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P-ROCEEDI-NGS
(8:34 a.m)

CHAl RMVAN ARM JO  Good norning. The
neeting will now conme to order.

This is a neeting of the Advisory
Commttee on Reactor Safeguards, Subcommittee on
Mat erials, Metallurgy and Reactor Fuels.

| am Sam Armjo, Chairman of the
subcommittee. Subcommittee nenbers in attendance are
Mari o Bonaca, Dana Powers, Bill Shack, and Jack Si eber
and Sai d.

The purpose of the neeting today is to
di scuss the results of activities in the Ofice of
Research related to the devel opment of revised LOCA
criteriafor reactor fuel. The subconmttee will hold
di scussions with representatives of the NRC staff,
their contractors, and representatives of the nucl ear
i ndustry regardi ng these matters.

The subcommittee will gather information,
anal yze relevant issues and facts, and formulate
proposed positions and actions as appropriate for
deli beration by the full conmttee.

Ral ph Caruso is a designated federal
official for this neeting.

The rules for participation in today's
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neeti ng have been announced as part of the notice of
this nmeeting previously published in the Federal
Regi ster on Decenber 21st, 2006.

A transcript of the neeting is being kept
and will be nade available as stated in the Federal
Regi ster noti ce.

It is requested that speakers first
identify thenmsel ves and speak with sufficient clarity
and volune so that they can be readily heard.

W have received requests from various
industry representatives to speak, and they are
included in the agenda for the neeting. W have
recei ved no other request for oral presentations.

Qur first speaker of the day wll be
Jennifer Uhle fromthe Ofice of Nuclear Regul atory
Resear ch.

DR SHACK: M. Chairman, | should note
that | have a conflict of interest since Mke Billone
and | work at the same great national |aboratory.

MR. CARUSO. One other comment. W have
a speaker phone set up with a bridge line. So | would
ask people to be especially attentive to speaking up
so that the people on the phone can hear you.

CHAl RVAN ARM JO. Al right. Could you

| et us know who is on the phone?
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6
MR. CARUSO Is there anyone on the phone

right now? |If you are, could you introduce
your sel ves?

MR QZER (Odelli Ozer, EPRI

CHAl RVAN ARM JO. Ckay. EPRI is on the
phone.

Ckay. Well, Bill, you're welconme to stay.
| don't know what your limtations are, but |'msure
you do. Ckay. Thank you very much

Jenni fer.

M5. UHLE: Thank you.

Good norning. M nane is Jennifer Uhle.
I'm the Deputy Division Director for Materials
Engineering in the Ofice of Research at NRC

On behal f of the office, 1'd like to thank
the subcomittee for taking the tine to nmeet with us
today to discuss the results of our high burn-up fuels
research program W'Il| be tal king, as you have just
indicated, we'll be talking about the revised
energency core cool ant systemacceptance criteria for
5046.

As nost of you know, |oss of cool ant
accident is one of the design basis accidents that
licensees are required to analyze as part of the

regul atory process. Sone of you in the audi ence, as

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., N.W.
(202) 234-4433 WASHINGTON, D.C. 20005-3701 (202) 234-4433




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

7

well as on the commttee, have invested a |ot of tine
in the thermal hydraulic nodels required to anal yze
this accident. Yet in the end we nainly rely on two
figures of nerit to determ ne the adequacy of the ECCS
syst ens, and that's primarily peak cladding
t enperature, maxi mum cl ad oxi dati on.

So for nore than 30 years we've been
relying on the famed 2200, 17 percent values as to
determ ne the appropriateness of or the adequacy of
t he ECCS systens. About ten years ago we realized
that these values may not be appropriate for the
hi gher fuel burn-ups that have been |icensed.

So we began a research effort in 1996 to
determ ne these burn-up effects, and today we'd like
to present those results to you.

From t he begi nning this program has been
done in cooperation with our international partners,
as well as the U S. industry. At the sane tine we
mai ntai ned our neutrality by analyzing the results
i ndependently. W have faced sonme difficulties in
obtaining irradi ated fuel rods and access to hot cells
in which to do the testing. W are aware that nore
data woul d be desirable, but we feel we have adequate
dat abase to support a nodification to the rule, and

we'd like to go forward
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In fact, we have all of the data that we
said we would have in our research plan that the
subconmi ttee and conmittee had previously revi ewed.

There is a need for a rul e change since we
know that the regul ation does not directly consider
hi gh burn-up fuel effects. Although we are nanagi ng
that issue through our regulatory process, the rule
should be nore specific with regard to the burn-up
effects.

In addition, the current rule is witten
in a very material, specific mnner such that
Iicensees wishing to use newer and better fuel clads
nmust receive an exenption fromrenewal. Fortunately,
t hi s addi ti onal burden has not inhibited the |icensees
from adopting the new materials, but we believe that
it's best to nove the rule forward in a nore
per f ormance based nanner so that this inhibition does
not exi st.

Inour first presentation, Dr. Ral ph Meyer
fromthe Ofice of Research will summarize the
research results and propose a way in which these
results could be incorporated into the regulatory
process.

And then Mke Billone from Argonne

National Lab, Dr. Billone, wll then present the
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results indetail supporting Dr. Meyer's presentation.
| want to stress that we are not

presenting the final rule |anguage. That is the
purview of NRR. W will be trying to summari ze our
research results in a manner that will facilitate
everyone' s understandi ng so that we have put in terms
of some nunbers to give you an idea of how perhaps
this will go forward in the future, but this is not
the final rule | anguage.

And we're hoping that at the end of the
neeting today, after we hear from the committee or
hear questions and your coments, as well as the
i ndustry's presentations and nenber of the public
guestions and comments, that the subcommttee will go
forward to the full conmttee supporting our belief
that we can nove this research result over to NRR in
the formof a research information letter to support
t he proposed rul enaking for the revised criteria.

W' re hoping to send over the RIL in March
31st, 2007. So we're |ooking forward to pursuing that
goal .

Sowiththat I'd like to turn the neeting
over to Dr. Meyer fromthe Ofice of Research.

DR. MEYER  Good norning. Do we have a

| aser pointer here?
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So it was 33 years ago that the Atomc
Ener gy Conm ssi on had t he bi ggest hearing that | think
it ever had to cone to these rules for energency core
cooling system ECCS, performance. It involved the
peak cl addi ng tenperature and the oxidationlinit that
Jenni fer menti oned.

Two t hi ngs wer e cl ear from the
Comm ssi on's opi hion, which was witten and i ssued on
Decenber 28, 1973. One was that they wanted to retain
ductility in the fuel rod cladding after the LOCA
transient, and two was that they adopted very sinple
tenperature and oxidation limts, notw thstandi ng the
fact that the phenonmena were very conplex, and they
understood the conplexity of the phenonmena at that
time. It involved diffusion in the netal. There were
di scussi ons of adopting the square root of DT limts,
criteria based on the al pha thickness, the beta phase
t hickness. Al of these things were understood and
devel oped, and in the end they settled on these very
sinple enpirical criteria.

So we' ve used the same approach in trying
to accommodat e burn-up and all oy effects. There are
addi tional conplexities fromthe burn-up process and
from using the niobium alloy additions. They are

conplex effects. W understand themonly
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approxi mately, but | believe we can characterize them
enpirically using a sinple formvery simlar to what
was done originally.

DR. POVWERS:. Ral ph, you tal k as though
there's something good about preserving these
surrogates for ductility. |Is there a reason to wite
the rule that says preserve ductility post LOCA or
post design basis accident event?

| mean, why have these figures that are
related to ductility? Wiy not just wite the rule
t hat says, "Preserve ductility"?

DR. MEYER: The question is why did we use
ductility instead of sone other neasure? |s that the
guestion?

DR. PONERS: No.

DR MEYER. |I'msorry. | have a hearing
probl em which I'm going to get fixed soon, but it's
not today. |'mnot sure | really understood the
guesti on.

DR. PONERS: Well, we put in 2,200 degree
clad tenperature, 17 percent oxidation, and t hose have
beconme the goals and people worry about them and
agoni ze about them They' ve forgotten largely that
the idea was to preserve ductility in the post LOCA

envi ronnent .
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DR. MEYER R ght.

DR. PONERS: And so what |'masking is why
continue to do that. Wy not just say we want the
cl adding to have sonme ductility when you recovered
froman event, a design basis event, and pl ease show
us that that is the case

Why put in nore paraneters or a different
set of paranmeters or things like that?

M5. UHLE: Can | answer that? This is
Jennifer Unhle from Research

Again, we're not going to be presented
rul e language here. Even if the ultimte rule were
conpl etely performance based as you' ve indi cated, the
Agency would still have to determ ne an appropriate
set of values by which to ascertain that a particul ar
ECCS system was adequate to maintain the ductility,
and so if it goes in that direction to be conpletely
per f ormance based, then these val ues then would be in
some form in a reg. guide or sonething |Iike that.

So if we can perhaps postpone your
guestion to a |l ater date when NRR has absorbed the
information we are giving themand interactive with
OGC, as well as the public, about the best way for the
rule language, | think you'll hear today what we

bel i eve are t he phenonena behi nd what i s necessary to
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mai ntain ductility.

Does that answer your question?

DR POVNERS: Nope.

M5. UHLE: Cone on. That was a perfect
answer .

(Laughter.)

DR. MEYER: The purpose of the 2,200 limt
and the 17 limt, they were derived specifically to
insure that there was ductility, and the test at the
time showed that if you remained below those limts
t hat you woul d have ductility after a LOCA t enperature
transient in the steam environnent.

DR, PO/ERS: Yes.

DR MEYER  Ckay? | still don't
understand the nature of your question.

DR. PONERS: It's a phil osophica
guestion, and you only get yourself |ocked up into a
material specificity as long as you put these
paranmeters in the rule. |If you' d say, "Here's what

the rule is intended to do. Please do this,"” and tel
nme the details during the evaluation, and |'ve got
this body of research behind nme that tells me the
things to | ook for, you get out of that problem

DR. MEYER. Well, | think you'll find that

that is about what is going to happen because what
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we're going to show you are sonme criteria that work.
They involve paranmeters that are neasured for any
alloy inthis zirconium tin, niobiumfamly, and then
you figure out limts, which would be revi ewed.

How rmuch of the details go into the actua
regul ation and how nmuch of the details go into the
reg. guide have not been established, but certainly
this regulation would have to have a reg. guide to
describe the kind of tests that need to be done in
order to get the right characterization of the
mat eri al s property.

DR. PONERS: | nmean, the reason for asking
the question is you | ook at the research programin a
different fashion. |If you look at it as a body of
information that the regulator has, and the |icensee
as well sinceit's public information, that tells him
t he ki nds of effects to |l ook for inthe system that's
one thing.

| f you | ook upon the body of research as
the justification for particul ar paraneters and t hi ngs
like that, that's quite a different thing. And I
woul d argue that the size and quality of the database
is different between the two.

Vell, | think, in fact, that we have done

both. W will identify the phenonena that need to be
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| ooked at because we believe we know the nmajor
phenonena that affect the ductility, and we have made
enough nmeasurenents that we believe we can adequately
characterize the three cladding types that are
currently form ng the majority of the cl addi ng used in
U.S. plants.

So | think we have both of that in here,
and | think you'll see it that way when we present it.

DR. PONERS: Cood.

DR. MEYER. Shall | go on?

DR POVERS: Pl ease.

DR. MEYER  Okay. Let's start by just
reviewi ng the basics, and we'll nove quickly.

So during a | oss of cool ant acci dent, the
cladding will go through a tenperature transient. It
goes up, and it cones down after the reflow occurs
fromthe ECCS systens.

I f you're | ooking at a | ocation on the rod
close to a balloon, you will see that somewhere in the
vicinity of 800 degrees Centigrade, the cladding
softens. It swells up. It pops; it ruptures, and
because of the larger surface area, there is a snal
reduction in the tenperature because of the extra
cooling, and then the tenperature can then continue to

go on higher. So we know about ball ooni ng and
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rupture. We know about oxidation that generally takes
pl ace after ballooning and rupture, and we know about
guenchi ng, which eventually cones in and cools it all.

What | really want to focus on are these
ot her processes that go on just about at the sane
time. Just about at the same tine you get ballooning
and rupture, you get a phase change in this material.
It goes from a hexagonal crystal structure which we
will call al pha phase -- it's always called the al pha
phase -- and it <changes to a bi-center cubic
structure, the beta phase.

Now, oxi dation is going on on the surface,
but at the very sane tinme and at the very sane
tenperature region, diffusion of oxygen in the netal
becones significant, and so you now have oxygen
beginning around here to diffuse in substantial
guantities into the netal, and it is that oxygen that
ends up giving you the domnant effect on
enbrittl enent.

And t hen eventual |y when you quench, you
go back through the phase change and it all changes
back to an al pha form

Thisistheregulationthat's currently on
t he books and a clarification that occurred in 1998 in

an information notion. So we've already tal ked about
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the tenperature limt of 2,200 degrees Fahrenheit,
which is 1,204 degrees Centigrade, and we'll swtch
and talk for the rest of the tinme in Centigrade
degrees, and we' |l probably slough over the four
degrees and just call it 1,200 degrees Centi grade.

You real ly cal cul ate tenperature and tine
during a LOCA calculation. So you basically have a
time limt that corresponds to the accunul ati on of 17
percent oxidation on the surface of the cladding.

The oxidation is calculated. W call it
an ECR, equivalent cladding reacted. That's just a
nmeasure of percent oxidation that's calculated in the
saf ety anal ysi s, and you assune that there's one-sided
oxi dation pickup away from the balloon. This is
oxygen noving in fromthe oxide that's built up on the
surface, and two-sided oxidation in the balloon
because after the balloon ruptures, steamgets inside
and oxi dizes the IDof the cladding in the vicinity of
the rupture.

So that's the way the analysis is done
today. As of 1998, we inforned the industry that 17
percent should be wunderstood to be the total
oxi dation, that is, the sumof the corrosion that took
pl ace during normal operation and the anmount that

occurs during the transient.
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So, in effect, you' re subtracting from17
percent the corrosion thickness, which can be
significant.

So the heart of the subject that's going
to have to do with where the oxygen is, and here is a
schematic of the oxygen concentration on and in a
pi ece of Zircaloy that has been oxidized in steam
You have an oxi de | ayer that builds up on the surface.
This is in weight percent, but it's not drawn to
scale. The oxygen diffuses into the nmetal, which is
bet a phase at high tenperature.

As the oxygen diffuses into the netal, it
qgui ckly exceeds the solubility limt inthe beta phase
and forces that beta material to convert back to an
al pha phase, and we call it the oxygen stabilized
al pha phase. So at high tenperature, you have a snal
regi on of oxygen stabilized al pha and a beta phase out
here.

And as ti ne goes on, the oxygen stabilized
al pha | ayer grows and t he beta | ayer shrinks. Now, if
you cool it back down to roomtenperature, you can see
t hese phases in the mcroscope, and |I'I|l show you t hat
on the next picture, but that's why we've |l abeled this
prior beta, because after you cool down it has al

gone back to al pha, but you can still see what was in
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t he beta phase at high tenperature.

So here you have on the surface an oxide
| ayer. You have this oxygen stabilized al pha | ayer.
And you have the bulk of the material in the prior
bet a phase.

So keep that in mnd as we go through the
rest of the discussion.

Now, these are the equations that we'll be
using, and I won't show a | ot of equations in the
presentation, but the oxidation rate, the weight gain
So these are

goes as the square root of tine.

parabolic kinetics. The Ktermhere is tenperature
dependent, and like a lot of these high tenperature
processes, it'sthermally activated with an activation
energy. R is the gas constant. This is a very comon
Arrhenius type tenperature dependence.

ECR, equivalent cladding reacted, is a

sort of artificial termthat has been used fromthe

begi nni ng i n anal yzi ng t he acci dents.
all of the oxygen consuned, that is, al
t hat has been gained, is in the oxide,

what has diffused into the netal.

You assune t hat
of the wei ght

ZrQ, ignoring

So if you just use that construct, then

the ECRis sinply a geonetrical relati

on bet ween

wei ght gain and the thickness of the clad, and we wi ||
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nost frequently be wusing a two-sided oxidation
equation, and that's the equation that we use.

Cat hcart and Pawel have the coefficients
A and Qto plug into this, and when you put it al
together and boil it down, this is the practical
equation that we normally use.

Now, that's for weight gain. Cathcart and
Pawel had other equations. They had equations for
oxi de | ayer thickness, al pha |ayer thickness, and for
the sumof those. Al of them have the sane parabolic
kinetics. The same Arrhenius type tenperature
dependency coefficients are a little different, and
we've stuck with the weight gain just as was done
before to try and keep this in the sanme formalism as
we had in the original rule.

So now what | want to do is to tal k about
t he di fferent mechani sns t hat cause enbrittlenent, and
they're related to this oxygen diffusion into the
netal. The first two mechani sns were under stood
originally when the rule was witten, and t hey have to
do with the beta layer, enbrittlement by the oxygen,
and beta | ayer thinning. You can see this on the next
slide where |I've shown that the -- well, just for

starters, the outside |layer and the oxygen stabilized

| ayer are brittle.
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So you get no ductility out of those at
all. You get ductility only out of this prior beta
| ayer, and the prior beta layer itself is only ductile
when the oxygen concentration is bel ow about .6 of a
percent. So there can be a portion of the prior beta
phase that is brittle, and so this is what we have to
deal with.

So it was found enpirically after
di scussing all of these things that if you kept the
tenperature bel ow 2,200 Fahrenheit and the oxidation
bel ow 17 percent, that you would have a | arge enough
prior beta region with a | ow oxygen content so that
t he sanpl e woul d behave in a ductile way.

And that's where the 2,200 and 17 percent
nunmbers cone from

Now, around 1980, Chung and Kassner at
Argonne and then | ater Letsuga and co-workers at the
Geri (phonetic) Lab in Tokai found that there was sone
speci al behavi or that was goi ng on inside the balloon
besi de the sinple oxidation process.

Now, as you know, when you oxidize
zirconiumin steamthe zirconi umtakes t he oxygen, but
it rel eases hydrogen. They have sone free hydrogen,
and usually a small percentage of that hydrogen is

al so absorbed into the zirconi um
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It turns out inside of the balloon a |ot
of hydrogen was bei ng absorbed in the balloon region
because that rel eased hydrogen in there wasn't getting
swept away very effectively by the steam So you
devel oped very high bands of hydrogen concentrati on.
These are 3,000 ppm of hydrogen above and bel ow t he
center of the balloon, and here you see at the center
of the balloon the oxygen concentration cal cul ated as
an ECR usi ng average val ues as woul d be done accordi ng
to the regulation. This had about 18 percent
oxi dati on.

So here's a case, and these are real data.
These are data from high burn-up BWR rods where you
have kept the oxidation in the balloon no higher,

well, infinitesimally higher than specified by the

regul ation. Yet you have this huge amobunt of hydrogen

that gets absorbed into the cladding. This leads to
enbrittl ement of the ball oon, and we see this over and
over again, and it occurs evenif you're |living inside
of the regulatory limt.

So we discussed this the first tinme with
this committee in 2003, referredto it at that tine as
aductility singularity because the ball oon, even when
you follow all of the rules, the balloon is not going

to be ductile.
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Now, the next mechanism of cladding
enbrittlenment that really is the main burn-up effect
has to do with hydrogen enhanced beta | ayer
enbrittlement. We'Il just go ahead and | ook at the
data while | talk.

These data are fresh zircaloy for -- and
you can see this is ductility. 1It's going to zero,
somewhere around 14 percent. W can tal k about zero
bei ng zero or being one percent or two percent.

Once we get down to about one or two
percent on a nechanical test, the material has |ost
its ductility.

And here is for the very sanme cl addi ng
type, high burn-up PWR cladding type from the H. B.
Robi nson plant. You can see the ductility is being
| ost much | ower t han 14 percent, somewhere down around
ei ght percent.

What is happening here is that the
hydrogen that was absorbed into the cladding during
normal operation has affected the diffusion rate and
the solubility of oxygen into the beta phase. The
fusion rate through t he al pha phase and the solubility
limt in the beta phase are both probably affected by
t he hydrogen and result i n hi gher oxygen concentration

in the beta phase and, therefore, nore |oss of
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ductility.

Anot her enbrittlenment mechanismis related
to the oxidation break-away process. W had shown
this commttee pictures of the Russian cladding at an
earlier time. W canme across this effect a few years
ago in the Eastern European literature. W got sone
of the Russian E110 cladding into the | aboratory,
tested it, and found that the oxide that was formng
during steam oxidation would break up and then it
woul d al | ow hydrogen to be absorbed very rapidly into
the cladding, and this hydrogen, in turn, would have
the effect that | just talked about. It would
accel erate the oxygen enbrittlenment process.

Now, what's happening here is that ZrQ
can exist in several crystalline forms. The one that
normally forms on the cladding surface is black and
shiny, and it's relatively protective. So hydrogen
can't go through it very readily. 1It's a tetragona
phase, and it's what we nornmally see when we oxidi ze
in steam at high tenperatures.

Anot her form t hat i's actual ly
t her nodynani cal | y st abl e at sonme of these t enperatures
is gray when it first appears, and it's cracked, and
it's a nonoclinic form and it lets the hydrogen in.

Let me show you sone data. These are old
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data fromLei sti kov and Schanz in the 1980s. They did
this work in Karlsruhe. It's a huge study of
oxidation of Zircaloy 4 in steam | knowthis is a
little bit fuzzy, but they went fromtenperatures
rangi ng from 600 degrees Centigrade all the way up to
1,600 degrees Centigrade, and they went out to 25
hours in their annealing tine.

And what you see here is as you | ook at
each of these weight gain versus time curves is that
a tinme comes when the rate increases rather abruptly.
This is when the break-away process takes place and
where the oxidation accel erates rapidly.

Along with that you would have rapid
absorption of hydrogen. Wen you get up to 1050 --
et me see where 1050 is. Ten, fifty is right here.
That's the last one where you see a little bit of
br eak- away, and at 1100 you see no br eak- away anynore,
and | think that the tetragonal phase is
t her nodynani cl y st abl e above 1, 100 degrees Centi gr ade,
and it just won't switch to the nonoclinic phase, but
bel ow that it can sw tch

And whet her it switches or not depends on
some things that we know about now, but weren't known
a few years ago. Wat we've done is taken the tines

that correspond to t he break-away process and plotted
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them on this next slide.

And so for Zircaloy 4, you'll see that the
break-away process is starting as |ow as about 25
mnutes at a tenperature around 1,000 degrees.
There's another broad m ninumthat's al nost that | ow,
over around 750, 800 degrees, and then this strange
tenperature around 900 where it seens to be fairly
stabl e and we don't understand why that takes pl ace.

But what we do know is that all of the
zirconium alloys that we've tested, and we tested a
| ot of them they all show this break-away phenonenon
eventual ly at one tinme or another. The worst one that
we've tested is the Russian E110 cl addi ng, which had
a break-away at about |ess than ten ninutes, and nost
of them were higher than this.

This, by the way is old zircaloy. |It's
zircaloy fromthe 1980s which had a rough surface and
whi ch broke away at an earlier tinme than the |ater
stuff did.

The factors that we found nostly from
studying the Russian alloy that affects this are the
surface condition and the allow ingot inpurity
content. \What you're dealing with here basically is
crystal growmh on a substrate, and it's sensitive to

what the substrate | ooks like. |If the surface is very
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rough, it tends to grow the nonoclinic form much
easier than if the surface is snooth.

There may be some surface contam nant
effects as well. W've found that if you etch snooth
cladding that it will tend to nake it worse and
probabl y pi cking up sonething fromthe etchings onthe
sur f ace.

The other things that seens to neke a
difference is the inpurity content in the starting
materi al .

The Russi ans wer e usi ng an
el ectrolytically refined zirconiumwhichis very pure,
and they were getting this effect. But they had
bought an ingot from Sayzus in France that had the
standard spun zirconium process to get the zirconium
all oy, and they nmde tubing out of that. And that
t ubi ng behaved substantially better than the standard
E110 tubi ng.

Thi s was done in a programt hat Kerchott of
ran for us under the joint programthat the NRC ran
with RSN in France and eventually with additional
support from Tuvel |, the Russian manufacturer.

And we have sone general understandi ng of
why that takes place, and it has to do with in the

ni obi umal | oys, niobiumlike zirconiumhas a very hi gh
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free energy formati on, and so the niobiumis rmuch nore
prone to get into the oxide than the tinis. And you
put niobiuminto ZrQ, and it has got the wong cation
val ence.

And what we think is that the cal ciumt hat
COIes in from the CROL process pr obabl y
counterbal ances that and so that it behaves nore
normal |y when you have the good inpurities present,
and so the trick seened to be to use spun zirconium
and have a nice poly surface on the cladding and the
br eak- away process is suppressed.

So that was a fairly interesting epi sode,
but it didtell us that we need to be careful to | ook
out for break-away because it is possible within the
normal range of manufacturing things to either get an
i ngot that you might think is really nice because it's
very pure or to do sonmething to the surface that could
af fect us.

So it's easy to test to see the result,
and we don't have to get involved wth any
manuf act uri ng processes.

And then finally, the sixth thing that we
realized was that you can get oxygen diffusing into
the netal fromthe inside dianeter even away fromthe

bal |l oon in high burn-up fuel because keep in m nd you
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have a huge oxygen source inside the cladding, the
fuel, UQ,. And uranium plutonium zirconium oxides,
you know, they're all about the same |ocation on an
El | i ngham di agram and so the oxygen can nove fairly
freely.

W found some earlier test data that
showed t hat you coul d get this kind of pickup fromthe
UQ, fuel if you had contact, good, intimate contact
bet ween the fuel and the cl addi ng.

Now, what happens at high burn-up is that
after a while you get an interaction between the fuel
and t he cl addi ng, and you get bondi ng, and t he bondi ng
| ayer that develops is nearly pure ZrQ. You can see
it in the sanples. W see it in our high burn-up
sanpl es. Wen you run themthrough a high tenperature
transient with steam on the outside only you get an
al pha | ayer on the inside that's just about as big as
the one that you had on the outside.

And so it's quite clear that what we're
dealing with is |like a diffusion coupl e where you have
the nmetal on the inside sandw ched between oxide on
the OD from steam and corrosion and oxide on the ID
fromthe bonding | ayer and any fuel that's bonded to
it, and nowyou heat this up during a high tenperature

transient, and oxygen diffuses in from the ID at
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approximately the same rate that it diffuses in from
t he OD.

