an unprotective film and

the process is pronoted at high pH, as Roger Newman
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nment i oned.

So, this is plausible if conditions change that
| ead to transpassive potentials, and we don't really know.
We really need nore research to determ ne whether this indeed
coul d happen.

And, finally, one of nmy own additions on mechani sm
and one that has generally been ignored, and that is gaseous
oxidation. And, here, we formthicker |ayers by oxidation
mechani snms that woul d occur when the systemis dry and
contains steamand/or air. Now, these layers, it's found in
t he research that has been going on that Dr. Sagués
mentioned, that this is a mnor effect.

Sure, | agree, but over 1000 years, it may not be,
and the filnms would grow very, very slowy, but they would
grow, and they may not be as protective as the original
passive film So you could result, once the environnment
beconmes wet again, and that could go between dry and wet a
nunber of tinmes, you have aqueous solutions with chloride
ions, and these filnms may lead to |ocalized corrosion.

So, this is plausible when conditions change from
gaseous to aqueous sol ution environnents.

Now, the next thing we were asked to do was
experinments and/or theory to assess the validity of

mechani snms, and | woul d suggest the follow twd. One,
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experinments and theories on the effects of environnental
changes on the increase of potentials to transpassive val ues,
| eadi ng again to the dissolution of the alloy conponents in
t he passive |ayer.

And, finally, the gaseous oxidation that |
mentioned earlier in steamand/or air at tenperatures, and we
go to high tenperatures just to speed things up a bit, 100 to
250 degrees C. to determ ne the nature of the film produced
over long tinmes, and whether these filnms can resist |ocalized
attack in agueous sol utions containing aggressive ani ons, as
the solution goes fromdry to wet.

Now we get to question nunmber two. We had a choice
of 2A or 2B, or both, and | chose 2B, because 2A is nore
difficult. And this question 2B is |ocalized corrosion
mechani smfor the initiation and propagati on not dependent on
the critical potential. And it has been suggested that if
you are below the critical potential, you get netastable
pitting, and many, many experinents have shown that this is
so, and this is considered by many workers, for exanple, Tim
Burstein from Canbridge, to be the kinetic precursor to
stable pit grow h.

And it especially can happen, | think, for |ong
times. So one of a nunber of proposed ways in which these

events of netastable pitting leading to stable pit growth can
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be described is as follows.

One, the anion, probably chloride anion, noves
t hrough the passive filmat |ocal sites under the influence
of an electric field, as Alison nentioned just a few nonents
ago.

We have the formation then of netal chlorides at
di screte sites at the passive filmalloy interface. And the
wi th the point vacancy nodel for pitting that D gby Macdonal d
has nentioned, we have initiation upon rupture of the film at
the metal -chloride sites.

Then you get pit gromh at the exposed sites
sust ai ned when chl oride ions under diffusion control can
prevent repassivation. And this would occur for the very
| arge areas and below Ecrit. And our absent panel nenber
Hans Bohni, has al so shown that crevice corrosion is

considered by sone to al so be dependent on netastable

initiation r-passivation events to sustain grow h.

Now, finally, question 2C, experinents and theories
to investigate the issues of 2B. And first of all, we need
nore experinental studies of netastable pitting by, for

exanpl e, using things like Dr. Bertocci has done,
el ectrochem cal noise at environnental extremes that may
develop in the repository.

We need theoretical treatnent of the effects of
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envi ronment on the chloride ion transport through the passive
| ayer under an electric field to exam ne the buil d-up of
netal chloride at sites of local filmdistribution.

And, finally, we need theoretical treatnment of such
events as those in air and steamfor |ong periods of tine.

BULLEN: Thank you, Dr. Kruger. | appreciate your
brevity. Dr. Rapp--oh, | have one nore, and then I'I|l go to
you.

Dr. Marcus has volunteered to go next, and then
Dr. Rapp, if you're interested? GCkay, we'll go around the
table. That would be great. Thank you.

MARCUS: Ckay, we've been asked to answer sonme precise
guestions in a very conci se manner, and although |I don't work
for the U S. Governnent, | also tried to do it in a concise
manner. So | have witten down a nunber of phenonena which
believe could be inportant in terns of mechani sns that may
cause the long-termcorrosion rate to increase. So that was
guesti on numnber one.

And the proposed nechanisns | have indicated here
four possibilities, which | think should be taken into
account. | think we have to consider the increase or at
| east the change in the surface and interface roughness
during dissolution in the passive states. Usually when a

snoot h surface is passivated, there is an increase of the
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roughness, and |I'mtal king about roughness on the thermc
scale, and this increase of the roughness is caused by
conpetition between the dissolution of the netal and the
formation of the oxide. So, there is a marked initial

i ncrease of the roughness.

Whet her this roughness will continue to increase on
the very long-termexperinments, that is not known. Usually
t he roughness increases very nuch at the beginning, and then
it does not increase very significantly over a tine period of
hours or tenths of hours, but over 10,000 years, | think we
don't know.

And | think that this is an inportant issue,
because there is no such thing as uniformdissolution in the
passi ve states. In fact, dissolution of the passivated netal
or alloys takes place at preferential sites, even w thout
| ocalized corrosion, on the atomc |evel, and any increase of
t he surface roughness will correspond to an increase of the
nunber of defects. And, obviously, the dissolution current
is proportional to the nunber of defects, and that could
increase the dissolution in the passive states.

Now, sim |l ar reasoning |leads to the consideration
al so of the roughness at the interface between the netal and
t he oxi des, because that may be nore inportant even for

| ocali zed corrosion, because the dissolution of the cations
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fromthe interface through the filmto the electrol yte takes
pl ace essentially at defects |ocated under the passive |ayer.
So that's inportant both for general corrosion in the
passive states, and also for the possible initiation of

| ocal i zed corrosion.

Anot her point which has al ready been nenti oned
previously is the accunul ati on of vacanci es bel ow t he passive
film which may result fromthe injection of vacancies during
di ssolution of the oxides, at the surface of the oxide, as
D gby proposed. But that would al so be due just to the fact
that in the passive state, dissolution involves the transport
of nmetals fromthe interface to the surface of the oxide, and
of course that |eaves the vacancy behind, and if the vacancy
cannot be anneal ated, then there m ght be correl ations, and
that can lead to the formation of cavities on long-termtine
peri ods.

Anot her aspect is, in ny view, the segregation of
inmpurities. Any alloy contains inmpurities, and these
inmpurities can segregate at the interface and weaken the
chem cal bal ance between the substrate and the oxides. And
there are two nmechani snms of segregation of inpurities in
aqueous corrosion. One is the anodic process by which an
inmpurity, this is illustrated here, an inpurity even with a

very, very small concentration, which is in the material can
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accunul ate at the surface, or at the interface wth the oxide
filmwhile the netal is being dissolved.

So, even inpurity levels of the order of the ppm
parts per mllion, can result over a long tine period in the
formation of very significant anpbunts of these inpurities at
the surface, or at the interface. This was found many years
ago and cal l ed anodi c segregation. This was found for sulfur
on ni ckel and nickel based alloys. But this can also exist
for other inpurities, not only for sulfur.

Now, anot her, say, nore classical process for
surface segregation is, of course, the thermal segregation by
di ffusi on, and perhaps we cannot exclude that if the
tenperature goes up to, say, 160 degrees, and that is an
average tenperature, | don't know what is the variability,
and maybe in sone |ocal area that could even be higher. So
if we reach tenperatures of the order of 200 degrees Cel ci us,
| don't think that we can exclude the possibility also to
have segregation, interfacial segregation, under the effects
of tenperature, just by, in that case, with diffusion

In the first case, there is no transport through
the solid state which can take place at roomtenperature. O
course, in the second case, it would take place only in the
case where the tenperature becones higher.

And the fourth nmechani smwhich | think should be
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taken into account is that the conposition of the alloy near
the interface can change. It's known that just under passive
| ayers, alloys have a different conposition than the nom nal
conposition. Usually, the area of the thickness in which
this conposition is nodified is very small. 1It's on the
order of a few atom c planes. But, again, that's for
experinments that last just sone hours or tenths of hours.

And over 10,000 years, | think we have to worry about the
conposition of the alloy under the oxides.

| have indicated here just the chrom um depl eti on,
but other elenents, they can al so beconme enriched or depleted
in the zone which is under the oxide surface.

So, here, the enphasis that you see is maybe nore
on the interface between the oxide and the substrate than
just on the surface, but | think issue is on the interface,
the oxide alloy interface, can be inportant.

We were al so asked to suggest some experinments of
theoretical treatnents to assess the validity of these
proposed nechanisns. So this is only sone general ideas. |
think that there is correspondence between the colors in
t hese dots. | think surface roughness which definitely needs
at | east sone short-term neasurenents. W don't know at this
stage, at least | don't know whether the roughness wl|l

i ncrease or not, and that can be inportant. And then, of
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course, we need to use sinulation.

But | think that | don't necessarily agree with
what Digby said earlier, that for any sinmulation or
nodel ling, we need really to know the nechanisns. It has to
be based on determ nistic or nmechanistic approach. So |
think it's necessary to know the evolution of the surface and
i nterface roughness, and then use the data in sinulation.

The sane would apply to the investigation of
vacanci es. W have been tal king already a | ot about
vacanci es under the film but there are very few, and | think
there is a real lack of data. There are now techniques
capabl e of detecting vacancies under thin oxide |layers, and |
t hi nk experinments shoul d be conducted, and then again the
data should be used for simnulation on |ong-termevol ution.

Regardi ng the segregation of inpurities, one way
could be to produce alloy with increasing anounts of
inmpurities, including sulfur, and then | ook at the behavior
of sonme sort of accelerated tests on the effect of
inmpurities. And | think we also need data on changes of
conposition for this particular alloy, changes of conposition
under the oxide |ayer, and again, data which could be used if
they are based on a nmechani sm whi ch could be used in
simul ati on.

Now, about question nunber two, in fact, there are
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many simlarities between phenonena that can increase the
corrosion in the passive state and those that can lead to

| ocal i zed corrosion. It's not two separate worlds. And |
have mentioned here the passive filmbreakdown which can be
caused al so by segregation of inpurities at the interface.
So this is very simlar to the mechanism | have shown before
for anodi c segregation on surfaces. But this tinme, we have
the passive film and this interface, and this is nentioned
in one of the scenarios, the interface here is just sweeping
the alloy with tinme because of the dissolution, and then we
can have the accumrul ation of any inpurity that cannot diffuse
t hrough the oxide | ayer.

And, for exanple, it's the case of sulfur, which
does not diffuse even under the electric field through the
oxide layers, and will accunul ate here. But in that case, we
usual Iy have fluctuations of the concentration, wth higher
concentrations at the defects, so the vacancies are al so
inmportant for this mechanism And that can lead to | ocalized
breakdown of the film and that breakdown is not really well
descri bed by just using the concept of critical potential,
critical pitting potential.

Anot her aspect is the |ocal depassivation by
aggressive ions other than the chloride ions. This has been

nmenti oned already | think by Henning Strehbl ow earlier.
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think we have to maybe worry about ot her anions than

chl oride, which can conplex the surface. So, fluoride
usually is not a conplexing agent for chrom um oxi de, at
least if we |look at the general surface, but the question
remai ns on whet her maybe fluoride could have sone effects on
| ocal i zed area over a very long tine period.

So | don't want to say that it's only fluoride that
shoul d be considered, but say a nunber of anions present in
t he environnent.

And now for the suggested experinments. | think
that | have here brief suggestions. The answer is the sane
as for question nunber one. | think that for the |ocalized
breakdown of the film caused by progressive accunul ati on of
inmpurity at the interface between the oxide and the netal
where we could do sone neasurenents with increasing anmounts
of inpurities that could be considered as potentially
detrinmental, like sulfur, and that we'd al so need sone maybe
nore work on the mechani sm of | ocal depassivation by anions
ot her than chloride ions which have already been studied a
lot. Probably we need even nore work on that, but we
definitely need nore information on the effects of anions
ot her than chlorides in the perspective of |ong-term
extrapol ati on of passive behavior.

Thank you.
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BULLEN: Thank you, Dr. Marcus. Dr. Rapp?

RAPP: The panel nmenbers are well aware that |I'mnot an
expert in agueous corrosion, but | have studied for a while
scaling and high tenperature dry oxidation. And about four
years ago, with Sylvain Larose, we prepared a review of |ow
t enperature oxidation of carbon steels, and | ow alloy steels
for high level radioactive waste packages.

At one tinme, as | understand it, a thick steel,
cheap steel container was considered, and they wanted to know
what woul d be the corrosion prediction for 1000 years. And
so | will make sone conmments concerning the growth of dry
scal es on steels, but you can generalize the comments to
ot her alloys, for exanple, C 22, eventually. At least for
t hese steels below 550 C., you only make nagnetite and
hematite, and the proportion of the two scales is sonething
like three to one. Cations are the mgrating species in each
scal e | ayer, and by vacancy mgration in hematite, but both
interstitials and vacancy diffusion in magnetite.

Well, the oxidation of pure iron had been studied
very nicely by Caplan and Cohon, who's a world-class outfit
for such studies, and they showed--this is a parabolic rates
constant, Kp, this is the--the equation is the weight change
squared is equal to Kpt. So the Kp is shown to be dependent

upon the initial surface preparation, which has not been
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menti oned once here today, | don't think, and they found that
here for tenperatures down even 400 C., that there's about an
order of magnitude faster oxidation when a netal is

el ectropolished, pure iron is electropolished--excuse ne--

| oner when it's el ectropolished, and reasonably defect free,
conpared to a surface which has been cold worked and
def or ned.

So, | think in these canisters that will eventually
be made, if they are, we should certainly have sone specific
initial surface treatnent, and I would recomend
el ectropolishing if that's possible.

Now, these are the results of a study, a very nice
study by Runk and Ki mon the oxidation of iron chrom um
all oys. They used nechanically polished surface, which would
not be the best. They had three kinds of high purity alloys,
.2, .4, .8 carbon. In other words, these were not commerci al
all oys. They had three kinds of mcrostructures, fine
pearlite, coarse pearlite, sparidized structure, and at | ow
tenperature, at really low tenperatures, 200 C., they did get
| ogarithmc kinetics, but only for a matter of hours, or a
day or so.

After that, everything becane parabolic. And so
this is what | would call |ow tenperatures of interest to

this canister, and these are our extrapol ations of the
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parabolic rate constants for a steel with .8 percent carbon
to 1000 years.

Now, I'Il tell you, by the way, if you ook at this
kinetic curve, this is the weight gain squared per unit area
versus tinme, and this is the classic way that everybody gets
a parabolic rate constant. They say when that becones
linear, that is an incorrect calculation, and we have
corrected all of these.

You see, it is not parabolic unless this curve goes
through zero. Then it is parabolic. Here, you see there's
sonme initial rapid weight gain in both of these, and when you
take the total weight gain squared, you have sone initial
plus the time dependent Wand you square it, there's always a
mddle termof 2Winitial times W which never is terribly
smal | .

So, if you instead anal yze the wei ght change in
such an experinment as the |inear weight change versus the
square root of tinme, you will get a true parabolic rate
constant, and you will find out when it is established. So,
we have done that, and these are corrected wei ght constants.

And the inportant point is after 1000 years, for .8
carbon steel, these are all negligible. This is the weight
gain, this is the thickness of the scale, and this is the

recession of the alloy. These are all negligible, in ny
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opi nion, for 1000 years. And because it's a parabolic, if
you want 10,000 years, just take a ratio of tines, square
root of a ratio of tines, and it will still be negligible.
So, even carbon steel |ooks perfectly all right in a dry
environment for the protection at these tenperatures.

We al so exam ned the oxidation of a two and a
gquarter Chrone-1 noly steel. And these, again, were abraded
surfaces. The only studies avail able were hot tenperatures,
550 to 700, but it allowed us to get a corrected parabolic
rate constant again, and |look at its tenperature dependence.

And so we have extrapol ated these high tenperature data to
| ow tenperatures, and this is sort of a nice plot. It has
three ordinate scales. One ordinate is the gravinetric
parabolic rate constant. This is the recession parabolic
rate constant. And this is the scale thickness parabolic
rate constant. So, all of the data are on one plot.

But if you use that extrapolation, this is for a
two and a quarter Chronme-1 noly steel, tenperatures from 100
to 100 C., once nore, 1000 years of oxidation. These are al
about a half as much as plain carbon steels, and they're al
negligible. And if you take a parabolic ratio, a square
ratio of the times, they're still negligible after 10,000
years.

Now, there's been a |lot of talk today about vacancy
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and diffusion and annihilate at the netal scale interface and
accunul ation, and | just want to point out for high
tenperature scal es where you have a crystalline scale and a
crystalline netal, the netal scale interface is a site where
you have epitaxial relationship obeyed. And if you | ook at a
really sinple one, for exanple, for nickel/nickel oxide where
you have a parallel arrangenent, the FCC pl anes of the netal
are carried into the FCC cation planes of the oxide, which is
the dom nant parallel relationship, you have what are called
m sfit dislocations, a grid of msfit dislocations.

The difference in lattice paraneter between, for
exanple NI and NN O, is about 14 percent, or so. Therefore,
you have one of these msfit dislocations which amunts to an
edged dislocation in the netal reaching the interface, about
every seven or eight lattice spacings. They are all over the
pl ace.

On the ot her hand, any place where a slip plane
intersects the netal scale interface, there, dislocations of
t he opposite verterspecter can becone part of the interface,
and those are called msorientation dislocations, and they
are equivalent to a mnor tilt away fromthis ideal epitaxial
relation. You could |ook at these mi sorientation
dislocations as little steps, if you like, or otherw se just

squeeze it down and then you' ve got a dislocation in the
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interface. And, in fact, these steps are also created
whenever a, for exanple, a screw dislocation in the netal
goes right through the epitaxial relation, into the oxide,
and it sets up a spiral staircase of these nonatom c steps.

In any case, the way in high tenperature oxidation,
and I"'msure it al so happens in aqueous solutions if you have
a scale that is at all crystalline and epitaxial, the way
vacanci es are anni hilated is that vacancies arriving through
the corrosion product clinbs these dislocations. The
m sorientation dislocations clinb in the plane of the
interface. The msfit dislocations would have to clinb,
| eave the interface and clinb into the netal. But these
di sl ocations are all over the place, and when | hear about
vacancy injection into the netal as the way of getting rid of
vacancies, | don't believe it and | don't--1 just don't
believe it.

So, now, what good can we make out of this--two
nore mnutes, good. In high tenperature scaling reactions,
we have sonmething called a reactive elenent effect. The
reactive el ement effect says the followng. For certain very
| arge, highly charged cations, we observe a drastic drop in
parabolic rate constant, very nuch better adherence, and the
mechani sm changes from cation diffusion out to anion

diffusion in a fantastic triple positive effect, and this is
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t he mechani sm by which this works.

You see, if the scale can only grow by vacancy
di ffusion and annihilation here, it can't growif you pin the
di sl ocations so they won't clinb. And this is what cerium
and yttriumdo in an alloy chromuminterface, for exanple.
These wrong sized cations, like yttriumand cerium which are
45 percent too big, sinply pin these dislocations.

| f cation vacanci es cannot be anni hilated, then the
scal e grows by anion diffusion, which is the only
alternative. Anion diffusion is very nmuch slower. It makes

a very nice adherent scale, and it's an excellent idea.

Here's an exanple for nickel oxide grow ng on
ni ckel at a hot tenperature. |If you put 250 angstrons of
calciumon the surface, just | mean spray it on the surface

externally, the scaling kinetics go fromthis one to this
one, and if you plot the weight gain versus the square root
of time, you see you have reduced the scaling rate by a
factor, parabolic rate constant, by a factor of 20. And this
is extrenely adherent.

And the same kinetics nore relevant to the alloy
22, here is an alloy, iron 25 chrom um which grows a
chromumlayer. |If you add only 40 angstrons of ceria to the
surface by sputtering, you can reduce the scaling kinetics

fromthis one to this one, and the adherence is great.
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Anot her exanple, this is for a nickel 30 chrom um
all oy, getting pretty close to C22. These are the ordinary
scaling kinetics at a hot tenperature, agreed, but if you
will ion inplant 10 to the 16th ceriumions into the netal,
you will drop the oxidation kinetics |ike that.

And, finally, this is a cobalt chromumalloy. So
| just want to show you the generality of this nechani sm
Uni npl ant ed oxidation to form chrom um oxi de follows these
kinetics. If you will ion inplant yttriuminto the netal,
you can drop the scaling rate by several orders of magnitude,
and the scal e adherence is excellent. | think that this sort

of a dopi ng nmechani sm shoul d be consi dered in aqueous

sol uti on.
BULLEN: Thank you, Dr. Rapp. | appreciate--well
actually, Dr. Sm al owska is next, and then Dr. Bertocci

SM ALOABKA:  What | would like to do is to say a few
wor ds concerning the property of the passive filmwhich are
of interest and inportance for ny further discussion.

So, what we know is that during the film grow h,
you have logarithmc growh of passive film |In fact,
logarithmc gromh of the thin filnms are always |ogarithmc

And initially, what you have is you have quite high current,
and during these currents, you produce, you grow fast the

film and at the sane tinme, you dissolve netal or alloys. So
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this is a non-stationary state when you have sel ective
di ssolution of alloy, and at the sane tinme, passive film
gr ow h.

We know later on in stationary conditions, that the
whol e current in the passive range is going for dissolution
of film not film but passive dissolution.

So, the passive filmis, as everybody knows, not--
the bi-layer filnms. There are two |ayers, an inner |ayer,
which is oxide film and an outer |ayer, which is hydroxide
film And, for me, the nost inportant is the hydroxide,
because hydroxide filns stabilize the passive film

Anot her very inportant phenonena is the aging
effect. During the aging, you have inproved the property,
corrosion property of the film and decreased the nunber of
defects. | amnot tal king about this phenonena when we have
i ncrease of the corrosion potential and we reach the
| ocalized corrosion. | amtalking about the general
corrosion.

So, now what we have in the corrosion in the
repository, so the people did a |ot of measurenents trying to
find the corrosion rate, and these experinents were done
usually by imrersing the specinens into the bulk of the
solution. There are sone data also in vapor phase, but

nostly there are these experinents by imersion in the
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sol uti on.
In fact, in repository conditions, we do not have
this kind of corrosion. W have the corrosion in very thin
| ayers on the netal surface. And this surface, liquid |ayer,
has no constant conposition. The thickness also is not the
sanme, because of different phenonena which can occur in the
repository, |like changing of humdity, changing of flow of
air, changing of tenperature, salt precipitation, and so on.
So, therefore, the corrosion in bulk solution do
not necessarily represent the corrosion rate on the waste

package. And we can differentiate two extrene cases. One,

we have on this layer of fluid on the netal surface, we have
solution, dilute solution, and we have precipitated salt
film which would be soluble in water, or insoluble in water.
And, in fact, we're not--this would be dry corrosion. It
means the water will be absent.