And so the indication is very strong that
we should be accounting for |ID oxygen ingress even
away fromthe balloon region

So here are a set of criteria that are
closeinformtothe original criteria, but which take
into account nobst of the phenonena that | just
di scussed. These work in the |aboratory and woul d be
the criteria that we woul d reconmend be | ooked at for
possi bl e use in the regul ation.

We'dstick wwth the sane tenperature limt
that's in the current regulation. W have indications
from our data that once you get above about 1,200
degrees Centigrade the oxygen solubility in the beta
phase increases pretty significantly, and so since
that number is well ingrained in current regul atory
process and sine it's related to sonething that we
want to avoid, we just stayed with that nunber and
used the time |limt to account for the rest of the
vari abl es.

So what works for us is to make sure that
the calculated oxidation is | ess than the nmeasured
oxi dation correspondingtothe transition fromductile

to brittle behavior, and subtracting from that
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something a little larger than the neasured or
expect ed corrosion thickness on the high burn-up fuel
expressed al so as an ECR val ue.

CHAl RVAN ARM JO.  What's the basis for the
1.2? Wiy do you do that? |Is that hydrogen?

DR MEYER It's sinply enpirical. M ke
is going to show you the data and show where this cane
from

| t depends  nost strongly on the
tenperature transient, on heat-up rates and cool down
rates. You could have several different -- | mean you
can i magi ne a nunber of different transients that wll
have di fferent heat-up rates and cool -down rates, and
so this is sort of a mddle of the road val ue.

CHAI RMAN ARM JO  That's not all oy
dependent at all?

DR MEYER | can't say it's not alloy
dependent because we don't have hi gh burn-up data yet
on the other alloys, but I'm going to show you somne
exanples where | think its alloy dependence is |ess
i mportant than you mght initially suspect.

Ckay. So we're going to calculate the ECR
with the Cathcart-Pawel equation all the time. |'Il
come back to this matter of the two-sided oxygen

pi ckup in a mnute, and then we've al so neasured this
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m ni mum br eak-away tine, and we're quite sure that if
you don't exceed that tine for the tenperature that
you're above 650 that you won't have a break-away
probl em

So we can cone back to any of these you
want to, but let nme first give you sone exanpl es j ust
to show how this plays out.

So here is ZIRLO the Westinghouse
cladding. This is the current stuff, 17 by 17 belt-
pol i shed, standard ZIRLO. W neasured the
unirradiated transition, the transition frombrittle
to ductile, from ductile to brittle behavior at 19
percent, just a little higher than the 17 percent
that's in the rule.

And this is just an exanple. W took an
arbitrary case where we had 40 microns of corrosion
for the 17 by 17 geonetry. That's about four percent
in ECRterns, and we nultiplied the four percent tinme
1.2, subtract it from 19, and get 14.2.

Ckay. 1'Il cone back to that thought in
just a mnute.

This nunmber is just in here for
calibration purposes. Had this transient gone
i medi ately up to 1, 200 degrees, stayed there for 190

seconds, and conme back down, you woul d have gotten the
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14.2 percent. | just wanted to give you that nunber
in reference to sonething on a subsequent slide.

And then here is the neasured break-away
time for that material .

Here is the nunbers for Mb, and you know,
it's the sane current material, the same arbitrary
case of 40 microns. |It's just a very mnor difference
in the nmeasured ECR for the unirradiated material.
The limt in this case would be 15.2, and here is the
break-away ti mne.

Now, this one is goingto be alittle bit
nore interesting. This is zircaloy, real material,
current material, 17 by 17 belt-polished, lowtin
zircaloy neasured in the |laboratory right at 17
per cent .

Now, we have a de facto corrosion limt
that's used in safety analyses of 100 mcrons, and
zircal oy can get that much corrosionon it if you push
it hard enough. And so |I've taken this exanple right
at the limt. So this would be what | call a worst
case zircaloy exanple, and the 100 microns is about
ten percent ECR and you multiply that by 1.2,
subtract the 12 from 17, and you get five percent, a
fairly small nunber.

Also | ook at this. If you could take that
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cl addi ng up to 1, 200 degrees i nst ant aneousl y and | eave
it upthere, it would only be up there for 24 seconds
to get to five percent. Wth this limt, you would
never quite get up to 1,200 degrees Centigrade in a
real reactor transient because they don't go up
i nst ant aneousl vy.

DR. POAERS: Let ne ask you a question
about this --
MEYER  Yeah.

PONERS: -- Cathcart - Pawel .

3 3 3

MEYER. R ght.

DR. PONERS: Which figures promnently in
all of your discussions.

DR MEYER  Yes.

DR. PONERS: Wen | look at this report
fromArgonne of a variety of experinents, they' re very
nice, and they say, "Well, we nmeasured this and then
we conpared it to what we woul d have cal cul at ed usi ng
Cat hcart - Pawel .

DR MEYER  Yeah.

DR PONERS: And in sone cases there's
extraordi nary agreenent. |In some cases there is
extraordinarily systematic under prediction --

DR. MEYER: Yes, exactly.

DR. PONERS:. -- by Cathcart - Pawel .
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DR. MEYER:  Yeah.

DR. PONERS: When | think about Cathcart-
Pawel , what he did, they did, was they neasured a
bunch of stuff. They took their measurenents,
converted theminto sonme sort of parabolic rate
constants, took the l|ogarithm of those, plotted them
in a straight line, fitted it to a straight |ine.

That nmeans that there's sone uncertainty
in their predictions. Wat | don't know is what the
magni tude of that uncertainty is. Do we understand
t hat ?

DR. MEYER | don't want to answer that
guestion. Maybe M ke will answer that question. What
| want to say is that we're using Cathcart-Pawel
equation sinply as a vari able transformation for tine,
and we're fully aware that for sone of these alloys
there are substantial differences between the true
wei ght gain and the cal cul ated weight gain. W are
sinply using it as a paranmeter against which to
correlate enpirically the ductility neasurenents.

For exanpl e, as 1,000 degrees Centi grade,
the Cathcart-Pawel oxidation predictions are nmuch
hi gher than the neasured val ues for oxidation of M,
for exanpl e.

Now, you might not want to use that
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Cat hcart - Pawel equationin cal culatingthe netal water
heat for your thermal hydraulic anal ysis, although
think in all cases the Cathcart-Pawel would be
conservative. So it would not be nonconservative to
use it.

But for our purposes this discrepancy
bet ween t he cal cul at ed wei ght gai n and the true wei ght
gain does not in itself lead to any error in what
we' re doi ng.

MS. UHLE: This is Jennifer Uhle fromthe
staff. Ral ph, you had on your | think fourth or fifth
slide an indication that provided you are using the
sane oxidation kinetics reaction to reduce the data,
and in the cal cul ation of the percent ECR, and that's
why it doesn't enter into our adding a specific error.

DR MEYER | don't think | have a slide
on this, but the situation was al nost exactly the sane
originally --

M5. UHLE: Ral ph, you do.

DR MEYER -- with Baker-Just. The
Hobson's data were analyzed with cal cul ated weight
gai ns, not measured weight. He didn't neasure them at
all, and so if you reduce the data using Baker-Just
and then when you turn around and nmake a cal cul ati on,

you shoul d use Baker-Just. So Baker-Just was witten
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into the original rule in Appendix K of Part 50 for
t hat reason

And it's the same here. W are anal yzing
the data that way, and they should be used with the
Cat hcart - Pawel equati on when you turn around and make
a prediction.

M5. UHLE: The slide I'mreferring to is
Slide 8.

(Pause in proceedings.)

DR. MEYER. Should I go on?

CHAl RVAN ARM JO.  Sure.

DR MEYER Now | want to point out
something that is kind of neat. This isn't a picture
of a real test, but | just want to use this as an
exanpl e just as a side cal cul ation here.

In a typical LOCA you woul d expect that
t he maxi mum oxi dati on woul d occur in the balloon node
in the calculation, in your safety analysis
cal cul ation of the LOCA. You woul d expect the maxi mum
oxi dation to occur in the balloon node because here
you have oxygen in the cal culation comng in fromboth
sides. So you assune two-sided oxidation in a
i censing cal cul ati on.

And, furthernore, the cladding is thin,

and you take that into account in running the
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anal ysi s.

At a different | ocation you woul d probably
find the peak cladding tenperature node because you
had additional cooling down here. So generally you
find the maxi mnumoxi dation in the balloon and t he peak
cl addi ng t enper at ur e somrewher e out si de of t he bal | oon.

And so | 've taken an artificial case where
|"ve said let's put the peak cladding tenperature at
about the limt and put the nmaxi numoxi dati on at about
the limt and just assune for the purpose of the
exanpl e that the balloon is running 50 degrees cool er
t han the hot spot.

kay. So now if | run the calculation at
1, 150 degrees Centigrade until | get 17 percent ECR
it takes 366 seconds. If | now slip up on the rod
here and ask what has happened to the ECR in 366
seconds, it has gotten 15 and a half percent,
providing |'ve assuned doubl e-sided oxygen pickup,
whi ch woul d be appropriate for this rod, which is a
hi gh burn-up rod.

So 15 and a half percent, 17 percent are
fairly close nunbers, and the point that | want to
make is that whether you' re doing two-sided oxygen
pi ckup away fromthe balloon in the peak tenperature

node or whet her you're doing two-sided oxygen pickup
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in the balloon where you have a slightly |ower
tenperature, you're going to get about the sane
nunber, about the same answer.

Wth the information that we now have
about the loss of ductility in the balloon due to the
addi ti onal hydrogen absorption, it seens to ne that
continuing to do detailed calculations in the balloon

is not particularly meani ngful because we can run the

calculation and the balloon is going to have |lost the

ductility anywhere.

So if you were to give us a piece of a
hi gh burn-up fuel rod taken out of a reactor, | think
we could rmake a very good prediction of whether it
woul d be brittle or ductile after running it through
a given LOCA transient just by |ooking at the two-
sided oxygen pickup away from the balloon and
forgetting the ball oon.

Now, okay. Let nme go on and give you ny
| ast slide and then we'll see if we want to go back
and dig into any of these things again.

So now we're going to say that we believe
that the current operating reactors are safe with
regard to the LOCA analysis even though the 50.46
l[imts on the books are not doing the job well because

of several things.
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First of all, tenperature |linmts are the

same. So there's no change there. W are subtracting

t he corrosion thickness froml7 percent in response to
the information notice in 1998. So even though it's
not inthe rule, it's being done.

Seventeen percent turns out to be
conservative for all tenperatures bel ow 1, 200 degrees
Centigrade, and | think this was known originally. If
you | ook at the transition ECRat 1,200, 1,100, 1, 000,
the transition slips up a few percent each tine. So
particularly for cases |like that worst case zircal oy
exanple that | put up where you had a low limt of
five percent, if you' re naking the subtracti on and not
even getting up to 1,200 degrees Centigrade in the
transi ent by staying under the limt, there would be
alittle conservatismthere.

And now finally, although we are not for
t he present |icensed cases, we are not accounting for
oxygen that diffuses fromthe inside dianeter of the
cl adding fromthe bonded fuel away fromthe ball oon
W are doing the calculation in the balloon, and as
showed you in the exanple, you get about the sane
answer whet her you're doing the cal culation with two-
si ded oxi dation in the balloon or outside the ball oon.

Now, there's sone urgency about revising
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the criteria now because you can inmgi ne sone cases
where if the rule were interpreted strictly or
sonmebody forgot to take i nto account one of the things
that' s being done up here, you could have a case that
satisfied the rule and did not produce the desired
result.

W have two cl addi ng types that have been
approved for use in U S. reactors which at the present
time require license exenptions because the | anguage
of the present rul e does not cover those two, and we'd
like to fix that situation

It is not a stretch of the imagination to
t hi nk of manufacturing changes that could be nade,
particularly inthis tinme when there i s concern about
the security of supply, where manufacturers are
setting up alternate fabrication areas and buying
materials fromall over the world on the market that
you could get a cladding that had poor break-away
performance if you weren't |ooking for it. And there
is atest inour criteria that takes account of that.

And also, | know there's a desire the
committee itself has tal ked about trying to get these
criteria resolve before noving forward with the
50.46(a) rulenmaking, which involves the transition

break size definition
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We're painfully aware that we don't have
as nmany data as we would like to have. It is sinply
not going to be possible within the next coupl e of
years to get a lot nore data. W do have a few pieces
of hi gh burn-up ZI RLO and hi gh burn-up M6 which we are
going to test within the next weeks before the report
is finished. They have fairly | ow corrosion on them
So | don't expect there's going to be any surprising
result fromthose tests.

W do not have available nore heavily
corroded hi gh burn-up sanples of ZIRLO or Mb, nor do
we have a hot cell at the present tinme where we could
do those tests. So we are limted in that way, but on
t he ot her hand, we have | earned an awful lot fromthe
work that we have done, and | think that we coul d nake
a rul e change nowthat would be infinitely better than
the rule that's on the book, still have sone
uncertainties init which could be confirmed in three
to five years in the followi ng phases of the |oca
work that would continue.

That's al | planned to present. [|f you
have any further questions, |I'll take them before we
nove on.

CHAI RVAN ARM JO  Any questions fromthe

sub commttee?
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DR. SHACK: In your current operating
reactors, your 17 percent is being cal cul ated by
Baker - Just .

DR MEYER Not all the tine because the
1988 rul e change that allowed the best estimate
calculations, the reg. guide for that actually
nmentions Cat hcart-Pawel. So generally Cathcart - Pawel
or Baker-Just are being used right now rather than any
al l oy specific best estimate nodels.

CHAl RMAN ARM JO  Ckay. |If there's no
nore questions, let's nove on. Qur next speaker is
M. Billone, ANL

DR BILLONE: |I'mMke Billone from
Argonne, and do we have any experts in getting ny
presentation up? Let's see.

kay. 1'mgoing to present the data we've
generated and then try to close the |oop with what
Ral ph just presented, nmaybe not as definitively.

And so |'ve divided the presentation up
into three parts. You perhaps have two parts by now.
The first part will be our data on as fabricated and
prehydrided cladding alloys. 1'd like to acknow edge
Dr. Yuen Yan who generat ed nost of this data and Tani a
Burtseva for the careful characterization she's done

pre-test and post test on this naterial.
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Okay. What we | ooked at are the effects
of high burn-up, mainly hydrogen, the effects of
hydrogen on post quench ductility. And to performa
baseline we did a lot of work with as fabricated
cl adding al l oys. Qur based alloys for the program are
Zry-4, Zry-2, nodern Zry-4s or 2, ZIRLO and Mb.

W did work on prehydrided cladding
al l oys, specifically Zry-4, focusing on the nost
enbrittling tenperature was 1,200 degrees C. as a
surrogate for high burn-up effects, and then we did
testing of actual high burn-up Zry-4, 1,200 degrees
C., with plans to test ZIRLO and Mb, and t hese are de-
fuel cladding tests in the tenperature range of 1,000
to 1,200 degrees C

At a |lower tenperature range, in
particular, 800 to 1,000 degrees C., based on the
schematic Ral ph showed vyou, there's break-away
oxi dation eventual |y at sone ti ne, hydrogen pi ckup and
enbrittlement. So we have kind of divided our work up
into 1,000 degrees to 1,200 degrees C. for classic
enbrittlenent, and then the enbrittlenent due to
br eak- away oxi dati on.

Now, what's new since | was here |last July
-- well, not last July; July 27th, 2005 -- and had a

|l ong presentation, we discussed the inportance of
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smal | break LOCAs and data on break-away oxi dation as
a possible limt, nore stringent than the kind of ECR
limts we were placing based on high tenperature.

So we generated break-away oxidation and
for as fabricated cl addi ng all oys and what i s reported
is Zry-4 and ZIRLOin the draft that you have. Since
that tine we've also done Zry-2 cladding, and |'1]I
present those results.

So we have finished three out of the four
cl addi ngs we had pl anned. ©Mb, there is published data
on break-away oxidation for M.

Anot her i ssue that came up was the effects
of cooling rate and quench tenperature and possible
enhancenent in ductility just depending on how you
cool the sanple from your peak tenperature, and we
| ooked at the effects of quench tenperature in the
range of 600, 700, 800 degrees C. versus just cooling
wi t hout quench at all, and those effects on ductility.
So that's new data since that sunmer.

W refined our interpretation of data for
prehydri ded and hi gh burn-up Zry-4. Qur coll eagues at
CEA in conjunction with AREVA and EVF did sonme very
excellent scientific work showing in quite vivid
detai |l what happens to hydrogen and oxygen wi thin that

prior beta layer during slow cooling versus rapid
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guench, which helped us to understand our
phenonenol ogi cal results a |ot better.

W generated a draft LOCA NUREG report.
It's still indraft form W're still adding data in
different points, and that data is January 9th, 2007.
That's in ADAMS. It also has an ANL nunber. It wll
eventual | y have a NUREG nunber.

Another big change since this date,
actually precedes it by one day, is effectively our
al pha-gamma hot cell facilities where we were doing
this work with fuel for defueled cladding has been
cl osed to programmati c work effective July 26th. That
was a tenporary closure, and then January 13th, 2006
was the nore pernanent.

The word "nore permanent” sounds |ike an
oxynoron, but it's currently not available to us. So
we' ve noved our operations to a beta-gamma cell, which
neans we can't bring fuel in there, but we can still
test defueled cladding as we've been doing the
ductility.

It has been a lot of wirk to nove
everyt hing out of the al pha-gamma hot cell facility
boundaries. |If you think of this roomas the actual
hot cells and then you nove out to the enpty spaces

bet ween the hot cells and the boundaries of the hot
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cells and then you go upstairs, which shares a common
nitrogen system an air conditioning system a fire
alarm system the alpha-ganma hot «cell facility
boundaries are nuch, much |arger than the cells

t hensel ves, and we basically had to nove all of our

| abs and al |l of our equi prent out of those boundari es.

So we've made a |l ot of progress, but it
has taken tine, in reestablishing our capabilities for
sanpl e preparati on of high burn-up fuel, pre and post
test characterization, and actually testing of
defuel ed cladding sanples, and that's just comng
t oget her now.

So that's what's new or what's different.
Let me talk about the structure of the report, and
"1l try to parallel that in ny presentation. Section
1 is introduction. Ralph gave you sone of the heart
of the introduction.

Two is a description of the «cladding
al | oys, geonetry, chem stry, surface roughness as best
we know them that we've used in our program and |
triedtogive you a fairly detail ed description of our
testing net hods, how we oxi di zed sanpl es, how we
guenched sanpl es, how we perforned the ring
conpression test, how we interpret data.

There's a lot in there about tenperature
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control and tenperature nonitoring, whichis extrenely
i nportant.

In Section 3, we present our results for
as clad fabricated cladding alloys. Actually as far
as the programis concerned, the nodern Zry-4 17 by
seven Zry-4, ZIRLO, and Mb, along with the ten by ten
Zry-2, which we finally got around to testing, forned
the heart of our program W added E110. You need a
bad alloy in this bunch. Qherwi se if your screening
tests don't screen out the bad alloy, there's
somet hing wong with your screening tests.

And we also wanted to try to understand
why Mb behaves so well at 1,000 degrees C. oxidation
and E110 was so poor.

Now, our high burn-up fuel is not of this
particul ar design. W have Linerick high burn-up BWR
fuel, which is nine by nine, slightly |large dianeter
and thicker wall than the ten by ten Zry-2. So we
have done several testing on that s to generate
basel ine data for what the high burn-up fuel is that
we have.

W' ve done a ot of work with 15 by 15
Zry-4, which is the design for the H B. Robinson high
burn-up Zry-4 that we have.

W al so have sone 15 by 15 Mo not for data
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generation, but for kind of validation. So if you get
results for thin wall 17 by 17 Mp, you want to check
and make sure that wall thickness doesn't somehow
alter the results because you're accounting for wall

t hi ckness. So you run a few quick tests with M, 15
by 15 thicker wall at the same conditions as the 17 by
17.

Agai n, intwo tenperature ranges we | ooked
for high tenperature enbrittlenment in the range of
1,000 to 1,200 degrees C., along with the effects of
guench. The new studi es of break-away oxidati on.
That matrix of tests, | don't know how | ong Lei sti kov
and Schanz had to do that work, but the '80s were a
glory period, and it probably was cladding of the
1970s. The test matrix gets really extensive if you
want to cover the whol e tenperature range of 800 to,
let's say, 1,025 degrees C

What they did was they went in increnments
of 50 degrees C. \Wen you | ook at the unusual
behavi or and the two m ni nuns, if they studi ed 950 and
1,000, you don't know if 975 is worse or not. Plus
break-away is an instability phenonenon. You could
run one test and the material | ooks good. You can run
it under the sanme conditions and the material wll

pi ck up hydrogen.
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So you get into a lot of tests. So we
ki nd of focused our range on where the oxidation rate
woul d be hi ghest, where the hydrogen generation rate
woul d be highest, and once you hit break-away,
hydr ogen pi ck-up woul d be rel atively rapid, and that's
950 to 1,025, and then just to confirm whatever
mnimumtime we got up here, we ran at 800 to nake
sure that we didn't pick up any hydrogen at that tine,
t he 800.

So we did not study every degree C. in
this range. That was the approach we took.

That's all in Section 3. W did | ook at
the effects of surface conditions because of our work
with E110, which is an unstable alloy. So if it's
scratched, it behaves worse. |If it has got a rough
surface it behaves worse, and we're just conscious of
the possibility, and we found that for the nodern
cl addi ng al l oys that we | ooked at t he scratches seened
to have very little effect, scratches as deep as 20
m crons, 25 microns; had very little effect on the
break-away tine of stable alloys, whi ch  was
encouraging. It was sonething | was concerned about.

Section 4 is prehydrided alloy --

DR. PONERS: Let ne ask you --

DR BILLONE: -- 17 by 17 Zry-4, until we
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ran out of that material, and then a lot of results
for the Robinson baseline material, the 15 by 15 Zry-
4.

DR. PONERS. Mke, let nme ask a question.

DR BILLONE: Yes.

DR. PONERS: More out of curiosity than
any substance here, as long as |'ve got you.

You spend a lot of tine in the report
di scussing about belt sanded, belt sanded, belt
sanded.

DR BILLONE: Right.

DR PONERS: But | don't recall ever
seeing any of the details about what belt sanded
nmeans.

DR. BILLONE: \What belt polished neans.

DR. PONERS: It nust nean sone grit was
used at some size, and what is that grit?

DR BILLONE: | think it varies from
vendor to vendor, and it's nore appropriate for the
vendor to answer. | think it's silicon carbide in
some cases. Typically alumna or silicon carbide are
accept abl e candi dates for belt polishing.

| don't know the details as to whether
there's a slight change in surface chem stry when you

do that or whether there's sone cold working --
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DR. PONERS: Oh, |I'msure there's sone

col d wor ki ng.

DR BILLONE: | know, but | don't have --
| basically have what we can neasure, is we can
nmeasure the surface roughness.

DR. PONERS: Right. Good. The other
thing that arises as you read through your report,
especi ally when you' re tal ki ng about irradi ated fuel,
i s you say, gee, you know, fuel at the top of the core
is different than fuel at the bottom of a core.

DR BILLONE: Right.

DR POWERS: And PWR fuel likes to do
wei rd and perverse things with boric acid. Does that
af fect your results at all?

DR BILLONE: Basically what we | ook for
is certain corrosion |ayer thicknesses and hydrogen
content because we knew in the end we were going to
try to interpret our results that way.

For the BWR fuel that we had, other than
havi ng sone tenacious crud still attached to the QOD,
we found very little variation. W basically |ooked

fromthe core md-plane for our test sanples, and we

found very little variation in corrosion |ayer
thickness. 1In this case |I'mtal king about the oxide
| ayer plus the crud layer. It was fairly uniform
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because the cool ant tenperature is uniform

You get the biggest variation -- and
agai n, we only have one type of high burn-up fuel from
one plant. So we were not able to | ook at variations
fromplant to plant. But, of course, with PWR fuels,
Zry-4 anyway, you get quite a significant gradient in
oxi de thi ckness and hydrogen.

Beyond that | don't know.

DR. PONERS: kay. So you don't know of
small levels of boron incorporated in the oxide wll
do anything to you.

DR. BILLONE: No, | suspect not, but I

don't know.

DR POAERS: | have no reason to think so
ei t her.

DR BILLONE: W test what we get. Ckay.

DR PONERS: Simlarly in your report --

DR BILLONE: Go ahead.

DR. PONERS: -- you propose your
prehydriding. It was a rather fascinating discussion

in your difficulties in getting uniform hydride, but
you devel op a work-around, but you never comment very
much. | nean, | suspect that high tenperatures,

hydrogen is fairly nobile, and yet in your experinment

you coul dn't honogeni ze the hydride very nuch. Did
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you ever sort that out?

DR BILLONE: Yeah, there's two parts to
your question. One is in the actual prehydriding
operation, which is done at the |ower tenperatures,
i ke 360 degrees C. to 400 degrees C., and that's very
much of an art, and what you're reading and what |
wote is about all you're going to read because
everybody else's nmethod is proprietary basically.

DR. PONERS: Well, | was fascinated by it.

DR BILLONE: But the decision | had to
make was do | live with the non-honogeneity in the
prehydri ded material or do | honobgenize? |In the al pha
phase it's easy. At 400 degrees C. for 72 hours you
can honogeni ze that hydrogen. But you're usually in
an argon atnosphere wth some oxygen inpurity,
noi sture inpurity, nitrogeninpurity. So you' re going
to be changing the surface, fine oxide and naybe
nitriting of the surface depending on your inpurity
| evel s in that annealing process.

So | chose to go with the sanples which
had variations in hydrogen content. That's part of

the question. Gven that those sanpl es had axi al and

circunferential variations, | thought taking it upto
close to 1,200 degrees C. | know across the radius of
the cladding -- | wasn't talking about across the
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radius. Beta has a very high affinity for hydrogen,
and that hydrogen essentially honbgeni zes in the beta
phase rapidly across such a short distance, which is
like .6 mllinmeters.

But during a test that's 100 seconds
because there wasn't enough time for the hydrogen to
honogenize in a circunferential direction and the
axial direction, and | know sone peopl e are very upset
about that data. They don't |ike the data, but
think rather than criticizing the data, we should find
an expl anation for why hydrogen diffuses sl ower inthe
presence of increased oxygen rather than to say the
data are inpossible.

So it was interesting. It was a side
di scovery maybe. What it has significance for with
hi gh burn-up fuel, of course, you have a hydride rim
near the outer surface of the cladding, and the
hydri de density decreases as you nove to the inner
surface. That's across the radius and you expect that
t o honogeni ze when you formthe beta phase, but you
have edge rods. You have corner rods. You have rods
whi ch do not have a symmetric tenperature distribution
around them So you could get gradients, and we do
find gradients in our H B. Robi nson rods and hydrogen,

and it's just interesting to note that during short
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time tests, 100 seconds, 150 seconds that hydrogen nmay
not honogenize. So if you have 400 ppm here and 700
ppmthere, that sanple may be very brittle.