So, now, one, if you will do the experinents, the
experinments in sonme kind of periodic way, one to have wet
conditions and another tine you have the dry conditions, then
we will be much nore closer to a real situation

But what will happen during this tinme when we have
dry conditions on the netal surface? W wll have for sure

sone interaction between salt and oxide film and between

salt and this outer layer of the filmwhen we have
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hydroxi des. So we wi Il have the degradation of oxide film
and we will produce in fact oxide film And it is also quite
known fromthe experinents that oxide filmis nmuch nore
susceptible to corrosion without this hydroxide film

So, in fact, we will have destabilization of the
passive film And when we have this situation, we wll
change the -- wet corrosion, when we have el ectrochem ca
corrosion, to these dry conditions, then we destabilize this
filmvery nmuch, and we will have, in fact, a result of this
procedure will be that the corrosion rate will be probably
much hi gher

So, | think that it would be very useful to do
t hese kind of experinents, it's nuch nore real in thin film
of solution, and taking into consideration that we can have
this situation when we will not have on the nmetal surface
wat er .

Now, | have sone kind of remarks concerning the
i ncrease of corrosion after long tinme by vacancy and def ect
accunul ations. So, there are two propositions that we can
have vacancy accunul ation, either in the netal phase, either
on the interface on the netal, either in the passive |ayer.
So everything would be fine, even if I will accept another
nodel. It seens to ne that these nodels do not apply to the

situation when we are doing the experinents for this very
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long tine of exposure, because during the aging, what we know
fromthe short tine, we have inprovenent of corrosion
resi stance, and not increasing of the corrosion resistance.
So it is difficult to accept that during the |ong
time of aging, there is different mechanismthan in the short
time of aging. If it would be like this, we should have sone
ki nd of changing of mechanismthat is going on in short term
and long term You can, of course, find sonme mechani sm which
woul d be okay, or relevant or not relevant to what we have.

For exanple, we can assune that after this short aging tine,
the filmis much nore perfect.

But at the sanme tinme, you will produce in the
passive film sone stresses, stresses and cracks which
destabilize the film and you will return to this condition
whi ch you have during the short tinme of aging.

So there is also a proposition that you can have
during the |onger period, |longer time, you can have sel ective
di ssolution of the alloys. Again, if we will assune that the
same nmechanismis varied for short tines and long tines, you
shoul d not have, of course, selective dissolution, because
sel ective dissolution occurs only in initial times of passive
filmformation.

These are ny remarks concerning the general

corrosion during the longer period of tinmes. And now | would
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like to say only a few words about |ocalized corrosion, which
| think that the repassivation potential for crevice and
repassivation potential criterion for pitting are valid to
det erm ne whether |ocalized corrosion will or will not occur.

But, again, only when you have defined conditions. But when
the conditions are changing, that you have destabilization of
the oxide film then of course you will not be able to use
this kind of criteria.

So, that is all.

BULLEN: Thank you very much, Dr. Sm al owska.
Qur next presentation is Dr. Bertocci
BERTOCCI: All the previous panelists have al ready
presented, | think, all the possible nechanisns, and so
forth. So | hope to do it in much less than the five mnutes
that | have.

The short answer for the first question, if | |oo0k
at that report, which is the one that Professor Sagiés showed
at the beginning, the short answer is no, | don't really see
how it could corrode. One could even say that maybe the
thickness will increase, since there is certain probability
that the weight increases according to the data.

But | would like to stress a certain point. Mybe
|"'mflogging a dead horse. And it's radiation damage. This

thing is sitting in a gamma field for a long tinme, and there
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is also a neutron field that comes about, and I'm not an
expert, but | would wonder whether this will affect the
behavi or of the material. After all, it's a netastable alloy
on the things, and who knows what happens. Maybe there is --
i nhibition of corrosion, as sonebody has found, in certain
cases, but who knows.

This vapor is not inportant in any way, but it's
the case where the nickel passivity, here we deal actually
nore with the chromum |l ayer, but it's reduced by foreign
element. Do the neutrons create enough inpurities in a
certain tine to cause problenms? This is what | would like to
hear .

The second, also the short answer is no. But,
again, one is worried about the radiolysis field. W have a
gamma field for years and years, which would create hydrogen
peroxi de and nitrous oxide, and apparently there will be
ventilation for a long tinme, so part of these products m ght
be carried away, but where? They mght end up in the rocks
and cone back 5000 years later as nitric acid, or sonething
l'i ke that.

Probably this is a crazy idea, but I'd like to
mention it. And | think the main point, in conclusion, is
that | would like to see nodel s describing the behavior of

the passive film rather than counting on some parts which
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have been kept in solution for years. And in a certain
sense, Custavo in the beginning, and of course Di gby have
addressed this point, so there is no point in continuing
tal ki ng about that.

But fromthe reports that you find on Yucca
Mountai n, you don't find any other information, except weight
| osses and maybe a little bit of elenmentary el ectrochem stry.

| nmention some of the things that coul d be desirable.

| npedance neasurenents, and CGustavo is doing that. Noise,
just to make a little bit of noise. The kinetics of the
redox reactions on the passive |ayer, transports, and so
forth. And we have now speci nens whi ch have been sitting
there for a year. Do they behave differently if you take
t hem and you do the el ectrochem stry on thenf?

| mention here an exanple of Schultze's |aboratory,
in which they | ook at the gamma radiation on titanium which
is probably not relevant here, but it would be nice to see

their work done on these materi al s.

Thank you.
BULLEN: Thank you very nuch, Dr. Bertocci
Qur next presenter is Dr. MacDougal | .
MACDOUGALL: It's certainly difficult to be as brief as
Ugo. | will try to be alittle bit brief, if possible.
This alloy, Alloy 22, is one | haven't worked on at
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all. But | have worked on other systens that | think have
rel evance in fact. | think everybody here today has tal ked
about the fact that it has a thin oxide film which confers
passivity, and you have to maintain that thin oxide filmon
t he surface.

| have a little bit of a cartoon at the bottom
there showing, in fact, a netal or alloy with a very thin
oxide filmand defects associated with that particul ar oxide
film breakdown of the oxide occurring at the defects, nost
probably sonme chem cal dissolution, or sonething |ike that,
and sone repair nmechanism and the current efficiency for
t hat depends on how nuch of this parallel nmetal or alloy
di ssolution reaction there is, in fact, going to be.

|'ve done a lot of work with nickel and iron over
the years, and | want to say one of the things that probably
troubl es nme about this particular system although
certainly hear that Alloy 22 is an outstandi ng candi date, and
one of the things that | think has to be |ooked at a bit for
that, and this, again, just sinply shows rather the cartoon
of a very thin passive oxide filmon sone netal or alloy, a
breakdown, and then chloride mgration interfering with the
repair, an attack and the pits devel oping on that particul ar
surface. And nost of us are, | think, aware of that sort of

t hi ng.
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In the case of nickel and iron, | did a lot of work
years ago with nmy own hands | ooking at chloride induced
pitting of nickel after | pre-passivated the sanple, added
the chloride at a certain period of time, and found there was
a certain induction tinme for pitting. And this is in
chl ori de.

In fluoride solutions, different, | pre-passivated
in a non-fluoride containing solution, and then | added
fluoride at time zero, and the current behavior is absolutely
different in fluoride containing solutions. The pH, the
conposition, | won't get into at the nonent, but there is a
sl ow gradual increase of a current. This is a depassivation
which is occurring, and the chloride and fluoride were quite
different in terns of their breakdown nodes, depassivation
nodes, in fact, this thing leading to one or two pits on the
surface, this thing |l eading to nmassive depassivation and a
very, very rough surface.

What | found was, in fact, that the worst
conbi nation that you could have for the nickel and the iron--
| investigated this in iron, too--was a conbi nation of
fluoride and chloride in solution. There seened to be sone
sort of synergi smbetween the two of them where the total was
nore than the sum of both parts.

|*' m showi ng here again chloride. Wat |I'm doing
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here is in the case of nickel, stepping the potential from
sonme oxide free region into the passive region, and
nmonitoring the response of the current wwth time. This is in
a sulfate solution, a background sol ution.

Chl ori de, you have an increase in the charge
because the chloride conpetitively absorbs, interferes with
passivation in the short term Bromde is here al so.

Fl uori de doesn't give that nmuch of an interference initially
internms of the charge. But what fluoride is able to do is
it interferes longer term The current will not fall by this
time, in point of fact, the seconds here, | guess, or
whatever it is. The current, in the case of chloride and
brom de, would have been down here if pitting had not in fact
occurr ed.

So, the fluoride incorporation into the passive
oxide film | measured the amounts of fluoride | was getting
inmy NNOfilms. They could be as nuch as 15 and 20 percent
in those films. Chloride, | never got those ambunts. | got
2 to 3 percent.

Reasons for that conpl exation, but also the F-m nus
anion, in fact, has a radius which is conparable to that, an
ionic radius of 02 mnus at 1.3 angstrons. Chloride is, C
mnus is 1.8 angstrons. So you could get that. So what you

have is in a case of a system where you have both fluoride
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and chloride sinmultaneously in the solution, you have the
worst of all worlds. You have the short-terminterference
and long-term If you could possibly do things in the short-
term the fluoride was still there to cause, in fact, the
interference, and held that thing up so the chloride had a
ot longer to work its nasty business.

And when we used to have people visiting fromtine
to tinme, we would have senior officials come by, and if |
wanted to pit a sanple in a swiss cheese node, it would be
ni ckel and iron, not Alloy 22, obviously, but it would be in
that particular concoction, that particular solution, a
conbi ned solution of chloride and fluoride.

So, | think it's very inportant for the people who
are doing these experinents with the Alloy 22, which may
i ndeed be resistant to many of these things, to work in
sol uti ons which contain sinultaneously the fluoride and the
chl ori de.

The question, and I'mnot going to go into all the
parts of this question nunber two, which | tried to address,
in fact, but I would just concentrate on this part here,
which is one of the conplexation, the ability, and |I'musing
cyani de--thank God there's no cyanide in this particul ar
system-but this is a very, very fanous cathodic reaction,

and | think that nmost of us knowit, in fact. W may have
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forgotten it. And it's the stability conplexes of the ferree
(sic) versus the ferro cyani de.

And you can see by conpl exing with cyani de, you
nove the potential sonmething |ike 400 mllivolts, in fact, in
the wong direction in this particular system You nade iron
di ssolution that nmuch easier, so you don't have to change the
open circuit potential. |In fact, in a case like that, the
driving force has gone up for that particular reaction, the
anodi c iron dissolution reaction, by an anmount of 400
mllivolts. And, in fact, we have lots of conplexing ions in
this particular system so that's sonething that should be
t aken into consideration.

And | would finish off by saying just there was a
question asked about was there a result that you ever
obt ai ned which was a bit shocking, unexpected, or sonething
like that. And |I guess the biggest one that | had was quite
a few years ago when | did work with nickel, and | was
| ooking at pitting of nickel in chloride containing
solutions, no fluoride, here just chloride. And I was
measuring the induction tinmes, and | pre-passivated a sanple
and then | | ooked at different potentials, and really what
one has is a critical pitting potential range, | suppose,
with sort of an exponential increase of the induction tine.

Qobvi ously, as you go to nore anodic potentials, the pitting
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is going to occur nore and nore rapidly.

This was the one done in a standard node, pre-
passivating in a non-chloride containing solution. This was
the one where | pre-passivated in a chloride containing
solution. | notice chloride inthe film It didn't pit, but
| got chloride in the passive oxide film And the trouble
was this particular curve should have been down here,
obviously, if all of the theories were correct, because
chloride is a precursor to pit initiation. And because |
obtained this result, | had to do literally hundreds and

hundreds and hundreds of experinents, because people in the

lab did not believe it, and it kept on comng up this way.

| think | have the explanation for it. | think I
have one. | know others have others. But that result is
true. So we have shifted the pitting potential range to nore

anoded val ues, making it nore difficult for the nickel to
pit, by incorporating chloride into that passive film before
we did the pitting experinment. It was done in a sequence or
series of steps there. And, as | say, if this result had
been down here, it would have been a nice easy sinple sort of
experi nment.

So, there can be tinmes when you predict sonething
and you're certain that chloride is a precursor, and maybe in

sonme state it is a precursor to pit initiation. |In this case
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here, the chloride in the filmnade the nickel netal nore
resistant to pit initiation.

|"d just like to enphasize again that | think it's
extrenely inportant, in fact, that one do these experinents

i n conbi ned solutions, so the anbunts of fluoride you have in

those solutions is not small, the amounts of chloride is not
small in those dried, evaporated nodes. And in the case of
nickel, | could get pitting with 100 or 1000 tines |ess

chloride/fluoride than what we have here. O course, Alloy
22 is going to be a lot nore resistant, but then one has an
awful lot nore tinme to do these things.

BULLEN: Thank you, Dr. MacDougall. Do you have a
guestion, Gustavo?

CRAGNOLINO  Yes. The purpose of clarification of that
pl ot, when you pre-passivate in a chloride contai nment
solution, this will then have a potential obviously |ower
than 50 mllivolts.

MACDOUGALL:  Yes.

CRAGNOLINO | nean, as you age the film even in the
presence of chlorides, but in a reginme in which pitting

cannot be i nduced.

MACDOUGALL: Cannot be induced. That's right. That's
right. |If there was any pitting, it would sinmply be null and
void, and the result wouldn't be worth commenting on.
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BULLEN: Next is Professor Shibata.

SHI BATA:  When | received this agenda, |I'mfinding the
prem se that fundanental know edge suggests that the passive
| ayer on such material is thernodynam cally stable. So,
think that this systemis thernodynam cally not stable. So,
| think increasing the long term passive dissolution of alloy
seens not to be expected, but still no definite evidence
exi sts because this systemis thernodynamcally a very open
system and there is a free exchange of matter and energy.
Then, the systemis not at equilibrium

There are many expl anations al ready presented. So,
|"d just like to point out one factor. The alloy and the
envi ronment systemis a very conplicated, |arge conponent
systemwhich is difficult to reach a sinple equilibrium
state. An inportant point is the selective dissolution or
sel ective enrichment of a specific elenent. And, Roger
Newman said that the main point of this passive termis
chromumoxide is a main player. So, |I'd like to know about
this process. Selective enrichnent of chromumis very
i mportant, | think.

Unfortunately, we know the very short tine
enrichment process and we know t he exact analysis over such
ki nd of enrichment process, but knowit's a long tine or a

long tinme exposure and its (inaudible) density is known. So,
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t he conpositional change will continue for a long tine. So,
we |ike to get definite evidence for this change.
Unfortunately, you know, the natural anal og studies
are done on the carbon steel and copper alloys, but still do
not exist for the stainless steel. So, | hope the long term
sel ective enrichment evidence will be accumnul at ed.
So, I'd like to focus on the |ocalized corrosion.
In the docunment, | stated this condition is deciding the
| ocal i zed corrosion occurrence. So, it is well-accepted that

the possibility of the initiation and devel opnent of a | ocal
corrosion could be judged by just conparing the open circuit
potential with the critical potential here. But, of course,
the open circuit potential is quite easy to neasure. But,
st andar di zed net hod has have been known for measuring
critical potential of pitting. But, still many discussions
on the definition of the initiation and repassivation of
crevice are discussed in the Report. In Japan, the sane
situation existed through 1980 to '90. But, this year, a
met hod proposed by Professor Tsujikawa is standardized in
Japanese | ndustry Standard.

This method for measuring the critical potential
for repassivation of crevice is standardi zed i n Japanese
| ndustry Standard. The basic concept of this nmethod is

specinmen with crevice former is used and prelimnary
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exi stence of the crevice produced by the constant anodic
current is necessary to neasure or define the crevice
repassi vati on potential .

The critical potential for stopping the growh of a
crevice, we call this one E,,, and it was decided by the
potentiostatically step down nethod. The anodic current
decreases at the constant potential after step down and again

increases if the potential is over E When the potentia

R, CRV*

is equal to E t he anodic current stops to increase. So,

R RV
we can easily define E; .

Here is a specinen with crevice forner. W have
some crevice here. The main point is that initially we
i ncrease the potential by potentiodynam c nethod, and if the
current leads to the 200 m croanperes, we kept it constant at
t he gal vani ¢ constant techniques. So, this corresponding to
t he potential decrease back here. After enough crevice is
formed, the potentiostatically step dowmn here just 10mV. So,
if you neasure the anodic current, anodic current decreases
fast and again increases because this crevice is active. So,
the anodic current increases. At this point, we again step
down potentiostatically so the anodic current decreases,
again increasing if this crevice is active. This process is

repeated. Several step changes, the current decreases, and

no increase is observed here. So, we can decide the E .,
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potential here. This procedure precisely decided the crevice
repassivation potential for the crevice. And, also, the
method that is required to confirmthe exi stence of 40

m crometer depth crevice after the neasurenent.

VWhen we use this kind of nethod, we can deci de the

Eiw- This is the dependent of the other function of
chl oride concentration. |If you use the potentiodynamc
nmet hod, you can decide such kind of crevice potential. But,

this kind of crevice potential is nmuch | ower here. But, if
you use the potentiostatic step down nethod or long tinme step
down net hod, we can decide, like this one. But, if you use

t he hi gher speed of potential, a nmuch |ower value is
obt ai ned.

So, the criterion use that--if the natural
corrosion open such potential here, then | ower concentration
can be a load for this kind of initiation or stopping the
growm h here. But, if the natural corrosion potential around
here are nuch higher chloride concentration is allowed. So,
this is a very good criterion.

But, why such nethod is not the standardi zed in our
busi ness--? Because industry people they just use such kind
of idea because this barrier is so much severe, so ordinary
stainl ess steels--1ike 304, 316 cannot be used if this kind

of criterion used in the ordinary environnent. But, a
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designer or a user still can safely use this kind of
material, even if the E,, is nuch |ower, because the
designer avoid to make a crevice condition and a user, of
course, usually cleaning and avoids a crevice formation. So,
in that case, we can use even with such kind of conditions.
So, | think that this E,, neasurenent value is
very suitable for the long tinme protection of the crevice
formation for this kind of material. | don't know that
Al l oy-22 can be neasured by this kind of nethod. But, this
is a very-- a reproducible result can be obtained. And,
al so, this procedure can be the program by using the
conputer. So, this is a very good nethod to decide the E, .
I"d like to add some comment to the distribution of
natural corrosion potential or on the also critical
potential. O course, the natural corrosion potential, also

distribution like this one, and the E is also

eritical
distribution. This area can be pitting or crevice possible
here. So, this is very inportant to deci de what kind of
di stribution function can be observed for this alloy in the
envi ronment of a conbi nati on.

And, the probability density function of pitting
potential, the experinental data on this pdf, many data is

accunul ated. And, normal distribution is observed for

pitting potential. A general trend is observed at the higher
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pitting potential and seens to show a wi der scattering, but,
of course, sone exception exists. O course, just depending
on the material, environnment, or conbination. But, the
general trend, the higher pitting potential seens to show
wi der scattering. So, this material, Aloy-22, is a very
hi gh (inaudible) material. So, | think such kind of behavior
wi |l be expected.

And then, how the E;, . . the probability density
function, not so many data is accunmulated of this E,,. But,
normal distribution can be fitted for also. A nore narrow

di stribution is observed for E than pitting potenti al

R, CRV
This is possibly caused by the nmeasuring nethod itself
because a sl ower stepping nethod is used.

So, now | conclude that increasing the long term
passi ve dissolution of alloy seens not to be certain, but
still no definite thinking has existed. Changing the
conposition of the passive filmincluding the subsurface due
to selective enrichnent should be clarified.

And, criterion of this condition can be used for
assessnment of possibility of localized corrosion. Mre
di scussion is required to deciding the critical potential for
crevi ce corrosion.

We propose that the nethod which was proposed by

Tsujikawa will provide a reliable and a confidential critical
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potential, E for the repassivation of the crevice which

R CRVI
was produced before the neasurenment. So, information about
probability density function of E,, should be accunul at ed.

Thank you.

BULLEN: Thank you, Dr. Shi bat a.

Could we nove on to Dr. Sato now? |1'mgoing to
t ake sonme chair's prerogative and we're going to go through
all the presentations before lunch. So, we hope to finish
and we will give you an hour and 15 mnutes for lunch. It
just mght be in about 20 m nutes from now.

SATO  Thank you. Well, because of the short tine, |
woul d Iike to focus our attention on the open circuit
potential, particularly. During |long-termstorage, it may
happen for some reason that sem conducting oxides are forned
and brought into contact with the alloy surfaces. The open
circuit potential of the alloy depends not only on the
aqueous environnent, but also the sem conducting oxide
present on the alloy surface. Here, two pieces of solid
electrode. One is a nmetal and the other is the oxide. An
isolated netal electrode sets its electrode potential at the
so-call ed corrosion potential while the oxide el ectrode
stands at its-- flat band potential. |If you get in contact
these two el ectrodes, then the m xed el ectrode potential cone

to somewhere between the corrosion potential and the flat
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band potential. And, when the oxide is excited by radiation
or photo illum nation, so that you have quite a concentration
of excited holes and el ectrons, then the m xed el ectrode
potential usually cone to very close to the flat band
potenti al .

Under illum nation, as you see here, sem conducting
oxide in contact with netal surface affects the open circuit
potential of the nmetal. The oxide potential cones across to
the flat band potential reaching usually nore positive in the
case of p-type oxide or n-type oxide. 1In the case of n-type
oxide, the flat band potential is nore negative than the
potential of the passive netals. The oxide netal m xed
el ectrode potential thereby shifts the potential in the
positive direction. 1In the case of p-type oxide, while n-
type oxide shifts the open circuit potential in the negative
direction.

Here is the electronic level diagramfor nmetal and
p-type oxides. \Wen being excited by radiation, in
particul ar, p-type oxides nmay el evate the el ectrode
potential. It opens up the potential (open circuit potenti al
of the passive netals). And it may happen the el ectrode
potential gets up to the point nore than the passivity
breakdown potential. W have two kinds of critical passivity

breakdown potential. One is for pitting initiation potenti al
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and the other is the crevice corrosion. Usually, the pitting
initiation potential is nore anodic, nore positive, than the
crevice prediction potential. So that crevice corrosion
really is nore likely to occur when the el ectrode potenti al
i'S going up

Here is the schematic representation. Wen you
have no oxide on the passive netal surface, your electrode
potential is rather narrative. But, if you have p-type oxide
on the metal surface, the electrode potential is going up
then. |If the electrode potential beconmes beyond the certain
critical potential, you have passivity breakdown. And, here,
the localized type of corrosion occurs.

In addi tion, under the illum nation, the excited
el ectrons in the conduction bundle of the oxide are now
i ncapabl e of reducing water nolecule to produce hydrogen on
t he oxide surfaces. So that you have hydrogen evol ution,
cat hodi ¢ hydrogen evol ution, taking place on the netal
el ectrodes which can be coupled with the anodi c netal
di ssolution at the passivity breakdown sites. Therefore, you
have a | ocal corrosion cell, anodic netal dissolution,
coupled with the cathodi c hydrogen evolution on the oxide
surface. So, it neans this type of local corrosion is taking
pl ace even in the absence of oxygen. O course, in the

presence of oxygen, the local dissolution current is very
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much faster.