Ckay. Section 5 is post quench and post
oxidation ductility. W didn't guench all of the
sanples. [|'ll explain why, of high burn-up Zry-4.

Six, | know we end up with the concl usion
that there's no way of preserving ductility in the
bal | oon region, and | show a | ot of results here that
are of interest, but the only ones I'l|l showtoday are
basi cally the hydrogen pi ckup after | think back | ast
July when | was here and brought two sanples that we
had, interval sanples that are ball ooned and burst.
One was ranped and held for one second at 1,204
degrees C., nd it picked up about three -- at the tine
| didn't know that, but it picked up about 3,000 ppm
of hydrogen.

And the other sanple was held for two
m nutes or 120 seconds and then picked up a |ot of
hydrogen, al fromthis secondary hydriding. So this
is nore confirmation of why we don't think we can
preserve ductility in the balloon region.

However, there is sone discussion, and |
know -- | nean, strength is not a dirty word. The

fact is that if you are at a | ow oxidation | evel, you
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have a very significant fracture toughness of the
material. It's brittle if you were going to do a
ductility test, but if you whack it with a hamrer as
| did then, that material is very resistant to any
ki nd of fragnentation.

If I let the oxidation continue in the
presence of the hydrogen, then the strength of the
mat eri al goes down. The toughness of the materi al
goes down, and | can take it in ny hands and j ust
easily snap it or | could tap it with a hamer.

So you have to think beyond ductility in
the sense that you may still want to limt the
oxidation level in the balloon region to retain some
strength, but you don't have a chance at retaining
ductility.

Now, this is all we really initially
prom sed, and so the heart of the data is Section 3
t hrough Section 6. W thought in Section 7 that we
woul d -- again, you have to realize that our data goes
out independently to industry and to |icensing or
research and licensing and NRC, and for them to
i ndependently assess the data and the application of
t he dat a.

W t hought we woul d take a shot at this in

nodi fyi ng what was in Infornmation Notice 9829, really
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testing it. Actually the word is "testing." Does it
really work? |Is it adequate? Does it nmean that F
factor times the corrosion |ayer to make our data?

So that's really the spirit in which we
did the enpirical criteria for enbrittlenent, plus
included the -- beyond this, we included the break
away oxidation, but wup to this point is data
generation with some nechanistic explanation of why
the data behaves the way it does, and |I'mstill
revising this part.

Ckay. Ral ph gave you sone good
background. Let nme try to elaborate onit. As far as
post quench ductility for cladding oxidized in the
hi gher tenperature regine, Ralph's schematic shows
oxi de al pha and beta | ayers. |'ve got the sane
schemati c.

Fol | owi ng quench the beta goes to al pha.
W call it prior beta. Enbrittlenment, al of our
testing, we either test it at roomtenperature. If we
had adequate ductility, we said we were done up to
high UCR values. |If we found enbrittlenent at | ow ECR
val ues, we retested 135 degrees C., which is kind of
where the reactor is just follow ng quench of the
core.

And enbrittlement at that tenperature, if
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you're going to squeeze a ring, for exanple, at 135
degrees C., it seens to occur in zircaloy for a beta
| ayer oxygen content sonewhere around .55 weight
percent. You can call it .6 if you'd like, and if you
| ook at the solubility, how rmuch oxygen can the beta
| ayer handl e?

This is just for understanding. |If you
take as fabricated Zry-4, the oxygen solubility is
low. It's .24 at 1,000 degrees C., which neans you
can oxidize that for a long period of tine and you're
never going to get that beta layer brittle. At 1,000
degrees C. you'll probably break away and pick up
hydrogen before you enbrittle the beta layer with
oxygen.

And it goes up to about .57 wei ght percent
for 1,200 degrees C. So this is just right at the
border where if you oxidize to about 17 to 20 percent
oxidation level, you will get enbrittlenent at 135
degrees C.

Now, we're interested i n hydrogen because
of high burn-up. |If you look at prehydride in Zry-4,
the oxygen solubility at 1,200 degrees C neasured
i ncreased fromabout .6 to 1.1 percent, which is well
above that with 600 wei ght parts per nmillion hydrogen.

It's not that nuch different with 300 wei ght parts per
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m | 1ion hydrogen.

So hydrogen, what it's going to do is --
let me go to my figure. This is the figure Ralph is
showi ng -- hydrogen will do two things. Right at this
boundary is the solubility imt of oxygen in the beta
layer. |If you add hydrogen to the material and al
hydrogen in this material will go to the beta | ayer,
whi ch has the high affinity, then this value will go
from about .57 to about 1.1

At the sanme time, the long time solution
will gofromthis level tothis level. Basically, the
hydrogen will increase your concentration gradient,
drive oxygen into that beta | ayer faster and the | ong
time solution will be significantly higher oxygen
| evel .

So that's what we know about the effects
of it. In addition to increasing the oxygen content,
the rate at which we pick up oxygen and your steady
state rate of oxygen, your solubility limt.

We do notice that there's an intrinsic
hydrogen i nduced enbrittl ement above and beyond j ust
increasing the oxygen. It's low, but it's very
significant. It takes us from sanples that we thought
should be brittle to just above the ductility

criterion.
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So enbrittlenment rates the concentration
gradients in that beta layer wll increase with
tenperature, which will drive that boundary condition
up and with hydrogen, and the diffusivity of oxygenin
the material loss will alsoincrease with tenperature.

So in terns of enbrittlenent, increasing
t he tenperature, increasing the hydrogen content, al
push you in that direction.

W switched to break-away oxidation
Ral ph nmentioned that at high tenperature the oxide is
bl ack by appearance in the tetragonal phase. It
transitions to the | ow tenperature oxide nonoclinic
gray phase, which is what you see in reactor fuel rods
that you pull out of the reactor.

The weak nonoclinic oxide cracks give an
i ncrease in oxygen and hydrogen pickup, and it's
strange. The tetragonal phase is I'll call it neta-
stabl e below 1,150 degrees C. because you can ¢row
this phase and it will appear w thout any nonoclinic
oxi de as |l ow as 950 and even | ower.

DR. POAERS: Well, you call it mneta-
stable. | don't think it's meta-stable. It's
stabilized by the non-stoichionetry.

DR BILLONE: It's stabilized by the non-

stoichionetry, and it's also stabilized by grow ng
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under conpressive stress.

DR. PONERS: kay. So it's an epitaxial.

DR. BILLONE: Yeah. |I'mthinking of a
very layman termrat her than a -- usually when we tal k
about ZrQ, it's just very hard to nmeasure the oxide
phase transformation tenperature because it's very
hard to formit and grow it wthout sone non-
stoichionmetry and w thout some stress.

Sothat'swhy intheliterature you'll see
1,100 to 1, 150 as a phase transfornmation tenperature,
but the statement is there's a lot of uncertainty.
The inportant thing for our work is if you just forget
this here. Initially at high tenperature you wl|
grow the tetragonal phase. As the tenperature gets
| ower, below this limt, you get farther away from
that, and as you drive the nmaterial nore towards ZrGQ,
stoichionetric, then you're driving it towards the
nonocl i ni ¢ phase.

But what seens to be inportant is howthis
oxi de layer breaks up. The precursor to break-away
stability is a very wavy boundary that |I'lIl show you
bet ween the oxide and the netal. That neans you' ve
got regions of alternating tensile and conpressive
stress, and that precedes the break-away, the

transition to the weak nonoclinic phase and the
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cracking, and so the instability starts at the netal
oxi de surface and then propagates outward and then
propagates axially and circunferentially.

kay. This picture Ral ph showed. Let ne
go back a second. Let ne try this. This canme out a
little too dark. Sorry about that.

These are two sanpl es just for fundanent al
understanding. These are two sanples of HBR type 15
by 15 lowten, Zry-4 oxidized at the sane tenperature
to the same oxidation level. One is as fabricated,
and these were quenched at 800 degrees C, the other,
that's 600 weight parts per mllion hydrogen.

Thi s sanple w thout hydrogen as expected
at well below the saturation |evel of oxygen, this
sanple is extrenely high ductility at roomtenperature
and 135 degrees C. The sanple with the hydrogen is
extrenely brittle.

The netal | ography doesn't tell you rmruch.
The oxi de |l ayer is about the sanme. The al pha |ayer is
about the same, and t he thickness of the beta | ayer is
about the sane.

What ' s di fferent about these two material s
is this one has a | ot nore oxygen inside here due to
t he hydrogen that you' ve added to the material.

CHAl RMVAN ARM JO  Can you di scern any
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hydri des from your netall ography of these?

DR. BILLONE: You never can see hydrides
in the beta phase. Qur French coll eagues have shown
hydri des under certain slow cooling situations. |f
you rapi dly quench, you ki nd of freeze the hydrogen --

CHAl RVAN ARM JO  Too smal | ?

DR BILLONE: -- you freeze the hydrogen
in.

CHAl RVAN ARM JO I n sol ution?

DR. BILLONE: In solution basically. |If
you slow cool to room tenperature, like from 800

degrees C. to tenperature, that gives tine for very
smal |l hydrides to precipitate, and those have been
observed at CEA.

So basi cal |y t he quenchi ng process ki nd of
freezes the hydrogen into sort of the | ow oxygen beta
phase at that tenperature and thenit's frozen and you
don't see that it's hydrides.

Ckay. To support ny point as to one of
t he things we do beyond just taking pictures, thisis
extrenely brittle. If it's brittle it should show up
in mcro hardness, which is naking small indents
across the radius and correlating that with a di anond
poi nt hardness.

So just for fundanmental understanding, I'm
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just showi ng you the beta phase of the as fabricated
material, and the |ower the hardness val ued, the

hi gher the ductility. So it nakes sense that this
mat eri al, which only goes up to at this boundary about
.57 weight percent of oxygen, that this would be
ductil e, whereas the red curve is for the prehydrided
sanple. The oxygen content is gone fromabout .57 to
1.1. The hardness has increased significantly, and
then you' ve driven in nore oxygen through the
concentration gradient and the overall hardness has
i ncreased.

These are room tenperature val ues.

CHAl RMVAN ARM JO  You said the oxygen
gradient follows those curves?

DR. BILLONE: Approximtely, yes.

CHAI RMVAN ARM JO  Ckay.

DR BILLONE: But basically this would be
anot her way of |ooking at the effect of what the
hydrogen does to the material.

CHAl RVAN ARM JO.  But | thought you said
that the hydrogen would be uniform across the --

DR BILLONE: Hydrogen is uniform across
the material, but you have oxygen diffusing fromthis
si de and oxygen di ffusing fromthat side. So the |ong

time solution would be flat at the solubility limt.
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You get enbrittlement way before that.

kay. This is really nore conceptual
because | don't have enough data to do this plot, but
basically we have data from Chung and Kassner, 1979,
on what the oxygen solubility limts in the beta phase
are. Those are the nunmbers | gave you, .24 at 1,000
degrees C., .38 at 1,100 and .57 at 1,200 degrees C.

If we say that when the average oxygen
concentration gets up to about .55, that represents
this slide. So the point there is in order to
enbrittle as fabricated materials, you' ve really got
to go to about 1,200 degrees C. to eventually
enbrittlement. It may take a while to get it.

However, if you add hydrogen to the
material, and this is some CEA- AREVA- EDF data, based
on a very different technique than this one, and this
is 320 weight parts per mllion, 320 wei ght parts per
mllion hydrogen, and this is 600, the only two data
points | really have.

And so basically the oxygen content does
increase; the solubility limt does increase wth
hydrogen, and so |'ve just given you kind of a cosign
function fit to that.

CHAIl RVAN ARM JO  There are no ot her data

inthe literature to help you fill out that curve?
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DR. BILLONE: No published data yet. What

| don't have is data at 1,100 degrees C. and 1,000
degrees C. So | just basically assuned the sane
difference just for illustrative purposes.

So certainly 1,100 degrees C. is benign as
far as enbrittlenent. As fabricated eventually if you
put enough hydrogen in it, you know, it's going to
become brittle at a lower ECR value, and a little
| ater, the 1,000 degrees C. would comein. So this is
j ust supposed to help you get a feeling for, again,
this solubility limt is your boundary condition for
di ffusion, and the hi gher you go i n hydrogen content,
t he higher that boundary condition, the faster the
diffusion rate early on.

And it's your long time solution of what
you would flatten out to do this.

Ckay. Break-away oxidation is kind of
fun. It's tedious, and it's easy to see. Again, this
i s darker than what | am|l ooki ng at on ny screen, but
if you take a rough surface, HBR type cladding at
1,000 degrees C. oxidation and steam if you go for
3,600 seconds you essentially pick up about 60 ppm of
hydrogen. You see a bl ack tectragonal oxide |ayer,
which is protective. This sanple is not in break-

away. If | take it another 30 mnutes to 5,400
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seconds, the sanple is conpletely gray. |[|'ve picked
up 2, 100 wei ght parts per mllion hydrogen, and you're
way past the break-away oxidation tinmne.

It took us a surprisingly long tinme, and
"1l showyou the results, to find out at 3,800 second
was the break-away time. W started here. W started
backing up. Then we started going forward, but
anyway, we were fortunate to catch this sanple just
prior to break-away.

And what it |ooks like, what | wanted to
show you is just prior to break-away the break-away
time is 3,800 seconds. Is it nmy eyes or is it this?
Oh, well, I will proceed. It |ooks nuch better on the
conmput er screen than it does up here.

But 3,600 seconds, | did want to show you
t he wavy boundary between this is the al pha |ayer.
This is the oxide layer, which is too dark to see,
unfortunately, and it's this kind of waviness that's
a precursor to break-away, and so 200 seconds | ater,
this oxide layer out here actually did break away.

DR. POWNERS: That was one of the really
intriguing things in your data report, because you
have excel |l ent photographs in there --

DR BILLONE: Right.

DR. POVWERS: -- of the waviness.
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DR. BILLONE: Much better quality than was

showi ng on the screen.

DR. PONERS: And so you're naturally
provoked to say, gee, when you get a waviness it's an
instability of some sort. Wat's driving the
instability?

DR BILLONE: Well, | think I can explain
it after the waviness occurs, which I["mcalling the
precursor. |If you |look at the peaks and vall eys of
t hat wavi ness, again, you need conpressive stress and
hypost oi chionmetry to stabilize the tetragonal phase at
this tenperature. And | forgot how it goes, but in
part of the curve you have conpressive stress. 1In the
other part -- I"'msorry. |In part of this region you
have conpressive stress at the netal surface and t hen
you' re devel opi hg tensil e stresses, which in the other
part of the surface. You have alternating tensile and
conpressi ve stresses.

The oxide is growing with a hi gher vol une
than the netal, and it tends to cause a conpressive
stress at that boundary if it's a flat boundary. |If
it's a wavy boundary, you're going to get alternating
tensil e and conpressive stresses.

And eventually that waviness will turn

i nto nonoclinic oxide fornmati on at that surface which
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wi || propagate throughout the material, but as far as
expl aining the precursor, that | can't do.

DR PONERS: Well, | nean, it sounds
like --

DR BILLONE: Going fromthe flat surface,
the flat interface or the snoboth interface to t he wavy
one, | don't know.

DR. PONERS: Sufficient conpressive stress
onit, it's relieving itself by buckling.

DR BILLONE: Yours is as good as mne.
There are experts that maybe can explain it better
t han | can.

CHAl RVAN ARM JO M ke, |I'mgoing to have
to -- you've got 36 slides here and you're on Slide 6.
W' re supposed to take a break around 30 m nutes.

DR BILLONE: Al right. [I'll doit. I'm
going to skip sone of those slides.

Just very quickly, break-away transition
fromnodern cl addi ng al |l oys, belt polished, 15 by 15,
Zry-4, 95 degrees C. is about 5,000 seconds. You can
hardly see it here, but there's a gray streak in the
black matrix, which is the beginning of the break-
away.

And for ZIRLO, | think you can see the

yel |l ow patch that forns on the outer surface.
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Al right. | have a speech on wei ght
gain, ECR, and post quench ductility. Let me hold
that for questions in the interest of tinmne.

| do want to show you one slide as to why
the CP ECR, or any kind of ECR or any kind of weight
gain, is really a neasure of what you' re throw ng
away. It's a neasure of your enbrittled oxide |ayer,
and it's a nmeasure of your al pha |ayer.

If we do a calculation of isothermal
conditions, like 1,200 degrees C. or 1,100 degrees C.,
and we | ook at the function of increasing weight gain
or ECR, if we |ook at the build-up of average oxygen
content in the beta layer, this would be what you
would start with as fabricated. This is your
solubility limt. So this is the equilibriumsolution
over a long tine.

And if you look at the fraction between
t he average oxygen nminus the initial oxygen divided by
that, there seens to be for Zry-4, anyway, a
correlation with the ECR up until you get to high ECR
val ues, and then you' re sl ow y approachi ng saturati on.
So it may be not a total coincidence of blind |uck
t hat when we correl ate our post quench ductility data,
this parameter, for Zry-4, that in a way we are al so

correlating to the enbrittlement mechanism which is

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., N.W.
(202) 234-4433 WASHINGTON, D.C. 20005-3701 (202) 234-4433




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

72

t he oxygen buil d-up.

kay. One inportant point is to -- if |
poke you with the laser I'msorry -- one inportant
point as to why we use CP ECR, there are alloys, in
particular the Mo, which have | ower wei ght gain, and
we just got data on the ten by ten Zry-2. Zry-2
behaves the sanme as Zry-4, but the Zry-2, ten percent
of the inner wall is a zirconiumalloy. It's not Zry-
2, and that oxidizes nuch sl ower than the outer wall,
giving you a net decrease in weight. So the open
circles are the new data we've got for Zry-2.

CHAl RVAN ARM JO  \Whoa, whoa, whoa, whoa.
You' re saying the Iiner on the inside oxidizes sl ower?

DR BILLONE: Yes, and that was actually
pointed out to us by EDF and Nicholas in the back
room circa 2000 or 1999. | can't renenber when, yes.

CHAI RMVAN ARM JO  Pure zirconium generally
doesn't.

DR BILLONE: Well, at 1,200 degrees C
it's about the sane. At 1,000 degrees C., and | don't
have the details of what's in there. There's sone
smal | anount of oxygen in the zirconiumliners, some
iron, but it'sreally adifferent alloy, and we notice
a dramatic difference.

The poi nt about these slow-- this really
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nmeans that your oxide layer is growing very slowy,
and as a matter of fact, the difference in tine

between this point and this point where there was
actually a decrease is about 600 seconds, and the
reason we don't correlate to neasured weight gain is
t hat you may have al nost no change i n wei ght gai n over
a five, six, seven, 800 seconds, whereas you do have
di ffusion of oxygen into the beta |ayer. You have

continued enbrittlement.

So we correl ate much better, our ductility
data correlates nuch better to the tenperature tinme
cal cul ated val ue than this neasured paraneter here.

Al right. The trouble with ECR -- and
then 1'Il nove on to actual data. | apol ogize for the
long introduction -- is ECR and weight gain are
totally insensitive to how much hydrogen you have in
the material. The red points are prehydride in
materials with that |evel of hydrogen. Basically
oxide growth doesn't care what hydrogen is in the
netal, a very limted effect on the al pha | ayer and
the beta | ayer thicknesses and oxygen contents.

And so we have to keep that in mnd if
we're going to use that as a netric for enbrittl enent.
We have to be a little bit careful because these bl ue

points are ductile, and these red points are highly

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., N.W.
(202) 234-4433 WASHINGTON, D.C. 20005-3701 (202) 234-4433




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

74

brittle, and so we need to be a little bit clever in
how we handl e this because ECR does not include the
ef fects of hydrogen.

Okay. Let's skip test nethods unless you
have questions and get into data.

CHAl RMVAN ARM JO | did have a gquestion on
your test nethods.

DR BILLONE: \Which is probably the best
way for nme to proceed is to ask.

CHAI RVAN ARM JO  but you conpress these
little ring specinmens --

DR BILLONE: Right.

CHAIl RVAN ARM JO  -- after oxidation, and
| know that historically that's what was done.

DR BILLONE: Not the way we do it, but go

ahead.

CHAl RMVAN ARM JO Well, you do it better,
but --

DR BILLONE: Onh, of course we do it
better.

CHAl RVAN ARM JO.  But | wanted to know is
there a length effect on your sanples? Do you use
these eight miIlineter wide rings?

DR BILLONE: CQur Russian coll eagues have

studi ed that and we've studied that. |In the range of
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maybe seven to 20 mllimeters the answer is no.

CHAl RMVAN ARM JO.  Ckay. So it's fairly
insensitive to that.

DR BILLONE: The maxi num | oad that you
woul d reach obviously --

CHAl RVAN ARM JO.  Sure.

DR BILLONE: -- is the stiffness. It
obviously is, but the ductility that seenms to be
i ndependent of the length within that range. So we
haven't found a Ilength effect, but again, doing
screening tests we are very careful to keep as much
the sane as possible, and what you're varying is
oxidation level or alloy. So we fix it at the eight
mllinmeters and try not to have that as a vari abl e.

CHAI RVAN ARM JO And you cut your sanple
to avoid edge effects, you know, oxidation fromthe
si des of your --

DR BILLONE: No, we don't have the end
effects in the sanples.

Okay. So in the interest of time I'm

going to run through these quickly, but again, you

nmentioned the ring. That's too dark. Well, that was
easy.

CHAI RVAN ARMJO | didn't nmean to do
t hat .
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DR. BILLONE: No, no, that's Chapter 2,

and I will go back if you have any questi ons.

Basically the two types of mechanical
tests that we run are the ring tests that we tal ked
about just now, and then a limted nunber of bend
tests with the balloon and burst cl addi ng, where
there's sone informati on and data on that in Chapter
6 of the report.

That's where we got the idea that if you
hol d for one second at 1204 degrees C. given our LOCA
tenperature history that we use, it takes about |
think it's 21 Newon neters to break the sanple as a
bendi ng nonment, and then if you hold it for an extra
two m nutes and oxidize nore, it drops down to about
12, and if you held it |onger, that bendi ng nonment
keeps decr easi ng.

kay. Let nme try to go through sone of
the data. | showed it in July and I'll show the data
points that we've added.Basically, our goal if we'd
| ook at 1,000 degree C. was to oxidize two-sided up to
20 percent ECR, and what we found is that at 1,000
degrees C. as long as you haven't gotten into break-
away, what | said was true, that we don't enbrittle
the alloys. The Zry-4 |levels off at about three

percent offset strain. Zry-2 we only took up to 17
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percent ECR, but that was 14 percent offset strain,
and again, the ZIRLO and the Mb are ductile up to
t hose | evels.

The E110 tubing due to break-away we
couldn't take the break-up very high. W couldn't
take it beyond seven percent ECR without hydrogen
enbrittl enent of material.

So 1,000 degrees C. is benign. W don't
have hydrogen in it. It's benign if you don't do
br eak- away oxidation. You just can't punp enough
oxygen into that beta |layer to enbrittle the materi al .

Al'l oys oxidized at 1,100 degrees C. are
even nore benign. At 1,100 degrees C. you don't
experience break-away oxidation. So as |ong as you
don't have hydrogen, thisis all as fabricated all oys.
Basically sine you don't have break-away you can't
punp enough oxygen in to enbrittle. Al you can do is
let it gofor along tinme until that beta | ayer al nost
di sappears or thins, and that's way beyond 20 percent
ECR

CHAI RVAN ARM JO.  What's your strain where
you could find brittle or non-brittle? Is it two
percent ?

DR BILLONE: It's two percent and based

on -- there's two ki nds of neasurenents we do. One is
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a -- and sorry about the scale. This is load and this
is displacenent. |If you take as fabricated nateri al
and you just conpress the ring to get plastic
di spl acenent, and in these kinds of tests, thisis the
initial |oading curve or thickness of the ring, and
usually you don't have the |uxury of stopping a test

because you run it to failure and you get a big | oad

dr op.

But if we stop with about two percent
plastic strain -- maybe it's 20 percent plastic
strain. Sorry -- if we stop at this point and

actually programthe machi ne to unl oad, you unl oad at
aless stiff or nore conpliant rate, |lower rate, than
we would if we just took this green |line and noved it
over here.

So what is the error? Wat is the error
involved inusing this initial |oading curve, whichis
all we're going to know for the tests that we're going
to run from now on.

W took every cladding material we had,
and we conpressed them all two nmillineters, and we
found that the difference between actually neasuring
the change in dianmeter and determining it fromthis
type of approach is .2 mllimeters or less. So .2

mllinmeters divided by about ten mllineters outer
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di anet er gives you your two percent uncertainty.

So bel ow two percent offset strain we're
not saying the material is necessarily brittle. W're
saying we're in the region which we can't tell, and
nost of our tests we stop after the first significant
| oad drop, get through-wall crack, and then neasure
what we call the permanent strain, whichis literally
t he change in dianeter of the material. So you don't
go through this uncertainty.

So we do both approaches. So for
permanent strains, our criterion is one percent.
Bel ow one percent material is brittle. Let nme say it
anot her way. One percent or above, the material is
ductile for direct nmeasurenent, and if we're going to
use the indirect approach of the |oad displacenent
curve, we say above two percent, greater or equal to
two percent strain is ductile. Below two percent
we're not sure.

Ckay. | did want to enphasize this again
about neasured versus cal cul ated ECR since we went
through this before, but this is our offset strain
data determned from the |oad displacenent curve
This is neasured ECR  Everything is fine with Zry-4
when the neasured and cal cul ated wei ght gains are

about the sanme and, therefore, the ECR is about the
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sane.

The oxide |l ayer on Mb at 1,000 degrees C.
grows very slowy and al nost stops at 1,000 degrees
C., and so the wei ght gain, even though |I'mincreasing
my time, these tests are run at the sane. These data
points correspond to roughly the sanme tinme. This
poi nt here and that point there at the same tinme, but
t he wei ght gains are very different.

So between these two data points you have
about six to 700 seconds with alnbst no change in
weight gain. So if | ook at the ductility, it | ooks
like, oh, ny God, | hit a wall, and it suddenly
becones instantly brittle. The fact is there's a |ot
of test tinme at 1,000 degrees C. between this point,
this point, this point and that point.

And so what | say correlates better,
al though Harold has criticized me. He says that
correlates. It is what it is. Wat correlates better
is toignore the physical weight gain and just use the
Cat hcart - Pawel predicted ECR, and when you plot Zry-4
and Mb on the same scal e, then they conme down to about
t he sane high tenperature strain.

And that precipitous drop is deceiving
that you see on the previous page. It's just that the

physi cal wei ght gain there doesn't really reflect for
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Mo the oxygen diffusion into the netal. |It's
literally just the oxide |layer slows down i n grow ng.

Ckay. El even hundred degrees C. when
saidit was nore benign, the Zry-4 is the bl ack curve.
The ZIRLOis the green curve, and it does what | said
it should do. When you get saturation of oxygen in
that beta |ayer, then as you increase tinme, the beta
| ayer just starts to thin, but it's still thick
enough, and there's al nost no change in ductility of
the material, and the ZI RLO behaves conparable to
t hat .

Mb, we had one poi nt whi ch when you get to
a point like this you want to double check. It | ooked
like it dropped to a brittle |evel at about 18.8
percent ECR W ran a test for a higher tenperature
time, a higher tinme. W tested it at room
tenperature, and we al so stopped the test right after
the crack, tested at elevated tenperature, and the
material is brittle.

So this data point here is a |ot higher
quality than that data there. So Mb does get out to
20 percent ECR at 1,100 degrees C

| have sone D110 results. W got sone
pretty good results when we polished machi ne and

polished E110, and we got results that are al nost
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conparable tothe allied results that you had at 1, 100
and 1, 200.

W couldn't save the alloy at 1,000
degrees C. It was too vulnerable to break away
oxi dation, but inthe report there are sone E110 dat a.

Al right. |If we go to 1,200 degrees C.,
again, we are doing all of our tests and nost people
inthe world do their test at roomtenperature. |It's
easy, but the way we set the programup is if we got
low ductility values of Ilike nine percent to 11
percent at room tenperature we would retest at 135
degrees C.

One of the alloys we tested at room
tenperature, 100 and 135, but in general for 1,200
degrees C. you very quickly generate your first data
set and say, well, forget this. W're going to go to
the nore prototypic tenperature, which the criteria
are based, and it doesn't take that nmuch nore tine.

So if | look at our database and | take
the mninmumductility points, not the average, and
then that's where whoever receives the data are free
to cone up with their own nunbers. The curves I'I|
show you flatten out, but basically for the materials
we studied, the ECR for nodern materials, the ECR

ranges from17 percent to 20 percent, and the new dat a
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woul d be the Zry-2 data, ten by ten. Zry-2 is not in
the report yet or maybe it is. Maybe it is on the Wb
version, but you're in the range of 17 to 20 percent
ECR, with the exception of this cladding of the
1970s, '80s, and '90s, which doesn't behave as well.

W took E110 up to 13 percent ECR and it
was quite ductile, and that's machi ned and polished
E110.

kay. This is just the enhancenment with
tenperature. This is the roomtenperature data for
of fset strain versus the 135 degree C. data, and you
can see there is a significant enhancenent that's
worth testing at that tenperature.

Just to show you that we al so have
permanent strain, which is the direct neasurenent of
t he change in di aneter of the material before the test
and after the test, and that's really what we use to
determ ne the transition ECR

So if I go to 17 percent |[|'ve got
essentially data points right at about one percent
strain, which is our limt, and if | go to a higher
ECR |'ve got one above and one bel ow, and actually
this has got two data points above and one bel ow. So
about 17 percent is what we picked, but really nore

based on pernanent strain even though we show a | ot of
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of fset strain data.

kay. Zry-4 is Zry-4 is Zry-4. Well, not
true, not in terms of what we're nmeasuring. So if we
conpare nodern 17 by 17, belt polished, snooth
surface, nodern 15 by 15, these are different vendors,
mat eri al s, and then the ol der, rough surface, and the
rough surface may have nothing to do with why it
behaves poorly. You could see that the ol der nmaterial
enbrittles much nore, a | ower ECR, about 14 percent.
This is the 17 by 17 Zry-4 data, and actually that
comes down pretty close to the 15 by 15 Zry-4, but at
| oner ECR, this naterial has nore ductility, and Zry-2
that we have just tested falls in between these two
curves and conme s out to about 19 percent.

Ckay. That is again this is ZI RLO room
tenperature versus the elevated tenperature, 135
degrees C., and permanent strain. W have already
hamered that one.

kay. The idea was to conpare the nodern
alloys to Zry-4 in our study. So always we'll have a
pl ot of the Zry-4 data and, for exanple, ZIRLO and
you can see basically that the ZIRLO has higher
ductility than the Zry-4 and cones down ki nd of cl ose,
but it's the difference between 17 percent and about

18 or 19 percent in terns of transition ECR, and this
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is our two percent criterion.

Mb, we already saw this. That's the
tenperature relation. Wiat | want to look at is this
one. This is Mb conpared to Zry-4, and Mo at 20
percent has exactly one percent permanent strain, and
alittle higher than two percent offset strain. So M
is ductile, right at the limt of 20 percent ECR

Okay. Froma netallurgical point of view,
all of these sanples are quenched at 800 degrees C.
That was our test protocol. There really should be no
difference in as fabricated al | oy behavi or whet her you
guench at 800 or you cool to roomtenperature if
oxygen is basically inmmobile, below 800. The fusion
is so slow there's nothing really that's going to
happen. Your phase changes have al ready happened.
Oxygen doesn't nove around. So basically we did a
[imted nunber of tests that we varied our procedure
and i nstead of quenching at 800, we slow cool ed.

The results are kind of interesting in
that at 17 percent ECR this is one data point; this
is another data point. Slow cooled are the open
circles, and there's another one you can't see in
her e.

Wthin the scatter of the data, there was

actually no effect of slow cooling versus quench.
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There i s a possi bl e enhancenent at 13 percent ECR, but
this curve is changing so rapidly that if you put
enough data points on it, this may have no effect
what soever .

So possible enhancenent at |ower ECR
val ues, Zry-4 by sow cooling. The ZIRLO data points
were slow cool ed. W don't understand why, but they
fell belowthe trend curve. They still were ductile,
but when you got up to 17 percent ECR, the sl ow cool ed
and the quenched sanples were all in the sane range.

And for Mb we saw absol utely no effect of
sl ow cool i ng versus quench. It's hard to distinguish
the points. This would be slow cooling, and these two
woul d be quench.

So the issue is cool rate and quench
tenperature really conmes up for the hydrided naterial s
and for as fabricated materials, it doesn't seemto
matter. Qur CEA coll eagues actually quench fromthe
oxidation tenperature very rapidly. W cool at a
certain rate to 800 and then quench, or we cool and
t hen continue to cool at roomtenperature. It doesn't
seemto be a significant difference in databases.

CHAl RMVAN ARM JO. I n doing this work did
you | ook at varied strainrates to see the sensitivity

to strain rates?
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DR BILLONE: W only did one test where

we varied the strain rate for one material. W
increased the strain rate by a factor of ten and we
saw a decrease in ductility with a factor of ten
increase in strain rate, and at the tinme when we
presented this the sponsors and the partners were nore
interested in, given the size of the test matrix,
fixing the strain rate, fixing the tenperature at the
135 degrees C. and then getting into studying the
ef fects of hydrogen as soon as possi bl e.

CHAI RMAN ARM JO  Was there a basis for
picking the strain rate that says, "Hey, this is
closer to the kind of strain rates or |oadings we
m ght see in" --

DR. BILLONE: No, we're not trying to
simulate any kind of loadings. This is closer to
Hobson's strain rate back in 1973.

CHAl RMAN ARM JO  So just sticking with
t hat .

DR BILLONE: He did slow strain rate and
very fast strain rate tests, and the Comm ssion only
used the slow strain rate data. They do not use the
high strain rate data. So it's partly tradition

DR. ABDEL- KHALIK: Let me just try to

understand one thing here. You have a |ot of data on
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neasured ECR, and yet you elected to set all of that
aside in favor of using this enpirically predicted
val ue.

DR BILLONE: Right.

DR. ABDEL- KHALIK: And that's presunably
bi ased by what? By the need to retain the 17 percent
rate?

DR BILLONE: Onh, no, no, no.

DR, ABDEL- KHALI K: O what ?

DR. BILLONE: First of all, for Zry-4
there's hardly any di fference between t he neasured and
t he predi ct ed.

DR ABDEL- KHALI K: | under st and.

DR BILLONE: In the back of our m nds we
know that vendors who are doing these cal cul ations
don't have the luxury of neasuring weight gain.
nmean, basically they calculate it, and ultinmately for
a hypot hetical LOCA you need to cone up with a schene
in ternms of sonething you can cal cul ate.

DR. ABDEL- KHALI K: Well, why not correlate
your own data based on the actual neasurenents?

DR, BILLONE: W did. W got severely
criticized the last tinme we cane here in July 2005
because we preferred weight gain at that tinme for a

particular alloy like Zry-4 because if there's
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variations fromtest to test and the test strain, it
works a little bit. The tenperature changes a little
bit. That would be captured by the neasured ECR

whi ch woul d refl ect the tenperatures.

But the nmessage was that ultimtely have
this material be usable by vendors and by NRC. You
needed really to present it in terns of sonething you
can cal cul at e.

DR. ABDEL- KHALI K:  You have sort of really
val uabl e i nformati on.

DR BILLONE: It is, but then when we ran
into the Mo exanpl e where knowi ng t hat wei ght gai n was
really a nmeasure of what you're kind of throw ng away
as brittle, it's a nmeasure of the oxide |ayer
t hi ckness and to sone extent the brittle al pha | ayer
t hi ckness, and when we saw the dramatic difference
with Mo in the fact that we extend the test 700
seconds at 1, 000 degrees C., yet no change i n nmeasured
weight gain and get a significant decrease in
ductility. It no | onger made sense to continue to use
nmeasur ed wei ght gain under all conditions.

So the idea of switching tothis is
di ffusion processes |ike oxygen diffusion into the
beta | ayer and through the beta layer. |t has got an

exponential of mnus Q over RT, and it goes to the
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square root of time, and this parameter on the bottom
al so has a square root of tinme and an exponential --

DR. ABDEL- KHALI K: But clearly, there mnust
be sonet hing el se goi ng on whereby your neasured ECR
for Mo is significantly different than what this
enpirically predicted val ue is.

DR. BILLONE: Yeah. What's going on seens
to have nothing to do wth the nechanism of
enbrittlement, which as long as you can keep the
oxygen concentration a the edge of the beta |ayer up
around .57, .6, you will drive that nuch oxygen into
the material over tinme. As tine increases, you can
drive nore oxygen. It doesn't matter whether the
oxide layer is 30 mcrons or 40 mcrons. It doesn't
matter that it has stopped growing and it may be 30
m crons.

So there's a disconnect. For Zry-4 it's
all in harnony, but for other alloys, even for Zry-2
with the zirc liner it doesn't work as well to
correlate to neasure ECR  It's all in the report, and
the point is you're all free to assess the quality of
t he data using that because within an alloy class |ike
wi thin one | ot of Zry-4, there should be a correl ation
bet ween the predicted and the neasur ed.

As a matter of fact, when that gets nore

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., N.W.
(202) 234-4433 WASHINGTON, D.C. 20005-3701 (202) 234-4433




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

91

than ten percent different, we build a newtest train.
W use that as a nmetric for the quality of our test
train and our benchmar ki ng.

DR. ABDEL- KHALI K:  Thank you.

DR BILLONE: COkay. |'mnot noving fast
enough, but let's see where we are. m

CHAl RMAN ARM JO Yes, we're way behind
schedule, but we're going to eat into the break a
little bit.

DR BILLONE: W don't want ne to be
responsi bl e for that.

CHAI RMVAN ARM JO.  Yeah, 1'd like you to
nove al ong.

DR BILLONE: | think this is inportant.
So | do want to pause a little bit. Ralph, gave you
some background data from Leistikov and Schanz, and
what | think was 1970 standard neans rough surface,
may have had etching involved in processing the
material. A very extensive study, and they found
m ni mum br eak- away oxi dation time at 1,000 degrees C.

Before we started our programwe did the
literature search, and t hat break-away was about 1, 600
seconds based on wei ght gai n and about 1, 800 seconds,
whi ch are nuch | ower nunbers than | am going to be

showing you for nore nodern alloys, but based on
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pi cking up 200 ppm of hydrogen, it was a little bit
| ater.

There is published data by AREVA, CEA,
EDF, Mardon, et al., on nodern lowtin for 17 by 17.
That's belt polished, and they got very high break-
away tinmes at 1,000 degrees C. It showed it in terns
of hydrogen pickup that it was about 5,400 seconds.

So you're talking 1,800 seconds for '70s
cladding in this particular test and significantly
hi gher for the nore nodern cl addi ng.

There was also results presented for 17
Mb, whi ch showed break-away times very large relative
to what we think of as LOCA relevant tinmes, and this
was significant to us because we put M | ast on our
list of priorities because there was al ways sonme data
t hat showed extrenely high break-away tines.

we had our own results for E110 tubi ng and
cl addi ng and the ANL nodified E110 as background, and
based on the results | already showed you at 1, 000
degrees C., although all the sanples were ductile at
20 percent ECR and 1,000 degrees C., we did notice
that the ZI RLO pi cked up 100 wei ght parts per million
of hydrogen. It turns out the inner surface was just
into break away oxidation. W got sone hydrogen

pi ckup, but 100 ppmdid not affect the ductility at
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all .

So that's the background going into our
study. Again, Ralph showed you this curve neaning e
woul d have to search a little bit. This is a curve
for Zry-4 based on their data. If we wanted the
m ni mumoxi dation tinme, we'd have to be kind of clever
about it in searching, and the cleverness is basically
you start at 1,000. You find out what your m nimm
time is, drop your tenperature ten or 15 degrees C.
| f the sanple is black and there's no hydrogen pi ckup
at that test time then you're okay and drop it a
little further.

And as you keep getting |ower m ninuns,
you keep using that as your netric for the next test.
So at best we expl ored between about 1,025 and 950 and
also ran the test at 800.

kay. This is the sanple that we had
tested for about 3,400 seconds. |It's not part of our
break-away oxidation test, but this is our ZIRLO
sanple. You can see the outer surface has got the
precursor to break away as nost alloys do. It has got
t he wei ght ed boundary.

The inner surface, if you' ve got a better
view of it. You can actually see gray on the surface

of the inner surface and sone cracked oxide. You
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don't pick up nuch hydrogen, but you pick up about 100
ppm and again, 100 ppm at room tenperature was not
enough to affect the ductility.

So anyway, a couple of things about our
reported nunbers. W're reporting tines fromthe
begi nning of the tenperature ranp starting at 300
degrees C. at the end of the hold tinme. The ranp tine
i s about 75 seconds, which is trivial to nunbers Iike
4,000 and 5, 000 seconds.

The cooling tinme is only about 20 seconds
from 1,000 degrees to 800 degrees C. W're not
i ncl udi ng that.

As | say, our approach was to try to find
t he m ni nrum break-away tine at 1, 000 degrees C., nove
up a little and then down a little to see whether the
alloy was okay at those tenperatures at that
particular tinme.

Now, our criterion for br eak- away
oxi dation you can argue with, but | want to point out
a couple of things. W chose 200 wei ght parts per
mllion hydrogen pickup. |It's very hard to exactly
hit 200 because when break-away starts, it's an
instability phenomenon and your hydrogen takes off on
you.

So break-away i s aninstability phenonenon
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with rapid hydrogen pickup follow ng break-away.
Generally in life you learn to stay away from
instability phenonena, and the enbrittlenment is
definitely due to the hydrogen pickup. You don't pick
up enough oxygen to enbrittle that nmaterial all by
itself.

And we also confirmed that the ductility
is retained for these alloys when you test it at 135
degrees C. when you do have 200 ppm

Now, for every test that we ran, we had
rings cut to run ring conpression. So sanples that
pick up 500 ppm hydrogen, 1,000 ppm hydrogen, we
didn't test those, but if soneone would like to
contest the 200 ppmcriterion and say, well, gee, |
think it's brittle at 300, let us know and we coul d
just squeeze those rings so that it would be very
trivial.

So the testing sequence for us was to
start with the Zry-4 because we had t he baseline data
for that. W had no data for ZIRLO published in the
literature of break-away oxidation, and then we noved
to the ten by ten Zry-2. That work has been
essentially conpleted, and then five woul d be | ast on
our |ist just based on the published data being so

hi gh for break-away.
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Okay. Just quickly time. W call this
rough surface nmaterial. W don't know the surface
chem stry of this mterial. [It's our baseline
mat erial for a high burn-up Zry-4. W don't know why
it breaks away earlier. W do know it has a nuch
rougher surface. The surface chem stry m ght be
different, but at about 985 degrees C. long tine
tenperature it breaks up at about 3,800 seconds, which
is better than Leistikov's material but | ow conpared
to the values I'll show you.

W wanted to conpare a nodern 15 by 15
Zry-4. W also ran out of 17 by 17 Zry-4. So we had
no choice. So we used the 15 by 15 Zry-4, which is
belt polished, and again, at the same tenperature we
get a break-away tine of 5,000 seconds. That's
conparable to the Mardon results at 5,400 seconds.

So the belt polishing seens to have an
ef fect, and whatever subtle changes in chem stry that
may have been made from 1970s to the nodern day seem
to help on this.

W also explored tenperatures in this
range with a second test train.

So that's our Zry-4 results, and if | want
to plot it, you can see for the rough surface cl addi ng

at 3,600 seconds we got alnost nothing. At 3,800
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seconds we got nothing for one sanple and got high
hydrogen content for another, and then, of course, if
you go beyond that, you get extremely high hydrogen
pi ckup.

The poi nt about break-away oxi dation, and
| think it's a no brainer, you kind of want to stay
away fromthis, and what's good enough i f you're bel ow
the 200 ppm hydrogen pickup, you at |east know you
have ductility. You may have ductility at 250, but
who' s tal king? Wo wants to qui bbl e about 100 seconds
out of 5,000 seconds or 4,000 seconds?

The belt polish material did pick up
hydrogen nore slowy, and this is about the 5,000
second poi nt.

Okay. Quickly, we're fortunate enough our
furnace has a window. So instead of just arbitrarily
running test times, you can | ook for patches of gray
that may form which neans the transition has already
started, and for this particular belt polished
mat eri al at break-away, 5,000 seconds, we cut a two
mllimeter ring for hydrogen analysis in the center or

wherever this gray region is, and we cut eight

mllinmeter rings on either side for ring conpression.
But the outer surface is -- | can't see
it. | don't know what you can see -- is cracked. The
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inner surface is a precursor to break-away, but it's
not in break-away. So those are the kinds of results
that we're | ooking for.

kay. So let's sunmmarize. Al right.
For ZIRLO, we had a test matrix where we started at
1,000. We went up to 1,015 and then we went down.
What we found was that 970 degrees C. plus or mnus
five -- that's the variation circunferentially around
our sanmple -- we got what we think is the m ninum
break-away tinme from about 3,000 seconds. So it
actual ly breaks away earlier at this tenperature than
it does at 1,000 degrees C

What was encour agi ng t hough i s we nachi ned
a 20 mcron deep scratch in the material, and that
scratch did cause | ocal break-away oxi dation to occur
inthe region of the scratch, but the hydrogen pi ck-up
was negli gi bl e.

So at 2,600 seconds with a 20 micron
scratch the material was good and wi t hout the scratch
at 3,000 seconds it had al ready picked up exactly 200
ppm of hydrogen.

And the sanple was ductile, but again,
we're stopping at that 200 ppmpoint. It did better
at 950 and it did better at 800 degrees C., but all we

did was basically one test at each of these to make
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sure that we didn't have a |lower mninumtine.

Okay. Metall ography confirned that we had
outer surface break-away oxidation, and one of the
ricks that picked up about 175 ppm of hydrogen with a
ot of wvariation of hydrogen, as nmuch as 440 ppm
locally, that had five percent ductility at this test
t enper at ur e.

In all, we conducted 17 tests, and so
rings are available with this range of hydrogen
content for ring conpression ductility tests if
soneone i s interested.

Again, too dark. |1'mnot going to show
net al | ography t oday.

Ckay. W just finished our testing at
1,000 degrees C. and we're up to 5,000 seconds for
Zry-2 with the zirconium inner liner, and we don't
have any break-away that we've observed, no hydrogen
pi ck-up for the Zry-2. W've got other tests planned
to investigate it, but we really don't expect any
surprises with this material.

CHAl RVAN ARM JOG Do you have any estinmate
of what the break-away would be if it was just Zry-2
with no liner?

DR. BILLONE: No, we don't have any

such -- well, we could do that. W could weld the
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materi al .

CHAl RMVAN ARMJO  |'m just saying that,
you know - -

DR BILLONE: W do.

CHAI RMVAN ARM JO -- there's sone ol der
materi al around.

DR. BILLONE: No, no. I'msorry. W do.
In 2001 we did a whole series of one-sided oxidation
tests of Zircal oy-2, high burn-up and as fabricated.
So the liner wasn't involved. It was just outer
surface, and we didn't know we were doi ng break-away
oxidation tests at the tine, but basically | can tel
you the outer surface based on that data is certainly
greater than 3,000 seconds and |ess than 6,000
seconds.

CHAl RMVAN ARM JO.  They're simlar.

DR BILLONE: Simlar. ay. Al right.
| don't know if you want to take a break right now.
| want to switch to prehydrided material. A coffee
break?

CHAl RVAN ARM JO  Probably we shoul d do

t hat . Let's take a --

DR BILLONE: And then I'll figure out how

to.

CHAI RVAN ARM JO.  Yeah, because you' ve got
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alot of mterial inthe next session. W're going to
try and wap up the test procedures. Let's get back
here at 11:15.

DR. BILLONE: Ckay.

CHAl RVAN ARM JO  Ckay.

(Wher eupon, the foregoing matter went off

the record at 11:05 a.m and went back on

the record at 11:21 a.m)

CHAl RMVAN ARM JO  Ckay. Let's cone to
or der.

DR BILLONE: GCkay. | think I can go
faster with ny jacket off.

CHAl RVAN ARM JO. Ckay. Roll up your
sl eeves, Mke, and let's go.

DR BILLONE: W're into Chapter 4 of the
NUREG report, which is prehydrided materials, and
again, everything | have presented to you so far is
directly applicable to fresh cladding put in the
reactor. It also serves as a baseline for everything
el se 1'mgoing to show you in terns of baseline data.

So now let's |look at prehydrided Zry-4
wher e before we oxi di ze the sanples we're going to put
hydrogen in them and then we're going to do post
guench ductility tests at 135 degrees C. Qur target

tenperature is 1,200 degrees C
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Agai n, Dana nmentioned this point. Wth
prehydriding we had an initial canpaign. God, | think
it was |like June 2004, in which the sanples had
circunferential and axial gradients in hydrogen. The
furnace had smal | gradi ents, and we t ook t hose sanpl es
and decided to fix the oxidation |level and cut sanpl es
with di fferent hydrogen contents. So we did something
that no one el se has done. Instead of having every
sanple at 600 ppm we had a variety of hydrogen
| evel s, and we just fixed the oxidation |evel so we
can map out the enbrittling effects of hydrogen at a
fi xed oxidation |evel.

But, again, during the short tinme tests of
100 to 150 seconds, the gradients did remain in those
directions, not through the wall of the cladding,
whi ch we coul dn't neasure, but in these | arger, |onger
directions circunferential and axial.

In the second canpaign, which was nore
recent, we reduced the gradient significantly, but we
did generate a hydride rimwhere we went above about
300 ppm of hydrogen.

So we haven't mastered this art, but we
take what we can get out of each sanple.

Let me sunmarize the results for Zry-4,

and again, this is going to be data that we're going
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to use to plan the in-cell test and also to help
interpret the in-cell test.

The data I'Il first give you is al
sanpl es are standardly quenched to 800 degrees C. At
five percent fixed ECR for the H B. Robinson type Zry-
4 you don't quite get to 1,200 degrees C. and I'l
show you in ny next plot. You get to in one case
1,180 and 1,190. It neans you're picking up the five
percent in the ranp, and nost of your oxidation is
occurring at less than 1,200 degrees C.

However, from600 ppmof hydrogen and five
percent ECRwith this peak tenperature, you enbrittle
at that | evel of hydrogen. So |ower hydrogen |evels,
you're ductile; higher hydrogen levels, vyou're
brittle.

Al right. |If you increase the six
percent ECR, we only had one set of sanples at 450
wei ght parts per mllion. The sanple was brittle at
450 wei ght parts per mllion and six percent ECR  So
we just increased the oxidation | evel by one percent,
and the hydrogen | evel was decreased by 150 ppm and
the sanple was still brittle with quench

When you go up to 7.5 percent, we had data
sets for nodern cl adding and the ol der cl addi ng, and

both seemto enbrittle at about 375 plus or mnus 25
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wei ght parts per mllion hydrogen at seven at a half
percent CP ECR. Wen | show you the data, maybe the
17 by 17 is nore |like 400 and maybe the 15 by 15 is
nore |ike 350, but within the scatter we can't really
tell.

And then this cladding which is a better
cladding in the as fabricated condition we took up to
ten percent ECR, and we get enbrittl enent at about 300
ppm of hydrogen, and that's all with quench. 1'I]
just show you the results graphically. Stop nme if
sonmething is not clear.

But this, as | say, is an unusual study.
This is the 15 by 15 at cladding at five percent ECR
where you're less than or equal to 1,190 seconds
t hroughout the transient, and the effects of hydrogen
are essentially nothing as fabricated, nothing about
250 ppm and then when you get above 300 ppm you
start to see the effects of the hydrogen.

So interpolating these two val ues,
brittle, ductile, you cone up with about 600 ppm as
the transition.

DR POAERS: You show curves on all of
your data plots.

DR. BILLONE: Trend curves. They're not

cal cul ated by sone program
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PONERS:. They're just French curve --

DR

DR BILLONE: Artistic.

DR POWNERS: Artistic.

DR BILLONE: Renditions. W're trying to
get the trend which we think is kind of a reverse S
shape where oxygen has a little effect and then a nore
dramatic effect and then | evels off. They're not best
estimate and they're trend curves we've put on there
because we want to add data to these curves for slow
cool ing and quench and other tenperatures to get
compari son

kay. | hope the blue shows up. The open
blue circles are the 17 by 17 Zry-4 which based on as
fabricated data should be a | ot better than the 15 by
156, and of course, it is at the internedi ate hydrogen
contents. W don't have enough data, but by about 420
ppm of hydrogen that Zry-4 is brittle. This is a big
extrapol ati on between this point and this point, but
you cone up by about 375.