In the case of n-type oxide, you have the situation
exactly the reverse to the case of p-type oxides. The n-type
oxi des shifts the open circuit potential in the cathodic
direction. |If your electrode potential gets down bel ow the
hydrogen el ectrode potential, then you have a higher
evolution on the netal side, on the netal surfaces.

In addition, on the n-type oxides, excited holes in
t he val ence band of the oxide are now capabl e of oxidi zing
the water nolecule to produce oxygen gas on the n-type oxide
surfaces. So, this oxygen evolution my be coupled with the
hydrogen evol ution on the netal side. So, you have oxygen,
hydrogen, | ocal cell, oxygen evolution on the oxide surface
and the hydrogen evolution on the netal side. This type of
| ocal cell gives us a possibility of hydrogen damage in the
nmet al el ectrodes.

This gives us the conclusion, p-type oxide may
cause the passivity breakdown |eading to a |ocalized node of
corrosion. N-type oxide inhibits the passivity breakdown
t hough i ncreasing the probability of hydrogen damage. In
order to prevent the p-type oxide induced passivity
breakdown, the coating of n-type oxide |layers on the netal
surface will be effective.

Now, the suggestion | have made in this
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presentation is based only on the thernodynam c estimation at
the present time, but any direct experinental evidence except
that n-type titani um oxide was found to inhibit the netallic
corrosion in a nunber of cases.

Thank you.

BULLEN: Thank you very nuch, Dr. Sato.

| have a little apology to the audience, but we're
going to finish with Dr. Pickering's presentation. Hi's
transparenci es are being duplicated as we speak, but he does
have a duplicate of his conclusion slide. So, he has agreed
to go ahead and speak before lunch and we'll give himthe
option of first refusal after lunch if he wants to foll ow up
on his presentation.

Dr. Pickering?

PICKERING Well, | have this duplicate of kind of a
summary outline, so to speak. And, what | will focus onis
the crevice corrosion, #2, here; crevice corrosion rather
t han passive film breakdown and pitting which you' ve heard a
good bit about already. I'll look at two things that | think
are questions | would want to know about Alloy-22. And, mnd

you, these are now questions that pertain to the conditions

inside the crevice, not the conditions outside the crevice
that we've been talking about. 1'd like to know, too, what
the repassivation potential is, but I'mwth the
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under st andi ng of what the repassivation potential is, but
right now, I"'mgoing to talk about the conditions that we've
measured and so forth inside the crevice and how they lead to
criterions to susceptibility of a particular crevice in a
particul ar netal electrode system

And, there are two things that | want to say then
about that, as far as characterizations, that | wuld want to
know about. The potential distribution on the crevice wall,
that is the electropotential, howit varies and how big the

variation is as you go into the crevice? That's this on the
left here. The potential is here at the outer surface. It
coul d be applied potential or the actual corrosion potential.
Then, as you go into the crevice in this direction, you find
that the potential goes negative. And, the question is how
much of the polarization curve do you have on the crevice
wal | ?  That depends on how big the IR drop is that is
generated by the current fromthe inside of the crevice
flowi ng through the electrolyte to the outside cathodic site
or to a counter electrode if you're using a polarization
technique. So, that's one question. How big is this
potential drop under passive conditions on Alloy-22 in a

gi ven size crevice?

kay. And, the other question is that alone wll

not produce crevice corrosion, but if you add the second
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condition, does the possibility exist that the passive
condition showm here at tinmes zero, just a straight passive,
whatever it is for Alloy-22--10 to m nus 8 anps per square
centinmeter, |1've been told and we heard about that this
nor ni ng, too--does the possibility exist as stagnation occurs
in the crevice for an active peak to format the |ower
potential region? And, if it does, then we know fromthose
studies now -1 don't have these docunentations with ne, but
maybe this afternoon, |1'Il have them-that that peak can grow
in some other systens |ike nickel and stainless steel, that
peak can grow with tine if the right buildup of concentration
in the crevice occurs. And, when it reaches this criteria
here where the IR drop is greater than this defined quantity
right here of the voltage drop between the applied potenti al
or the corrosion potential at the outer surface and the
passi vation--what | call the passivation potential, reactive
passi ve potential of the system that's when then crevice
corrosion would start and that would be at the end of the
i nduction period. That is a little bit beyond what we've
done experinentally, this |last statenent about, but we have
seen passive films grow in crevices, get larger, and kick off
the crevice corrosion process.

So, as aresult of criteria that evol ves out of

that--and this is essentially the criteria--the IR drop
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generated in the crevice, be it due to a passive condition or
an active peak already in the system we've studied nostly
the active passive alloy electrolyte systens and we are
starting now to study these (inaudible) passive systens, as
well, like Alloy-22 is. But, that's for later.

Now, the next point to comment on is how big can
this IR be in, say, Alloy-22? There are two factors | want
to point out as | see are inportant. There are several
factors that go into how big this IRdrop is. | won't
mention themall, but the one | want to conmment on here is
what's the size of the opening? And, we know we have to have

a tight crevice to get crevice corrosion in all these
corrosion-resistant alloys. So, that size opening, the
generality is that the tighter it is, the bigger the IR drop
will be. And so, how big can it be?

Well, these are two factors here that | would bring
up. You certainly have the situation where one surface m ght
be very snooth, but the other surface formng the crevice is
rough. And so, the roughness determ nes the average opening
of that crevice. The other case--and a big question for
Al'l oy-22--is does hydrogen evol ution occur inside the crevice
because, if it does, then you form hydrogen bubbles. And, a
bubbl e has the uni que property, of course, of filling the

space. So, now, we ask, well, what's the space between the
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bubbl e and the wall? O course, you mght say is it

nmol ecul ar di nensi ons? So, you what you can have actually
when you have crevice--and we've seen this and I'll you sone
| ater this afternoon maybe. Wen we have rel atively |arge
openings, we still end up with a gap openi ng between the
bubbl e and the wall which is very small and we can't neasure
conditions in there. But, we see crevice corrosion occurring
in the center of the bubble on that passive wall.

So, that's where I'I|l stop and, as | say, we can
ki nd of show you exanples of all three of these things; of
potential drop here; of the buildup with tinme as the
acidification occurs or whatever; and, also, a lot of gas

bubbles formng in, say, stainless less, not so many in

nickel. That's interesting, isn't it, froma point of view
of Alloy-22.

BULLEN: Thank you, Dr. Pickering. | guess we did find
out howto |imt the speakers to five mnutes. W just take

away their slides and it will get done.

Right now, | would like to recess the nmeeting for
an hour and 15 mnutes. W wll reconvene at 2:00 o' cl ock
and Dr. Pickering has first right of refusal

Thank you very nuch

(Wher eupon, a luncheon recess was taken.)
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AETERNOON SESSILON

BULLEN: W are going to digress a little bit from
the witten agenda. W have had one of our distinguished
materials scientists who is interested was interested in
maki ng a comment, but cannot stay until the 5 o' clock hour.
And, as such, we're going to allow himthe m crophone.

So Roger Staehle, who is working his way to the
front of the room would Iike to make a few comments for the

benefit of the workshop panel. And, with that, | give you

Roger. Keep it to less than three hours. |Is that okay,
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Roger? How about ten minutes, just |like everybody el se?

Thank you, Roger.

STAEHLE: That's pretty restrictive. This will just
t ake about five m nutes.

| first discussed this nmeeting with Al berto maybe a
month or two ago when he had suggested the idea of bringing a
group together to | ook very carefully and thoughtfully at
what innovative ideas there mght be in devel oping | oss of
passive filns. And ny concern then is nore now that one of
the things we know about passivity is that it's very
environnmental | y dependent, and so what the passivity is in a
|l ead solution isn't the sanme as passivity in a sul fur
solution, is not the sane passivity, and so on and so on.

And zirconium which is very good in sone
environments, when you add fluorine toit, it's not. And so
the first point I want to make is that the passivity, the
protective quality of the filmis very environnentally
dependent, which is sonething nost of you know certainly.

But the second point | want to nake is that the
chem cal situation on the netal surface is an absolutely
unbounded chem cal situation. And what you have to realize
here is that the unboundability is related to the fact that
you have a super-heated surface. And in nuclear steam

generators, the super-heat, even in a very controlled bul k



© 00 N oo o B~ w N P

N N N NN B R R R R R R R R
A W N P O © ®©® N O OO0 M W N B O

141

envi ronment, produces environnments |locally which are
virtual ly unboundable. And that's for a very controlled
external environnment.

Now, in this situation where the externa
environment is not controlled, but we don't know what's goi ng
to drip out of the nountain, except sonme part of the periodic
tabl e, and where we don't know what the conposition of the
deposits is on the fractures, which is quite different from
t he average conposition, that means that the chem ca
conposition on the surface will be an absol utely unbounded
condition. And, so to nake a prediction based on an
unbounded environnment is an inpossible problem

Now, the third point I want to nake is that
virtually all the work that has been done so far has been
done in the general range |less than 100 degrees Centi grade,

i ke 95 Centigrade, or thereabouts. | think it was nmentioned
this nmorning possibly | ooking at 160 centigrade on the
surface.

But et me back off a little bit and say that a | ot
of the I ow tenperatures that people are thinking about today
is based on the assunption that ventilation will be used. In
fact, | think the assunption that ventilation is going to be
used may be a very bad assunption, because the idea of

ventilation nmeans that if there's a leak, it wll spread
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what ever the |leak is around the countryside, and the chance
of anybody putting up with spreading the results of a |eak
around the countryside |I think is zero.

And so | think the possibility of using ventilation
for a variety of reasons, not the |east of which is |owering
the tenperature and lowering the humdity, is a very strained
assunption. Therefore, the surface tenperature will be at
| east 160 centigrade, and nore, and that neans the super-heat
in the concentration process, and the environnents that are
there will be soupy saturated--this is soupy, not super--
soupy saturated environments of undefined conpositions. And,
therefore, to conduct experinents in that kind of
environment, or in sonething like that, seens to nme a very
difficult challenge.

And then on top of that, in this 160 centigrade
pl us range, the concept of nodes of corrosion changes. Up to
this point, as Gustavo nmentioned this norning, and others
have, that they're primarily thinking about pitting. In
fact, in this range, | don't think pitting is an issue.
think we're | ooking at either major generalized corrosion, or
extensi ve stress corrosion cracking. And I think the
stresses will come froma lot of places. | think the idea
that they can be elimnated or lowered is just a fantasy.

So, those are ny concerns about making predictions,
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and sort of fromthe perspective of thinking about passivity,
it seenms to me the central question in making predictions is
not to detail passivity, but rather how do we conme to grips
wi th an unboundabl e environment .

BULLEN: Thank you, Dr. Staehle.

Actual ly, before you | eave, | have a question for
you. One of the issues that the Board has raised is that
cooler and drier and sinpler m ght be better. Not regarding
ventilation as the mechanismthat you get cooler, would you
agree that a cooler repository would be better or maybe
easier to bound or to cal cul ate?

STAEHLE: Well, 1'd have to separate this question
because cooler and drier is better. But the question is

whet her cooler and drier is achievabl e.

BULLEN: Ckay. Well, actually, let's start with the
first part. |If it is achievable, is it better?

STAEHLE: Well, any time you can | ower the tenperature,
and the corrosion process in general, that's a good thing.

So that's a good step. And if you can nmake it very dry and
cool, that's a good thing.

BULLEN: But the concern is not to be able--if it gets
cool, it may not be dry, is the coment you' re going to
follow up with?

STAEHLE: Well, you know, | have a hard tine
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under st andi ng how a person coul d achi eve coolness in a
situati on where you have a super-heated possibility, because
what's going to happen is you wll very quickly start putting
dust on the surface, and that dust will create an insulating
| ayer, which will imediately |lead you to a super-heated
condition. And | was in that tunnel a couple nonths ago, and
just ny note pad ended up with a bunch of dust on the top of
it, a couple mcrons of dust probably. So |I think that the
conceptual framework which is interesting has to be very
carefully thought out in ternms of whether it's achievable.
BULLEN: Thank you, Roger.

As Chairman's prerogative, |I'mgoing to give, maybe
with alittle trepidation, Professor Pickering the
opportunity to do an encore presentation, which he tells ne
is not 50 mnutes. So we will let himhave his viewgraphs
and present--how about ten, is that okay? Ten m nutes?

PICKERING | could easily do it in ten. Ckay, so |I'll
build on this dust, and consider those dust particles the
start of a crevice, because | don't think there will be
crevices deliberately built into the system

So, if we have crevices, then just to illustrate
qui ckly three things that | nentioned earlier, the
di stribution of the electropotential along the wall of the

crevice, and if it falls--this is for the bigger peak
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showed you here. If it's a smaller peak that you're dealing
with, then this would be nmuch nore gradual, and it won't fal
bel ow t he passivation potential and, ergo, you don't get
crevice corrosion until that peak gets bigger to this point.

So, this Iine here is for the--by the way, the
viewgraphs are a little bit--or your hard copy is alittle
bit m xed up. But the top viewgraph goes at the bottom
"1l get to that last, and they're nostly in order after
t hat .

kay, then 1'Il show you this process taking place,
and I'll show you the effects of this gas, and then I'I|l make
a calculation to see how big the IR drop is.

Here you have the results, and this is typical now
These are stainless steel actually in an acid chloride
solution, which is a spontaneously active system neaning it
has an active and a passive region. And you can see at the
begi nning here, in both cases at the tinme, this is different
times here, the profile of the potential distribution going
into the crevice here is steeper as tine goes on, because the
current, you neasure the current increasing. So the
crevicing current is going up, so the IR drop per unit is
going up. So at the end of the experinent here, the red
curve, you can see the position.

Now, here's the active/passive transition neasured
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on the crevice wall, the potential, and that neans that the

position of the passive region is going to be closer to the

opening than that, and the position of the active region on

that crevice wall is to your right of that, and the biggest

penetration, corrosion penetration, is going to be where the
peak currents are, which would be right to the right of this
3 mllimeters.

We obtain these data by sinply putting a m croprobe
into a relatively open crevice of .1 or .2 mllinmeters, which
you can do for this duplex stainless. Here's just an exanple
then of afterwards, a cross-section, and you can see that 3
mllinmeters down is where you get the attack. GCkay? Just as
you woul d expect, and as are indicated fromthe potenti al

measur enent s.

Well, if we didn't have a lot of chloride in there,
we' d have an all passive condition, like we do in Alloy 22.
This is just sulfuric acid of two concentrations, A and B

and you can see there's no active peak whatsoever. It's a
spont aneousl y passive system |If you add the chloride to the
system then you get the buildup of the passive peak, and the
A curve is the lowest chloride concentration, the next

hi ghest, and finally the one that we used there to get the
data | just showed you

Now, when you use this active/passive situation
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with this chloride concentration, you get instantaneous
crevice corrosion as soon as you polarize into the passive
region for the conditions we used there, because that IR drop
was larger right fromtine zero than the delta phi star val ue
| showed you earlier is a criterion

So that's the sort of thing with the buildup then
After you have the potential drop, you need to get the
active peak to form And you need to now al so know how to
measure the chloride concentration in the cavity. [I'll just
show you these data. These are the only data, and |I' mjust

poi nting out the blue curve here, because the red curve is

actually the potential distribution as neasured for now.
This is ironin a pHS5 solution. 1t's an active/passive
system But the blue curve is--and these are the only data

of the blue curve that are not--they' re our new data and |
didn't even want to present them on hard copy because | don't
know if they're right. You know, they've haven't been
repr oduced.

But it looks like they're going to have a peak
chl oride concentration an order of magnitude higher--these
nunbers have to be reproduced al so--an order of magnitude
hi gher than the region where the netal dissolution rate is
the highest. That's where the X pass position is, and the

active peak is right here. And so you're seeing that the
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measured, using again a mcroprobe now for chloride going
into the crevice, it's maxim zed there and it falls off to
sonme value that's just a little bit higher than the bul k
solution of 2 mllinolar concentration.

Now, here is some data--all the rest of this data,
this appeared ten years ago on the El ectrochem stry Soci ety,
and it just shows now a passive situation where it has a
smal|l active peak in this system It's iron in the pH 10
solution. A small active peak, but the IR drop wasn't big
enough to push the el ectropotential down into the peak. So
you didn't see anything but a passive current at tinme equals
zero, and it's about 10 to the mnus 6 anps per square
centinmeter here read on this axis here. W have it in
mllianps here, soit's 10 to the mnus 3 on mllianps. But
10 to the mnus 6, and for this relatively open crevice, the
IR drop is pretty small. Like | said before, you have to
have a tight--or if you tighten the crevice up, the IR gets
much bigger for the given current that's flow ng.

And so the applied potential was this dash Iine,
200 millivolts on this scale, and the neasured potenti al
hal fway into the crevice now, that's what we're nmeasuring on
this axis, is only 25 mllivolts below the outer surface
potential. But notice what happens with tine. Up to 14

hours, the passive current is gradually increasing, and of
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course then the IR drop is increasing, and you'll see the
nmeasured current halfway in com ng down.

At about 14 hours, suddenly, the current increases
quite steeply, and we're getting up into the mllianp current
range now, or the actual crevice corrosion. The potential
drops way low. | didn't show you where the passive age
potential is. It's right in here sonewhere. It drops way
bel ow i nto the--bel ow that boundary into the active peak
region. And, of course, you have stable crevice corrosion
i ndi cated by the potential, and indicated by these high
currents. So, there it took 14 hours to do that, and the
reason for that we don't know, because we didn't have the
chloride and pH that we do now, so we don't know what was
causing the passive current here to increase with tine. It
m ght had been a pH decrease, or sonething of that sort.

And then the gas bubbles is the third item] told
you |'d show you about. Here's a gas bubble, hydrogen gas
bubbl e, formed in an iron crevice wall. By the way, we're
| ooki ng through transparent plexiglass. And while we're
doing these in situ probe neasurenents, we also nonitor the
appearance of the crevice surface with sonme necrol enses and a
canera, and so forth. And then in this case, the wall was
all passive in this region, but there was a hydrogen gas

bubbl e that had formed there and | odged in pl ace.
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And know edge you have after sonme tinme is very
strong crevice corrosion at the mddle part of the bubble.
What you see here is grain boundary effect, which we al so saw
on the polarization curve when we did experinents at
different potentials, getting close to the active peak. And
here you see it blown up. You can see as you go in, you get
slight intergranular effect. As the potential drops closer
to the active peak, you get heavier intergranular effect, and
t hen you have a boundary here where now you're in the active
peak and you get an attrition.

So, that's the inportance of the bubble, and that's
why, you know, we would |ike to know whet her hydrogen gas
bubbl es can form Dynamcally, they can formof course in
any base netal, so also in CG22. W don't know, though,
whet her they formin there.

And the final question was how big of an IR m ght
you get if you had really a | ow passive current, like C 22
has, and so | just nmade--1 tried to make a cal cul ation here
usi ng nunbers we knew about. This is for one of our nickel
systenms. W had a pH 2 solution which was saturated with
ni ckel sulfate in the crevice. And that has a neasured
resistivity of 23 ohnms per centineter, which is not a rea
high resistivity. You can get nmuch higher resistivities in

solutions that are nore dilute, and so forth
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And we then had the relationship, a sinple
rel ati onship where the IR drop, or the delta phi here to the
bottom of the crevice, going fromhere to the bottom is
going to be just the average current flow ng out of the
crevice--1 assunme the average current. | assune the current
was |inear going, with increasing depth in, just to make a
calculation, we're seeing results of the average val ue, and
mul tiply that by the resistivity, tines the depth, L, which
we assunme to be just 1 centineter, and the cross-sectional
area here of the opening, and that's A tinmes W divided by A
times W and you see that here.

So, that's just IR of course, where Ris L over

AW And so now we assune that 10 to the m nus 8 anps per

square centineter of passive current on that wall, and there
we chose not nol ecul ar dinensions. |If we had gas in there,
don't know how big the crevice would be, but it wouldn't be

very big. W took an order of nagnitude higher than that, 10
to the mnus 6 centineters, and we end up calculating, if you
plug the nunbers in then into this equation right here, you
end up calculating 230 mllivolts, so a sizeable potenti al
drop. You can't really rule it out just because you have 10
to the mnus 8 anps per square centineter
So, I'll stop there.
BULLEN: Thank you, Dr. Pickering.
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PI CKERI NG  You're wel cone.
BULLEN: Actually, I"mgoing to ask Professor Sagués if
he's going to help ne out.
In your presentation this norning, you had a

vi ewgr aph of the first question. Could you dig that out?

SAGJES: | don't have it. | have a summary of the
guesti on.
BULLEN: The summary is fine. | just wanted a talking

point to put up there. And then as we dictate the procedure
for the roundtabl e discussion that's going to occur this
afternoon, | thought maybe we could start off by just asking
each individual as we go around the table to nake a few
comment s about what they've heard, what they haven't heard,
but specific to question one. And | was trying to decide
which side of the table to start with, and Dr. Davenport on
the way in said she'd solved all the problens over |unch

So, obviously, we have to start over there, but |I can't start
wi th her, because she's not in the first position.

So, Dr. Kruger, because Dr. Davenport has al ready
sol ved these problens, gets to actually take the first shot
at question nunber one, which essentially deals with
mechani sns--well, let nme read the question specifically from
t he handout .

Question one basically states that can you propose
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any pl ausi bl e nechani sns that woul d cause a | ong-term
corrosion rate to increase once penetration under passive
conditions reaches significant values, so that sustained
corrosion rates may be no longer uniform extend sort of
greater than a mcroneter per year?

And so specifically to that, we'd like to ask you
to just say a few sentences, nmaybe a few words about what you
| earned this norning, if you think there are mechani sns that
exist, if so, what? |If you don't think they exist, that's
fine, too.

So, we'll start with Dr. Kruger and just work our

way around the table. That's a good way to start.

KRUGER: Well, since Alison has already solved all these
probl ens- -
BULLEN: That never seened to stop you before, though.
KRUGER Right, and it won't this time. But | was
t enpt ed.
Well, | think the thing that | heard, not this
norni ng, but this afternoon, the things that Roger Staehle

said is to me the nost significant thing that you can say
about question one. And that is that under the conditions
that exist, you would really expect an increase in the
passive current. Plus the fact that, and a nunber of people

mentioned this, if the potential goes to the transpassive
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regi on, you dissolve a |lot of the constituents of the passive
filmcreating an unstable condition, and a |arge increase in
t he passive current density.

So, I'mnot as sanguine as | was when | first cane
here that at |east froma uniformcorrosion standpoint, we
really woul dn't expect any problens. | think we coul d expect
sonme serious problens.

BULLEN: Bullen, Board. Actually, 1'll follow up with
the sane kind of question that | asked Roger with respect to
t enper at ure dependenci es of what you see, if you stayed away
fromthe 160 degrees C. tenperature reginme, for exanple,
woul d you find nore confidence or |ess confidence in your
expected performance for the long-termstability of the

passive filnf

KRUGER: You nean you were able to keep the tenperature
bel ow 1607

BULLEN: Yes. Well, we saw two curves this norning that
one was |ike kind of 80 degrees, 90 degrees C. nmaxi mum

tenperature. Do you have a little nore confidence in that?
KRUGER:  Yes, you would. But even under those
circunstances, with the environnment changing in very many
possi bl e ways, even at the | ower tenperatures, you could
expect especially localized corrosion problens to exist even

at those | ower tenperatures, which we have little experience
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with as well.