Sois it better? | don't know. W would
need nore data. W're out of material. We can't
answer that question, but certainly increasing the
oxidation |evel decreases the hydrogen at which
enbrittlenent will occur.

So you increase the oxidation |evel.
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Yeah, | know howto say that, but |I'mnot going to say
“right."

And then we did ten percent, whichis this
curve here. 1've also plotted the seven and a hal f
percent for the sane cladding, whichis 17 by 17 Zry-
4, and if you followthe trend of this data, this is
brittle. This is ductile. So about 300 ppmis the
crossover.

This is kind of useful if you're thinking
of the effects of hydrogen as a function of burn-up
because | show you fresh cladding results. If | just
show you high burn-up results, 600 weight parts per
mllion hydrogen, that's sort of the end point, and
you | earn not hing about the transition. So this kind
of hel ps give you a cl ue.

| f you map the corrosion |ayer growh as
a function of burn-up and the associ ated hydrogen as
a function of burn-up, you have sone idea of what the
effects of that hydrogen is from the beginning of
operation to end of operation.

Al right. At the last ACRS subcomm ttee
neeting, it was nentioned the effects of quench
tenperature or quench tenperature may have a
significant effect on ductility follow ng quench. So

we ran two types of tests. W did alot of tests
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where we cool ed to roomtenperature without quench for
sanples oxidized in this range, five to seven and a
hal f percent.

"1l show you in the graphs. There was a
smal | but very significant enhancenent in ductility.
A coupl e of percent is enough to kick you frombrittle
to ductile, and the results were very, very flat in
t he sense that they didn't -- they nosedived, but they
nosedive and level off at a ductile level, and
basically there was an increase or a fixed ECR  The
i ncrease in hydrogen to cause enbrittl enent was about
180 weight parts per mllion. That's a |ot.

So there's sonething that's happening
during slow cooling where the extra hydrogen doesn't
seemto contribute to the enbrittlement.

CHAI RMAN ARM JO  Now, what is the reason
why soneone woul d say, well, you ought to sl ow cool
versus quench? 1Is there a systemissue?

DR BILLONE: Oh, no, it's not that. It's
a practical issue in that our in-cell tests, we have
to run several slow cooled tests to map out the
ductility because we're not guaranteed nore than one
guench before the thernocoupl es pop off.

So the notivation for running the slow

cooled test is to help us interpret the in-cell test
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wi t h high burn-up cl addi ng.

CHAI RVAN ARM JO But | read in one of the
handouts or sone of the earlier material though that
the CEA had an issue. They tested --

DR BILLONE: |'ve got their graph.

CHAl RMVAN ARM JO  Right, and they seemto
prefer a slow cooling conpared to a quench. That's
what | got.

DR BILLONE: When | get to their graph,
why don't | explain that?

CHAIl RVAN ARM JO  Ckay.

DR BILLONE: And this is an experinental
issue, but it also relates to a LOCA issue in the
sense that calculated wetting tenperatures -- |'m
usi ng "quench" synonynous wi th when the water actual ly
wets the cladding surface and you get rapid cooling,
and |I'm just tal king about at what tenperature does
rapid cooling occur, and does it matter in terms of
ductility?

It shouldn't matter in terms of oxygen
novi ng around, but it turns out it has a huge inpact
on what hydrogen does, and so you're bounding. You've
got two cases. You' ve got a CEA case where they
initially quench fromlike 1,200 degrees C. rapidly,

argon quench from 800 degrees C., and then the other
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extrene is just don't quench at all.

And since that tinme we've been | ooki ng at
i nternedi ate quench tenperatures because usually, |
nmean, calculated ones | don't have -- |I'mnot an
expert in thermal hydraulics, but you see cases shown
with 400 degrees C. wetting tenperature, 500 degrees
C., and so where the 800 cane from it |ooks like a
reasonabl e upper bound of LOCA quench tenperatures,
but it may not -- doing all of the tests with 800
degrees C. guench nmay not allow you to take ful
benefit of sone of the not annealing, but sone of the
good effects that could happen during cooling.

CHAI RVAN ARM JO  Ckay.

DR BILLONE: So we're trying to quantify
this. Okay. The six percent sanple that was brittle
with 800 degrees C. quench was ductile. W got a
little nore hydrogen with sl ow cooling, and the seven
and a hal f sanples, the enbrittl enent hydrogen cont ent
increased from about 375 to 550 weight parts per
mllion. So that's quite a significant swing in how
much hydrogen it takes to enbrittle a sanpl e when you
sl ow cool it.

W al so | ooked at 600, 700 and 800 because
the CEA results which I'll show you showed a very

significant enhancenent in ductility if you quench at
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600 or 700. However, those results I'll show you are
fromextrenely slow cooling rates from800 to 600 to
700. So when | end up showi ng you the argon cooling
rate and the CEA cooling rate, basically what you have
are two bounds. Qurs is faster than a LOCA woul d
cool. The results are very nuch sl ower.

So for testing these three tenperatures,
we did seven and a half percent ECR, but we used a
very aggressive heating rate, a very fast heating
rate. W allowed it to go to 1,216 degrees C. for a
few seconds, and that turned out to have a very
enbrittling effect on the material.

So 300 weight parts per mllion hydrogen
we expected to be ductile at all of these quench
t enper at ures based on previ ous stuff, but just because
of the aggressive heating rate and the higher
tenperatures, it was brittle for the two quench
sanpl es, 700 and 800, and ductile for no quench or
sl ow cool i ng.

Six percent we talked about, and we
al ready knowit was brittle for 800 degrees C. quench.
Seven hundred degrees C. quench, new data. Six
hundred degrees C. quench, all brittle. Something is
happeni ng bet ween 600 degrees C. and maybe 200 degrees

C. in terns of hydrogen com ng out of the solution
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such that the sl ow cool ed sanpl e was ductile, but the
guench at these tenperatures were brittle.

So in our work with our cooling rates,
which are relatively fast, we have seen no enhancenent
of ductility for quench tenperatures greater than or
equal to 600 degrees C. | expect that the difference
between these tests and the slow cooling with no
guench nmeans t hat sonmewher e bel ow 600 degrees C. there
shoul d be an enhancenent in ductility. W haven't
mapped t hat out.

Let nme show you the CEA results, and | et
me remind you -- well, let ne show you sonme results
and get off the words. First of all, in terms of
tenperature, this is our typical tenperature history
of heating very, very fast to about 1,100 degrees C.
and then to avoid overshoot, we slow it down to a
coupl e of degrees C. per second on the average for the
| ast 50 degrees C. to get to 1, 200.

W cool faster than a LOCA. If you take
t he tenperature here and the tenperature there and t he
time, there's two things that are different. A LOCA
cooling would have a different curvature, but on the
average, if you're interested in how much tine you
spend, and this is an average of 13 degrees C. per

second cooling rate. The CEA cooling rate is |ess
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than a tenth of a degree C. per second.

So t he ampbunt of tine that the CEA sanpl es
spend at t hese tenperatures i s nuch, nuch greater than
t he amount of time that our sanples are, and it seens
to matter nost in going from800 to 700 to 600.

Okay. Quickly, that's the effects of slow
cooling, and it's better shown on permanent strain,
which is what we use, but I'lIl show it on offset
strain.

W had sone high, inthe 700s, 720 to 780,
wei ght part per mllion hydrogen sanples, which
insisted were going to be brittle. They had to be.
It's too nmuch hydrogen. But when you cool them
wi t hout quench, they have this. These are al
ductile, and with your eye back there, you say, "Wll,
gee, there's not nmuch difference between these two."

But it's the difference between dropping
wel | bel ow our criterion and bei ng a coupl e of percent
above.

kay, and this is the higher ECR in which
we had no noticeable difference for triangles versus
the circles, nmeani ng quench at 700 to 800, but agai n,
you see the sanme trend. The slow cool ed sanples are
all essentially ductile when you give hydrogentine to

cone out of solution.
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CHAI RMVAN ARMJO Is there pretty good

agreenent on the nmechanismthat's going on?

DR BILLONE: Yeah, it's just | don't fee
free to show CEA results. W had a June neeting --
yes, yes. |I'msorry. The sinple answer is yes, but
it's not Argonne data. It's CEA data.

CHAI RVAN ARM JO  What is the mechani sn®?

DR BILLONE: Well, based on observation,
hydrogen does two things when it's frozen into this
beta layer. First of all, at tenperature it allows
nore oxygen to get in and causes nore hardening.
There seens to be a hardeni ng above and beyond t hat
based on hydrogen in solution in the beta phase. So
if you cool rapidly and freeze that hydrogen in
sol ution, the observation is your ductility drops off
very rapidly with increase in hydrogen content.

| f you cool wi thout quench and you keep
slowing down the lower the tenperature and you get
enough tine, sone of that hydrogen certainly can
di ffuse short distances and | eave regions of ductile

mat erial and then they formon the edges between the

brittle and the ductile material. It doesn't matter.
They're not big hydrides. | nean, they're
very, very, very, very small, and it's just sinply ny

inmpression is if they conme out of solution --
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CHAl RMVAN ARM JO Like a precipitation
har deni ng phenonmenon?

DR BILLONE: Let's call it that.

CHAI RVAN ARM JO.  And t hen coarseni ng and
getting less brittle.

DR BILLONE: That woul d be the best way
of doing it. I'mjust basing this on the excellent
i mgi ng that CEA has done to --

CHAl RMVAN ARM JO Wi ch you'd see by
transm ssion mcroscopy. You' d | ook for these things
and the function of quench rate and stuff |ike that.

DR BILLONE: They've used it all.

CHAI RVAN ARM JO  Ckay.

DR. BILLONE: Basically.

CHAl RMVAN ARM JO  Ckay. As long as --

DR BILLONE: But it's their data. It's
not Argonne data. So |I'mnot going to showit, but
t he nmechani sti c under st andi ng comes fromt he wor k done
in France.

kay. So | don't know if you could see
it, but this is their data. Again, they go up much
faster than we do in tenperature between 1,100 and
1,200 degrees C. They're going up at ten degrees C.
per second, and so they're essentially isothermal in

termse of very fast ranp, and they're one-sided
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oxi dation tests, different cladding, thinner wall, 17
by 17, but essentially they put 600 ppmof hydrogen in
it, whichis their standard. Usually it neans 550 to
650, but you al ways get the nom nal val ue reported.

And they held it for 50 seconds at 1,200
degrees C. Their standard procedure is after hol ding
it at 1,200 degrees C., they rapidly cool, and when
they do that, they get direct quench. They get
extrenely brittle. This is offset strain versus
wei ght gain, but the weight gain is close to the ECR
This tells you nore.

The inmportant thing is when they rapidly
cool from 1,200 degrees C. It's brittle. Wen they
rapidly cool from 800 degrees C., even though this
time is very long and their big furnace has 1,200 to
800 sanples are still brittle. So this is the argon
guench tenperature, but at a much longer tine and it
seened to have no effect at this |evel of hydrogen.

Wher e t hey noti ced t he bi ggest effect, and
again, the cooling rate i s sl owing down even nore, is
C and D are where they quenched, and again, you' re not
pi cki ng up anynore oxygen at this point. You're too
lowin tenperature. So the only thing we can think of
i s hydrogen and/or something else is noving around,

but they got significant enhancenent in ductility with
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very, very slow cooling and internediate quench
t enperatures of 600 and 700.

So, in sunmary, they didn't see any
di fference whether they did it their way, whichis to
guench from 1, 200 rapid cool or our way, quench from
800. They saw a huge difference when they allowed it
to sit between 800 and 700 for a long period of tine
and then quench, and then an even |onger period of
ti me between here and here.

So t hose woul d be your data extrenmes. The
Argonne data woul d tend to be conservative because of
the cooling rate. This would tend to be optimstic.
The real answer is going to lie in between, but in
terms of us trying to bound data, | think we've got a
reasonabl e bound of data if your quench tenperature is
600 degrees C. or above.

There remai ns that question if the quench
tenperature is 400 or 300 do you get a little extra
margin to work wth.

Vell, | nust have had sonet hi ng profound
to say. That ends the section on the prehydrided
cl addi ng, and we're going to go into the high burn-up
cl addi ng.

| have sone very good netall ography in

this section, but it's not showi ng up very well on the
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screen. So you nmay only see the SEM results.

Al right. The second part is the work we
did with high burn-up Zry-4, which is oxidation,
cooling or cooling with quench, and ring conpression,
and then the LOCA interval tests we did with Zry-2,
hi gh burn-up Zry-2.

kay. Let nme renmi nd you of sonething.
The pretest data we had avail abl e for planning these
tests, which were conducted i n January 2005, of course
we had the tenperature history for as fabricated and
prehydrided nmaterials. W had the enbrittl enment
t hreshol ds of 600 at this ECR | evel and 375, and
that's a quench. W had no idea of the effects of
slow cooling at the time we ran these tests.

So i n pi cki ng our high burn-up sanpl es, we
had a preference for testing high burn-up sanples with
550 to 600 weight parts per million. W felt if we
went above that |evel, we wouldn't have any chance of
both getting the 1,200 degrees C. and preserving any
ductility.

And when you run a set of tests, you'd
like to get ductile to brittle transition. So we had
to be very careful in planning these tests to try to
make sure the conbinations of hydrogen and oxi dation

| evel were such that we could bracket the transition.
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You learn sonmething if every sanple is
brittle, but you don't learn enough to justify the
cost of running the test. So we were very careful in
selecting fuel rods, and within a fuel rod, the
| ocation for sectioning sanples. W had al ready
characterized some edge right next to the corner rods,
whi ch have nore water on one side than another is one
way of saying it, and the fuel m d-plane | ooked good.
It was about 70 micron corrosion |ayer for these rods
and about the right hydrogen | evel.

And if we go .7 neters above t he m d-pl ane
of the fuel columm, you're up to your 100 mcrons for
t hese test rods and about seventy-fifty weight parts
per mllion hydrogen, which we felt was too high. W
didn't think we'd see any ductility at that |evel.

There were al so atypi cal regi ons as you go
around the circunference, which was very, very dense
hydri des and very high hydrogen concentrations over
part of the cross-section. Usually you don't see
t hat .

W were worried about that because the
prehydri ded results, hydrogen did not honpbgeni ze. It
started out hi ghly nonuniformand woul d end up highly
nonuni formin relatively short tine tests.

So instead of edge rods, we selected
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interior rods, slightly | ower burn-up, but burn-up is
not significant at all. These are all the sane
exposure tine to the coolant, roughly the sane
hydrogen pickup in the corrosion layer. So the
di fference between 64 and 67 is trivial.

So we selected those, and we sanpled
sections fromnear the m d-plane, and we al so wanted
to do sonme sanpling sectioning for a |l ook at integral
sanpl e, which was about 300 mllinmeters long. So we
cut some pieces for testing and characterization, .3
millinmeters and .7 mllimeters roughly above the m d-
pl ane, but we're focused mainly on the md-plane.

And we targeted three to ten percent CP
ECRwith an enbrittl ement expected at five to six. W
al so had an extrenely short wi ndowto conduct the in-
cell tests. Forty year old hot cell equiprment breaks
down. You have to pick the monent that it's working.
You al so have auditors comng in as we found out who
can cl ose you out at any day.

So we could not do the scientific thing
where you run one test, take six nonths to analyze it,
decide on the next test. This had to be a one-shot
deal. You pick your ECR | evel s, boom boom boom
You oxi di ze, boom boom boom You reconpress, boom

boom boom You do your netall ography.
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I"'mtrying to explain why | didn't pick
the perfect test matrix, but basically going intoit,
this is the kind of tenperature history |'ve showed
you. These are the kind of ECRs. The three percent
is now shown, but clearly you are not going to be
hitting 1,200 degrees C. at three percent and, you
know, just probably nake it a five.

So that's what we had for bare cl adding
going into these tests. W're not testing bare
cladding. W're testing corroded cladding, as |'l
show you in a mnute, and we had these results that
we' ve al ready | ooked at. So we don't need to | ook at
t hem agai n.

So let me tell you what we tested. Let's
| ook at the corrosion |ayer and the hydrogen content
at the md-plane. For the first rod, for the two-
sided oxidation test about 70 microns, which was
consi stent with corrosion |ayer.

It didn't change that nmuch when you went
up about .3 neters. It was only 74 mcrons, but the
big junp was between .3 and .65 neters in which we
junped from74 to about 95. Round this off to 100 if
you'd |ike.

So if you think of Ral ph's presentation

where you need to account for this corrosion in the
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ECR, I'm just letting you know we're tal king about
sanples of 5.3, 5.6, 7.1 percent, different than his
nunbers because this is very thick walled, 15 by 15
cl adding. The thicker the wall the | ess the percent
oxi dation for a fixed oxide thickness.

W | ooked at the fuel cladding bond. W
do netal |l ography generally with the fuel in place.
Then we de-fuel, and then we test. |In sone cases
early in the program we do netallography after we
defuel to make sure none was still there.

But if you go around t he ci rcunference and
over the length, we |ooked and there was conplete
bonding of the cladding inner surface around the
circunference. It was on the order of ten mcrons,
and based on our experience with Linmerick BWR and
early TM -1 PWR, the oxide bond definitely renains
after nitric acid defueling of cladding. N tric acid
basically dissolves the UQ, and other stuff in there
and it |leaves the ZrQ, bond as is.

The bond is nostly ZrQ, with some UQ in
solid solution. And we got what we wanted. W got
normal distribution of hydrogen. So we felt pretty
good at this point in going about our test.

Useless. | don't know if you can see in

your package.
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CHAl RMAN ARM JO.  Let's see if we can see

DR BILLONE: Well, | don't know what
happened here, but anyway, this is the fuel cladding
bond. This all canme out too dark.

CHAI RMAN ARM JO  This is awful.

CHAl RMVAN ARMJO  Did you find any cesium
in your bond | ayer?

DR BILLONE: Any cesiunf

CHAl RMVAN ARM JO  Yeabh.

DR BILLONE: We found regions of cesium
but not dom nant.

CHAl RVAN ARM JO  Ckay, but that --

DR BILLONE: Mstly at the end of cracks,
radial cracks in the pellets like in BWR fuel. There
was a build-up of fission products and bond, and
that's where we found the cesium

That's great netallography, but you'll
have to either get it fromthe report or sonething.
It's not showing up well on the screen.

DR. PONERS: It cones out pretty well on
t he vi ewgraphs.

DR BILLONE: Okay. This is the typica
hydri de nor phol ogy wi t h concent rat ed hydri des near t he

oxi de surface, and then this would be the higher
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el evation. Hopefully you can see it in your package,
but it's a denser hydride structure.

CHAl RVAN ARM JO  How much hydrogen was
that at the higher elevation?

DR BILLONE: Pardon?

CHAl RVAN ARM JO  How nuch was that?

DR. BILLONE: About 740 weight parts per
mllion, as opposed to 550.

CHAI RVAN ARM JO.  Yeah, it nakes a
di fference.

DR BILLONE: |I'mglad I spent all of that
time pasting those netall ography --

CHAI RVAN ARM JO Wl |, the handouts are
pretty good.

DR BILLONE: kay. Good. Al right.
When we presented these results on February 10t h, 2005
in this room it was strongly suggested and very
wisely by EPRI that we really needed to verify our
tenperatures. W were basing our tenperature history
on their cladding with no oxide | ayer, and yet we were
testing cl addi ng whi ch had a 70 mi cron corrosi on | ayer
on the outside, ten mcron bond.

What that does is it slows down the heat
of oxidation initially when you' re heating up. So

what ever boost in tenperature you were getting from
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the heating rate of oxidation, since this is an
exot herm ¢ process, you're losing sone of that. And
that was very w se

So this is a case where we did the thernal
benchmar ki ng we needed probably five nonths after we
ran the test and then hel ped us interpret the data.

So what are the effects of the bond then
corrosion |layers? As | said, they slow down the
exotherm c reaction. You expect a decrease in
tenperatures during the heat ranp.

We did run a thermal benchmark where we
wel ded two thernocouples to the bare surface. W
ended up 1,200 degrees C., grew 37 mnmicron oxide
| ayers, cool ed down, and t hen ranped up again with the
sanme paranmeters. So the first ranp is bare cl addi ng.
The second ranp is with let's round it off and say 40
m crons oxide |layer on the ID and OD.

And | don't want togointoit, but if you
go through the thermal analysis, this really gives a
| oner bound than what your ranp tenperatures are
because it slows down the net heating rate, neaning
that surface with the ten mcron layer on the ID has
a lot nore heative (phonetic) reaction and woul d
dom nat e.

So we feel like we've at least got a
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reasonabl e | ower bound the water tenperature is in,

and what happens is that initial high tenperature peak
decreased by about 40 degrees briefly, and then our
long tine tenperatures, tine to reach hold tenperature
was not affected. It was a snmall decrease, about five
degrees C. in hold tenperature.

So mainly what this affected -- and t hese
are the benchmark results where the blue is the bare
cladding. W took it up to here to grow the oxide
| ayers, and then we cool ed, and then we went back and
then we re-ranped with the sane control paraneters,
and so that 40 degrees is right here.

The net effect was a shift downward of
about .7 percent in ECR Instead of five we're at
4.3, and that was the prinmary effect.

So this was all done with a different test
train, and so basically correcting for snal
differences in test trains. This is the therm
hi story we deduced which we think is a reasonable
| ower bound in here and excellent over here. This is
basically what we ran our in-cell tests at.

This is what we used to recal cul ate ECR
for our test times and to interpret data, and you
notice the same rapid cooling rate.

kay. For two-sided tests we had sanpl es
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of this that were cool ed wi thout quench. W're trying
to map out the ductility now knowi ng that that would
be an upper bound. So if one of those sanples were

brittle, there was no sense repeating the test for

guench. You want to quench sonmething that's ductile
to see the transition

So in this range basically we have high
ductility for the low ECRs. W had | ow but
significant ductility for internedi ate ECRs, and t hen
for the 9.3 percent, the sanple was brittle, and if
you interpolate the ductile to brittle transition,
it's 8.3 percent. If you' re nodest, you call it eight
percent because you know you don't have that much
accuracy in your interpolation.

W did conpare our results wth
prehydri ded sanples. One of the points of this is
does every vendor have to go test high burn-up
cl addi ng when he has a new alloy. That would be very,
very expensive. So how good is prehydriding as a
surrogate?

And we | ooked at the prehydrided sanpl es.
"1l show you. | got excellent agreenment between the
prehydrided and high burn-up sanmples for the slow
cool ed sanpl es.

As far as oxidizing and quenching, we did
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have one sanple left. W took it to seven and a half
percent ECR. It had 700 and surprise, surprise. It
was extrenely brittle. W didn't know the hydrogen

content at the time we did it.

So we at least know for Zry-4 highly
corroded, you just can't go for that. You have to be
bel ow seven and a half percent with quench at 800
degrees C., and the results are consistent with those
for prehydrided material, but you don't have a whol e
range of results for high burn-up.

If |I have to take all of this data and
gi ve you a best estimate, it would be that if our high
bur n-up sanpl es have been quenched at 800 degrees C.
they would have enbrittled at about five and a half
percent CP ECR It neans |'mpretty sure they would
be ductile at five percent. | know they'd be brittle
at six percent. So pick a nunber in between, and it's
five and a half.

Those are the words. This is a test
matri x. Gkay. Graphs are worth showing. Basically
this sanple and this sanple were highly ductile. This
one didn't fail at all. So that's why |I'mdraw ng an
arrow up.

This one was very ductile, and it wasn't

until we got from 4.3 percent to about 6.4 percent
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that we saw a significant decrease in ductility, but
surprisingly it kind of flattened out, and | really
expected this sanple here to be brittle.

This is one that is quenched. This one is
sl ow cool ed.

So wher e does t he ei ght percent come fronf
It conmes from 8.3 and 9.3, sort of a [linear
extrapol ati on of where do you cross the two percent
l'ine.

Okay. Let nme just tal k about one point
because | hadn't showed you | ow di spl acenent curves.
This point is very difficult to tell how ductile it
is, and this sonetines happens when we test. You
don't get that sharp load drop in a highly ductile
materi al .

So we first ran this test, and | was
convinced that the sanple would be brittle. So |I had
the operator stop the test right here and it was not
a through wall crack. W have another sanple. W ran
it all the way through the end. You could hear a
crack at the end, but in fact, it could have cracked
anywhere, gradually cracked, anywhere al ong the way.

So nmaxi mum would be 53 percent offset
strain for that point, which is kind of our test

limt, and thereis alittle |oad drop. M nimum woul d
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be somewhere up here, and if | do take a 50 percent

| oad drop, which nost of our |oad drops are when it
actually cracks, that's how |I cone up with the 37
per cent .

The point is the sanple is highly ductile,
and without the sharp load drop | can't be precise
about --

CHAl RMVAN ARM JO  Is that possibly a crack
right at that --

DR BILLONE: Well, the outside is brittle
and the corrosion layer is brittle. You can get a
crack part way. Yeah, it is a crack.

CHAIl RMVAN ARM JO  Ckay.

DR BILLONE: It just wasn't through wall.
It wasn't all the way through the wall. It wasn't al
the way through the wall, and it will initiate under
the inner surface, at the inner surface under the
| oadi ng pl ate basically.

Ckay. Wien | want to conpare prehydrided
sanples to high burn-up sanples, | should be
consci ous, we should be conscious that there is a
difference in the heating rate, and that if anything,
we' re bei ng nore aggressive in heating, the bl ue curve
which is the prehydrided sanpl es.

Qoviously, if you were looking at |ong
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ECR, long tines, it wouldn't be so inportant. |If

you're down where we're going to do the conparisons
between five and seven and a half percent, if
anyt hing, | woul d expect the blue, the prehydrided to
be a little worse, be a tenperature higher for a

| onger period of time, pick up nore oxygen.

But for the slow cooled sanples, the
agreenent | would call remarkable. Basically now |'ve
conbi ned data between 470 and 720 wei ght parts per
m | lion hydrogen because it seens they have a gradual
ef fect when you slow cool, and then our high burn-up
sanpl es you've seen. So these are two high burn-up
sanples. |'mshowing the real stuff which is
permanent strain. It's a nore accurate neasure, and
one percent is our limting criteria, and basically
this is the agreenent for the sl ow cool ed between t he
hi gh burn-up stuff and the prehydrided stuff.

So you can be your own judge. | call that
excellent, and if anything, if you want to drawa line
here and say, "Cee, it's alittle bit higher," just
remenber that the blue sanples were exposed to a
hi gher tenperature for a |onger tine.

So that's encouragi ng. Well,
net al | ography, we're not going to do that.

CHAl RMAN ARM JO.  We can | ook at the
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handout .