BULLEN: Thank you. Any other comments you'd like to

make, or do you want to pass the baton to Alison next to you?
You yield your three mnutes?

KRUGER: Yes, | yield ny three mnutes to the |ady from
Bi r m ngham

BULLEN: Dr. Davenport?

DAVENPORT: | had a very interesting conversation with
Gustavo Cragnolino over lunch, and this very nmuch reinforced
ny view of the inportance of netallurgical features, and in
particul ar, what can happen along weld |lines wth thousands
of meters of weld. [It's not inconceivable that sone of it
may not be done perhaps as well as it could be, things may go
wong with the heat treatnent sonmewhere, and |I'mvery nuch
convinced that that is the nost |ikely source of problens in
terms of both | ocal increase in passive behavior, and also in
the risk of localized corrosion. But | think Gustavo can
probably give nore details about what the particul ar problens
m ght be around welds. But |I'mvery firmly convinced that
that's quite inportant.

Anot her coupl e of things follow ng up on that that
cone to mnd, and that is when people are doi ng neasurenents
on pitting corrosion, any kind of neasurenents, and you have

a hundred results and you | ook at the range, the spread,
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i ncludi ng some negative corrosion rates, or whatever that
appears to be on that, | think the interesting ones are the
outlyers where there are particularly high corrosion rates.
And this again follows up with ny interest in netallurgica
features. Wen there are outlyers, is it worth taking a nuch
nore careful forensic look at the ones that seemto have
corroded particularly strongly? Are there sone features in
the alloy, common or |ess comon faults or defects or
inmpurities in the alloy that can give sites where there's

| ocal i zed attack?

Again, we cone to a size issue, and is a corrosion
coupon of very limted size a very good anal og for the
canister itself? Metallurgically, they receive very
different treatnments. And also you're sanpling a nuch | arger
area, and so rare defects can then cone on and becone a
problem So those are the features that | think have struck
me goi ng through today's proceedings, including |unch.

BULLEN: Bullen, Board. | actually had a couple of
foll ow on questions that | had witten down during the course
of your presentation.

You nentioned that, you know, as a netallurgist and
as a corrosion scientist, you try to prepare those perfect
surfaces of single crystals, and then understand the

fundamental nmechani sms. How difficult do you perceive the
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ability to nodel the heterogeneities, to nodel the real
world, to nodel the defects that you' d expect to see? And is
it arealistic assertion that that can be done? O is it an
intractable type probl en?
DAVENPORT: |'mnot quite sure what you nean by nodel

| nmean, | would say that the first thing to do is to actually
have a | ook at the failures and see if we can identify
particular problens. | mean, we're all very well famliar
with the fact that pits in stainless steel initiate in
manganese sul fide inclusions, but we don't have the sane sort
of common know edge that, oh, failures always initiate at
what ever kind of a particular in this particular case. So,
think a bit of forensics is needed first if we can go on to
nodel anyt hi ng.

| nust say the other thing that very nuch struck ne
was actually in Bob Rapp's presentati on when he tal ked about
t he i nportance of surface finish. And, again, the idea of
el ectropolishing all these canisters is quite an interesting
but probably rather inpractical one. But there's an enornous
effect of surface finish on corrosion behavior, because if
you have a very rough machi ned surface, you've got deforned
| ayers and bits where the netal is folded over on itself, and
you' ve got automatic little crevices on the surface, not just

with dust as well, so | think that's a very inportant
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feature, too.

BULLEN: Thank you. Actually, ny enphasis in nodelling
stems fromthe fact that 1'ma perfornmance assessnent
nodel er, so | was thinking extrapol ati on beyond 10, 000 years
and how well you do it, not the |ab scal e nodels, although
t hose are the fundanental nechanistic nodels that we'd |ike
t o under st and.

Anyway, thank you very much. You had a good intro
for Dr. Rapp. Dr. Rapp, would you like to say a few words?
O do you just want to say ditto?

RAPP: It's a lot nore conplicated than that. This
matter of surface finish | do think is inportant, and | don't
know why t hese canisters can't be polished up before they are
| oaded up, you know. They don't--loading them up shoul dn't
make that nuch difference to the surface finish. So I think
it could be done. | don't know why not.

KRUGER: They don't have to be el ectropolished. There's
chem cal polish

RAPP: Chem cal polish. And, in fact, | think you could
dope up the surface with sone ceriumwhile you're at it. An
anodi c oxide on the surface with a little ceriumdoped in
woul d be a nice idea.

O her than that, it seens to ne |ike the nost

dangerous part of this service is the deposition and drying,
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and deposition--wetting and drying, and wetting a drying,

whi ch concentrates the salts. That's the critical thing.

And if you do permt ventilation on occasion, you m ght use
it as an engineering variable. You mght let the stuff get
hot, as long as it's not going to have any deposition to keep
the water away fromit until, by sonme nonitoring system you
see that that period is over with. Then you m ght cool it
down and let the water deposit on it, but not cycle
evaporation deposition. Just either have it hot or else have
it cooler, and you could use your ventilation systemas the
engineering variable to do that. |'mjust dream ng here, of
cour se.

But the other thing is, as was nentioned, no matter
how this would be started out, it would be growing a little
m nor air formed product scale in dry oxidation at the very
start, and | think that should be taken seriously, and
experiments should use sonething |like that, or sinulated
scale, as the initial condition for electrochem cal aqueous
experinmentation.

And as Susan said, and | thought about anyway from
ny own experience, there's a big difference between
at nospheric corrosion in an aerated filmand deep solution in
a vat of aqueous solution. And as | have heard, experinents

are not being done in the atnospheric node today, but they
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certainly should be.

BULLEN: Thank you. Professor Craig, did you want to
make a conment, or do you want to just listen for a while and
go around the table? GCkay. Dr. Newman?

NEWWVAN:  Well, | don't have any particul ar qual ns about
the 90 degrees, or whatever it was, the lower of the two
tenperatures that we discussed. | don't think this stuff is
suddenly going to start corroding generally, although
definitely hear what Roger Staehle says about the deposition
and the evaporation issue. And | think 160 is kind of the
m ni num tenperature where | would really start to be
concer ned about that.

So if sonebody says, well, these things are not
going to be ventilated and the tenperature is going to go up
to 220, I'mstill alittle bit puzzled as to what Roger
thinks is the uniform corrosi on nechani smthat can operate
there. But definitely in ternms of pronoting various kinds of
| ocal i zed corrosion, that then becones a rather different
kettle of fish then.

You know, quite clearly, if you have sone
conditions that persistently generate a highly al kaline
environment full of peroxide fromradiolysis, then you're
going to corrode stuff at a significant rate. You know,

whether it's a micron a year or ten mcrons a year, | don't
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know. But | think those nechanisns, | would say 150 or 160
is the threshold for what | would call a steam generator heat
transfer nmechanisns to really start switching on

And you do see all kinds of stuff. | nean, just
the other day, | was at a |l ab where they were using a new
surface analytical tool to | ook at sone alloys that have been
exposed to these kinds of environments, and they were finding
all kinds of stuff in the grain boundaries down to quite
| arge depths, 100 mi crons, or so, l|lead, that kind of thing.
And t hose mechani sms seemto be specific to these
concentrated, | would going to say al kaline environnents,
maybe Roger can correct nme here, but probably al kaline
environments at tenperatures in the 200 range and above. You
can certainly get a lot of things happening to these nickel
alloys that | wouldn't particularly want to be--1 wouldn't
particularly want to be associated with predicting that they
were going to last for 10,000 years under those conditions.

BULLEN: Bullen, Board. Actually, you led into

sonmething that | was going to ask a little later. But
Al berto nmentioned this norning that the mnor constituents in
t he groundwat er, such as |ead, or nmaybe nmercury, or arsenic,
or sone of the other bad actors, could play a role in the
passive filmstability. And so | guess what |'d be

interested in is maybe your interpretation of the inportance
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of that role, and whether or not you would see it as nore
significant in a hot 160 to 200 degrees--

NEWVAN:  Wel |, definitely the |ead.

BULLEN: --versus the 60 to 80? Yeah, could you comrent
alittle bit on that?

NEWVAN:  The | ead phenonenon, | nean it can be
denonstrated at tenperatures like 100 if you use the right
ki nd of hydrochloric acid, and so forth. But as sonething
that destroys materials, I'mnot aware of any reports at
tenperatures, you know, in the 100's. But then on the other

hand, the tinme factor always has to be taken into
consi der ati on.

STAEHLE: There's a ot of work on | ead, as you probably
know, up to about 300 centi grade.

NEWVAN:  Yeah

STAEHLE: Killian's work and Wng's work, it's pretty
extensive. And the one thing that's of interest in the |ead
inaway is, you know, lead forns a | ot of insoluble
conpounds. These compounds turn out to be very tenperature
dependent in terns of their solubility. And so you could
have a conpound which is quite stable at 100 centi grade, and
at 200 centigrade, it's totally soluble. And so there's that
ki nd of thing going on, w thout belaboring it.

NEWVAN: My concern woul d be intergranular corrosion. |



© 00 N oo o B~ w N P

N N N NN B R R R R R R R R
A W N P O © ®©® N O OO0 M W N B O

163

guess if | have to summarize, if the conditions are what
Roger says they're going to be, and they're going to close it
up and forget about it, the tenperature is going to go up to
200 and sonet hing degrees, | think one could have |ocalized
corrosion of the pitting type, but | think what Roger calls
general corrosion, | think it would be nore likely what you
woul d get is this intergranular attack, or intergranul ar
corrosion, and | woul d be concerned about that at a high
t enper at ur e.

STAEHLE: Well, just to continue a point, we all work on
di fferent kinds of consulting problens here and there, and
"' mworking on a problemat the noment, a thing in Venezuel a
where the tenperature is around 250 centigrade in a potassium
carbonate heat transfer crevice. So, potassium carbonate is
filling up in the crevice. |It's corroding generally like
made in this heat transfer crevice.

NEWVAN:  The material being?

STAEHLE: St ai nl ess.

NEWVAN: St ai nl ess steel

STAEHLE: So, you know, |I'mnot so sure the detail of

t he nmechanism but there's no question about what's

happeni ng.
NEWVAN:  Wel |, you can get high corrosion rates in
carbonate for well-known reasons, | think. | nean, it's a
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conpl exant, so, | nean, you don't need the very high or very
low pH. But, yeah, | agree that that's the sort of thing
that coul d happen. Carbonate is sonmething that | think is
not so aggressive to nickel, so that's not something to be so
bot hered about. | nean, you say 200 degrees. [|'Ill junp to

t he ot her side of the fence.

BULLEN: Ckay, thank you. Actually, Rob, before you sit
down, | have a request for you. W had sonme questions about
the testing programand the experinents that were being done,
and Professor Rapp basically asked about the high tenperature
oxi dation. Could you address maybe just a little bit of sone
of the experinental programthat's on. |Is that a fair
guestion to ask you, or do you want to defer to sonebody
el se?

HOMRD: Rob Howard, Integration Manager for Bechtel
SAIC. | would like Geg Gdowski, who is one of the Pls
involved in our experinmental program to just clarify a few
t hi ngs about what the testing programinvolves. And we do do
testing in humd air environments. |It's not just vat
sol uti on.

BULLEN: Ckay, thanks, Rob. Dr. Gdowski?

GDOWSKI :  Greg CGdowski, Livernore.

A few things about the environnment that are

probably not apparent initially is that we are bounded by
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at nospheric pressure. So you're not going to get super-
heated steamthere. You're not going to raise the
envi ronment about one at nospheric pressure.

The reason you can go to high tenperatures with the
aqueous solution is because of the form ng of the saturated
aqueous solutions with mag chlori de.

NEWVAN:  The tenperature of water is higher?

GDOWBKI:  Yes. |I'mnot denying that. O her concerns
that we are testing atnospherically, we do have a series of
tests to address atnospheric corrosion. W are doing
periodic wet and dry type experinments under high relative
hum dity conditions, where we're dripping saturated aqueous
solution salts on the specinens, letting them evaporate,
trying to characterize those environnents.

W' ve al so done a series of evaporative

concentration experinents where we evol ve these brines to

very high concentrations. W're not, as Carl put it, they
were at much hi gher concentration aqueous brine sol utions.
W're not at the .05 nolar solutions. W're in the nolar
sol ution range on these salts.
| guess that's about it, unless you have sone ot her

guesti ons.

RAPP. Wth what observations then? Wat are your
resul ts?
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BULLEN: Identify yourself, Professor Rapp, and ask.

RAPP: Rapp is asking what results have you observed
t hen under these test conditions?

GDOWBKI :  Which tests?

RAPP: Well, any of them Choose one.

GDOWBKI : Choose one. | could talk nostly about the
evaporative concentration experinents. Wat we have seen
under the wet and dry dripping is primarily the formation of
the scale on the surface, with very little oxidation of the
underlying netal. W' ve done these tests at around 90 and
100 degrees C. at this point.

Under the carbonate base waters, high silica, high

carbonate, you forma very tenacious scale on these

material s.

RAPP: As a deposit; right?

GDOWBKI :  Yes, that's right, with very little indication
of any corrosion underneath these deposits at this point.

NEWVAN:  May | ask a question. This is Roger Newman
Can sonebody tell ne what, given the constituents
of the water, what is the highest tenperature that you can
conceive of maintaining a liquid environnent on the surface?
GDOWBKI : It would have to be the nmagnesium chl oride or
the calciumchloride type brines. Calciumchloride boils at

about 164 degrees C
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NEWVAN:  Ckay. Zinc chloride boils at a higher
tenperature than that. You don't have any zinc chloride.

GDOWSKI :  Well, | nean, fromthe constituents at Yucca
Mount ai n, fromthe groundwater constituents.

NEWVAN:  Ri ght .

STAEHLE: Thi s boundi ng condition that G eg nentions of
atnospheric pressure is certainly an inportant one. The
guestion | was just asking himwas whether or not in thinking
about maxi num tenperature, you' ve got to think about sone
kind of a deposit build-up on the surface that has sone
di mensi onal substance to it, and nmaybe sone capillary
structure to it. And that may not change the tenperature a
lot, but it probably would be sonmewhat higher than 160.

GDOWBKI :  Agreed. Agreed. It wll raise it, but you
have to, at these elevated tenperatures, the size of the

pores that you have to bring about a very large elevation in

tenperature are very, very small. You're tal king sub-m cron
| evel s at these tenperatures.

BULLEN: Thanks to both of you. | guess this naybe is a
very good lead-in to the brine question that--oh, Al berto, do

you want to say sonet hi ng?
SAGUES: | have a couple of questions for Roger.
BULLEN: Go right ahead.

SAGUES: Now, depending on what we get into, we may go
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into this later with sone of the other participants.

BULLEN: Ckay, feel free.

SAGJES: You made a very quick estimate, Roger, in
assuming a certain chromumsolubility, and fromthere, you
went ahead to try to obtain a guesstinate of the corrosion
rate. Now, | assune that in doing that, you nust have
assuned that you were at sone kind of a pHin the system and
you | ooked at how rmuch the chromumoxide line interfaced in
the--shift in the equilibrium sonething Iike that?

NEWVAN: It's sonething Iike that, yes. 1In fact, | was
just pointing out that you could have very |l ow equilibrium
solubility of the stuff, and yet over a period of hundreds to

t housands of years, build up a layer of porous oxide, which a

| ot of people would probably agree m ght have some effect on
the stability of corrosion. | wasn't really picking a
particular point, but I mean, if you want to equate that to a

particular pH, it would probably be anywhere near neutral
you coul d probably have 10 to the mnus 14 nolar solubility
of sonething |like chrone.

SAGJES: And, fromthere, how did you work it out into a
rate of dissolution?

NEWVAN:  Just Pick's law, yes, Pick's first law |
mean, it's just a factor of the envel ope diffusion.

SAGJES: So, do | understand then that what you are
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suggesting with that kind of thinking, wthout nmaking a very
preci se statenment, of course, would be that that would be one
way of having a non-conservative passive |ayer dissolution
process at the passive layer solution interface.

NEWVAN:  No, | don't associate that with sone kind of
accel erated general corrosion at all. | associate that
menbrane |ike layer with an increased probability of
| ocal i zed corrosion.

SAGUES: Localized corrosion?

NEWVMAN: So, over a long period of tine, it seens
reasonabl e to suggest that you would build up a thick, as to
say mcrons thick, oxidized |ayer on the surface, which would
be mainly a product of a re-precipitation process, sinply
arising fromthe passive current. And that that |ayer could
pronote a | ocalized corrosion process.

SAGUES: Ckay, yeah, that | have followed. | guess
anot her question, and this applies to you and then maybe as
ot her nmenbers of the panel get through it, | think that one
of the questions would be what is the thickest, maybe not the
barrier layer, but the thickest passive debris |ayer that
anyone may have seen anywhere that one can ascribe to a
process |like the processes we're tal king about in here? 1Is
there such a thing, or are we talking--what I'mtrying to

establish is are we tal king about sonething that is totally,



© 00 N oo o B~ w N P

N N N NN B R R R R R R R R
A W N P O © ®©® N O OO0 M W N B O

170

absolutely fictional, or are there any exanpl es--

NEWVAN:.  Sci ence fiction

SAGUES: --that we can | ook at?

NEWVAN:  Well, | think the problemwas that nost of the
practi cal cases where those happen at anbi ent tenperatures
have been where you are on the borderline of the transpassive
di ssolution. | once had to deal with a probl em where
i ndustrial dishwashers were going blue. They actually | ooked
much nicer when they were blue than they did before. This
turned out to be due to peroxide in the detergent materials
causing a kind of transpassive dissolution on the material.
Al the material was dissolved and then redeposited and it
gave this blue film

| don't know of any exanple, if you like, in the

m ddl e of the passive region where anyone has seen a simlar
thing. The best chance to get sonething |ike that woul d
probably be at high tenperature where the process is faster,

t he passive dissolution process. But, | do knowthat in acid
environments, of course, you can see sonething like that. |If
you were at pH 1 and you passivate stainless steel, then the
passive current is higher so it doesn't take so long to build
up such a layer, and you coul d perhaps | earn sonething by
artificially growing such |layers at |ow pH or sonething |ike

t hat .
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In fact, you know, you can actually make stainless
steel go blue by cycling the potential. There's |lots of ways
to make stainless steel go blue and you cycle between active
and passive. So, you're producing this sort of very finely
divided re-precipitated type of material. That certainly
makes pitting nuch easier. |1've seen in lab tests that when
you have that deposit, that blue material on the surface, it
al ways pits prematurely at very | ow potential.

SAGUES: | would like to ask the remaining menbers of
the panel when it is their turn, if they know of any bl ue
stai nl ess experience or sighting, and I would like to hear

that and it certainly would be very instructive to have sone

bl ue C- 22.
NEWVAN:  Well, | can supply it in different col ors.
BULLEN: Then, we don't have to polish the containers.
We coul d just have different color containers.

Go ahead, Professor Bertocci?

BERTOCCI: Is it then interference color?

NEWVAN:  Yes, but it's always blue. So, it's sonething
nore than just--you know, you' d expect to get rainbow colors
if it was--but it's definitely an interference effect, but
sonmeti mes you do see the rainbow colors. But, when you don't
see the colors, it's always bl ue.

BULLEN. CGustavo, go ahead? Do you have a question?
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CRAGNOLINO Wl |, tal king about col ors, you produced
this precisely for Alloy-22 when you go to the transpassive
regi ne?

NEWWAN:. It goes blue, yeah

CRAGNOLI NO  CGoes to yell ow sh-blue type of col or and
this is associated with the transformation of the fil m under
certain conditions, but we are talking a very high potential .

So, | don't see that that's attainable by any nmeans. You
can obtain this potential in reprocessing units, but not in
the condition of the repository.

NEWVAN:  Well, | think, Alberto was just asking is it
possible to speed it up so that you can do sone experinents--
was that the--

SM ALOABKA: (I naudi bl e).

BULLEN: Pl ease use your m crophone, Susan.

STREHBLOW Could | give a comment on that?

BULLEN: Oh, Dr. Strehblow, go right ahead?

STREHBLOW (kay, sorry. |If you have these interference
colors, is it that you just dissolve the iron and you have
the iron 2, and if you' re back in the passive range, then you
oxidize it toiron 3 oxide? | think that is the reaction
which is occurring. So, if you by intention would like to
have this layer, you also could add iron 2 salts to the

solution, just oxidize it up and then at noderate pH it could
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be, let's say, 6 or 7, so that the iron 2 is still sol uble.
Then, you get this nice filmand then you can study it in
detail what it is doing to |ocalized corrosion

NEWVAN:  Well, if there's any iron in the water in this
mountain, it will certainly oxidize onto the surface of the
all oy and produce a |l ayer like that anyway, as indeed could
one or two other elements. Any corrosion process that you
propose here is going to be occurring under a nmenbrane-|ike
| ayer of sonmething. And, you know, | think these, in
general, woul d be just as aggressive as physical crevices for
t he corrosion, but not necessarily very aggressive. It
depends on the tenperature and so on and so on. Anyway, |
t ook too nmuch tinme there.

BULLEN: Thank you. Bullen, Board. Professor
Strehblow, did you want to nake any conments about Question 1
as we go around since we're returning to that?

STREHBLOW  Yeah, | just wanted to repeat al so that--and
support what the previous speakers have sai d--the higher
concentration of the electrolyte is a very big danger and
these wetting and drying periods which m ght concentrate the
electrolyte. And this, in conbination with a depletion of
the chrom um and the material by some wong treatnent,
wel di ng and what ever, you m ght al so renenber that you have

chrom um depl etion at the grain boundaries for stainless
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steel by chrom um carbide precipitation. And, things of that
ki nd whi ch m ght happen and which could |ead to a | ocal
depletion of chromumis a source of danger because then the
passi vati on mechani sm by chrom um oxi de formation coul d be

hi ndered because there is not enough | ocally, not enough
chromi um oxide. As Carl De Bella said, we have huge surfaces
whi ch have to be treated. There could be a weak point where
this mght occur. This is the first remark | would like to
make.

The second, we heard sonet hing by Bob Rapp about
hi gh tenperature corrosion and I would |like to add sone
little remark which | didn't include in ny short presentation
because | didn't want to overload it. But, there is existing
the possibility that also chlorides and high tenperature
corrosion could give a big danger of film breakdown and
corrosion if the tenperature is sufficiently high. Wen you
have, for instance, HCO oxygen m xtures at 700 Centi grade,
then you easily will corrode the netals and al so the nickel -
based alloys. W did a couple of these studies in the past.

This will break down the material with a high velocity.