DR, BILLONE: Ckay.

CHAl RMVAN ARM JO  You can just explain it.

DR BILLONE: Basically there was a | ot of
interesting things | earned about the behavi or of high
burn-up cl addi ng and particul arly oxi dati on behavi or.
W started out with a 70 micro corrosion |layer. By
the time we examned it, it wasn't 70 microns. Sone
of that corrosion layer actually dissolved in the
nmetal. A lot of it flaked off during cooling and
during handling. So this is not 70 microns that
you' re | ooking at.

This scale is only 30 microns here, but
with SEMwe coul d di stinguish the remaining corrosion
| ayer. The high tenperature steam grown oxi de |ayer,
and we notice that this is about, oh, ten to 12
m crons | ess t han you woul d predict for bare cl addi ng,
and ten to 12 microns | ess than what the inner surface
oxi de |l ayer is.

So it clearly shows that as far as oxide
| ayer growth and heat of oxidation, this corrosion
| ayer is not transparent. It does slow down the
grow h of this layer. However, the al pha | ayer, which
is nmore inportant is about the right thickness, the

same thickness as for bare cladding.
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As a matter of fact, if you took this
corroded sanple and you heated it in a vacuum the
nmet al woul d steal oxygen fromthe oxide and reduce the
oxi de, and you woul d grow t he al pha | ayer and you have
enough to do it.

So whether there's team here and a bare
surface, steamin a corroded surface, | don't know
about the next statenent, but vacuum and a corroded
surface like that, you will get a growmh of an al pha
| ayer, which in turn nmeans that you're punpi ng oxygen
into the beta | ayer probably at the sane rate for this
pi cture as for bare cladding.

So, again, if you're talking measured
weight gain, it's not going to be neaningful. If
you're tal king what's inportant.

Ckay. That was SEM This is the sane
type of picture in terns of netall ography, and you get
to see a little nore of the corrosion |ayer.

Okay. The inner surface, again, the ID

oxide is close to what you would predict. There was

aten mcron oxide | ayer, bond | ayer here. 1t is gone
by this time. It's nost likely dissolved in the
netal. The al pha |ayer is about the same as on the

0D, and this is what you would kind of predict for

bare netal .
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kay. So those are our two-sided tests.
There's only a couple of points | want to make about
the one-sided test that we ran. After generating
t hose, the request was that, gee, you guys need to get
to 1,200 degrees C. faster so that you're really
running a 1, 200 degree C. test.

So the way to do that is to plan one-sided
oxi dation tests where five percent ECR you actually
are at 1,200 degrees C. for a longer period of tine,
wher eas two-si ded you never even reach 1, 200.

We had run tests back in 2001 |ike that
for di fferent purposes and they served our purposes at
that time. W did a nuch better job of benchnarking
bare and preoxi di zed cl addi ng before we went in cell
to run the test.

However, what we | earned, we shoul d have
known, but we relearned, that the only thing that
would -- if you get steam | eakage inside the sanple
and the oxidation near the ends results in hydrogen
generation, that is why we flowed sone argon purge
t hrough. The problemis once you | ose that sem -
protective bond |ayer, once it dissolved, then you
| ose hydrogen fromthe sanple into the purge.

And so basically the tests weren't perfect

in that we had hydrogen | oss from high burn-up Zry-4
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t hrough the inner surface foll ow ng reduction of the
fuel cladding bond | ayer. The inner surface did form
a visible al pha ayer. The oxide was reduced by the
nmetal during oxide reduction. As a matter of fact,
when we conpressed the rings, they cracked fromthe
i nner surface to the outer surface. There was enough
enbrittlement fromthe bond | ayer at the i nner surface
not to enbrittle the whole cladding, but to initiate
the crack which then grew through

And basically it taught us that we really
need to account for oxygen pickup from the cladding
i nner surface. These were defueled sanples. So we're
just looking at the effects of the ten micron oxide
bond, and that ten mcrons of oxide bond, the oxygen
definitely ends up in the netal.

As far as how nmuch fuel would contribute
to that, that's a nore conplicated issue.

Ckay. This is our thermal benchmark, but
what | want to do is just conpare heating rates. This
is our one-sided test to get to about five percent
ECR  You're here on the tenperature curve for the
one-sided test, and for the two-sided test at about
si x percent ECR you got there at | ower tenperatures.
So that was the point of these tests, and we ran t hem

from about five percent ECR
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The nost useful information we got out of
it isthe following. Wat's happening to the hydrogen
doesn't affect the oxide |ayer growh, and so if |
| ook at one-sided tests, we're now able to grow much
t hi cker oxide | ayers.

If | look at the outer surface oxide
| ayer, which is the only one I'mreally growing, it,
agai n, never seens to catch up with what the predicted
value is for bare cladding. It's always |agging by
about ten to 12 microns in this range. |If you go to
very, very high times, it mght catch up

So the corrosion |ayer, you know, it's
protective, partially protective. |t decreases the
oxide gromh rate initially. You |ose sonething, and
then it probably continues at the sanme rate as you

woul d expect, but when you integrate over that rate,

you're still about 11 to 12 m crons behind.
kay. | can actually see this. So nmaybe
you can. |'mnot show ng you the oxide layer. This

is the al pha layer on the OD of the cladding of that
test sanple. Again, there was a fuel cladding bond
| ayer here. We, with help fromour coll eagues from
| RSN predict about 100 seconds that bond would be
conpletely reduced. So this is atest tine. This is

the 174 seconds of test tine.
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So we don't really know. The al pha | ayer
coul d have been bi gger at the 100 seconds because what
happens is that a |inmted oxygen source, you grow the
al pha  ayer. The oxygen continues to diffuse into the
beta | ayer, and eventual |y the al pha | ayer di sappears,
as everyone knows who has prepared this naterial.

kay. We had two data points that | never
showed you before that were froma |lower grid span
that actually ended up with 550 weight parts per
mllion from the one-sided test, and these are the
results you've seen for the two-sides with slow
cooling. These are the results at the -- now, this is
by calculating CP ECR assuming that you only have
oxygen on the OD of the cladding, and there is an
indication certainly that the results are lower in
terms of ductility. As a matter of fact, at seven
percent you're brittle.

And there are two reasons for this: that
you pi cked up addi ti onal oxygen fromthe i nner surface
that is not accounted for in this paraneter, and al so
you have to allow for the fact that you heated at a
faster rate to get there.

So that's what we |earned from our one-
sided test. | think I can do the balloon region very

qgui ckly because we're going to try to say there's no
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hope for saving ductility in the balloon region.

Basically without showi ng the curves, our
LOCA programis that you heat at five degrees C per
second from 300 degrees C. to burst. These are
pressuri zed sanples, or you continue on generally to
1, 200 degrees C.

You hold at 1,200 degrees C. for one to
300 seconds, and you control the cooling. This is
different than the oxidation test. This is a higher
t hermal nmass sanpl e

Control cooling at three degrees C. per
second from 1,200 to 800, and then you quench at 800
or you slow cool without quench.

Again, we're going to look mainly at
hydrogen. You have a burst opening. You have steam
| eakage in. The steam oxidizes with claddi ng away
from the burst opening. Hydrogen is rel eased.
Hydrogen is trapped. Hydrogen is absorbed by the
nmet al .

How fast does it happen? No one seens to
know. M answer is fairly fast because if | take just
this ranmp up, this ranp down and essentially no hold
time, at the thinnest region of the cladding, eight
percent ECR and the hydrogen peaks are already at

2,800 weight parts per million. If I hold for 120
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seconds, which is a higher ECR, the hydrogen peaks are
about the same, and if | hold for 300 seconds, they
are about 4,000, all extrenely high.

And this is for out of cell, unirradiated
cladding. Enbrittlenment curls relatively early, but
agai n, bending strength decreases as the oxidation
| evel decreases. Also, whacking you with a hammer
that's much nore liable to shatter at hi gh oxidation
levels. It's very hard to whack it and nake it
shatter at the | ow oxidation |evels.

W did run four in-cell tests for high
burn-up Zry-2. They're all conducted with fuel
cl addi ng and hi gh burn-up, cladding and fuel.

W were able to confirmin the bal l oon and
burst region you do get two-sided steam oxidation.
You have an ID oxide |layer and OD oxide |ayer, but
agai n, the big news was what ever bond | ayer you had on
there was | ong gone in the balloon region, and so you
pi cked up about 300 ppm due to secondary hydri di ng.

So there is a difference here, and let ne
just go quickly through this.

DR POVERS: M ke.

DR BILLONE: Yes.

DR. PONERS: Let me ask a question. In

real reactor accident --
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DR BILLONE: Yeah.

DR. PONERS:. -- you would balloon. Steam
woul d enter the balloon region. Then you would get a
conpetition between the reaction of that steam with
the clad and with the fuel

DR BILLONE: |'mnot sure at that

tenperature you'd get nuch with the fuel at 1,200

degrees C. I'll have to check it.
DR. PONERS: | think, yeah, you woul d.
DR BILLONE: | nean, it's not ny area of

expertise. That's why I'mnot certain. Go ahead.

DR PONERS: The reason | think that there
m ght be sone is that OGak Ri dge did sone experinents
primarily for fission product rel ease.

DR BILLONE: Right.

DR. POVERS: And whatnot, and they seened
to get quite a |lot of expansion of the fuel. They'd
drill a hole in the clad. They didn't balloon it.
They'd just drill a hole.

DR BILLONE: Right.

DR. POVERS:. And, you know, the oxidant
woul d enter into that region and things woul d foamup
on themand whatnot. So they were getting, you know,
quite a lot of reaction with the fuel

DR. BILLONE: Yeah, it was hard to tel
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because our ballooning strain was |ike 50 percent, 40
percent. W had a |ot of volunme in there, and
ei ther --

DR. PONERS: Well, you may be getting so
much vol une the fuel reaction just --

DR BILLONE: The fuel reaction and the
cl addi ng, you couldn't see it.

DR. PONERS:. Yeah, you couldn't see it,
and that's probably a good point.

DR BILLONE: As a matter of fact, the
bal | ooning strains were alnost identical for the as
fabricated cladding with no fuel, just zirconium
pellets and the real stuff. It was remarkable, the
bal | ooni ng -- not remarkable. There's an expl anati on,
but that same internal pressure. They burst at about
the same tenperature with about the sane maxi num
st rengt h.

So | don't know about the steam fuel
reaction. It just didn't show up in our test with
such a large --

DR. PONERS: Yeah. | nean, you're
probably right. It could be able to be conpared to
t he vol une you' d get.

DR BILLONE: COkay. Just quickly show ng

you profiles, the red is oxygen content. So at the
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center of the burst region you get the nost oxygen.
Approximately multiply this by two and a half to get
ECR, but it's 2.85 actually, but these are the
hydr ogen peaks, and again, this is a one second hold
time and a fairly low ECR  So you only spent one
second at 1,204 degrees C. Most of your oxidation --
it doesn't matter, but nost of your oxidation was at
a lower tenperature. Released steam was picked up by
the netal.

CHAIRMAN ARM JO This is hold tine
after --

DR. BILLONE: There's a five degrees C
per second tenperature ranp, and then al nost
i nstant aneously you cool it at three degrees C. per
second and quench.

CHAl RMVAN ARM JO. | just wanted to know
how much tinme after the balloon bursts.

DR BILLONE: ©Onh. The balloon bursts at
about 750 degrees C.

CHAI RMVAN ARM JO  Ckay.

DR BILLONE: So you take 1,200 m nus 750
di vided by five.

CHAI RVAN ARM JO | can do the nmath.

(Laughter.)

DR BILLONE: About 800.

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., N.W.
(202) 234-4433 WASHINGTON, D.C. 20005-3701 (202) 234-4433




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

142

Yeah, there's enough tine. | nean, it's
basically between the 800 and the 1,204 that you're
getting all of your oxidation, but it's not much. |
nmean, we thought nmaybe this was a long tine effect,
and then if --

CHAl RMVAN ARM JO  The | onger you hold
t hem

DR BILLONE: At a 300 second hold tine we
didget alittle bit nore, but not significantly nore.

Al right. This is the sane curve, only
now |'m showing you hydrogen pickup where |'ve
renormalized to kind of the weight of the cladding
after burst but prior oxidation, and | converted
oxygen to ECR. | think naybe Ral ph showed a plot I|ike
this, but again, the sane hydrogen peaks.

| should make the point that essentially
the center of this burst region is enbrittled by
oxygen. It had got very |ow hydrogen, but these
internedi ate regions are also brittle by a conbi nation
of oxygen and hydrogen. They seemto be stronger, but
they are brittle.

Now, the reason for high burn-up fuel, we
didn't get a near zero mninum So for high burn-up
fuel, again, we try to keep the blue as the sane.

It's the hydrogen. |[It's about 2,000 ppm at the center

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., N.W.
(202) 234-4433 WASHINGTON, D.C. 20005-3701 (202) 234-4433




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

143

of the burst region, which was a surprise to us.

So this material really is fromedge to
edge. It's about mnus 50 to plus 50, is the extent
of the ballooning where the strain is above two
percent, and it's pretty rmuch all brittle in that
regi on.

And, again, Ral ph showed you this picture
that we |like to show W got a lot of that data in
this region here and sonme of it in here for the
hydrogen analysis, but the fact is in handling the
roomtenperature the sanple broke in three places.
Two of them we wanted to cut out anyway.

So the only place we got to section it was
D. Mdther Nature and handling it broke it at those
| ocati ons.

kay. So that takes ne through Chapter 6
qui ckly, and Chapter 6 has got a |lot nore -- Section
6. I'msorry. Section 6 has a lot nore information
about bal | ooni ng strai ns and what burst openi ngs | ook
like.

Bottom line is we don't think we can
really preserve any ductility there. The best you can
do is have sonme kind of limt if you want it to have
some strength, and also | should nmention out Japanese

col | eagues pull in the axial direction, and what we' ve
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done is sone bend tests, and it always tends to be a
cl ean break across the weakest part, which is usually
the center of the burst region, sonetines a little
above and bel owt he burst region, but within basically
t he bal | oon.

So if we're worried about fuel dispersal
and you've got a bunch of these rods next to each
other and there's really no place for themto go, if
there's just a clean break across here, it's just
something to think about. 1It's hard to inmagi ne what
would -- even if it were a three inch Iong balloon
what | oading woul d actually smash and fragnment al
t hree inches.

Ckay. | have a short presentation com ng
up on Section 7. It's short because | wote it this
norni ng, but that's where we try to sit back and | ook
at the data we generated and test the existing
criteria for enbrittlenent and just apply an F factor
because the current criteria gives you slightly too
much mar gi n.

And so let's --

DR ABDEL- KHALIK: Can | ask a question?

DR BILLONE: Please ask me a question
before | do that because that's --

DR. ABDEL- KHALIK: If you put up Slide No.
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40 that shows the oxygen and hydrogen concentration
distributions. The one before that. Right there.

DR. BILLONE: Yeah.

DR. ABDEL- KHALIK: Is there anything we
can learn fromthis spatial spacing of the oxygen and
hydr ogen peaks?

DR BILLONE: Sure. This is where the
cladding is the thinnest, and so it's supposed to
steam for the same anobunt of time as this thicker
cl adding. The percent oxidation is |ess.

So the oxide | ayer may be t he sanme here on
the ID and OD, the oxide layer, as it is here, but
this is nmuch thinner because of the |arge ball ooning
strain.

DR ABDEL- KHALIK: I'mtal king about the
| ocation of the hydrogen peak.

DR.  BILLONE: The hydrogen peak is
sinmply --

DR ABDEL- KHALIK: Relative to the center
of the ball oon.

DR. BILLONE: In the report, preceding
each of these is a picture of the ballooning strain,
and essentially these hydrogen peaks occur just
out si de t he bal | ooni ng regi on where steamcan't get to

but hydrogen can.
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DR ABDEL-KHALIK: So it's just related to

t he geonetry of the ball ooning.

DR BILLONE: It's just related to what
happens to the hydrogen. Hydrogen is a nuch snaller
nol ecul e and it can travel further up and down t he rod

in any gap area, and the gap area woul d be created by

-- when | say "outside the balloon region” | nmean
strains of |less than two percent. It's not like it's
zero.

So, yeah, it's depending on where the
steam can get to, and the steam can obviously -- by
here the steamis just oxidizing the outer surface of
the cladding also, but this oxidation generated
hydrogen that's migrated there, and as long as it's
bare surface, it can get in easily.

DR, ABDEL- KHALI K:  Thank you.

CHAl RMVAN ARM JO M ke, when you go
through this part, sonmewhere along the line either
yoursel f or Ralph, if you would just kind of present
your ideas of how soneone would use -- if soneone
wanted to conme in with a new all oy, brand new all oy,
and he said, "Ckay. Look. What do | have to do to
neet these criteria froma test standpoint and froman
anal ysis standpoint?" |I'd like you just to kind of

somewhere in your talk just to go through the steps
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that you would see would be required and what
ductility nunbers woul d have to be satisfied.

DR. BILLONE: Yeah, |'mgoing to.

DR MEYER | would like to do that from
one of the next to last slides that | showed. So |
could do that --

CHAl RMVAN ARM JO  Yeabh.

DR. MEYER -- probably when he's
finished. Maybe we could go back to that.

CHAIl RMAN ARM JO  Ckay. G eat.

DR BILLONE: Yeah, but as far as this
phenonenon, | can't see an alloy that would be
resistant to it.

CHAI RVAN ARM JO | can't either, but |I'm
j ust saying, you know, what kind of --

DR BILLONE: | nean, this is like
what ever criteria you wite, we could certainly give
criteria for the bulk of the rod. The three inches or
| ess of ballooned area is not sonething that can be
protected by ductility criteria.

CHAl RMVAN ARM JO  Unl ess you can stop
bal | ooni ng, this game is over.

DR. BILLONE: You have to stop burst.

CHAl RMAN ARM JO  Stop the burst, right.

DR. BILLONE: Sone countries, right?
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CHAl RMVAN ARM JO  That's tough to do.

DR. BILLONE: Al right. Now |l have a
brief section, believe it or not.

Okay. Humbly, | have to repeat again up
through Section 6 of the NUREG really what we
committed to dois providing all of you with the data.
This is, as | say, an attenpt on our part to do what
you all will be doing, and this is just some of our
i deas on what m ght work in applying the data.

And we' ve got to get the slide show, don't
we?

kay. Let's do break-away oxidation first
because if you have comments, this is a good tine to
make the comments.

Br eak- away oxi dation, again, tends to be
a phenonenon. Everyone studies 1,000 and 1, 050 and no
one studies 1,025. So I'Il pick 1,025. It's a
phenonenon that occurs less in 1,025 and all alloys
we've tested except E110. Russians have done
extensive testing at 1,100 degrees C. It breaks away.
So put old fashioned E110 off to the side.

So during mnimum tinme, a performance
based test, thisis just to determne m ninumtinme for
break-away oxidation. [It's not so easy. W believe

it should not be based on the wei ght gain i ncrease but
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the mnimumtine to pick up 200 ppm of hydrogen
because we know ductility is retained for that |evel
of hydrogen for these | ow tenperatures.

W al so know break-away is an instability
phenonenon. You don't want to ness with it too much
and push it too high. |It's nost |likely dependent on
the alloy, and not every Zry-4 nade by everybody is
going to break away at the exact tine, and certain
Zry-4 versus Mb versus ZIRLO are different.

On inpurity content, particularly near
surface inmpurity, and surface finish, we can never
really separate these two because when you polish and
when you nachi ne and polish, you' re sort of polishing
out inpurities as well as snoothing the surface.

CHAI RVAN ARM JO.  You don't have a
variable of material heat treatnment, for exanple,
whether it's stress relieved, solution anneal ed?

DR. BILLONE: W have a variety of
mat eri al, but generally the details of the fabrication
rare not provided to us.

CHAl RVAN ARM JO.  Ckay. So if sonebody
wanted to do that, he'd check with his --

DR. BILLONE: Zircal oy-2 which we've
tested is recrystallized anneal ed.

CHAl RVAN ARM JO  Ri ght.
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DR BILLONE: Zircaloy-4 is --

CHAI RMVAN ARM JO  Stress relief.

DR. BILLONE: So we have that wei ghing.
The Mb, | believe -- and please correct me -- |
believe that's stress relieved and the ZIRLO, | can't
find it published, but | -- 1'm sorry. M is
solution, recrystallized anneal, and the ZIRLOI don't
know, but | assunme it's made |like Zry-4. | just don't
know t he answer.

Soit's not a variable in our test. Each
material is --

CHAI RVAN ARM JO  What ever was del i ver ed.

DR BILLONEE R ght. So, again, let's
sumarize the results because the idea is you do
performance based tests. Initially we thought you
just do it 1,000 degrees C. It's the worst
tenperature, and then you're finished, and now | mnot
SO0 sure because we've got a significant difference.

Anyway, for the old fashioned Zry-4, |
remnd youit's 3,800 seconds. They're belt-polished.
W got inprovenent to 5,000 Wth Zry-2 we've only
tested at 1,000 EC and it's greater than 5,000
seconds. Belt-polished ZI RLO break-away tines are
greater than or equal than 3,000 seconds at 970

degrees C. and for M, Argonne tested up to 4,100
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seconds previously at 1,000 degrees C, and CEA tested
and found break-away at 6,400 seconds.

Soif we tested Mo, we woul d be in between
this and probably close to 6,000 seconds, and the
E110, depending on how you count tine, counting the
ranp tinme would be 700 seconds.

CHAl RVAN ARM JO  Was there a tine and
tenperature that you woul d pick as sayi ng, okay, this
is what you have to pass?

DR BILLONE: | thought | could do that by
just picking 1,000 because | thought it was nost
suscepti bl e tenperature for break-away and oxi dati on
is higher and so hydrogen generation is higher, but
it's alloy dependent, and it's dependent on a | ot of
vari abl es.

CHAI RVAN ARM JO  So you're going to have
to find that for each different alloy, explore?

DR. BILLONE: WMaybe one could pick a nore
[imted nunmber of tests within the range of 950 to
1,000 and one test at 800 to confirm Since it is
nore conplicated than | originally thought, the
original idea was to go in and do tests at 1,000
degrees C.. They were going to be fine, but you
needed to double check above and below, and that

di dn't work out because 1,000 degrees C. wasn't al ways
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the mninmnumtinme for break-away.

So | don't know how this will be worded,
but it's certainly perfornance based tests and it
woul d be all oy dependent.

| didn't mention it, but there were two
val | eys, m ni numbreak-away tines for Zry-4. They are
pretty <close to phase transition tenperatures,
although I can find no relationship between phase
transition and break-away oxidation. Coincidentally
they are, and that's why you've got to tell the person
doing the LOCA cal culation; you' ve got to tell them
when you start the clock in counting tine.

W pi cked 650 for EC as a reasonable tine
because all phase transitions are conpl eted basically
and all of the alloys by 650 degrees C. xidation is
extrenely slow W knowit's 650 if you hold it for
a long time. It takes sonmething like four hours to
get up to 200 ppm of hydrogen. So we figured it was
behi nd.

Now, could it be 700? Could it be eight?
| don't knowif it makes a difference.

DR. MEYER. Could | junp in here a mnute?

DR BILLONE: Sure.

DR MEYER  Because at the last mnute |

put in the slide of the old Leistikov and Schanz
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paper, and | did that and you'll notice that there
were some -- now, you won't see the yellow |ines on
t he bl ack and white copies, but up on the slide | had
hi ghli ghted 600 and 700 degrees, the 600 and 700
degree traces, and 650 is the nunber that we had
chosen and we realized that this mght be somewhat
arbitrary.

However, when you go up to 700 degrees and
you look at that accelerated oxidation after the
break- away, you see that the oxidation rate is pretty
hi gh, and by 25 hours, which |I knowis too |ong, but
inthe tine period of the testing it was catching up
wi th sone of the oxidation |evels for the nuch hi gher
tenperature test.

So | think this goes back to the statenent
that at 650 and bel ow the oxidation rate is so |ow
that you don't worry about it. Above 605 after break-
away, t he oxi dati on rate pi cks up pretty
substantially, and so sonewhere not far above 650,
you're into this region where you' re both susceptibl e
to break-away and where the oxidation rates are rapid
enough that the hydrogen absorption would be quite
hi gh.

So that's the best we can do, | think, on

this choice of 650 at the nonent, and perhaps the
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committee or someone else can help us refine that
nunber, but it | ooks like a nunber if you stay bel ow
it, you re okay.

DR ABDEL- KHALI K: Wuld it nmake sense to
tie this nunber to an operator action specified by the
energency operating procedures? | nean, for PWRs,
operators are instructed to enter into the Cl1
procedure at 1,300 F, which is about 700 C., and that
way you have a criterion that you can not only check
with codes, but you can also check in terns of
response of operators on the sinulator.

DR BILLONE: It goes way beyond ne.

DR. MEYER. Well, sonebody el se can maybe
junp in here, but is it 12? | think some of the PWRs
have operating procedures that kick in at 1,200, which
is 650 and where they take actions to reduce
tenperature in the secondary side and thereby shorten
the period of tine that these tenperatures woul d hang
up in a snmall break LOCA

| f you need further discussiononthat, it
will have to come fromsomnmeone who real ly under st ands
what | just said.

CHAl RMVAN ARM JO. Well, I'mstill trying
to figure out are we trying to determ ne the m ni mum

time and the mninmm tenperature where break-away
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oxi dation occurs? And you've said 650 is probably
nothing will happen in a lifetine.

DR MEYER  Four hours.

CHAl RVAN ARM JO  Yeah, and so sonewhere
bet ween 650 and 1, 025, there coul d be break-away as a
function of tine.

DR. MEYER: You don't want break-away to
occur during the LOCA transient at a tenperature
that's high enough that you will get rapid | oss of
ductility at times and tenperatures bel ow the nornal
limts for --

CHAI RMVAN ARM JCG  So the all oy devel oper
has got to check that to make sure that he doesn't
have a material that has a | o break-away tenperature
or a short break-away tine for any given tenperature.
So in order to qualify a new material to neet these
criteria, he's got to explore that by testing or
something. That's what |I'mtrying to get at.

How coul d | use -- what would | have to do
to --

DR BILLONE: That would have to be part
of the perfornmance testing. Being nore specific is
chal | engi ng.

CHAl RMVAN ARM JO  I'm kind of junping

ahead to when sonebody is witing a rule. W're
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getting into very conplicated --

DR. MEYER. Well, we have a good counter-
exanple in this Russian E110 cladding because it
breaks away 500 to 700 seconds, which is a very short
period of tine, and that won't protect you fromthe
consequences of br eak- away, t he enbrittling
consequences of break-away during a typical PWR smal |
break LOCA. And so that's not good.