Now, we have | ower tenperatures. So, it mght on the |ong-
term there mght be some nmechanismof this kind. You m ght
not have the HO, but you m ght have the chloride sitting on

the surface as a little crystal and then sonething of a
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simlar kind may start and, as you have a long tinme, this may
al so cause sone corrosion phenonenon in the dry at high
tenperature. This was the second remark
And, the third remark was about radiolysis which
sonebody in the audi ence asked ne or gave a remark at the end
of the session and he told ne that especially in the first
time you have a danger of formation of high oxidants and
el ectrol yte because then you have the high radiation. But,
when it slows down, then this danger will be over. So, one
has to discuss this in detail and there has been sone work on
it, as he said. | don't renenber the name of the person.
BULLEN: Bullen, Board. Actually, with respect to the
radiation field, and we started tal king about point defect
production, | wanted to sort of follow up on that. | know
that a scientist named R ch Von Konynenburg at Law ence
Li vernore National Laboratory had done in the late '80s an
anal ysis of al pha, beta, gamm neutron danage, and,
basi cal | y, same concl usions that were reached this norning.
Al pha is not a problem because it's inside the waste package.
The betas may or may not be a problem but usually aren't
significant. The ganmas can cause sone | ocal ionization, but
usual ly don't cause displacenent damage. The only
di spl acenent damage you' d get would be fromthe neutrons.

But, the conclusion fromthe Von Konynenburg paper is that
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the neutron flux is so |ow conpared to the simlar flux that
you have in a nuclear reactor that in the 10,000 year kind of
time franme, you may end up with sort of the equival ent of one
or two reactor days of equival ent operation or radiation
damage. And so, the kinds of point defect production rates
woul d be, you know, maybe 8 or 10 orders of nagnitude |ess
t han what you'd see in a reactor
So, you'd ask yourself, you know, even though

have a factor of 5 increase in time, I"'mstill a factor of
10°--or excuse me, a factor of 10° increase in tine, | have an
ef fect of 10° decrease in rates. And so, is that going to be
significant? | guess, | don't know the ins and outs of point
defect production and its inpact--mybe D gby could comrent
on this--its inmpact on the stability of the oxide filns.
But, | would venture to guess that the neutron damage woul d
not be a real big precursor to those kinds of issues. And,
maybe, | should defer to Di gby about that.

MACDONALD: No, you're right. Neutron damage isn't
significant. About the only way that you could have a
del eterious effect is if sonmething |ike hydrogen peroxide
kept building up, but, of course, the hydrogen peroxide
deconposition is catal yzed by transition netals. GCkay? So,
it's alittle far-fetched to see a massive buildup in

hydr ogen per oxi de.
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Just to put this radiation situation in
perspective, a nunber of years ago, we did sone nodeling work
on copper canisters and, of course, the wall thickness of
copper canisters, much, nmuch greater than the wall thickness
of the C-22. The conclusion then was that there m ght be a
very small shift, positive shift, in the ECP corrosion
potential due to radiolysis. Now, of course, with the
thinner CG22 wall, | believe that the dose rate of the
surface i s now about 2400 rad per hour, okay, conpared wthin
a nucl ear reactor of maybe 1000 tines that. But,
nevertheless, it may be significant and that issue possibly
shoul d be | ooked at agai n.

BULLEN: Professor Strehblow, did that answer your
guestion with respect to radiation?

STREHBLOW  Yes.

BULLEN: Dr. Rapp?

RAPP: May | comment on one of your comrents, please?
Rel ative to sonething |ike chloride cracking an oxide at a
hot tenperature, there were very nice experinents by Peter
Hancock a long time ago where he took a netal wire and
vibrated it to its resonant frequency and then put a drop of
sodiumchloride on it and it inmmediately cracked, but this
was at a very high tenperature, maybe 800 Cel sius. But, the

experinments are so easy to do that. | nean, if you want to
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try this at 300C, | think it only takes 10 minutes to find
out whether sodiumchloride will crack a film So, that sort
of experiment would certainly be reasonable, | think.

STREHBLOW But, | think it is also very inportant in
the context of the stability of a passive film because you
are reachi ng perhaps 160 Centigrade or sonebody told
sonet hi ng about 220. So, we are approaching sonme tenperature
where this could be a danger

BULLEN: Thank you. Dr. MacDougall, would you like to
make a few comrents about Question 1? You can show what ever
you |i ke because now we don't have a tinme limt. Well, maybe

as a professor, you have a 50 mnute tinme limt, but that's

it.

MACDOUGALL: |I'm not a professor.

BULLEN: Oh, well, we could pronote you. Could you put
t he m crophone on, please? R ght there. 1It's right next to
you.

MACDOUGALL: Well, it's about the passive current, in
fact, and the nature of the question. 1|'mnot again talking
about Alloy C-22; I'mtal king about nickel. | spent a good
part of ny life years ago decorating defects on passive filns

that were fornmed on nickel in sulfate solutions over vari ous
pHs and breaking those filnms down and open circuit. This is

t he nickel single crystal work that we tal ked about and it's
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a one-one-one. You have little arrowheads, and in point of
fact, you can see them here. They're beautiful
crystall ographic etch pits which are devel oped, | believe,
and |I'm absolutely convinced, in defects within the passive
filmthat are frozen in once you open the circuit you take
the driving force away. There's a |arge nunber of them
there. That was fornmed on a filmthat wasn't fornmed very
long or it has |ow potential or sonething |ike that. You had
fewer of them when the conditions of formation of the film
passi vation conditions, were, in fact, |longer or at higher
potential. 1In this case, | believe it's longer. Then, when
you went to very long periods of tine, you had fewer defects
still. You only had a few on the surface. In fact, it was
70 hours at 0.0 volts. You only had a couple.

Now, the passive current is obviously going to be
| ower here than it is for that, than it is for that one, but
| don't necessarily agree that we're better off with this
than we are with those ones because it's sonething that Susan
alluded to this norning. In fact, |I've had the feeling and
qualitatively | believe that |'ve pretty nuch proven it
qualitatively is a different story. This was done sone years
ago, many years ago now.

But, | think what happens is that the nunber of

defects going from100 to 10 to 1, the current doesn't go for
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100i to 10i to 1li; it goes from exaggerate, perhaps 100i to
30 or 40i to 10 or something of this nature. \Wat |'m saying
is that each of the defects here has to handl e nore--not nore
strain, but has to handle nore activity because the strain of
the filmis not going down accordingly. So, the passive
current that you see is going down. You'd say that's very
good in point of fact. But, the activity associated with
t hat defect, which was caused because of breakdown and
repair, these defects are not static, they' re nobile over the
entire surface. They will eventually, when you have the
potential applied, enconpass the entire surface. The oxygen
16, 18 SIM5S work proved that, in fact.

But, what |I'msaying is that you would say, | ook,
if a very |ow passive current here, but that doesn't
necessarily nean, in fact, that you have a better scenario
for localized corrosion which depends upon the current
efficiency for the repair of any of those breakdown events.
When you're on open circuit, it could be even worse because
you have a |l arger cathodic area, in fact, involved in this
particul ar case here.

So, | think just to say what of the passive
current, the inplication of the question is that it goes
down, you're better off. That's not necessarily true. If it

was up, you may be better off in sone cases. [|'mnot sure.
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| think with this alloy, CG22, it may have such a frightfully
resi stant passive film-and | don't know firsthand--but you
may have to nechanically disrupt it or renove it in sone sort
of way like that which is perhaps not out of the real mof
possibility. But, this is 70 hours and, as | say, the film
in point of fact, the defects in the film | think, are
getting, if anything, nore prone to supporting sone kind of a
| ocalized attack in that particular systemthat | was
investigating. So, | think one has to be terribly careful of
just looking to the passive current. [It's an overall thing,

| realize, but it has other things enconpassed in it, in

terms of the current efficiency for the repair of those

events.
BULLEN: Bullen, Board. Just a follow up question.
Because one of the things you look at is the drift in that

current, do you think that it's the increase in the

popul ati on of those types of sites in C 22 that nmakes that

happen?
MACDOUGALL: This was nickel here in point of fact.
BULLEN: Ri ght.
MACDOUGALL: It was decreased and the density was
decreased in point of fact. But, certainly, yeah. Yeah.

There are fewer defects in that, and | counted them up, you

could count them |'msure today, if people were doing it
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today, they could do it rmuch better. The ultimte woul d be,
| guess, if one had, | suppose, only one defect. It may be
so active that it would drill a hole in sonmething in no tine
flat. So, maybe there's an opti mum nunber of them or
sonmething of this nature in a systemlike this.

C-22, | certainly don't know, but I've used the
anal ogy and again | have to be cautious because | don't know
if this is applicable to this particular systemhere, but |
think that one should, at |east, consider it, the anal ogy
wi th people. Sone people have heard ne say this before.
Human beings, in point of fact, are those human bei ngs who
have lots of small defects, well, it's okay, | think they can
get by inlife and not do thensel ves or society any great
injury. But, if a person has--perhaps, he's perfect, but he
has one defect, it would be one deuce of a defect.

So, you perhaps, have to be careful that you reduce
t hi ngs--sonething to alnost nothing. It's the strain in the
filmand, again, | nean, there were people at the University
of Virginia years ago that | ooked at this Gnal fney and his
group and people. It's a very difficult problemto | ook at,
but just howis the strain decreasing wthin these filns as
time, in fact, goes on and the propensity towards this sort
of | ocalized corrosion.

And, | would agree that, in point of fact, if you
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have sone kind of a porous deposit on a surface that Roger is
t al ki ng about and others, then you could be in a bit of
trouble, in fact. | nean, that's pretty nasty thing because
the stews, the environnents, the crevice situation, all of

t hese pl aces where you can have these occluded cells, that's
somet hing that could nmake things certainly nuch worse if they
were to happen.

BULLEN: Thank you, Dr. MacDougall. It nakes ne happy
for ny small defects and hopefully not one big one that |
seemto have. W're not all as well-engendered as you are,
Dr. Kruger. So, we all have a few of these.

Dr. Sm al owska, would you? Please, right to the
m cr ophone.
SM ALOABKA: | would |ike to enphasize again the

di fferences that can occur during these short tine aging and

long tine aging because, in fact, we don't know nothi ng about
what happens during the |onger period of tinme. |If you would
take into consideration the nmechanismof aging in this short

period of time, you know that the corrosion properties are
better which nmeans resistance to corrosion increases. At the
sanme tinme, there are a | ot of mechani sns which showed that
during the |onger period of time, you should have rather

hi gher corrosion than lower. According to what we know from

short tinme of aging, it should be very small corrosion. But,
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we cannot say that after a certain period of tinme you have
some changing in the nmechani sm of corrosion because sone
ot her phenonena appears.

Thi s phenonena which | think could be, it is that
after sone tine, we have this very small defect in passive
film Passive filmis much nore resistant, nmuch nore stiff,
much nore rigid, and what we will have then, we will have
mechani cal breakdown of the filmwhich will be--first of all,
we wll have stresses in the passive filmand | ater on
cracks. And then, you will have destabilization of the film
and it mght be you start again to have high corrosion and
then going up to the | ower corrosion again.

So, | think that it is, of course, very difficult
to nodel the aging after |onger period of tinme, but it can be
done some experinments which can show you that after specia
treatnment, you have decrease of this defect, and |l ater on,
you m ght probably see this nechani cal breakdown. | think
that | know these kind of experinents.

Concerning other things, the surface preparation,
of course, surface preparation is very inportant, but again
this is very inportant in initial period of tinme. Initial
period of tinme, | am saying about this 100 years or sonething
like this. Later on when the corrosion starts, then the

preparation of specinmens will not play very nuch role, very
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big role. But, what | think it would be inportant, it is
aggl oneration of corrosion products of salt, salts filns

di fferent which were these salts especially which are not

di ssolved in water and you have this calciumsalt, and
magnesi um al so, not dissolved, and then you will have sone
speci men which is not uniformy covered by this debris and by
this corrosion. Then, you will have non-uniform general
corrosion which is some kind of |ocalized corrosion.

So, it seens to ne that quite a | ot should be done
to be able to nodel what is going on after |onger periods of
time. We don't know. For exanple, we don't know if the
conposition of filmis changing and how nmuch it's changi ng.
Conposition |ike you have at the begi nning, everybody knows
that it's aggloneration of chrom um oxide on the film but if
it change during aging or not, we don't know nothi ng about
this. W don't know al so not hing about the physical property
of the film

SAGJES: | would like to nmake a comment on a questi on.
The first comment is that, indeed, the kind of things that
you nentioned that we don't know about, the makeup of the
filmafter long periods of tine. 1t is part of the reason
why we are here tal king about this. One thing that you
didn't mention and interestingly |I haven't heard anyone

mention, so far. |It's sort of |ike the sore subject,
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sonetines, is whether the filmstarts as a crystalline and
t hen goes into anorphous or it's anorphous and then goes into
crystalline or where is it in this area? And, | wanted to
ask what you may have to say about that particul ar aspect?
Then, | have sonething else | wanted to ask you

SM ALOABKA:  If | would know, it would be nice.
Concerni ng the anorphous filmand crystalline filns, then
when | know, it is all old work of Jurry who showed that when

you have higher concentration of chromumin the film you

have nmuch nore--the filmis nmuch nore anorphous. |s that
right?
SPEAKER: That's controversial, but that's right, yes.
SM ALOABKA:  Yes. And so, however, after some tine,
maybe the crystallization can occur, but | don't know It

m ght be. It mght be yes, it mght be not. But, it would
be some kind of the cyclic changes of property, | believe, in
this. That it is not constant.
SAGUES: Thanks for your answer. Before | ask you the
ot her question, Dr. Strehblow had a coment, | guess.
STREHBLOW To your agi ng aspects, | don't have
experience with the Alloy-22, but with many ot her binary
all oys. The chem cal conposition of these filns is changi ng
from-in many cases, we followed that frommlliseconds to a

week about. Even in the long-term you may accunul ate those
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speci es which are not dissolving. So, even after a week, we
have still an increase, for instance, in chromumand iron
chromum alloys. This is the chem cal aspect. The other
aspect is the question crystalline or anmorphous and | think
Phillipe can add many further argunents to that. W' ve
studi ed together the situation on copper and you have a
certain sequence. In a very short period of tine, you see
anor phous filns formng at the very beginning, and then |ater
on, at least in the case of copper where we have experience,
it turns to a crystalline formwhen you see the crystalline
structure with STM There are changes and you can foll ow
themw th these nmethods you have today and this is giving us
the idea that in many cases the crystalline filmis not a bad
film it's a very good filmand protective film

SM ALOABKA:  Ckay. | amglad that I was thinking in the

right direction.

KRUGER: Copper is quite different from chrom um
t hough.

SPEAKER: O course, of course.

BULLEN: Okay. Dr. MacDougal |l ?

MACDOUGALL: May | add just one caveat here in ternms of
the crystal nature of these filnms? The one on nickel,

certainly know rather well. On the N ckel 1-1-1 crystal, one

has a film The passive filmis a particle size approaching,



© 00 N oo o B~ w N P

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

188

| think its about 10 angstrons, which is a pretty smal
particle size, in fact. But, it's perfectly epitaxed. |If
you | ook at the diffraction patterns, it's 1-1-1 on 1-1-1,
the directions in the two major directions. Wat you have
are very small angle boundaries. |It's a nosaic. The
boundari es between these particles are certainly less than a
degree, nmuch less. So, we're into a bit of a gray area what
these things nean in terns of dislocations and that sort of
thing. Are they sweeping the surface? And, we have very
smal | particle sizes which indicate a | ot of disorder. But,
diffraction patterns indicate (coughing) trenmendous order.
So, you have to interpret these things in a special way,
especially when you're dealing with filnms that are 10 or 12
angstrons thick. | mean, they aren't |ike bul k phases or
anything Iike that.

BULLEN: Dr. Sm al owska, did you have anot her conment?

SM ALOABKA:  No, | have--no, but | wanted to say
sonet hi ng about the passive film

BULLEN. Oh, please do?

SM ALOABKA:  Concerning the effect of potential on the
passive film in fact, you grow the passive filmwth
potential, but this growth is not very substantial. It neans
you wi Il have at the nobst 14 angstroms thick filmand | ess.

And, | think that if you wll do sone kind of experinents to



© 00 N oo o B~ w N P

N N N NN B R R R R R R R R
A W N P O © ®©® N O OO0 M W N B O

189

keep the passive matter at potential which wll be bel ow the
transpassi ve potential--so you have to be sure that you are
i ndeed bel ow this transpassive potential and keep it for |ong
period of tinme--you mght be able to see this mechanical
breakdown. And, if it would be like this, it neans that
during the long period of time, you will have the sane
situation in your case.

BULLEN: Thank you. That's a very good suggestion.

"' mgoing to take some chairman's prerogative.

would like to ask Dr. Sato to make a few comments and then

we're going to take the break that was scheduled for 15 or 20

mnutes ago and I'll do that in just a second.
So, Dr. Sato, would you, please, nmake your conments
on Question 1, please?

SATO.  And, for uniformpassive filmdissolution is
concerned, the accepted know edge indicated that the passive
filmdissolution was controlled by the interfacial potential
di fference between the filmand dissolution. So that
anyt hing that changed the interfacial potential will change
the dissolution rate. For instance, aqueous environnent, a
different kind of conmposition, and al so the absorption of
hydrated anions. But, | don't think such a arrangenent, the
absorption gives us a dangerous increase of the dissolution

current. | don't think so. So that | cannot see any
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speci fic mechani smthat causes a great deal of increase of
di ssol ution current.

Well, in addition, I think that the nost inportant
thing is that we have to keep the open circuit potential in
the certain limt range where the passivity is maintained.
| f your open circuit potential goes outside the safety
reginme, you will get into trouble. For instance, going up
potential going up so you have transpassive dissol ution
regi on which you have a great deal of dissolution rate
conpared with the passive state. And, also, if you go down

the potential, you will probably get into the active state.

|"mnot quite sure, your Alloy-22, how the active dissolution
regine is--
BULLEN: That's a little difficult.
SATO.  Except for hydrogen.
Well, I would like to add one nore thing. That is
the radiation effect. So far, we have been thinking only the

el ectrolysis, radiolysis, which produced, for instance,
oxi di zi ng substances, such as hydrogen peroxide, which is one
of the candi dates which increases the electrode potential so
that you get into trouble.

But, besides this electrolysis, we have to pay
attention. The |ow energy radiation produces excited

el ectrons and holes, as | told you in the norning. This
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excitation in the solid state--for instance, the electron and
hol e has an energy of the sanme order of mmgnitude, sane order
of the electron volt, simlar electron volt, with the action
of corrosion. So, it nmeans this is direct effect to the
corrosion process itself. But, we have quite a different
kind of solid, you see, nostly probably the salt or oxide

whi ch are probably sem conducting oxide materials. So, it
has, you see, band gaps so that the | ow energy radiation
excites these solids. You have excited el ectrons and hol es
whi ch have rel atively high reduci ng and oxi di zi ng capacity
whi ch affects the growh process itself.

BULLEN: Bullen, Board. | actually had a follow up
guestion on the presentation you nmade this norning with
regard to the radiation and radiolysis effects. This may be
an inverse argunent for tenperature because do you expect the
stability of the electron/hole pairs produced by radiation or
radiolysis to be greater at |ower tenperature--and |I'm
showi ng you ny ignorance of solid state physics now by asking
this question--versus higher tenperature?

SATO. | amnot quite sure, but you see the high energy
radi ation with the energy nedian el ectron volt at the--not
directly affected the corrosion process, itself.

BULLEN: Ri ght.

SATO. O course, you have radiation danmage produci ng



192

lattice defects or sonething like that. But, these point
defect affects indirectly to the corrosion processes, but not
directly.

BULLEN: Okay.

SATO.  But, in the case of excited electrons in the
hol e, because the energy |lengths, you see, simlar electron
volts so this is able, you see, to change the corrosion
process itself.

BULLEN: Okay.

MACDONALD: Can | just make a comment on this?

BULLEN: Yeah, go ahead, Digby?

MACDONALD:  You know, it has been found that irradiation
of passive stainless steel surfaces inhibits pitting
corrosion, inhibits the nucleation of the pits. Now, we've
done that work, Professor Shibata has done that work. It
does that by producing electron/hole pairs--at least, this is
ny interpretation--producing el ectron/hole pairs which
essentially quench the electric field within the passive
film the barrier layer and, hence, reduces the driving force
for the novenent of vacancies across the layer. So, you have
go to a higher potential on the netal in order to conpensate
for that effect. Okay? So, what would be interesting to do
woul d be to find out whether that same phenonmenon occurs in

C 22, firstly. Secondly, if it can be induced with gama
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radi ation--1 don't see any reason why it couldn't be induced

wi th gamma radi ati on--and whether the shift in the breakdown

vol tage is conparable to the shift in the corrosion potenti al
produced by radiolysis of water. | think if you were able to
do those three things, you mght be able to sort out that

i ssue quite nicely.

BULLEN: Thank you. Actually, we are a little nore than
hal fway through the panel roundtable type discussion of
Question 1, but I want to introduce a break. | would like to
take 10 m nutes which neans | know you'll be back in 15, but
10 mi nute break so everybody is back here at 3: 35.

Before you leave, I'd |ike a couple people from
Li vernmore or the project who have access to C-22 results to
conme talk to ne, please? | think that may be Jerry CGordon or
maybe Greg Gdowski or maybe even David Shoesm th who | ooks
i ke he's a cul pabl e individual there. So, I'd like to talk
to themduring break, please. 10 m nutes.

(Wher eupon, a brief recess was taken.)

BULLEN: We had a request from a panel nenber for sone
additional information. And so being as responsive as
possi bl e, the Departnent of Energy has identified Gerry
Gordon as the opportune one who gets to come up here and give

us a brief description of some of the results of the C 22
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wor k that has been done to date. And, so I'mgoing to give
Gerry the onerous task of going six to ten m nutes nax, and
giving a quick overview of sone of the general, or maybe even
| ocal i zed corrosion issues associated wwth CG22. And then
"1l ask a couple of the questions of sone other nenbers of

t he audi ence. But, Cerry, you' ve got about five to ten

m nut es, pl ease.

SAGUES: Dan, excuse ne.

BULLEN: Ch, Al berto, go ahead.

SAGUES: Gerry, would you mind telling the panel menbers
what is your exact capacity within the Yucca Muntain
Program and what are your technical responsibilities?
Because | think that that may--

GORDON:  Yeah.

SAGUES: Thank you.

GORDON: | amthe materials teamlead in Las Vegas on
t he Yucca Mountain Project, with Bechtel SAI C BSC Conpany.
That's primarily what | am

This is just sone of the environments that we are
doing tests in. They represent concentrated salt sol utions.
This is the so-called J-13 groundwater at the site,
concentrated to 10X, 1000X. This is simlar, but with the pH
adjusted to 2.8. This is about 50,000X concentration of the

groundwater. It's fairly high in chloride. And this is a
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non-carbonate nitrate, sodium potassiumnitrate chloride.
This is wong. It can't be nore than a mllion parts per
mllion, but it's very high in nitrate.

| think a key observation is that the nolar ratio
of chloride to sonme of the buffer or nore beneficial ions is
listed down below It's on the order of one. |If you go to
pure sodi um chloride, the environment becones significantly
nor e aggr essi ve.

You saw a version of this earlier. These are the
data based on descal ed weight loss fromthe [ong-term
corrosion test facility, and they covered the first three
environnments on the left that | showed on the previous slide
over a limted range of tenperature from60 to 90 centi grade.