CHAI RVAN ARM JO  Ckay.

DR. BILLONE: And you can certainly easily
screen out a bad alloy, but, yeah, we haven't gotten
far -- | haven't gotten far enough to thinking through
how to conduct the tests. | nean, we found a way to
do it econom cally at Argonne because we were short on
time, this searching nethod starting at 1, 000.

CHAI RMAN ARM JO  COkay. Well, it's
somet hing to think about.

DR BILLONE: You cone out with a totally
new alloy that 1've never -- | wouldn't know what to
say about that. It's a phenonenon. It happens. You
want to stay away fromit. One way of doing it is
this way: determne the minimumtime for break-away
oxi dation and the | ocal rel evant tenperature and stay
below that. That's one way to do it. It may be-- as

| say, is it too --
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CHAl RMAN ARM JO But those ki nds of

instructions would be nore like a reg. guide rather
than a rule.

DR. BILLONE: Yeah, yeah.

CHAl RMVAN ARM JO  Because it's way too
conplicated for a rule.

DR BILLONE: vyeah, that's Ralph and his
role.

CHAl RVAN ARM JO  Well, we'll tal k about
it later.

DR BILLONE: Let ne get in trouble with
the next slide. GCkay. Al right. Let's go to the
hi gher tenperature reginme. In ternms of trying to
determ ne -- okay. |'mokay. This is fresh cl adding.
|"mnot in trouble yet.

What we basi cal ly recomrend i s performance
based tests are exactly what we did, determ ned
ductile brittle transition at 1,200 degrees C |
recommend two-sided steam oxidation tests because
these are controlled. The tenperature is easy to
nmeasure, the weight gain with reasonabl e heating and
cooling rates and quench at 800, which we found to be
not inportant, but we mght as well do it.

Limt LOCAtinme, tenperature such that the

CP ECR during the transient is less than or equal to
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whatever limt you find out.

The approach i s conservative for Trmax, but
the LOCA Tmax being less than 1,200 degrees C. So
that's anot her perfornmance test, and these are the
exanpl es of the results that we got for the claddi ngs
we tested.

| nmean, one could ask for nore and one
could ask for 1,000 and 1,100, but 1,200 would be the
nost. \Watever your limt is, it would be the nost
enbrittling condition to test for.

So with the oxygen and hydrogen induced
enbrittlenment, we want to test the subtraction of the
corrosion |ayer recomended, and information notice
9,820. W doubt strongly that it will be so brilliant
back in 1998 that they're going to hit it right on the
nose. So we include an F factor tines the corrosion
| ayer just to see what enpirically that would turn out
to be.

And we needed it to account for cooling
rate effects, quench tenperature, and possible alloy
effects to determ ne what margin, what transient ECR
are you al |l owned.

So the idea is with this approach and
testing it is whatever your calculated |oca

tenperature history is, you do what you already do.
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You cal cul ate a transi ent ECR, assuni ng bare cl addi ng,
taking no credit for slowi ng down the oxide, and you
do it with the Cathcart-Pawel nodel. |If you do a
Baker - Just you woul d even be nore conservative.

You' ve already determned this for fresh
cladding. This is a straightforward cal cul ati on based
on your corrosion level, and F is the undetern ned
factor. So we're going to use the conplete data set
for HBR cladding, ductilely dated for high burn-up
Zry-4 with 70 mcron corrosion level to try to
determne what Fis for this corrosion |evel, and the
results we're going to use, and actually we're show ng
you the fresh cladding is only good up to 14 percent
ECR. The corrosion level varied a little bit from
sanple to sanple, 5.3 to 5. 6.

Unfortunately, it nmakes a difference
whet her you use the 14.3 or the 5.3 or the 5.6 in
determning the F factor.

So what are you allowed? WlIl, if you
sl ow cool ed, you're allowed about eight percent for
the transi ent ECR because that's where high burn-up
sanpl es went brittle. | mean, your LOCA is not going
to be slow cooled, but just to give you an exanpl e.

As | said, if we had quenched the high

burn-up sanples, | know the answer would be greater
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than five, and by the way, what's in parentheses here
is since we don't include cooling for our ECR
calculations as generally small, it's .2 percent ECR
of cool i ng.

So this five percent that we've been
guoting is up to the end of the heating ranp, and for
very rapid cooling, there's only a snall increase in
ECR

So | know the answer is between five and
six, 5.2 and 6.2, which neans we're going to test this
nodel assumi ng that if we had quenched the hi gh burn-
up sanpl es and we had only gone to 5.5 percent ECR we
would just cross the threshold fromductile to
brittle, and that's pretty nuch the best | can narrow
t hat down.

So what do you get for F for all of these
condi tions, including slowcooling? You get F of 1.3
plus or m nus .3, assum ng your quench is at | ess than
or equal to 800 degrees C.

Al right. Let's take advantage of sone
conservatismin our calculations, and |I'm m ssing an
important figure. | forgot to put it in this norning,
but is the 1.5 to 1.6 too conservative, which cones
directly out of our data, for quenching 800 degrees

C?
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The LOCA cooling rates that we've | ooked
at are slower than the ANL cooling rates. Additiona
oxi dation, meaning oxide |ayer growth, occurs during
cooling with little change in average oxygen content
in the beta layer. That neans little change in
enbrittlement. It inplies that you actually get a
little boost fromcooling slower than we do. You get
a higher ECR value, and you would get a decreased F
val ue.

So let me give you exanples and see if
they fit in wth those of you who do thernal
hydr aul i cs.

If | take fromthe peak tenperature down
to about 800 degrees C. and | cool at five degrees C
per second, | get an increase in the total anount of
ECR to calculate. M F factor drops down to 1.4.
It's beautifully shown in the graph, which is on the
Wb, but it's not on the machine right now, and this
i s supposed to be three degrees C. per second. Please
make this correction for ne. It was |like the |ast
thing | typed before | rushed over here. Three
degrees C. per second and the F factor woul d drop down
to 1.3.

So depending on where you quench, if

you' re going to quench at | ess than 600 degrees C. and
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your cooling rate is in this range of three to five
degrees C. per second, then | would expect 1.2.
That's where the 1.2 comes from plus or mnus .2. In
ot her words, it would include the five degrees C. per
second cooling value of the 1.4, the slow cooling
val ue, which is about one, and that's about the best
| can nail that down right now.

| do recomend that new alloys, in
particul ar, that prehydrided allies, the oxidize and
guench, determne if the F factor is all oy dependent.
| nean, it's a personal reconmendati on.

Before we do our in-cell test with ZIRLO
and Mb, certainly with ZIRLO we definitely want to
prehydride it, run the sane test, baseline data, see
where we are and to help us plan the in-cell test.

CHAI RMVAN ARM JO  For Zircal oy-2 and
Zircal oy-4, can you say that the F factor is pretty
much the sane?

DR. BILLONE: | can say it's the sane
because it won't natter because the Zrcal oy-2 BWR
cladding grows |like a ten micron oxide layer. So it's
a low nunber tines 1.5 or 1.4, and it doesn't matter.

CHAl RMVAN ARM JO. It doesn't matter, yeah.

DR BILLONE: |It's the sane. It's really

the BWR cladding that it matters.
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DR. MEYER | think that's an inportant

point, and it also applies to the Mo and the ZI RLO.

The real critical one is the Zircaloy-4 with the very
heavy corrosion | ayer, but as you go to fuel cladding
t hat corrodes | ess and | ess, the subtraction factor is
smaller and snaller, and the errors in the F term
becone | ess and | ess inportant.

So I think --

DR. SHACK: Unl ess sonebody wants to drive
t heir cl addi ng harder and harder.

DR. BILLONE: Yeah, | nean, the Spanish
drives ZIRLO very hard. So it's got 80 to 100
m crons.

CHAI RVAN ARM JO  They wi | I.

DR BILLONE: | would assune they woul d.

CHAI RVAN ARM JO  They wi | I.

DR BILLONE: But one of ny |last comments,
again, let nme enphasize that particularly sine |'ve
seen data for prehydrided Mb. | haven't seen it for
ZIRLO. | wouldn't want to go into the test of the
high burn-up material, which is very precious. W
have a limted supply without a fundanmental baseline

That will help us pick up our test tines
on ECRto try to bracket the ductile and brittle

transition, and that pretty nmuch is the end of ny
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presentation, and thank you for your patience because
it was | ong.

CHAl RVAN ARM JO Ral ph, did you want to
make some w ap-up comment ?

DR. MEYER. Wll, the only thing | would
do if youinsist is to go back to your question about
what woul d be the test that one would performand do
you want me to put that slide back up?

CHAl RMVAN ARM JO  Yeah, we gai ned 15
mnutes, and | want to use it productively.

(Pause in proceedings.)

CHAI RMAN ARM JO  This is it, huh?

DR BILLONE: Sorry.

DR. MEYER. Okay. | think the answer to
your question is what do you do to test a newalloy to
see if it's LOCA behavior is great or not so good.

CHAl RMVAN ARMJO O, Ralph, let's say
sone manufacturer discovers a wonderful new heat
treatment and he's really happy with it. Mybe it's
nmessi ng up sonet hing el se, and how woul d he check to
make sure that he hasn't shot hinself in the foot with
regard to LOCA?

DR. MEYER Ckay. Wth regard to the
LOCA | think it's fairly sinple. You need to test

for the enbrittlenent threshold at 1,200 degrees C.
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1, 204 degrees, 2,200 degrees Fahrenheit.

CHAl RMVAN ARM JO  That's a test, not just
an anal ysi s.

DR BILLONE: That's a test. You go in
the | aboratory and you neasure it. So the way that we
would try and apply these criteria for a new all oy
that we haven't seen before, as long as it's within
the famly of zirconiumtin-niobium and those other
things that we put in there, | think the first thing
you do is you go in and neasure the enbrittlenent
t hreshol d of 1,200 degrees in fresh material, and you
get a numnber, and we' ve shown you nunbers for all the
current cladding types, and it's going to be a nunber
somewhere around 17 to 20 percent.

Then you need to know what your corrosion
behavior is during irradiation, and you know that
because that's --

CHAl RVAN ARM JO  You shoul dn't be in the
busi ness unl ess you' ve got that.

DR. MEYER. -- because you do that in the
normal process of devel oping an all oy.

And then the only other thing that you
need to do is to check for break-away oxidation and to
get a nunber for the mninumtine to break away

oxidation, and if that mininumtinme is significantly
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| onger than the tine you' re going to hang up during a
smal | break LOCA, then you won't have a break-away
pr obl em

Now, there are some fine structure that
could be seen with the prehydrided tests which M ke
has suggested. | personally thank you for just
checking, just for a screening test that you woul dn't
have to have the prehydrided results to | ook at either
t he break-away or the adjusted oxidation |imt.

So those are the three tests. W have a
bad apple in the basket with the ol d Russi an cl addi ng,
and they pick it upright away, and |I think they give
you the benchmarks that you need for all of these.

There's sonebody behi nd you who wants to
conment .

MR. MONTGOMERY: |'mjust waiting for you
to be done, Ral ph.

DR MEYER |'m done.

MR MONTGOVERY: M. Chairman.

CHAI RMVAN ARM JO Yes, pl ease.

MR. MONTGOMERY: | have a question.

CHAl RMVAN ARM JO  You have to identify
yoursel f. Say your nane.

MR. MONTGOMERY: Oh, I'msorry. M nane

is Robert Montgonery. |I'mwth EPRI and a tech.
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The question here is you didn't nmention
anyt hing about the 1.2 factor.

DR MEYER The 1.2 factor. Yeah. Well,
Bill Shack raised a good point. M presunption was
that the only cladding that was going to devel op high
corrosion, that is, up near a ten percent ECR which we
see at 100 microns of corrosion on the thin cladding,
if you' re going to have that much corrosi on, you m ght
want to | ook nore carefully at the F factor.

It's hard for nme to inmagine that you're
going to develop new alloys that will have that kind
of corrosion behavior, but if you had an ol d one that
you're pushing and it's not --

CHAI RVAN ARM JO  You shoul d trade to
celI?

DR. MEYER. -- then you mi ght want to | ook
nore carefully at the F factor.

MR. MONTGOMVERY: Well, the F factor brings
inthe effects of the transient tine history. It also
brings inthe effects of the alloy and things of that
nature and the effect of hydrogen.

DR. MEYER. Yes. Definitely there's room
for refining this process with regard to the F factor
and the transient tinme history. |, frankly, don't

know how to do it since we're trying to devel op
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criteria that you can apply broadly to any smal |l break
or large break LOCA, but | would say that it's a
possibility.

MR. MONTGOMERY: So you don't expect then
as an outconme of this process to have a procedure
establ i shed that woul d defi ne how one woul d get to an
F factor for a particular cladding alloy.

DR BILLONE: Could I comment on that?

DR MEYER | don't know the answer. |
guess it depends on the kind of corments that we get.

DR. BILLONE: No, but if you run -- |
nmean, obviously we're trying to find out what the
transient ECR that you're allowed. This is MKke
Bi |l | one from Argonne.

You could run a series of prehydrided
tests to directly determne the allowable transient
ECR for different hydrogen | evel s, correl ate t hat back

to what your corrosion |ayer thickness is and the

correspondi ng hydrogen content, and you could
either -- a hole different approach than Ralph is
showing you -- vyou could just stay wth the

prehydri ded data and forget the subtracti on or you can
use it to determne an F factor for your all oy without
ever testing irradi ated materi al because you know t he

oxi de l|ayer thickness for your operating material

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., N.W.
(202) 234-4433 WASHINGTON, D.C. 20005-3701 (202) 234-4433




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

169

You shoul d have a hydrogen pi ckup that you' ve al ready
determ ned for that material.

So then you go in the lab with prehydrided
material. That is one way to do it for new all oys.

DR. MEYER W actually have a snal
di fference of opinion --

DR BILLONE: W disagree on this.

DR. MEYER. -- about the hydridi ng because
| think when you | ook at the figure where he conpared
the prehydrided results with the real thing that the
difference was -- it was small but it was significant,
and it is significant enough that it could nmake a
difference on the F factor.

The thing that sticks in my mind is that
we have been regulating for the | ast eight years with
basically a subtraction with an F factor of one, and
we have good information on the cladding type that
devel ops the nost corrosion in our U S. plants. That
factor of one is not quite good enough, and we al so
have unlimted data set and we all know the reasons
t hat we haven't been able to nove faster with that.

So ny opi nion is you pick a general nunber
like 1.2 and you stick with it until you can devel op
a better database. It's certainly better than 1.0.

DR. ABDEL- KHALI K: Excuse ne. The two
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guantities on the right-hand side, you indicated that
both of them are experinentally neasured.

DR MEYER  That's correct.

DR ABDEL- KHALI K:  Uni rradi ated ECR

DR MEYER Well, one of themis neasured.
The corrosion thickness is measured fromyour end
reaction.

DR. ABDEL- KHALI K:  How about the
uni rradi at ed ECR?

DR. MEYER. And this one you neasure from
tests in the | aboratory.

DR ABDEL-KHALIK: If that's the case,
doesn't that penalize the Mb alloy right off the bat?

DR. MEYER. Wy is that?

DR. BILLONE: No, it helps it.

DR ABDEL- KHALIK: | mean, based on the
data that was shown earlier, the neasured ECR for M
was consi derably | ower than the cal cul ated val ue.

DR, BILLONE: OCh, |I'msorry.

DR. MEYER  You're | ooking back at the
corrosion layer. |It's a hard concept to explain
adequately, but the enbrittling process is a
consequence of diffusion in the nmetal, not of
oxi dation process on the surface. Gve it sone oxygen

on the surface and it will diffuse into the nmetal
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according to its own Kkinetics.

Now, it turns out that those kinetics are
inthe sane bal |l park as the ki netics that describe the
oxi dation process, and so we just use one of those
equations instead of wusing straight tinme. It
sinplifies things.

DR BILLONE: Excuse ne.

DR MEYER It's simlar to what was done
inthe past, and it doesn't penalize Mo at all int hat
respect.

DR ABDEL-KHALIK: D d you want to say
somet hi ng?

DR. BILLONE: Yeah, | just wanted to
clarify that that |ast termgoal, the ECR corrosion
you're not using any correlation at all, 1like
Cat hcart-Pawel. It's just --

DR. ABDEL- KHALI K:  No, |'mtalking about
t he ECR unirradi at ed.

DR BILLONE: That's about 20 percent.

DR MEYER And the fact that we use the
Cat hcart - Pawel wei ght gai n equati on, which for M6 over
predicts corrosion at |ower tenperatures, but it's
only used as a correlating paraneter.

DR SHACK: Well, | think it could work.

| nmean, you could give with one hand and taketh away
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with the other. | mean, if you did it on neasured

ECR, then his limt would be eight percent instead of

20 percent.

DR BILLONE: Right.

DR MEYER  That's true.

DR SHACK: And then he could correlate
agai nst neasured and he'd have a |imt of eight

percent. He can correlate with Cathcart-Pawel and
have a |limt of 20 percent. It changes the nunbers,
but, in fact, the limts on the fuel or the cladding
and its real use haven't changed at all.

DR MEYER Sam soneone el se wants to
conment .

CHAI RMVAN ARM JO  Ch, yes.

MR, DUNN:  Bert Dunn, AREVA

| think we should recognize that what
we're talking about here is an irradiated ECR
determned at 1,200 degrees C and at last for that
thick the inplied cladding thereisn't adifference in
the kinetic at 1,200 degrees C.

DR BILLONE: That's right.

MR DUNN: The difference in the kinetic
is at 1,000 degrees C.

So that helps Ms. The point is stil

valid for sonme other alloy, you know, that we haven't
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dreamed up yet maybe.

Thank you.

CHAI RVAN ARM JO Any ot her questions?

Vell, one o' clock. I'mreally proud of
you guys. We'Ill recess and cone back after |unch at
2:00 p.m

(Wher eupon, at 1:00 p.m, the neeting was

recessed at 2:00 p.m)
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AFTERNOON SESSI ON

(2:02 p.m)

CHAl RMVAN ARM JO  Ladi es and gentl enen
we're ready to start, and we're going to resumne the
sessi on.

The order of the speakers is going to be
changed a little bit from the handout. The first
speaker will be M. Robert Montgonery of Anatech,
followed by M. Dunn of AREVA, M. N ssley of
West i nghouse, and M. Patterson of GNF. Robert, if
you're here. Were's our first speaker?

MR. MONTGOMERY: Thank you, M. Chairnan.

Sorry I'mlate. | had a battery probl em
Ckay. |'mbeginning to echo Iike you did,
Ral ph. | can hear nyself.

Al right. Well, first I'd Iike to thank
the subcommittee for giving me the opportunity to
present the industry comments on the ANL NUREG report
and on the NRC research proposal on their revision of

the enbrittlenent criterion 10 CFR 50. 46

My nane is Robert Montgonery. | ama
consultant to EPRI. | work for a conpany called
Anat ech Corporation, and | will be summari zing the

i ndustry comments on what we saw t hi s norning.

As the Chairnman indicated, there will be
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al so present ati ons nade by AREVA, Westinghouse and G\F
sumari zing their individual comments as well.

A short outline of what | plan on talking
about today is first I'd like to give some background
on the i ndustry support that we've provided to NRC and
Argonne in the program and that was sunmari zed this
norning. Then I'1l go through sone of our concerns
wi th t he proposed technical basis to revise the 10 CFR
50. 46, Paragraph B criteria.

Then briefly, I'll kind of summari ze sone
of the data we think is needed to try to understand
t he phenonmena and to support nore relevant criteria
devel opnent, and then finally sone concl usi ons.

The industry has been collaborating or
working with NRC on the testing of high burn-up fuel
under LOCA conditions. It has primarily been through
a group that EPRI nanages called the Fuel Rod
Reliability Program The Wrking Group 2 that is a
subgroup of that programthat is made up of industry
representatives, both fromthe utilities as well as
t he fuel vendors, and basically that's the focal point
for the interactions with NRC on fuel 1licensing
i ssues.

W' ve been doing that for regulation

related i ssues. W go through NEI, and then directly
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with Research on research topics |ike LOCA and RIA
And | said, the nenbers include both US. and
international utilities, fuel vendors, and NEI

Speci fically, the program has been
involved with the Argonne testing since 1998. A
little parenthetical there. W've pretty nuch had
[imted input since about 2005, but primarily the
i nput has been on providing the fuel. You can see
that the industry has provided the irradi ated fuel to
the programthat has been used, as M ke tal ked about
today, the H B. Robinson fuel for PWRs, the Linmerick
fuel, and even the Mb and ZI RLO cl addi ng that's been
provi ded or will be provided.

In addition to providing the fuel, we've
al so provided analytical support to the program
hel ping define sone of the test conditions,
particularly related to the LOCA integral test, and
al so hel p understand the data to sonme degree in the
nmechani cal property area.

Wth regards to the specific objectives of
the programto devel op a technical basis to nodify or
revise the enbrittlenent criteria, the industry
overall is supportive of that effort and the
objectives of that to revise it. W feel that the

revisionto a performance based concept or perfornmance
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based approach i s a good one, and we | i ke the concept,
and we also feel that by revising the existing
regul ations we can start to look at ways to get new
cl addi ng advances taken care of wi thout the need for
a rule exenption, so that we can go through that
pr ocess.

So those are the benefits we see of going
t hrough the revision. Now, in 2005, there was a
status revi ew and di scussi on of the technical basis to
support the revision, and at that tine in 2005 we were
supportive of that technical basis. However, it was
a qualified support. W felt that the data still
wasn't conpl ete enough to really support the approach
that was being discussed at that tine and really to
talk about it here today as well.

And so we echoed those at a full ACRS
neeting in Septenber, that we were supportive of it.
However, there were areas where we thought that nore
data was needed to really give our full support. And
t hese areas were we thought that there needed to be
nore data that supported the approach. So conpleting
sonme of the ANL tests that were tal ked about at that
time, both reconpression tests and integral tests on
LOCA sanples, the LOCA integral tests, and al so sone

clarification on howthese data woul d be used, sone of
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t he questions that cane up this norning. Wat would
be the test conditions one woul d use to test different
types of cladding? And then how also it would be
appl i ed.

Specifically, sone of the questions that
we had or sone of the areas we thought was needed is
summari zed here, and those included, |ike | said,
reconpression tests, and we had requested at that tinme
the reconpression tests be conpleted on irradiated
sanpl es from H B. Robi nson that had been quenched.

And that actually didn't turn out to be
the case. However, Argonne was able to add sone
addi ti onal prehydrided sanpl es eval uating the effect
of quench. So there is sone information that cane
about. It still may not be fully conplete yet though.

In addition to the reconpression tests on
t he H. B. Robi nson cl addi ng, we were al so expecting to
see reconpression tests on prehydrided and irradiated
ZIRLO, Mb and Zry-2 material. That was not conpl eted
at this time and has not been conpleted at this tine.

Integral LOCA tests on irradiated PWR
cl adding, to confirmthe overall LOCA behavior, that
was part of our qualified support that hasn't been
conpleted at this tine yet.

At the 2005 ACRS neeting, we requested
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that some justification be provided to support the
bal | oon regi on, and now t hat has been provided. It's
a strength based justification to disposition the
bal | oon regi on.

As | said, we were | ooking for test
definitions and protocols on how to go about
establishing the criteria for particular alloys.
Those procedures and protocol s have not been defined
at this tine.

And then finally, the confirmation that
using in-reactor corrosion as an adequate surrogate
for the effect of hydrogen. More data was devel oped
in the last year, but it still appears to be
i nconpl ete because of the nunber dependencies that
"1l talk about here in a few noments.

So that was kind of a summary of what we
were expecting to see in the newreport that was just
i ssued. Sone specific concerns I'd like to talk about
are the F factor and then the doubl e-si ded oxi dati on.

As we saw this norning, the effect of the
radi ati on through the hydrogen and corrosion is now
bei ng addressed by a factor of the F factor, and the
F factor basically is a nultiplier that nultiplies on
t he corrosion thickness to account for the effects of

hydr ogen content, cooling path, quench tenperature and
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phased transfornation tenperature and ot her vari abl es
that we may not actually know at this tine on the post
guench ductility behavi or.

Qur feelingis that the Ffactor isreally
not a conplete factor that can address all of the
i npacts of these variables in a single factor, that
it's a nmuch nore conpl ex factor than a single nunber.

In addition, it's really not clear howto
apply a single factor for a wde variety of LOCA
transients that mght have different cooling path,
di fferent heating path, different quench tenperatures,
et cetera, et cetera.

So the feeling is that trying to use one
single F factor would be too bounding or too
conservative, and as a result, we need nore data.

DR. PONERS: Let ne ask you a question
Are you casting this in ternms of an F factor enbodi ed
inthe rule or an F factor in a regul atory gui de that
says, "Do it this way and the staff is happy, or cone
to us with a different way"?

MR.  MONTGOMERY: Let me see if |
under stand your question. Are we concerned about an
F factor in the rule versus an F factor in the reg.
gui de?

DR.  POVERS: If the F factor, just
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exactly as it has been portrayed, recognizing that
t hey haven't exactly solidified on that, but suppose
it was just exactly that way and the regul atory gui de
said, "This is a mechani sm of anal ysis acceptable to
the staff, but if you want to bring to us sonething
else, we'll be glad to look at it."

MR. MONTGOMERY: What we're expecting is
a recipe or procedure by which one would cone in. |
think Dr. Armijo mentioned it earlier. There needs to
be some sort of specification of howan alloy woul d be
tested in some fashion.

DR POAERS: | nean this would be the
staff saying, "Here is a recipe. You can use this or

use sonething else. |If you use this, we understand

it, and it's acceptable to us, but if you want to use

something else, we'll certainly listen to you."

MR. MONTGOMERY: | believe we're receptive
to that approach in general. The specifics of
defining the F factor, | think, still need to be

better defined, but if it's in the reg. guide where
devi ation can then be accepted --

DR. POAERS: What |I'masking is it's
defined exactly as it is now, the 1.2 or maybe it's
the 1.3 plus or mnus .3. It's exactly that way, no

nore, no less, in a regulatory guide.
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MR. MONTGOVERY: ©Ch, the F factor is

specified in the regul atory gui de.
DR POVERS: Yeah
MR, MONTGOMERY: | see.
DR. PONERS: And the staff says you can

use this or you can cone to us with sone other

definition and we'll | ook at the technical basis for
it.

MR. MONTGOMERY: | think in general we
would -- | nean, it's hard to say at this point, but

in general it would be acceptable of that.