And what's on here is the uncertainty band due to the very

| ow corrosion rates. At two years, a nean rate is 100
angstrons per year. And so when you're doing descal ed wei ght
| oss, the total weight loss is very low, and the air and the
m cr obal ance that does the neasurenent, and the dinensions of
the sanple, the descaling process, and so on, leads to this
type of uncertainty, which with tinme is decreasing because of
the total netal loss is increasing.

You saw sone of these earlier, but they do
represent independent confirmation of the magnitude of the

general corrosion rate, the nmean rate being on the order of
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.01 mcrons per year, and being relatively insensitive to
tenperature. | think that shows up on a |ater slide. And
these are sone potentiostatic tests and unbuffered, so it
shoul d be .028, | think, molar-sodiumchloride that show a
simlar kind of fairly lowrate.

This is the surface froma specinen in atomc force
m croscopy after one year's exposure at 90 centigrade in
simul ated concentrated water. In this case, it was exposed
in the vapor phase. There are also sanples at the water
line, and subnerged. And this one had relatively little
surface deposit. |In many cases, you see silicate and sone
sodi um chl ori de someti nes deposits when you exam ne the
surface. This is a control sanple, and this is a sanple
after one year's exposure. And you can see very little
roundi ng of the sharp edges. These are 600 grid, | think,
polished initially, and you can still see the polishing
marks. And it's obvious the corrosion rate is very |ow.

Initially, the waste package will be exposed to dry
air at maybe 160 centigrade. It depends on the final
tenperature node that is selected. So, we've started to
study the growth kinetics using the tunneling atom c force
m croscope. these are sone results at Lawence Livernore.

This is a surface. 1In this case, it's an atomc

force mcroscope in which you're applying a bias potenti al



© 00 N oo o B~ w N P

N N N NN B R R R R R R R R
A W N P O © ®©® N O OO0 M W N B O

197

and you're neasuring the current that results, and it's a
function of the oxide thickness. There are sone calibration
constants that need to get established for a given alloy
system and oxide. This is conventional atomi c force

m croscope. This is the electron current density map, if you
will. It shows scratches, polishing scratches on the
surface. This is after 45 days at 200 centi grade.

On the left here is the current versus the bias
potential that's applied. These are calculated Iines at one,
two, three and four nanoneters. The points are experinental
data. The passive film the air formfilmat the start was
about 2 mcrons. After 28 days, it went up to sonething |ike
2.8--1"msorry--nanoneters. After 45 days, about 3.2

nanoneters. And recently, they're 210 day data, and it's up

to about 3.3. It's essentially leveled off to a constant
t hi ckness.

These are sone data fromthe University of Western
Ontario using tinme of flight secondary ion nmass spectronetry.

And, again, we're |looking at--these are sputtered off and
anal yzed in a nmass spectroneter, and you can see that for
Alloy CG22 in the air growm filns, it's rich in chrom um
oxi de and nol ybdenum At 200 mllivolts, | think this was
about 12 hours at 200 mllivolts, and 1 nolar pH 1 sodi um

chloride at 85 centigrade, simlar to the air formfilm
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In contrast to Alloy G4, which contains sonething
like 15 or 16 percent chrom uminstead of 23, and sonmewhat
hi gher nol ybdenum you see the filmis rich in nolybdenum
and because of the | ower chrom umcontent, a |ot |ower
chromum But in Alloy 22, chromium and in this case,
nol ybdenum are present in the film

At 500 mllivolts, you're starting to get
transpassi ve dissolution, and the chrom umis dropping out.
It's dissolving. The chrone 3, which is insoluble, is going
to soluble chrone 6. So the ratio of chrome to nol ybdenumis
decr easi ng.

In terms of |ocalized corrosion, there have been a
ot of tests and they're described in a |ot of docunentation,
primarily done with cyclic polarization in a range of
environments with and without these nitrate, sulfate,
silicate, carbonate type buffer ions that are always present
at least in all the waters that have been exam ned at the
site. The groundwaters, the percolating waters, the pore
waters all have roughly that one-to-one ratio of chloride to
nitrate. You can get localized corrosion in Alloy 22 in pure
sodi um chl ori de at hi gh enough potentials, especially if you
crevice it.

This is an exanple of probably, along with

magnesi um chl ori de, the nobst aggressive postul ated



© 00 N oo o B~ w N P

N N N NN B R R R R R R R R
A W N P O © ®©® N O OO0 M W N B O

199

environment, and this shows the cyclic polarization curve
with and without nitrate present. And it has a very marked
effect. 1In this case, this is at 120 C., with near saturated
calciumchloride and calciumnitrate. There are a |ot of

ot her data that show simlar effects, that ratio of chloride
to nitrate, plus sulfate, as it approaches one. There have
been data done at 10 to 1, 100 to 1, and 1 to 1, and there's
a very marked benefit of all of these oxyanions that are
present in the water. So that needs to be consi dered.

These are sone data generated again at the

University of Western Ontario very recently, where these are

potentiostatically polarized sanples, and the current density
after | believe it was 12 hours exposure over a range of
tenperatures fromroomtenperature to, | think, 85
centigrade, and it's a conparison of a range of nickel based

alloys. And at 200 mllivolts, the corrosion potential is

approximately that, so a little above the corrosion
potential. There's very little tenperature dependency over
this range. There's sone, but it's very small

At 500 mllivolts, it's sonewhat higher. These
vertical lines on sone of these alloys, these were sanples
nounted in a plastic nount, and there was a crevice at the
edge of the sanple. |In sone of these sanples, you could see

crevice corrosion occurring. Alloy 22, at |east under these
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conditions up to this 85 centigrade, didn't suffer crevice
corrosion. Again, this is in one nolar sodiumchloride, pH
1

BULLEN: Thank you, Gerry. | appreciate that.

Were there any specific questions on these types of
results, or other questions fromthe workshop panel nenbers?
Roger, go right ahead.

NEWVAN: | guess in ternms of transpassivity, that's much
less likely in acid than in alkali, | think. |Is that you're
experience?

GORDON: Because of chromumsolubility; that's right.

NEWVMAN: Yes. So | just wonder if the use of the pH1
solution there m ght be deenphasi zing the transpassive
phenomenon quite a bit.

GORDON:  Well, if you look at that very first table on
t he range of environnents that have been tested, we've tested
up to pH 13, and a very, very concentrated J-13. Can you go
back to that table a second?

NEWVAN: Ckay. You don't claimany credit for the OH
mnus ions there in that solution, that pH 12. You say that
the inhibition is due to the nitrates and the sulfate. But |
guess if you're at pH 12-point-sonething, are you al so
getting sone inhibition of |ocalized corrosion fromthe

hydr oxi de i ons?
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GORDON:  You likely are. You can postul ate neutral or
closer to acid environnents that could exist. But the
nitrates are always present, at least in all the waters that
have been identified.

BULLEN: Bullen, Board. Any other questions fromthe
panel ?

MACDOUGALL: Could you | eave on the conclusions for a
nonment ?

GORDON:  Okay. | didn't go through all the charts that
led to them But | certainly can

| also didn't go into the path forward, the test
programthat's underway. There's a |ot nore experinental

effort, nodeling effort underway now.

BULLEN: Professor Davenport?

DAVENPORT: Just a quick question. In the absence of
Prof essor Bohni, | guess sonebody should ask is there much
wor k bei ng done on netastable activity in this systenf

GORDON:  Met astable pitting?

DAVENPORT:  Yes.

GORDON: At the University of Virginia, Dr. Scully,
under project funding, has done a fairly extensive study of
nmet astabl e pitting over a range of these oxyanion to chloride
rati os. And under potentiostatic, long-term potentiostatic

tests, you do see a snmall amount of what could be netastable
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pitting that dies off with tine and potential. It's pretty
resistant to it.

KRUGER: Even at el evated tenperatures?

GORDON:  These were up to 100 centi grade.

BULLEN: Any other questions? Roger, I'mgoing to
defer--1 think I"mgoing to try and get around the table
before we finish up

So, thank you, CGerry. In fact, I'll apologize to
David Shoesmith right now He may want to make a comment in
the public comrent period, but | would |ike to get the rest
of the way around the table on question one, and we still
have six panel nenbers left. So, if we could nove to Dr.
Bertocci? Please identify yourself.

BERTOCCI : The question is whether we can inmagi ne
mechani sms whereby the corrosion rate is higher than the
expected one. And | think all day |ong, we have heard of
possi bl e nmechanisnms. | think that nost of us would agree
that if the conditions used for the test can be maintained
for the whole time, probably the corrosion rate woul d be what
the data said. But | think that we question, or a |ot of
peopl e here have questioned the possibility of keeping these
conditions, instead of having small sanples which have been
cl eaned and so forth, we have these huge things which have

been transported inside the tunnels, presumably not in a
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condition like the electronic industry, so we have dust
depositing, we have the formation of filns and scal es, and
what not .

And so the real point is how can--nost of us |
think are very doubtful that the conditions which have been
used to do the neasurenents will be maintained in tinme and
space.

BULLEN: Al berto, did you have any specific questions
you wanted to ask? O do you want to finish the rest of the
way around the table?

SAGJES: | would like to say something that pertains to
what Dr. Bertocci was saying that may be for the other
participants to keep in mnd, and that is that maybe since
we're going to be getting to the end of the day pretty soon,
| really would Iike to hear an answer to the question that
Dr. Craig formulated. And that is can we extrapol ate over
10, 000 years? And nore inportantly, say why we can
extrapol ate over 10,000 years. As a technical conmunity or
as a scientific group, and the like, do we feel that there is
enough here to nmake a reasonabl e extrapol ation? O perhaps
maybe the other way to say it would be how uncertain or how
certain you will be that this extrapolation is in order?
And, again, we're |ooking here for opinions, and maybe to

frame your answer, so your comments perhaps around that kind
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of a question.

BULLEN: Do you want Dr. Bertocci to answer, or do you
want to go on to Dr. Pickering? Dr. Bertocci?

BERTOCCI: | think that we have, a nunber of us have
proposed quite a nunmber of possible nmechanisns which woul d be
active if the conditions are not the ones that have been
used. So, | suppose all of us would propose tests in
conditions which were outside the range which has been used
so far in order to have a better idea of what woul d happen if
t he conditions are not naintained.

A question | would Iike to ask also is what do we
expect? That all the canisters will resist 10,000 years, or
woul d be satisfied to have a few failures? | think that this
woul d become an inportant point to decide whether or not the
conditions and the materials in so far are sufficient or not.

BULLEN: Bul |l en, Board.

|'"d actually like to address that one, because we
really have a very focused nature for this workshop, which is
how wel | do the waste packages work, and what nmechani sns are
going to operate over the 10,000 year time frame. But in the
grand schene of things, the project and the decision-nmekers
who have to decide whether or not the site is suitable have
to look at the legal criteria which are the EPA standard for

performance, which is a dose based standard, or a risk based
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standard, for a popul ation of people living down gradient
fromthe nountain 10,000 years from now

And, so to be perfectly honest, and this is a
terrible way to put it, the solution to pollution is
dilution, and so you would want to fail one can every ten
years or so, and have a very slow rel ease, and that woul d be
the best. But that's obviously not a very licensable
appr oach.

And, so in answer to your question, you know, we
want to do the best we can in understanding the performance
of the repository. But the actual performance itself isn't
the waste package only; it's the waste package in conjunction
with the natural system And so we're asking you to focus
very, very narromy here, and we kind of apol ogize for that,
but in a certain sense, no, because we want to get your

expert opi nion.

But, in answer to your question, sure, it doesn't
have to last for 10,000 years. | nean, if one can fails,
does the entire repository fail? No, that depends on how it

fails and what tine it fails and the rel ease rates and the
mechani snms, and all that. So, that's kind of beyond the
scope of this. And | hope | didn't confuse the issue too
much, but we are very focused here on passive | ayer

stability, and long-termextrapolation. And, so that's kind
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of the focus here, and I hope | answered your question.
Did | raise any nore that the rest of the panel
have? Digby, go right ahead.
MACDONALD: |If you ask the question can we predict, it
begs the foll owi ng question. To what accuracy? Now, there's

anot her aspect of accuracy, and that is that if you were to

build the canister with too thin a wall, of course, you
couldn't ensure reliability. If you say, well, I'Il go the
opposite direction and build with a very thick wall, you may

not be able to afford it. So what we haven't discussed here

and defined is the accuracy with which we need to nmake these

predictions. Is it a factor of ten? A factor of 100? It

makes a big difference. Roger is going to say sonething.
BULLEN: Bul | en, Board.

Actual ly, you get beyond the real mof science, into
policy issues, with respect to certainty of performance and
t hose types of issues.

MACDONALD: Right. But it's absolutely vital that
sonebody give us gui dance as to what accuracy these
predi ctions need to be nade to.

BULLEN: |'m | ooking at Al berto now.

SAGUES: Well, what |'msaying is the follow ng.
Suppose that you have this same group, and you say we're

going to build this--or, rather, the Yucca Muntain Project
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is proposing to build a canister out of 1 mllinmeter thick
1020 carbon steel, and nothing else in between that and the
waste, | have the feeling that we would be hearing sone

opi nions saying this can never make it, inpossible. 1t makes
no sense to even think about it, et cetera, et cetera. That
woul d be one extrene attitude.

The other would be to say we're going to build this
out of a very thick and internally strengthened precious
nmetal alloy, and | have a feeling that we nmay be hearing nost
people on this panel saying that, well, that is pretty much
guaranteed as far as we know with all of our know edge to
|ast for a period of tine that would be extrenely long, and I
woul d say exceeding, with a good degree of certainty, 10,000
years, if not maybe a nuch greater anount of tinme. And you
get now into having anal ogs and all that that can show that.

Evidently, we have sonething in between.

And what | would like to see, to hear a little bit
nore when you have an idea of the kind of evidence that
exi st, the direct evidence, enpirical evidence, and so on,
and of course this group has an extrenely good idea of what
is the present status of fundanental know edge in the area of
passivity. And what | would |ike to hear is maybe not a yes
or no, and indeed we don't want to do that with this kind of

a group, and maybe we'd like to hear a little bit nore of how
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your answers are colored by this overall question. Are we
havi ng a reasonabl e chance of predicting durability over

10, 000 years using our present enpirical know edge, and the
know edge that the scientific comunity has on the phenonenon
of passivity and its stability?

BULLEN: Can | hand that one right to Professor
Pickering as he sits here? You' re on the spot. Dr.

Pi ckering?

PICKERRNG Well, | think I came in here with the
feeling that we couldn't trust the passive current density to
remain at the low | evel for many reasons, and we've heard
many mechani sms. Certainly the one that seens to cone out,
at least to ny ears, frommany nenbers of the panel is this
deposition of debris, or reaction products, other things that
mght formthis film

| medi ately, then I, you know, you see the
possibility of conposition of the electrolyte changing at the
base of that film And, you know, whether it's sulfur
species or chloride or whatever that m ght accumul ate, it's
going to raise, you can visualize it raising the passive
current density. And if you need 10 to the mnus 8 anps per
square centineter to last ten years, then if you raise it
only to 10 to the mnus 7 anps per square centineter, you're

only going to last a thousand years, if ny sinple m nded
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calculation is right.

So, yeah, | think it would be hard for ne to say
that we can extrapolate confortably fromwhat we know at this
tine.

That's all.

BULLEN: Ckay. Dr. Cragnolino?

CRAGNOLINO  Yes, | have a comment, and | would try to
concentrate essentially on question nunber one. 1'Il |eave
some of the issues related to nunber two in sone way
connected with what Alison nentioned before for tonorrow

In some ways, even though | respect the opinion of
Roger, | have to disagree in the sense that | believe that
t he environments are nuch nore bounded than we tried to
denonstrate. | learned not a long tinme ago that as a
chem st, you do sonething called chem cal divide, and all ow
then to discrimnate what is the tendency of the environment
and the condition of evaporation. Wat salt could
preci pitate and what you can expect as evolution, and we have

two possibilities that were nmentioned by Carl this norning in

some way, but was not paid enough attention. One, is an

evol ution towards--an environnment that is nore acidic, or you
could say it's slightly neutral, in which is nagnesi um

chl oride or calciumchloride, no zinc--chloride because it's

not there, could predomnate. And the tenperatures--in this
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case, assum ng that we have contact with air, because this
nmount ai n breathes, is going to be about 160 degrees C.

On the other side, we have the possibility of nuch
nore al kaline type environment, and this is a situation--in
which we nove--. Now, if we use short-term neasurenents of
passive corrosion rate that are not in a steady state
condition, we can denonstrate that this rate neasured by
el ectrochem cal nethods are al nost i ndependent upon the
concentration of the chloride, and upon the pH, froma w de
range of pH And this is because chrom um dom nate the
conposition of the passive filmunder steady state
condi ti ons.

Now, this is telling us what happens under what we
can consider a steady state condition that for nickel
chrom um al | oys, contrary to iron--chrom um alloys, you can
get a steady condition in a couple of days at nost. For
ni ckel based alloys of this type, you need nuch nore tine.

However, you establish this condition, and you get
films, as was nentioned sone tine, of the order of two
nanoneters, 3 nanoneters, sonmething like this, that | believe
that is the real barrier filmcontrolling rate of
di ssol uti on.

Now, we have these two problens. One, this

possibility that was nentioned recently by Howard Pickering,
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and is connected with the idea of Professor Sato, of a
menbr ai ne nmenti oned by Roger Newran, the possibility of
havi ng a nenbrane formed by corrosion deposition of products
of the dissolution. And this is an issue that we have to
deal with. But the main inplication that | see is in
relation to | ocalized corrosion.

NEWVAN:  May | just butt in there one second? | think
when Susan before, or sonebody referred to | ocalized general
corrosion, | think it could also be that.

CRAGNOLI NG Ch, okay.

NEWVMAN: But it's a chem stry change type of corrosion

It's the type of corrosion where the anodic side becones
aci d.

CRAGNOLI NGO Exactly. | agree and | think that's an
i nportant consi deration.

KRUGER: What about the potential going into the
t ranspassi ve regi on?

CRAGNOLINO | will touch up on that point |ater
' mgoing to bring up another point that Phillipe
called to ny attention, and was the point that was raised by
Phillipe Marcus before, regarding inpurities in the nmetal.
And | think that this is inportant. This material has a
specification has a sulfur content of .02 percent. But a

good manufacturer of Alloy 22 will try to decrease
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significantly the nunber. |It's one order of magnitude | ower.
It's 20 ppm This is ny question. Assumng this process

t hat you nmentioned of anodic accunul ation of inpurities due
to the process of dissolution, do we have a risk that the
stability of the passive filmcannot be naintained. Not over
a distributed interface, but at grain boundaries at a
specific location. And this could lead to a formof attack
that we didn't nention, for instance, |ocalized corrosion in
the formof intergranular corrosion that will [ead to other
processes that is not the issue here, but would be stress
corrosion cracking, and so on. These are mnmy concerns.

Com ng to the corrosion potential, we have done
experiment, obviously short-termexperinent. W have done
| ong-term experinent for Alloy 825. W have experinent for
five year in Alloy 825, and the corrosion potential doesn't
evol ve beyond the 200 mllivolts, in the cal onel scale, that
is in the passive regine of Alloy 22.

The addition of hydrogen peroxide can produce an
i ncrease, but is not substantial. And we are in that
situation. A transpassive dissolution over a wi de range of
pH, and | forget the value but we can |l ook later in my hotel
room-, for Alloy 22 takes place at about 400 mllivolts
cal onel scale, unless, unless, and here there are probl ens

with the fabrication process, and the alloy has
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precipitation, nodification in the mcrostructure, that would
be possible, and will |ead to problens.

That means that in dealing with the issue of
passivity, | think that this is one thing that we have to
consider as a possibility, and this is the process of
accunul ation of nore information regarding factors, as was
menti oned by Professor Sato, that could alter the corrosion
potential for reasons that we cannot anticipate very well.

Now, responding to the philosophical question,
have one experience. The experience is an unanticipated
process of irradiation growth of zircaloy. |It's an alloy
that is used in fuel elenments as a cladding, but is not used
very common as a structural material in the core of nuclear
reactors. Well, nobody anticipated there was going to be a
break-out rate in the kinetics of irradiation growh, and in
the country I was working at that time, Argentina, a nuclear
power plant was out of operation for six nonths because fuel
channel broke down due to this that nobody was able to
anticipate. This is regarding things that show that to have
[imt in our know edge as you confront issues that could be
cat ast rophi c.

BULLEN: Thank you, Gustavo. Any comments fromthe
panel on what Gustavo just said?

Seeing none, | will nove on to Dr. Marcus.
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MARCUS: As nost or all of the panelists, | have
proposed this norning a nunber of nechanisns that woul d or
that could--1 should say that nmay after |ong service tines
nodi fy the passive currents, | think I proposed four
mechani snms, and one of them was reenphasi zed by Gustavo,
which is the segregation of inpurities, including sulfur, at

the surface or at the interface between the passive film and

the netal. So I'"mnot going to repeat that.

Instead, | may nake one or two comrents. There was
a coment this norning, | think it was Ugo Bertocci who said
that, and I'll read ny notes, that only weight [ oss and

el enentary--el ectrochem stry are available. GCkay, we've
heard a little nore later this afternoon on the thickness and
conposition, but nmy concern is that we know really very
little on the specific passive filmwhich is forned on this
specific alloy. W, around this table and the audi ence, know
a | ot about passive filns on many netals and all oys, but not
specifically on this alloy.

So |l think it's quite hard to predict the behavior
of sonething that you don't really know the nature of. W
know very little on the thickness. W've had just a few data
this afternoon. W don't really know the conposition. O
course, everybody agrees that it's going to be largely

enriched with chrom um oxi de because this is a general
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finding on chrom umcontaining alloys in potential and pH
condi ti ons where chrom umoxide is stable. But how nuch

ni ckel do we have in the passive filn? | think what we saw
this afternoon with the SEM-data, in fact | was a little
surprised. | saw that there seens to be a | ot of nickel
oxides in these. So it's far frombeing really a chrom um
oxi de passive layer. | saw a huge signal which was assigned
to nickel oxide, and | doubt that nickel oxide would behave
very wel |l under the expected environments.

Anot her point which has been raised I think by

Al berto Sagués earlier is the structure. W know absol utely

not hing on the structure of these filns. And to answer this
guestion, | think this is sonmething we nust know, because the
current in the passive state is largely determ ned by the
defects, the structural defects which are present on the
surface of the oxide film |In fact, nost of the oxide filns
di ssolved at specific sites, where the cations have | ow
coordination, and that's of course directly related to the
structure.

What we know fromother netals and alloys in terns
of structure is that for short-term passivation, as was shown

a long tinme ago by Jerry Kruger, these filns are anorphous.
But what we have |l earned nore recently is that aging of these

films in the electrolytes will lead to partial or conplete
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crystallization--, giving some |ong-range periodicity--with
the structural defects, as was stated with these structures.
And | think we definitely need to know the structure to
really--predict the integrity of the passive fil ns.

So, | think it's hard to conclude on that result, |
nmean, predicting the behavior of sonething that you don't
really know the exact nature of.

Now, maybe a nore general issue is to predict, what
we have to do is to extrapolate on the long-term But what
do we have really to extrapolate? W have to extrapolate in
time and space. So, what | have |learned at school is that to
extrapol ate sonething, | need to have a plot of sonething as
a function of time. And then if | know the mat henatical | aw,
| can extrapolate. And | have to do the sane in space. But
| have seen very little data of that type that would give
some inportant paraneters for the integrity of the passive
films that would vary with tine and that would vary with
space derived from experinmental data.

So, I'mnot sure what exactly we can extrapol ate.
Ckay, if we extrapolate the weight |oss neasurenents, it
seens to be that we can be rather confident that the passive
di ssol uti on woul d be | ow enough. But to ny know edge,
think it's the only curve where we have sonmething as a

function of time on which we can really apply mathenati cal
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extrapol ati on.

So, now, maybe another comment is that there seens
to be a consensus around this table, and I would like to al so
share this consensus, that there's a risk related to the
concentration of salts in the electrolyte. | think that
seens to be an inportant issue.

And, also | would like to reenphasize the effects
or the possible effects of wet to dry, and to wet
transitions, in particular on the conposition and structure

of the film It may well be that the filmwll have a
di fferent conposition, under dry as conpared to wet
conditions, and that even the structure may be different.
And when we will have this transition, | think it will be
i nportant to know what changes we can expect during these
transitions.
That's all | wanted to say.

BULLEN: Thank you.

SHI BATA:  1'1l just nmake comment on the effect of
tenperature on the kinetics of the passive filmgrow h.
have done it using the el ectroscanning el ectrode and |I follow
the kinetics of the filmgrowmh fromroomtenperature to 250.

O course, | used the ol dgrave (phonetic) system-and |

found--and then, there are the materials, iron, iron nickel

and iron chromum binary alloy, and a series of materials
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are used. And, | found the logarithm c or inverse

| ogarithmc type of filmgrowh is observed fromroom
tenperature to the 150. Above the 150, the kinetics change
to the usual --type parabolic law is observed. So, this is
quite simlar to the dry oxidation type. But, below 150, the
inverse logarithmc type prevails. This is typically
observed for iron system O course, iron chrom um and iron-
nickel is also the simlar behavior. So, |I think that in dry

case al so, the iron shows inverse |ogarithmc type near room

tenperature. If you increase the tenperature, of course,
t hese kinetics change to parabolic. | don't know exactly
what tenperature is changing the kinetics.

But, in the aqueous systens, | think that 150 is
sonme critical tenperature because the stress corrosion
cracking or corrosion fatigues al so very, very susceptible at
150. So, | think that this is connected to the nature of the
passive filmforned on the surface. So, recovery of the
repassivation is sonme effect of such kinds of cracking
behavior. So, | believe that bel ow 150, the extension of the
room tenperature behavior m ght be expected, but |I'mnot sure
in the instance of Alloy-22. This is nmy comment on the
effect of the tenperature on the kinetics.

BULLEN: Thank you. Bullen, Board. Go right ahead?

STREHBLOW | wanted to say sonme remark to the outlines
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of Phillipe Marcus.

BULLEN: Oh, go right ahead, Professor Strehblow.

STREHBLOW |s that too late or--

BULLEN: No, no. This is a roundtable discussion and we
can all speak at any tine. So, go right ahead?

STREHBLOW (Okay. | agree that we don't know anyt hing
about the structure because it has not been studied; for
i nstance, with STM or AFM or whatever it is. But, the
chem cal conposition of the films on, let's say, nickel at--
20 chrom um and ni ckel 34 chrom um has been studi ed very
intensively as a function of the potential, pH and tinme and
t hese data are known from surface analysis, XPS studies. |
didn't go into these data because that it is a whole story
and |I''mnot prepared. But, roughly speaking, what you said,
there is nickel in the filmor not and how nuch and what is
the filmconmposition? O course, it depends on the pH If
you are in a strongly acidic electrolyte, then the nickel is
al nost not there at the lower potentials and it enters at the
hi gher potentials to sone extent because then you have al so
t he dissolution of chrom umand you can play these ganes and
you can follow that froma mllisecond--we did studies froma
mlliseconds up to an hour passivation tinme. And, we know
al so the changes in that tinme range, not about years or

sonmething like that. But, in that time range and pH and
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potential, we know what the filmis and its structure of the
hydr oxi de conposition and the oxi de under neat h.

MARCUS: Yeah, Marcus. That's right, but in this alloy,
in addition, we have nol ybdenum and tungsten. So, we would
i ke to know how much. As we saw earlier this afternoon that
according to the SSIMs data that there is nmol ybdenumin the
film but these are not quantitative data. W don't know
really the conmposition of the film W know what is in and
what is not in. But, |I don't renenber if there was sone
tungsten in it or not.

STREHBLOW There is molybdenumin the film That's

what | have seen. But, these are data of Schultzigan

(phonetic) -- on hastaelloy G4, but it's also not exactly
the sane alloy. |If you are tal king about Alloy-22 and
not hing el se, then you are right. But, if we are talking

about nickel 20 chrom umwhich is very close to that
conposition, then we know what the filmis.

BULLEN. Al berto?

SAGUES: Yes, a comment on Dr. Strehblow. | have no
doubt that there are investigations that have | ooked at this
in sone detail, but | think that I'mcorrect in assum ng that
t hose are investigations that | ooked at relatively young
films, maybe things that have been exposed to the

environments for intervals of hours to days maybe. But, |
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woul d be surprised if this know edge extends to mature fil ns
t hat have been in situations resenbling service for many
years or is there sone--

STREHBLOW These are basic studies, of course, and
t hese are specially prepared all oys which have been subjected
to special conditions and not to service or to field-1like
condi ti ons.

SAGJES: One of the things that the project, the Yucca
Mountain Project, is generating is now relatively well-
characterized, specinmens have been exposed for periods of
years to relatively well-characterized environnents. O
course, they have a different kind of finish and they're not
single crystals. But, there may be an opportunity there to
learn things that couldn't be found otherw se.

BULLEN: Bullen, Board. | had a follow up to Professor
Shi bata's comments and nmaybe they tie in again to what Susan
Sm al owska had said about the structure and the kinetics of
the filmand its nechanical properties. You nentioned that
you saw sort of different kinetics that occurred bel ow 150
degrees C and you were concerned specifically about
nmechani cal properties associated with the filmas it grows.
Wul d you have nore confidence in a | ower tenperature if you
never went above 80 degrees C during the operating phase of

this? Wuld you expect to see perhaps better perfornmance or
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per haps better understanding or nore confidence in the
under standi ng that you' d see, as opposed to going to 160 to
220 degrees C? 1'Ill ask Professor Shibata first, and then,
Susan, if you could follow up, that would be great.

SHI BATA: This kind of technique, it just took a very,
very short tinme and you cannot extend over this kind of
behavior to the |long-terns because of the very, very short
time. But, even that kind of conditions, the kinetics
changes at the critical tenperature, so that | just
confidence that the filmgrowh kinetics is alnost controlled
by the passivity-like behavior bel ow 150. And, of course,
this is very nuch related to the nmechani cal behavi or
suggested by Ms. Sm al owska. So, | think that the
under st andi ngs of the anorphous nature or crystal nature of

the structure of passive filmas it depends on tenperature is

very inportant, | think.

BULLEN: Ckay. Bullen, Board. Just to follow up on
that. So, | guess the kinetics issue with respect to
tenperature is inportant, but if you had a | onger period of

time, would you expect to see simlar types of changes in the
mechani snms at | ower tenperature or you think it's actua
fundanment al nmechani stic change? Susan, do you want to try

t hat one?

SM ALOABKA:  Can you tell nme what kind of material did



© 00 N oo o B~ w N P

N N N NN B R R R R R R R R
A W N P O © ®©® N O OO0 M W N B O

223

you study because it's, | guess--because it is very--this 150
threshold, it is the change of the iron oxide from magnetite
to hematite. So, of course, this m ght be because this, you
have- -

SHI BATA:  Yes, | think that it's mainly the ion system

Yes.

SM ALOAMSKA:  Mainly this is because you change from one
oxide filmto another. So, it is nothing--

BULLEN: Not a good conparison?

SM ALOABKA:  Yeabh.

BULLEN. Ckay, thank you. But, with respect to your
mechani cal changes in the film would you expect to see
differences at different tenperatures?

SM ALOABKA:  Let nme think. Yes, | will. But, thisis
not how you can prove that you have nmechani cal changes. You
can prove only when you keep the condition constant. It
means rather high potential because, another way, you wll
not see not hi ng.

BULLEN: You won't see anyt hing.

SM ALOABKA:  But, below this transpassive potential--so
you have to do the experinents this way, that you have to be
sure that you do experinents also to find what el enents you
have in the solution. Gkay? To be sure that you have no

transpassive dissolution. And, if you will take this kind of
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potential, then, of course, the tinme of aging should be nmuch
nore shorter. And, if you will keep this for a long tine, |
expect that you will see sone differences in the property of
the passive film Maybe, | amwong, but | think you will.

BULLEN: Ckay. Thanks. Dr. Kruger?

KRUGER: | have a question about these nechani cal
effects and | don't know the answer, but in these very thin
films, you know, we're tal king about 10 to, say, 20, 30
nanoneters. |'ve always thought that devel oping stresses in
such thin films is a very difficult thing to do. That you
really can't tal k about mechanical effects in such thin
films. | may be wong, but certainly with thicker filns--

SHI BATA: | think that such thin filnms, of course, sone
stresses are generated and, of course, if you increase the
tenperatures, there is nore thick film thicker filns--

KRUGER: Thick filnms, yes, absolutely. But, thin filns,
| don't know. Maybe you can, but it seens to ne that it's
very difficult to develop stresses in such thin fil ns.

SM ALOAMBKA: It will be difficult, but not inpossible.
Let's put it this way. The filmwhich is flexible and not
very--which will not go to very easy nechani cal breakdown,
there will be filmwhich is hydrated. |If you have this
other, this hydrite |layer on the oxide film-it would be

double layer--then it will be rmuch nore difficult. But, when
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you are doing the experinents at a higher potential, the
hydration is nmuch | ess--and you will have just oxide only.
And, in oxide, this nmechanical breakdown could go nuch
easier. So, if you wll prepare, for exanple, oxide film
using just high tenperature oxidation. Yes? And then, put
to the solution, then you have breakdown of the film at
once. \ery easy.

KRUGER: Well, easy to get stresses and--

SM ALOABKA:  Yes. But, it is not necessary to have very
--thick oxide film

KRUGER: But, oxide filnms fornmed in aqueous sol utions by
el ectrochem cal neans are different than--

SM ALOABKA:  Yeah, it's conpletely different. | think
it is possible to check this, you know. It mght be just
t hat not hi ng woul d happen, but this a rather easy experinent
and so why not check?

KRUGER:  Sone experinments have been done, incidentally,
many, many years ago by Verm llier, but |ooking at rather
thicker film

SM ALOABKA: | don't remenber Vermllier, but he did
experinments- -

KRUGER: And, Leach also did sone.

SM ALOABKA:  Yeah, but he nmake experinents on the

passive film anodic fil ns.
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KRUGER: Thick filnms, yes, yes, anodic filns on
alum num titanium things |ike that.

BULLEN: Ckay. Dr. Strehbl ow?

STREHBLOW It seens to ne that this discussion is also
showi ng the two opinions of a nore sinpler honbgeneous film
concept which has been used up to, let's say, five years ago
and the further information about atom c resolution nethods
whi ch show the details of such a film Very often, you have
stresses, let's say, between crystalline filmand its
substrate because the fit is not, at all, good and then the
systemreacts by faceting. W have studied this with
Phillipe Marcus on the oxide filmon copper, but he has al so
studied this with other systens. The situation was such
that, let's say, in the case of the copper oxide, the
epitaxi al relationship between the copper 1 oxide and the
copper netal substrate on a 1-1-1 orientation of a single
crystal was not, at all, perfect. And then, the system
reacts by a very interesting and nice-|ooking efaceting and
so it overcones this stress. |If you have a stress, then
per haps you have faceting or slipping steps and so forth.
And, if you study these systens and if this has been perhaps
done with these nethods for all these various systens which
are of interest to this audience, then you m ght get an

answer and further insight.
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SM ALOABKA:  But, you know, | do not think that it is
such a big difference between these different points of view
how to study because, of course, when you are studying
sonmething in atom stic scale, then it's fine. You'll know
what is going on exactly. Then, when you are doing these in
m croscopi c scale, then you have many of these events on the
forces and you neasure some kind of film Ckay?

STREHBLOW | didn't want to say that you should do one
t hing and not do the other. You should both and both
concepts are not wong, they are constructive to each other.

That's what | wanted to say.

SM ALOABKA:  That's okay.

BULLEN: Thank you. Gustavo, did you have a conment?

CRAGNOLING It was only a clarification to the coment
of Jerry Kruger. The experinment that he was referring to was
Bupar (phonetic) and Verm|llier was experinents done with
films of the order of few nanonmeters in alum num and ot her
metals and tantalum-to try to discover what of the filmwere
brittle or ductile, but subject to m croscopic deformations.

| nmean, | think that the reginme that we have to discuss
here, in sonme way, is a different type of regine, a nmuch nore
| ower stress |level and other --.

KRUGER: That's ny point actually. | wasn't saying

there were not stresses. | was just posing the question.
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NEWWAN: May | just say sonet hi ng?

BULLEN: Roger, go right ahead?

NEWVAN:  Roger Newman. Also in that Bupar and
Verm | lier (phonetic) paper, they found that when you anodi ze
tantal um and you pull it, the filmchanges col or (laughter)
and it goes thinner. Renenber that? That's one of the
observations that have never been expl ained by anybody.

BULLEN: Bullen, Board. Does it turn blue?

NEWVAN:. |t depends.

BULLEN: Ch, okay. Thank you.

We still have one nenber of the panel to hear from
and that's D gby MacDonald. He sat at the wong end of the
table after lunch. So, he gets the final say of the go-
around. You can take out your viewgraphs now. So, Di gby,
can you give us your sunmary?

MACDONALD: | want to address the first question because
| knew it was an inportant question. | actually did sone
calculations on it.

| showed you this norning by using a point defect
nodel and a m xed potential nodel, you can predict the
corrosion potential. So, the question is then what can | do
to the oxygen reduction reaction in order to get the
corrosion potential to exceed the potential for transpassive

di ssolution? 1Is there anything | can do?
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Well, | can change the partial pressure of oxygen
that will change the concentration of oxygen. And, by the
way, this nodel assunes a very thin electrolyte film of
saturated sodiumchloride on the surface and it takes into
account salting in and salting out and all those nice
effects.

Well, the nodel also predicts the transpassive
di ssol ution behavior. Let ne just show you this one which
cal cul ated current voltage curves as a function of pH This
branch up here is hydrogen evolution. This branch down here
i s oxygen reduction. Here is the passive current, here.
Then, the nodel predicts that there's a sudden junp at this
potential here which corresponds to the potential at which
the oxidation state of chrom um changes from3 to 6
corresponding to dissolution as the chromate species. So,

t he question then is what can | do to the oxygen reduction

reaction that will displace the potential of the -- ?
And, the origin of that effect al so conmes out of
t he point defect nodel. Wat happens when you change the

oxi dation state from3 to 6, the nodel literally predicts the
fil mdisappears or becones very thin. Oay? There's a
sudden decrease in the thickness of the film So, now, the
potential just below that which is distributed across the

fil mnow becones distributed across the interface where it
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affects a dissolution reaction. That's why there's a sudden
increase in the rate of the dissolution reaction.

Well, it turns out that in order to displace the
potential above the transition to the transpassive state, you
need a partial pressure of oxygen sonewhere between 100 and
1, 000 at nospheres. That's the prediction. GCkay? And,
obvi ously, you're not going to have that. Gkay? So, that
doesn't seemto be likely.

There is, however, another possible way of doing
this and that is what if you introduce sonething to the
exchange current density? 1Is it possible to do that? And,
unfortunately, | didn't bring those calculations with ne.
But, the answer to that question is no. There's nothing that
| can conceive of doing to the exchange current density that
woul d rai se the exchange current density by the many orders
of magni tude necessary in order to displace the potenti al
above that transpassive potential. You have to go up 6, 7, 8
orders of magnitude. And so, | did those calculations for
the specific reason that there are small concentrations of
| ead and nercury, but in particular lead, in this water.

And, it's well-known in electro catalysis, that smal
crystallites of | ead oxide on a surface is a quite good
el ectro catal yst for the oxygen reduction reaction. But,

even recogni zing that, you'd have to nove the exchange
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current density for oxygen reduction too nuch in order to get
t he potential above.

So, ny personal opinion is that transition to the
transpassive state is probably highly unlikely.

BULLEN. Allison?

DAVENPORT: Davenport. Digby, did you consider the
transpassi ve di ssolution of nolybdenunf

MACDONALD:  No. No, this is just purely chrom um

DAVENPORT: How rmuch | ower mght that be? Do you have
any feel for that?

MACDONALD: That's a good question and, in fact, | could
put that in. In calculating the potential at which the
transpassi ve di ssolution process starts, | assune that
chromate is in equilibriumwth chrom c oxide. Because you
need a chromate activity in the thin oxide--in the thin
liquid filmin order to calculate the equilibriumpotential.

So, | assuned that there is equilibrium between chromate
speci es and chrom c oxide and oxygen in the air. Fromthat,
| can calculate the equilibriumpotential and then applying
the second | aw of thernmodynam cs, of course, potential has to
be above that equilibriumpotential in order to get
di ssol uti on.
And, one last thing, if I can, Alison, before I--

this plot here, we have good reason to believe that the
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cal cul ated thickness of the barrier |layer should extrapol ate
back to the equilibriumpotential; in this case the chrom um
chrom c oxide equilibriumpotential for the prevailing
conditions. W found that that holds true for zinc and it
appears to hold true for iron. In other words, for iron, if
you neasure the thickness of the passive film it seens to
extrapol ate back to sonmething that's close to the equilibrium
potential for iron magnetite. And, certainly, zinc, that
works very well. It extrapolates back to zinc, zinc oxide.
Oh, and al so for tungsten.

KRUGER:  Looki ng at the Pourbai x diagramfor chrom um
and nol ybdenum you find that the potential where nol ybdenum
becones soluble is much, nuch | ower.

MACDONALD: I's nmuch lower, right. Right.

DAVENPORT: And, the other comrent follow ng up on that
is you can al so get transpassive dissolution of chrom um when
you've just got a little bit of band bending at the surface
to produce just a little bit of chrome 6 actually at the
surface | ayer

MACDONALD:  Yeah. Yeah, you know, this is sort of a
sem -equilibriumargunment. And, you could al so argue that
because you' ve got an inhonogeneous surface, there m ght be
parts of the surface that have a different equilibrium

potential for the chrom c-oxide-chromate reaction than ot her
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parts of the surface. So, you know, this is a first order
approach to that.

BULLEN: Roger and then Susan, please?

NEWVAN: Roger Newman. | guess, you weren't considering
per oxi de, right, because that would conpletely change the
pi cture?

MACDONALD:  Well, you could put peroxide--in fact, this
nodel , its genesis goes all the way back to the node
devel oped for calculating corrosion potentials in nuclear
reactors, where, in fact, you do have hydrogen peroxi de and
t he whol e sl ew of radiolysis products. And, yeah, you know,
t he hydrogen peroxi de question is a very interesting one,
al though I haven't done the cal culation. Hydrogen peroxide
bei ng a nmuch stronger oxidizing agent than oxygen, having a
much nore positive standard potential. It conceivably could
shift the potential up. The only probleml| have with it is
that the deconposition of hydrogen peroxide is catal yzed by
transition nmetal ions and it's catalyized very strongly. So,
you know, whether you could get a significant
concentration of hydrogen peroxide in that thin liquid film
is problematic

NEWVAN: Sone of the transition netal ions, because they

woul d be conpl exed by fluoride in this environnent, | think
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woul d be inactive for--1 think fluoride is a stabilizer of
per oxi de.

MACDONALD: It could very well be. | think you' d need
to get the concentration of--1"mjust guessing at this point
because | haven't done the calculation--but, | think you'd
need to get the concentration of hydrogen peroxide up to
wel | - above one nol ar.

NEWWVAN:  Well, | can tell you that at pH 11 and with 200
parts per mllion peroxide, stainless steel goes blue
(laughter).

MACDONALD:  Ckay.

BULLEN: Susan, do you have a comment ?

SM ALOAMBKA: | wanted to ask you did you neasure the

exchange current density for all your experiments?

MACDONALD: No, we've taken values that we had neasured
previously on stainless steels. However, | do have in that
pile of slides--and |'msure you don't want to see it--data

from Moscow. Part of the program-this is the NER program
t he Nucl ear Energy Research Initiative programwhich is the
other half of what | did. This nodel here was devel oped for
Jerry Gordon and his folks. But, the NERI programis a joint
effort between SRl International, ne, and George Engel hard
who is now at OLI Systens and also the Frunkin Institute of

t he Russi an Acadeny of Sciences. A |lot of experinmental data
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are being nmeasured in Mobscow on C-22 and we actually have now
quite a body of data on the kinetics of oxygen reduction,
hydr ogen evol ution, and--

SM ALOABKA:  They neasured the exchange current density
for all these tenperatures and--at partial pressure of
oxygen?

MACDONALD: Right. And, hopefully, by the end of that
program you know, we'll have a significant database for
t hat .

BULLEN: CGustavo?

CRAGNOLI NO  Coul d you put back the plot that you have
t he thickness of the barrier |ayer?

MACDONALD:  Thi ckness of the barrier |ayer?

CRAGNOLINO  Yes. | was surprised about the nunber, but
| don't see well from here.

MACDONALD: Ckay. This is 20 angstrons here.

SM ALONBKA: 20 to 50.

BULLEN: Di gby, before you |leave, | actually have to
call upon soneone in the audience. Sonebody fromthe
University of Western Ontario, please, stand up back there,
Davi d Shoesm th, and nmaybe address a couple of issues.

First, maybe the hydrogen peroxi de issue, and secondly, maybe
you coul d resol ve sonme of the issues with respect to the ions

that were identified in the Sirms work? | mean, that was one
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of the questions that was raised.

SHCESM TH:  Ckay, yeah, sure.

BULLEN: Go ahead and address both, please. ldentify
yoursel f, too.

SHOESM TH:  Yeah, |'m Dave Shoesnmith fromthe University
of Western Ontario, but | should confess also that I'ma
consultant to the Yucca Mouuntain programso that you know
where |I''m com ng from

| just wanted to address the issue that's conme up

over radiolysis or radiation effects. W have reviewed that.

It's been studied well on many materials in many different
countries; Germany, Canada, Switzerland, Sweden, and the
United States. [It's not proven to be a particularly |arge
effect. The dose rate level at which it was found to be
effective on a reactive material |ike carbon steel was about
300 rad an hour and that was George Marsh in England. The
present expected dose rate on the waste container for Yucca
Mountain is about 1400 rad an hour at which | evel you should
see no effect on passive materials based on the evidence from
stainless steel, titanium and sone nickel alloys. The
approximate half life is roughly about 50 to 75 years which
means it should go down by a factor of 2 in I ess than 100
years. So, over a few hundred years, this should decay to

effectively an insignificant |evel.
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To put that into context with hydrogen peroxide, a
dose rate of 10° rad an hour, which is approxi mately what you
expect on this container, the nodels woul d predict about 10°
or less noles per liter of hydrogen peroxide. So, it should
go down fromthat |evel even if you wet the waste container
in the beginning. Now, people have tried to sinmulate the
radi ati on effect by addi ng hydrogen peroxi de to experinents
with passive materials and the only tinme they could find a
shift in the corrosion potential to a nore positive value is
if they went to 10" noles per liter which is somewhere
bet ween 10° and 10’ rad per hour equival ent dose rate. So, |
don't think that there is a reason to believe that there wll
be significant hydrogen peroxi de concentrations from
radi ati on dose fields.

MACDONALD: If for some reason you had a G val ue,

radiolytic yield value, that could give you a high

concentration, | think the deconposition reaction woul d--
SHCESM TH: That's a good point. W studied in rea
detail on fuel because when you get inside the waste

contai ner, the radiation effect becones nore inportant.

Where we're having a real problemis the nodels predict if
you take a G value of 1, which is what the nodel would give
you, all our experinments will tell us that all we can neasure

is something which is 2 orders of magnitude | ess than that.
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We attribute nost of that to a deconposition process which
may be catalyzed by all the inpurities which exist in your
sol ution by glass surfaces, by all the properties of the
surface itself. So, |I'mhaving a real problemfinding that
the radi ation dose rate effect is significant even at the
nodel prediction level. It appears to be well-below that.

BULLEN: Roger Newmran, go ahead?

NEWVAN:  |'m sure your nunbers were correct there, but
can certainly assert, if that's the right word, that one part
per mllion hydrogen peroxide will significantly ennoble the
open circuit potential of stainless steel in a whole variety
of oxygenated solutions. So, I'mnot sure where that 10"
noles per liter cones from That doesn't sound right to ne.

SHOESM TH:  Well, this cones fromwork by George Marsh
and Bob d ass, both on stainless steel, who saw no effect on
the corrosion potential at those high concentrations.

NEWVAN:  Well, | nmean, it's well-known in a variety of
industrial contexts that once the hydrogen peroxide
concentration gets to a few parts per mllion that it wll

dom nate oxygen as the main thing determ ning the corrosion

potential. Now, whether it goes transpassive, |--
SHOESM TH:  Well, | have to argue with you, Roger
because we see exactly the opposite effect on urani um di oxi de

where the deconposition of the hydrogen peroxide |leads to
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oxygen being the oxidant, not hydrogen peroxide. The oxidant
dom nates in that particular case. Now, that is a catalytic
surface for deconposition of peroxide.

| just wanted to al so address the point about the
blue film You can see that on titaniumin hydrogen peroxide
roughly around the 200ppm that you nmentioned and there is an
enhancenment of corrosion rate which is roughly a factor of 2
to 3 in that particular case over the short term |In the
long term they tended to accunulate salts in the porous

deposits which tended to block the corrosion of the titanium

NEWVAN:  Well, the reason is conpletely different in
that case. In the case of titanium the peroxile, if that's
the right word, the hydrogen peroxide anion, HO mnus, is

conplexant. It forns a stable, soluble conplex with

titanium So, that's a different effect from sonething which

is due to the peroxide acting as an oxi dant on the corrosion
process. But, | guess I'll just have to agree to disagree
wi th you and suggest that we go and do the experinent because

| think ny colleagues in a certain large British-Dutch
conpany that makes soap powder would strongly disagree with
any assertion that |low | evels of peroxide don't affect the
corrosion potential .

SHOESM TH: |Is the difference between us the pH? Are

you tal king extrenely al kal i ne sol ution?
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NEWVAN:  This is mainly in the high pH environnents,
yeah.

SHCESM TH:  Ckay.

NEWVMAN:  And the blue stainless steel is--that only
happens in high pH environment.

SHOESM TH:  Yeah. Mbost of these observations are from
pH 10 down that |I'mtal king about.

NEWVAN:  Wel |, yeah, it could be quite critical as to
what the pHis, but | think a little conpetitive experinment
woul d be in order there (laughter).

SHCESM TH: | just wanted to address al so the issue of
the deposition of radiation energy directly in the oxide
film There is a difference between |ight and ganm
radiation. |It's about three orders of magnitude difference
in energy. So that the efficiency you get for depositing the
energy fromlight to formhole-electron pairs is quite
efficient. For ganmma radiation, it's orders of nagnitude
| ess efficient because the energy is too high to deposit as
it goes through the thin film W think we see this on
urani um di oxide. W can't be certain. Wich neans that you
need a nuch hi gher gamma dose rate to see the production of
hol e-el ectron pairs than you do a light intensity.

BULLEN: Thank you, David. Gustavo had a question or a

comment. Go ahead?
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CRAGNOLING | have a comment on the dilution data that
is reported by precisely the DCE regarding this issue of the
addi ti onal hydrogen peroxide. 1In what is called in the table
that Jerry Gordon presented before, the saturated, no, the
simul ated concentrated water at 25 degree, the corrosion
potential increased from-230 to -40 mllivolt in the silver
silver chloride scale is -275 to -85 in calonmel with the
addition of 72 part per mllion of hydrogen peroxide.

SHOESM TH: | was unaware of that result.

CRAGNOLING And, in the acidified condition, that is
because there was this question of |ow pH, they increased
from-80 to 150. In the silver silver chloride-- neans -125
to 105 in the calomel that we are nore famliar with. 345
mllivolt difference in between the two scales with the sane
addition of 72ppm W have nmeasured these using precisely
| ong ago the effect on Alloy-825 by using 5ppm That was the
nunber that cane fromthe G ass and Konynenbeurg cal cul ati on,
and we got increase of about 200 mllivolt, roughly, of
t hese.

SHCESM TH: That's really at odds with other published
nunbers.

CRAGNOLINO  Yeah. This is what--to put in context
this, the problemis that is it going to be a stable hydrogen

per oxi de peroxi de systemor, as D gby suggests, is it going
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to deconpose? And | think that this is what we never able to
sustain this value for a long period of tine.

NEWVAN:  --oxide by deconposition. | renenber there was
sonet hi ng about one of those studies. | don't renmenber
whet her it was the Marsh one or the d ass one, which was a
little fishy, and I would have to | ook that up. Am1 allowed
to use the word "fishy" in this?

SHOESM TH:  Ariani's data showed that the effect of 10
to the 6th rad an hour inproved the passivity on titani um

BULLEN: Thank you, Dr. Shoesmth.

Al berto, did you have a few questions?

SAGUES: | have a question, two questions for Digby.
The second one applies to just about everyone. The first one
is specific to the point defect nodel projections, which by
the way, sonme of us are very glad to see that the project
indeed is making attenpts to obtain quantitative treatnent,
al t hough we all know like in any other nodel, there are itens
open to discussion and interpretation. But, Digby, in the
nost recent cal cul ations that you showed, what kind of steady
state passive current densities is the nodel predicting?
Like in this one, they were using it to | ook at the
transition.

MACDONALD:  Well, | actually fit the current density to

experinmental val ues--
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SAGJES: | guess they cannot hear you.

MACDONALD: | actually fit the nodel to the current
density. So, you know, it's not fair to use the nodel to
predict the current density.

SAGJES: Ckay. So then you're taking experinmentally--

MACDONALD: Even |I'm not that bl atant.

SAGUES: So you're assuming then current densities. O
whi ch order are those?

MACDONALD: 10 to the minus 8 anps per centineter
squared at room tenperature.

SAGUES: Ckay.

MACDONALD: About 5 times 10 to the mnus 8 at 120 C

SAGJES: So those are fairly high passive current
densities conpared to the ones that nay an order of magnitude
greater.

MACDONALD: Well, this is pH 3. But pH doesn't seemto
make a heck of |ot of difference.

SAGUES: pH doesn't seemto make too nuch of a
difference. What |I'msaying is that that may pull down your
open circuit potential, and I'mwondering if that would
affect the point at which your transpassivity would kick in.

Because if you have a nuch | eaner passive current, that
woul d work together with the oxygen couple and send the

potential higher up; right?
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MACDONALD: If it's nmuch lower, it will cause a small
relatively small shift in the corrosion potential in the
positive direction.

SAGJES: Ckay. The second question is sonething that
you and | have di scussed on a one on one basis |ike a couple
of years ago. But | think that it is very inportant to the
overall question of long-termextrapolation. And | don't
know, ny personal inpression is that if soneone would tel
me, would show ne a piece of naturally existing material from
a nmeteorite or maybe an artifact where soneone, say, 5000
years ago by m stake cast a chromumiron alloy and it would
show us this shiny piece of material that happened to have
been exposed to a noist environment, not in an Egyptian tonb
where everything is nice and dry, and say, hey, this thing is
passive, |ook, we're looking at it and, darn it, here is a
5000 year old or a 50,000 year old or a 5 mllion year old
passi ve layer, and this is what has been, you know, on top of
it we have sone blue stuff, and so on and so on. Well, |
think that that woul d change, at |east for some of us, that
woul d change dramatically the nature of the question of using
a passive material for very |long-term engineering
appl i cati ons.

And the question that |'m asking you is can you

t hi nk of anything that has been passive for a very |ong
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period of tinme, beyond the 100 years or so tinme frane that we
could use? And | think that a couple of years ago, you

menti oned sonet hing that many people wouldn't think that was
per haps passive material. W're talking about, for exanple,
iron corroding in a regular noist environnment.

MACDONALD:  Well, | nmean, there's that fanous needle
structure in India; right? Wat's that called? That has an
exceptionally low corrosion rate. | would say that's--and
that's been around for a few hundred years.

SAGJES: Al though one could argue that that's actually

very slow active corrosion in the active regine, and not

necessarily passive.

MACDONALD: One could maybe debate that point. You
know, unfortunately, we don't have native chrom um around.
Chromumis too active. [|I'mnot even sure where there's any
native nickel. |Is there native nickel around?

SAGUES: There are iron/nickel alloys naturally
occurring. |It's called Josephinite. And that material is
avai l abl e as the native alloy. Wether that is present in

the natural environnent in a passive state, or it has been in
a state of very low active dissolution, is another question.
And that's sonmething that is being investigated by a nunber
of -- or by a few people right now

But what | wanted to ask you specifically, and al so
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| would like to ask if there is any nenber of the panel here
who may have an inkling of sonmething that may have renai ned
passive for extrenely |ong periods of tine.

MACDONALD: Ckay, let me see if | can answer that as
follows. In many situations, the passive filmon a netal is
in a netastable state. And you can see that fromthe
Pour bai x diagram In fact, it's in your explanation of
Faraday' s fanous experinent. |In about 1830, or sonetine,
Faraday carried out his fanpbus experinent of placing a piece
of ironin nnitric acid and finding that it didn't dissolve,
and then--in concentrated nitric acid--, repeated the
experinment, and | actually looked it up in an encycl opedi a,
by the way, and he put the sane piece of iron in dilute
nitric acid, and it dissol ved.

And, of course, the concept of acids had only
recently have been devel oped, and he didn't have a pH neter
or didn't have a reference el ectrode or anything like that,
so he made a guess that the surface had been oxidized. kay?

But what he didn't know, and of course this had to wait
until Marcelle Pourbaix created his potential pH diagrans,
and I'Il draw it for iron, we comonly |abel this as the
stability region of iron, and this as the stability region of
magnetite, Fe203, and even now you'll see people saying, aha,

this is the potential, this is the pH Aha, we've got a
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point here, it's active dissolution. Wll, that, of course,
is not true, because Faraday was actually up here sonewhere
in the concentrated nitric acid, and it didn't dissolve.

And the reason for that is that if you extrapol ate
this line here, that extrapolation of the iron/magnetite |ine
into this stability region gives you the condition for the
formati on of magnetite as a netastabl e phase on the surface.

Provi ded you're at a potential above this dotted |ine,
magnetite can formas a netastable phase. GCkay? Wether it
does formor not depends upon the kinetics; the rate of
formation versus the rate of dissolution. And that's where a
| ot of our passive materials operate. They operate with
nmet ast abl e passive film

So, you know, passivity is a somewhat tenuous
phenonenon, | ooked at that way, but nevertheless, it appears
to be quite effective for many systens.

NEWVMAN:  You're sure it's not the second |ine?

MACDONALD:  |'m sorry?

STREHBLOW  Shouldn't it be the stability between the
formati on of iron 3 oxide gamma Fe2O3 from nagnetite, which
is then causing the netastable situation?

MACDONALD:  Yeah, if | extrapolate this |ine here--

STREHBLOW | think the Pourbaix diagranms in this regard

are even m sl eadi ng, because, Digby, because it is a question
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of kinetic stability, and not of thernodynam c stability.

MACDONALD: Ch, no, it's netastability.

STREHBLOW You call it nmetastable. | would call it
kinetic stability because of dissolution rate or transfer
rate of cations into the electrolyte is so extrenely slow

MACDONALD: The correct termis netastability. It's a
nmetastable film Ckay? And if the rate of dissolutionis
hi gh enough the phase di sappears, passivity di sappears.

STREHBLOW Magnetite will dissolve imediately, and |
think this goes back way in the Fifties, that Fetta
(phonetic) tried to find even the magnetite formati on by
transi ent neasurenents, and he was not successful because
FE304 is dissolving i medi ately.

MACDONALD: The rate of dissolution of nmagnetite has
been measured under these circunstances, and it's on the
order of about .01 angstrons per hour. And at the same tine,
of course, you're form ng magnetite at the netal/film
interface. And so the magnetite |ayer noves into the netal

STREHBLOW It is there, and then FE304, you have to--
you need it, otherw se you woul d di ssol ve the whol e thing,
and then you have active dissol ution.

MACDONALD: No, it's a netastable film

BULLEN: Bullen, Board. W could actually--Susan, do

you want to conment ?
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SM ALOMSKA: | would like to say that if you would |ike
to have the nmetal with good oxide filmtake tantalum You
wi Il not have dissolution in acid, not dissolution in
neutral, not dissolution in alkaline.

BULLEN: Okay.

MACDONALD: But the point | want to make is that, you
know, this is the region where the filmis thernodynam cally
stable. It doesn't necessarily nmean it will produce a
passi ve surface, because passivity is a kinetic term Okay?

It describes a kinetic situation. It doesn't describe a

t her nodynam ¢ situation

And, of course, you are able to use iron based
al I oys, chrom um based al | oys under conditions where the
oxide is not thernmodynam cally stable, because it forns as a
nmet ast abl e phase. And that led to nmy remark that passivity
i s a sonewhat tenuous phenonenon, but it seens to be very
effective. After all, we have a netals based civilization.

SAGJES: Yes. Wll, the society is going to have to
make the decision as to how tenuous this type of phenonmenon

is, because it's a trenendously inportant decision that would
affect our energy future. And one of the reasons we're
having this nmeeting is partly to establish how tenuous and
how useful, even if it is tenuous, it may be. | appreciate

your comrents.
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BULLEN: Dr. Davenport had one snmall one she said,
smal | .

DAVENPORT: | just don't think we should get too carried
away W th Pourbaix diagrans and thernodynam cs here, because
if we look at the passive filmon iron, the stuff that we've
done show that it isn't, you know, hematite or nmagnetite, as
you've shown there, it's a different phase. So | think we
should take all of this with a bit of a pinch of salt, and I
t hi nk we shoul d- -

MACDONALD: But the principle is correct.

DAVENPORT: Yeah. But | think that what's going to
really affect things is the dissolution of the filnms. W do
have to | ook very carefully at the kinetics there.

MACDONALD:  Yeah, but the principle is correct.
Passivity is not a thernodynamc term [It's a kinetic term

It can occur because of a thernodynamically stable film or
a nmetastable film

BULLEN: Al berto, did you have a brief coment?

SAGJES:  No.

BULLEN: Ckay. Well, we may want to continue this over
sonme fernmented beverages a little later on this evening.

But | would like to turn the m crophone over to
Professor Craig. And even though we have no one signed up

for public comment, we still have to ask on the record if we
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have public coment. And you can do it fromyour seat, or
you can go to the podium whichever you' d like. Paul?

CRAIG There's sonething else | can do, however, prior
to doing that.

BULLEN:. Oh, go right ahead. | gave the neeting to you,
Paul .

CRAIG Since ny hand was up, albeit not very far, a
nmoment ago. By the way, do we have people who want to speak?

Let's do that. Are there nenbers of the public here who
w sh to speak?
(No response.)

CRAIG Al right. The formal part of the public is now
conpl eted. There are none. This neans we have anot her 15
mnutes, so I'lIl make ny--so we have 15 mnutes to talk
before we break.

BULLEN:  You get ten.

CRAIG And | want two of them

|"ve been listening to this discussion all day, and
" mabsolutely fascinated, and | perhaps understood 10

percent, although in an exam nation, perhaps it would turn

out to be only 5 percent. Nevertheless, | did have sone
i npressions, and | want to express those inpressions in the
formof what will becone a hypothesis, which perhaps you w ||

chal | enge.
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Dr. Sagués gave two exanpl es where he thought
peopl e woul d probably agree. One was on steel, and the other
was on a noble nmetal in a Yucca Muwuntain type of oxidizing
envi ronment .

W' ve al so heard fromtine to tinme about copper in
a reduci ng environnent, which is being proposed in Sweden,
for exanple. And a nice thing about copper is it's
t hernodynamically stable and it exists in nature for periods
in excess of a billion years.

During the conversation today, many, nmany questions
and issues were raised about G22. | did not see that there
was a strong consensus that this is a material that passes a
test as easily as the iron, noble netal and copper tests just
mentioned. That didn't seemto be the case. Nor did | see
cl ear guidelines for extrapolation. The kind of theoretical
under pi nnings that apply in copper didn't seemto energe in
t he course of the conversation

What did energe was that issues, a nunber of, many
di fferent nechani sns, sone proposed previously, sonme new ones
that coul d cause problens, a clear statenent that the
chem cal environment matters enornously, and the kinds of
things that mght build up on the surface mght matter
enornmously. The cycling of various sorts mght matter, and

that there is an absolute necessity for consistent and superb
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manuf acturing, both of the material itself and for the
fabrication of the welds.

Now, scientists will, of course, disagree about
al nrost anything. That's one of the things that nakes science
fun. Wat we're concerned about is when the differences
really matter. And the hypothesis that | want to lay out is
the differences that we heard about today are at a |evel of
significance that it's not clear to ne that the optimstic
conclusions that Gerry Gordon laid out in the slide that he
showed you, which was froma presentation to this Board a
coupl e of nonths ago, that those observations and the
confidence associated with those observations is consistent
with the nmessage which I'mhearing fromthis panel. M
hypothesis is that in fact those concl usions are not
consistent with the nessage that's com ng out of this panel.

Perhaps I'mwong in this, but in any event, this
is a hypothesis that we can perhaps di scuss at sone point.

BULLEN: Thank you, Paul .

Any nenbers of the panel want to respond to Paul's

comments? Dr. Davenport?
DAVENPORT: Yes, you may be getting an overly

pessim stic view fromtoday' s discussions, because
effectively, what we've been charged with is comng up with

possi bl e i deas to suggest what could conceivably go w ong.
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And so | think we're not--1 nean, | think Roger nade the
poi nt that he wouldn't m nd having one in his back yard, but
here are a few things that mght go wong. And | think that
may sumup a lot of our attitudes here. So you may be
getting an overly pessim stic view, because we're trying to
be a bit creative in comng up with ideas about what m ght go
wWr ong.

MACDONALD:  And |I'd just like to add that | think the
predi ction business is in better shape than what you probably
woul d have concluded fromtoday's discussion. | nean, we
have been able to predict, you know, corrosion danage in
nucl ear reactors and the heat transport circuits quite
accurately.

CRAIG There have al so been quite a few surprises in

t he nucl ear reactor netals business.

MACDONALD: Yeah, that's because they don't use our
met hods.

BULLEN: Al berto, do you have a comment ?

SAGUES: Digby, | think that your statement that you
have been able to predict the damage quite accurately is well

substantiated. You have a verified prediction. Wat you
i ndi cat ed about being able to predict quite accurately the
damage evolution in nuclear reactors is well substantiated.

The di fference between that and the task that we have, that
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the project has at hand, is |I think one of time frames. W
are talking in your case about predictions in a tine frame
which is in the order of years or decades, and a tinme frane
that permts verification of the prediction, contrasting the
predictions. W're talking here, however, about a tine frame
of unprecedented magnitude, and that | think is the part that
demands nore caution

MACDONALD: Let nme just put that up again. GCkay? Were
| see the greatest, probably the greatest problemat the
nmoment, is specifying the future conditions.

| went out to Livernore and |istened to sone very
fine scientists, geologists and geochem sts tal ki ng about the
conditions that will exist within Yucca Mountain. And, you
know, those conditions are calculated on the basis of very
| arge nodel s, very sophisticated and conpl ex nodels. But |'m
just unsure as to how accurately you can actually predict the
condi ti ons.

Now, what is heartening in this whole thing is that
the corrosion rate is only weakly dependent upon a nunber of
paraneters. Ckay? Potential and pH, in particular, and
tenperature. So, provided that weakness in those
dependenci es remains, then we can probably w thstand
consi derabl e uncertainty in the exact path that the

repository is going to evolve along, and cone out with a
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reasonabl e prediction.

So, that's where | see one of the major problens.
It's in this one, the last bullet here, that the path to the
future state is continuous and can be specified. That's an
absol utely essential caveat on determ nistic prediction of
anyt hi ng.

BULLEN: Roger?
NEWVAN: Are you sure you neant that corrosion is weakly
dependent on different paraneters? You' re talking about

general corrosion then?

MACDONALD: Yes, I'msorry, |I'mtalking about general
corrosion.

NEWVAN:  Ckay.

MACDONALD: But it's not even clear, and in fact in the
NERI program you know, we've been westling with the

guestion how do we actually predict what formof corrosion is
going to occur. And it's conceivable that over the lifetine
of this repository, there mght be various forns of corrosion
occur at different times. And the question is how do you
predict that path? That's a pretty tough thing to predict.
BULLEN: Do we have any nore comments fromthe panel ?
And having no questions fromthe audience, 1'd |ike to,
before we cl ose, express ny appreciation to all the panel

menbers for their patience and their preparation for this
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meeting. Sonme of you traveled great distances to get here,
and | realize that we're in a tine zone that's probably put
you at about 3:00 in the norning, and | do appreciate your
ability to stay focused and to address the issues.

W wi il reconvene. W're going to recess right
now. We will reconvene tonorrow norning at 8:30 to address
guesti on numnber two.

| want to tell the panel nmenmbers that we are going
to reconvene our panel at the sane room we had breakfast this
nmorning at 6 o' clock tonight. So, the panel has about 40
m nutes, and we will reconvene in the roomwe had breakfast

t hi s norni ng.

Thank you very nuch, and we'll see you tonorrow
nor ni ng.

(Wher eupon, the neeting was adjourned, to be
reconvened at 8:30 a.m on July 20, 2001.)
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