CHAI RVAN ARM JO As conpared to being in
arule where there's no --

MR. MONTGOMERY: Right. |If the options
areinareg. guide or arule, we certainly want it in
a reg. guide, not in a rule.

MR. NI SSLEY: M. Chairman.

CHAl RMVAN ARM JO. Commrent ?

MR. NISSLEY: Yes. |I'mMtch N ssley.
|"mw th Westinghouse

Dr. Powers, | think that's a reasonable
suggestion. | guess the one point | would like to
make is that in terms of practical applications when
you go into a licensing arena and you know what is

expected and what is acceptable, you have a small
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risk. |If you have a position that one feels is
techni cal Iy sound but has not yet been run through t he
mll, if you will, you have assunmed a significant
regulatory risk, and if you're trying to get a new
all oy introduced into the marketplace that inproves
the performance in our plants, you may el ect to take
an unnecessarily conservative single factor rather
than running the risk of delaying the introduction of
your material.

So | just wanted to make a commrent on the
practical matter related to that.

DR. PONERS:. It's true, but you see, this
i s an unbounded thing. W could have 15 feet worth of
topi cal reports from Argonne describing tests, and |
could still stand up and say we need additional data.
It's an easy thing to say and --

PARTI CI PANT: It's true.

DR PONERS: -- it's true. It would be
accurate. Nobody would criticize ne. The question
is: at what point do you say, okay, |I'mnot going to
have your new alloy? | have no sanples of it. In
fact, | have a hard tine getting sanples of alloys
that we do have, and it's okay. | don't have a hot
cell to test themin anyway.

You know, at what point do you stop
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collecting data and say, "Okay. Here's a nethod
that's acceptable to the staff"?

Now, if you've got a specific thing that
you want to look at in detail, you know, and it
requires some nodification of this Fto be 1.12321 pi
over 16 or sonething like that. Then they can do the
in depth experinentation there, but otherwise it's
unbounded. | nean, there are too many alloys or too
many things to worry about and insufficient capacity
to carry it out.

MR. NI SSLEY: This is Mtch N ssley again.

| think what we should do is defer to a
|ater slide that M. Montgonery unl ess you want to --

MR MONTGOMERY: It's the next slide.

MR. NI SSLEY: Ckay.

MR. MONTGOMERY: No, it'll be just a
mnute. Sorry.

Mtch is going to point out that there's
a second slide in here that talks alittle bit nore in
detail about our concerns about the F factor, and how
we think the data is still inconplete in ternms of
trying to define that.

The second concern is with regards to the
doubl e- si ded observati on away fromthe bal |l oon region

or fuel rods that have had a closed gap, that is,
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irradiating fuel at higher burn-up.

The major inpact on that is that it wll
reduce the allowabl e transient tine by about a factor
of two, and there really doesn't appear to be a
sufficient technical basis to nake that at this point,
based on the Iimted anount of data that Argonne has
provi ded us to date.

W feel that we need additional post
guench ductility data from interval LOCA experinment
sanpl es whi ch have had fuel in them which have had
the possibility of I D oxygen uptake, and then we can
t hen eval uate the consequences or the effects of the
| D oxygen upt ake.

Now, let's just talk a few mnutes
about --

CHAl RMVAN ARM JO  Robert, specifically
what types of fuel rods that need to be tested that
haven't been tested?

Now, we have integral tests on BWR rods.

MR, MONTGOMERY:  Yes.

CHAl RMVAN ARM JO Do we have integral
tests on the PAR rods? Are those the ones that are
cl osed gap that you're tal ki ng about?

MR MONTGOMVERY: Those woul d be nore

appl i cabl e because they had the bonding effect that
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was tal ked about this norning. The LOCA experinments
on the BWR fuel, the bonding wasn't there, and so you
didn't see the effect that strongly, and there were no
reconpressi on or post quench ductility tests done on
t hose sanples to quantify the effect.

So even though that process namy have
occurred in the Limerick sanples in terns of sone
oxygen uptake, we don't have any mechani cal property
tests to tell us the consequences.

CHAI RVAN ARM JO.  But what you're calling
for is for tests that were in the original plan that
have just been del ayed because of hot cell problens
and things like that?

MR, MONTGOMERY:  Yes.

CHAl RMAN ARM JO  Ckay. Not new tests
that were never\ considered in the plan.

MR. MONTGOMERY: I n the planning process
we've talked about a nunber of different types of
tests. W tal ked about ball ooning, tests that were
single sided oxidized which were balloon tests that
were like the ones that Mke talked about this
norni ng, the LOCA integral tests.

And we also discussed tests where they
didn't pressurize them They just ran them through an

oxidation train. You have to |look and see if the ID
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oxygen upt ake ef fect woul d occur and the consequences
of it. W talked about that in the 2005 neeting even.

CHAl RVAN ARM JO  Ckay.

MR. MONTGOMERY: So there is an appearance
inthe way the approach i s being carried out here that
-- let me find out where I"'mat here -- there's an
appear ance of stockpiling of some conservatisns with
regards to the enbrittlement criteria that we're
considering, the revision that we're considering.

First, there's sone hi storica
conservatisnms already built in the existing criteria
as defined, and those are the requirenent to retain
post accident or post quench ductility after the
acci dent, sone sort of ductility.

A body of data --

DR. PONERS: Wy is that a conservatisn?

MR. MONTGOMERY: Well, there's a body of
data that's out there now that shows that the ECR
l[imt to retain ductility is about half the detai
needed to survive quench and also the post quench
| oads t hat occur, say, after the accident. So there's
data out there to suggest that ECR limt based on
ductility 1is conservative wth regards to its
strength, maintaining sufficient strength during the

acci dent to survive the accident, any | oads t hat woul d
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occur after the accident.

So that we feel that there's sone
conservatismin that particular requiremnent.

Secondl y, definingductility based onring
conpression tests, those are very aggressive tests,
especially enpty ring tests. They're very aggressive
tests in terns of mechani cal property definition, and
there is sone conservatismbuilt into this particular
testing technique as well that enhances or enforces
the ductility requirement, to define the ductility
requirenent.

So these are historical. W accept them
They're there, and al ready i nbedded i nto the existing
criteria.

Now, with the new proposed revisions,
there are sone new conservatisns bei ng added in.
First is that we're | ooki ng at oxi dati on of hi gh burn-
up fuel at 1,200 degrees C. High burn-up fuel by
definition if you're going to have less reactivity
work and as a consequence have | ess peaking factor.
Its operation at 1,200 degrees C.; you won't see
operation at 1,200 degrees C. during a LOCA acci dent.

So defining criteria at that tenperature
| evel adds sonme conservati sm

The second addi ti onal conservati smis the
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application of this F factor for hydrogen effects
whi ch high tenperature quench, and 1'Il talk about
that in alittle bit nore detail

And, thirdly, the doubl e-si ded oxidation
away fromthe balloon region is a conservatism The
dataisn't -- strongly suggests that the oxygen upt ake
from the ID is as enbrittling as the corrosion
process, the high tenperature corrosion process from
the ID.

So treating t hat equal |y is a
conservatism

CHAI RVAN ARM JOG  But you don't deny that
it happens, right? | nmean, you see it's happening.
The oxygen is being --

MR. MONTGOVERY: There is some oxygen
upt ake, yes, and I'Il talk about that, but is it
happeni ng at the same rate and the sane anount as the
OD? Because in doubl e-sided oxidation you're assum ng
they're the same. So that's the question.

So as | said already, the F factor is a
function of the hydrogen content, the fine design,
which is the alloy basically. The accident time-
tenperature history -- and that time-tenperature
history, what | nmean by that is the heat up and

cooling rates and the quench conditions.
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The Argonne data showed that at quench
tenperatures below about 600 C. you do get an
i mprovenent in F factor, and there's also data that
suggests sl ower cooling rates bel owone degrees C. per
second or so, |ower than what Argonne has used, also
i mproved the F factors.

In addition to the uncertainty or the
difficulty in using a single value based on the
conplicated function that comes in fromthe hydrogen
effects and the tenperature effects, there's al so how
does one define an F factor fromprehydrided materi al .
There has to be a conversion factor from hydrogen to
corrosion to basically estinmte the equival ent steady
state ECR for a given hydrogen content, and in doing
that, that becomes now dependent on the al |l oy hydrogen
pi ckup fraction, the Pilling-Bedworth ratio for that
particular alloy in terms of how the oxide rose.
There i s sone dependency on that density, the outside
density for different alloys, and al so the oxidation
uncertainty. W know there's some uncertainty with
regard to the oxidation rate.

So the consequence if we look at the F
factors that are available in the literature, nost of
these are from F factors that are derived fromthe

data presented in the Argonne report. Some of these
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are also beta available in the literature from CEA
primarily, the french data fromexperinments conduct ed
in their |abs.

And in doing that, 1've used the sane
definition of Fthat was presented this norning by Dr.
Billone, and that is that the F is defined as the
unirradiated ECR limt, and that is basically the
fresh cladding material, that 17 percent type nunber,
then | ooking at a 20 percent type nunber, mnus the
ductile  brittle transition ECR |limt for the
i rradi at ed or prehydri ded material, dependi ng on whi ch
type of material we're tal king about, divided by the
steady state pre-trained in corrosion ECR and that
has been converted by -- for the irradiated sanpl es,
there are two irradi ated sanpl es on here. Those are
t he ones that M ke presented this norning, and that is
t he quenched sanpl e and the sl ow cool ed sanpl e here,
but the rest of these are all for prehydrided
material. So in defining the ECR steady state for
prehydrided material, there was an assunption made
t hat t hat was used on what the pickup fraction was for
that cladding alloy and what the Pilling-Bedworth
ratio is, and that then goes into the cal cul ation of
F

And so we have here plotted F factor
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ver sus hydrogen content and sone data here. This data
includes cladding that is being cooled down and
guenched at very high rates or rates faster than one
degrees C. per second and quenching tenperatures of
800 C. or sanples that have been quenched directly
from 1,200 C. In addition sanples that have been
cooled very slowy, less than one degrees C. per
second either then quench or just allowed to cool al
the way to room tenperature, and we had different
all oy types. Qur basically wall thickness, these are
all Zry-4, 17 by 17 and 15 by 15, and then as |
poi nted out, there's two sanpl es on here that are from
i rradi at ed speci nens.

And what we see is that if you put all of
the data on here, you basically have a nice fruit
sal ad. You have sone appl es, oranges, bananas,
grapes. There's really no clear trend here in terms
of behaviors, but you do see, as was pointed out,
there is an effect of the quenching tenperature at
guench tenperatures that are high and what we' ve ki nd
of defined as unrealistic, you have higher F factors.

And then for slowcooling condition, this
is all a group of data fromthe sl ow cool ed condition,
you have | ower F factors.

CHAl RMAN ARM JO  Is this al Argonne data
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that you're plotting or does that include sone French
dat a?

MR MONTGOMVERY: It does include sone
French data. The Argonne data or | should -- it's
easier for me if | point out the French data. The
French data are all of the purple synbols. Everything
el se i s argonne dat a.

CHAl RVAN ARM JO  The bl ues are al so | ow.
Are those Argonne data?

MR. MONTGOMERY: These are Argonne sl ow
cool ed, prehydrided specinmens. Qur one is slow cool ed
and one is quenched. No, they're both sl ow cool ed,
bot h sl ow cool ed.

Now, you see sone error bars on there.

DR PO/ERS: Yes.

MR. MONTGOVERY: The error bars in terns
of the hydrogen content, that's what was the range of
t he nmeasurenents that were quoted for the different
sanples, and if you see for the CA data they want --
| was not provided any variation in the hydrogen
content. So | did not put an error bar on there for
t hat .

The wvariation in F is an estinmate.
They're not one standard deviation or anything, but

they're an estimte based on what uncertainty | have
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in either the steady state ECR value for the
prehydri ded speci mens or the neasured transient ECR
There's sonme uncertainty. You saw M ke show this
norni ng that he neasured the pretransient or the
transi ent threshold by about half a percent, .5 or
five percent plus or mnus a half of a percent.

So that goes into this variation here in
terms of the variation in the F factor. [It's just to
give you a rough idea of how these can vary for any
one point. |It's not a hard and fast one sigma
variation at this point. |It's just estinated based on
what information was available in terns of the
uncertainty for the different nmeasurenents or the
uncertainty in estimating the pretransi ent corrosion.

CHAI RMAN ARM JO  Just to nmake sure |
understand that <chart, you say it's tested at
unrealistic quench tenperature. You really nean after
an unrealistic quench tenperature, but it was tested
at 135, and everybody agrees that that is a good test
t enper at ure.

MR.  MONTGOMVERY: That's correct, Sam
That's correct, Dr. Armijo. That is it was quenched
at an unrealistic quench tenperature.

CHAl RMVAN ARM JO.  Right, and so we have

Argonne data and French data on both sides of the

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., N.W.
(202) 234-4433 WASHINGTON, D.C. 20005-3701 (202) 234-4433




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

195

curve. So there's general agreenent that the cooling
rate i s very i nportant or the quenching tenperature is
very inportant.

VR. MONTGOMERY:  Yes. Quenchi ng
tenperature and cooling rate has an effect, and you
can see it appears to be sonewhat inportant.

DR. PONERS: O course, | don't understand
that at all. First of all, | don't know what a
realistic quench tenperature is.

CHAIl RVAN ARM JO Wl |, that was where |I'm
getting to. Wich one can you count on? | nmean, do
you know enough bout the LOCA event that you can say
|"'mreally sure that for this plant, approximtely
guench tenperatures and cooling rates are down here or
up there. It's a systemi ssue.

MR. MONTGOMERY: Yes, and there will be a
presentation after me that will talk a bit about the
guench t enperat ure assessnment and what woul d be a nore
real i stic quench tenperature versus what we see in the
data here.

DR. PONERS: Well, | thought earlier we

had seen a discussion that said it really doesn't

matter whether |I let the furnace cool down to 800, 700
or 600. | get kind of the same nunber. |It's only
when | let it drift down for very long tinmes that |
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get any difference at all.

MR MONTGOMERY: | heard that as well.
This is the database though. So I think the point
here is that in a very conplicated function of these
various test variabl es and the anount of data we heard
this norning suggests conpared with this data, it
suggests that we need nore evaluation and
understanding of the data before we make any gl oba
st at enents about what the dependencies are.

DR. PONERS: Well, the next thing that
heard i s, yes, everything you' ve said, you've brought
it to your Zry-4 data and all of this is true. But
the fact of the matter is that the nodern alloys al
have a very big term if nultiplied by the 1.4. So
why do | care? Ctinmes F.

MR. MONTGOMERY: F tinmes -- yeah. Yes.

DR PONERS: If the Cis small, why do --

MR. MONTGOMERY: As |long as we're | ooking
at -- as long as we look at this, and Fis a very
conplicated function, it's hard to determ ne which one
of these goes down faster. You see?

DR. PONERS:. No, that --

MR. MONTGOMERY: \Wich one of these is
goi ng down quicker. |Is the bottom the denom nator or

t he nunerator going -- decreasing to --
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DR. POAERS: Ralph is going to tell ne

1.2. Mke is going to tell neit's 1.3, and | think

what |'ve learned is that if | have a decent alloy |

want to introduce, | don't care. That's one of them
"1l take whichever one will make them happy because
what | multiply themby is ten mcrons. | don't care.

| care if it's 100 mcrons. Then | get
really agitated over whether it's 1.2 or 1.3.

CHAl RVAN ARM JO  You woul dn't want t hat
al | oy anyway.

MR MONTGOMERY: But if we |ooked at an
all oy that has a different hydrogen pickup rate.

DR. PONERS: You haven't told nme anything
to do about hydrogen pickup, right? They told ne to
use F times how nuch corrosion | get during the --

MR. MONTGOVERY: Well, as long as F is
1.3, then | think, yeah, the debate is a difficult
one. | nean, if we're down here --

CHAl RMVAN ARM JO  You're argui ng about
units.

MR. MONTGOMERY: Yes, but the question is
is the database sufficient to really say that Fis
down here or could we end up inthis area. That's the
guestion that we still haven't answered and that we're

| ooking to try to answer.
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DR. PONERS: The regulator is happy with

1.2. 1 don't have a very big, normal operation
corrosion problem Wiy am | not happy with 1.2? |If

aregulatory is happy with two and I have | ow anount

of corrosion during normal operation, |'mstill happy.
| mean, if |I'm trying to sell Zrcaloy-4 in the
mar ket pl ace, | may have a little nore heartburn here,

but if I"'mselling M6, I"mreal happy and if it's M
7.232, | probably amjust ecstatic. They can pick ten
if they want to.

MR. MONTGOMERY: (Okay. Well, one of the
things that | should point out is that comng into
this meeting this norning F was 1.5 and not 1.2. So
we're learning a little bit here today al so.

CHAl RVAN ARM JO. Wl |, keep negotiating
because it sounded |ike we're arguing over sonething
that doesn't nmean nuch. That factor may be
technically something that should be in there, but it
has no i npact on the devel opnent of a material or the
qualification of --

MR. MONTGOVERY: It depends, | think
partly on the procedure that's defined. |If it's
defined that F is going to be 1.2 or is it a recipe
that gets defined?. | think that's part of the issue.

CHAl RMAN ARM JO.  Coul d be, coul d be.
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MR. NISSLEY: This is Mtch Ni ssley from

West i nghouse.

The second presentation after this|'lIl be
giving is focused on the practical inplications
applying this nethod in the industry today, and |
think you wll see that there are some rather
substanti al consequences. Even at the end of the day
there's no real inpact on safety margins, but there
are practical inplications that are quite costly.

CHAl RMVAN ARM JO  kay. Well, let's go on
and we'll hear that later.

MR. MONTGOMERY: All right. So changing
gears in terns of the F factor, now |l want to talk a
few mnutes about the double-sided oxidation
requirenent. W feel that this exaggerates the whol e
of the I D oxygen uptake. First let's just tal k about
the fact that we're going to assune the weight gainis
t he same on both the ID and the OD.

Wthout an I D oxide formation, basically
really the I D oxide dom nates the weight gain. It's
about 85 percent of the weight gain is fromthe
formati on of the oxide, and we're not form ng an oxi de
onthe ID. W're just absorbing oxygen into the netal
from an al pha layer, a preexisting ID oxide |ayer

that's form ng an al pha | ayer.
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The question then becones 1is there
sufficient amount of ID oxide layer to warrant a
doubl e-sided consideration throughout the entire
transient. W saw data. M ke showed sone data this
norning that said that there is a limted oxygen
source out there, and it could stop creating or
putting oxygen in the systemas the ID oxide is
absorbed and then that al pha |ayer could actually go
away after some period of tine.

To have additi onal oxygen coming fromthe
fuel, there will have to be fuel cl adding contact, and
that's data that's been presented and tal ked about in
t he Argonne report, basically | ooked at fromthe | ate
"70s and early '80s. There is sonme data created that
suggests tat, and the MAP crews actually has a
correlation that tries to account for the oxygen
uptake into the cladding from the reaction of the
urani um and zirconi um al | oys.

The data that's been presented so far is
not really clear on what conditions we can expect
during a LOCA. The information fromthe three LOCA
integral tests on the Linmerick fuel don't show a cl ear
indication that this is actually happening and that
woul d war r ant usi ng doubl e- si ded oxi dati on

requirenent.
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CHAl RMAN ARM JO But | don't understand

that. The only time you' re going to have doubl e-si ded
oxidation is if you have a burst of a balloon, right?

MR MONTGOMERY: No. That's not what has
been tal ked about this norning.

MR SIEBER. That's not what he said.

CHAl RMVAN ARM JO That's not what you
sai d.

MR. MONTGOMERY: That's right.

CHAl RMAN ARM JO.  So your issue is if --

MR, MONTGOVERY: Say |'m one neter away
fromthe ball oon region.

CHAIl RMVAN ARM JO  Ckay.

MR. MONTGOMERY: Wi ch is where the peak
cl addi ng tenperature nore than likely is going to be
inthis event now because of the cooling effect of the
ball oon. Wth that position the proposal on the table
is to use double-sided oxidation at that point,
considering that the I D oxygen source is the I D oxide
pretransient corrosion that's there from the bond
| ayer.

CHAI RVAN ARM JO And your argunent if the
gap is closed, the only source of oxygen is either
this bond region or the fuel, but there will always be

a an oxide on the |ID.
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MR, MONTGOMERY:  Yes.

CHAl RMAN ARM JCG  It's a very thin oxide.

MR. MONTGOMERY: But the very thin oxide.
So does t hat warrant doubl e-si ded, consi deri ng doubl e-
si ded oxi dation t hroughout the entire accident, which
is what we're tal king about, the proposal this
nor ni ng.

CHAl RVAN ARM JO Ckay. | under st and.

MR. MONTGOVERY: Ckay. | would just point
out that during a LOCA event it's nore than likely
that there's a gap between the fuel and the cl adding
because the thermal contraction of appellate, the
cl adding al so retracts away because the pressure has
dropped, you know, on the outside. So there could be
a gap open. So considering that the fuel is a source
of oxygen, may not be appropriate because there is a
gap there and it's not in intinate contact with the
cl addi ng necessarily.

That's why we feel that as the next slide
has, we feel that currently the results from the
integral tests that have been conducted to date are
i nconcl usi ve and that we need sone additional data
fromintegral tests where fuel and cladding are in the
same sanpl e together, to give sone i ndication, to give

sorme information on the possibility of this effect.
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So like | said, the results fromthe
current data set that's been provided fromthe Argonne
programis inconclusive. There doesn't appear to be
a clear indication that inner surface oxygen uptake in
t he ball oon region is going on sufficiently to warrant
a doubl e-si ded oxi dati on requirenent.

There may be sone data t hat we can get out
of the NSR irradiated test. W should go and try to
| ook for that, and currently there's been no test, no
ring conpression test or post quench ductility test on
these high burn-up LOCA integral specinens to
i nvesti gat e what coul d be happeni ng to t he post quench
ductility due to the effect of ID oxygen uptake.

DR. POVERS: | understand the |ID oxygen
upt ake. The concept as | understood it, and | have to
admt | kind of glanced and gl ossed over that whole
thing, is that we have got a hyperstoichionetric fuel
with sone saturated -- with a nol ybdenum oxi de
equi libriumgoing on, and that if we get hot enough on
the order of 1,000 degrees Centigrade, that we wll
get certain partial pressure of oxygen in there, and
that oxygen will react with the inside of the
cladding. Am| correct in that?

CHAI RMAN ARM JO  No, | don't think that's

what | heard. | heard that all of the oxygen of
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interest was coning fromthe bonded |ayer, and that
was nore than enough oxygen.

DR. PONERS: Sam you've got to create the
bond.

CHAl RVAN ARM JO. Wl |, that happened
during normal irradiation and hi gh burn-up.

DR BILLONE: Normal irradiation, and Dana
is correct onthat. During normal irradiation you're
burni ng up uranium So your oxygen to netal ratio is
increasing. Even if you had stoichionmetric UO , and
pressed it agai nst zirconiummetal, zirconiumhas such
a high affinity for oxygen. It will take sonme of that
oxygen away, but in terns of normal operation and how
the bond forns, it's depending on |inear heat rating
and it's dependent on burn-up as to when you get a
conpl ete bond, but the nechanismis --

DR. POWNERS: \Whether or not we get sone
oxygen in there.

CHAI RMVAN ARM JO  You get oxygen. There's
no question.

DR BILLONE: Just one conment on Robbie's
remarks. \What hasn't been denobnstrated or what we
have seen so far in our local integral test is the
bond is very strongly attached to the cladding. It

noves out with the cladding, and it takes sone of the
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fuel with it.

Now, how nuch fuel does it take? |It's
hard to quantify. It could be -- we've seen chunks of
fuel attached to the bond, and we' ve seen particl es of
fuel. So it's difficult to quantify, and | think
Robbie and | could agree that assunm ng doubl e-si ded
oxi dati on woul d bound that effect, it would be
conservative. The point is it's too conservative.

MR. MONTGOMERY: That's right.

DR. Bl LLONE: But we don't have it

guanti fi ed.

CHAl RMAN ARM JO  But we all know at
| east --

MR. MONTGOVERY: W need sone data to
justify it.

DR, MEYER

Wil e you're on this subject | et me point out that the
fuel particles that M ke tal ked about being stuck to
the bonding |ayer have all been etched away before
these tests were run. So if these tests show sone
limtation of the oxygen supply, that doesn't
necessarily say that if the fuel particles were still
present that you would have such a limt.

|'ve seen four sources of data that are
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very relevant to this and in all cases when you have
bondi ng, you see an al pha | ayer, an oxygen stabilized
al pha |l ayer that is roughly the sanme size on the QD as
the 1D, and | think that's clear evidence that it's
t he same and not sonme conservative bound.

MR MONTGOMERY: | don't think we
di sagreed that you need fuel in NGO, zircal oy contact
to have oxygen uptake. That's not the argunent here.
The question is: is there sufficient anount of
contact during a LOCA event where the fuel is
retreating from the cladding and the cladding is
noving away from the fuel to support a doubl e-sided
oxi dation requi rement throughout the whole event. |Is
there sufficient oxygen com ng fromthese sources to
support that?

| f the oxygenisless, significantly | ess,
then this would be bounded. If it's not the data
suggests that it's not a -- if there's sufficient
oxygen, then the data does suggest that doubl e-sided
oxi dation is reasonabl e.

CHAl RMAN ARM JO | guess | heard M.
Billone say that the oxygen source was the bonded
mat erial that stays with the cladding and is attached
to the cladding. He wasn't claimng oxygen coni ng

from any ot her source.
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MR. MONTGOVERY: But he hasn't run those

tests yet. So we don't know the answer.

CHAI RMAN ARM JO.  He has run one, one
test, two tests.

DR BILLONE: No. Mst of the data |
showed you are from cladding sanples that have the
bond where the fuel was etched out. So it wasn't even
present. W've run three tests, LOCA interval tests
with the fuel init, and we wanted to run a fourth.
It was proposed at the | ast neeting, | guess, the sane

day the hot cells got shut down while | was sitting

here, but that test will be run, and that's basically
the worst case is to take a one foot |long -- excuse
the units -- sanple filled with fuel and wel d t he ends

and expose it to steam oxidation, and then do ring
conpression and netal |l ography and mcro hardness to
see how much oxygen you pulled in fromthe ID.

It can be done. W can also use the
sanples we've already generated to do that from
Linmerick. It would have to be done at Qak Ri dge.

MR MONTGOMERY: You can do that fromthe
Li meri ck sanpl es?

DR. BILLONE: Yes. It's just that we
can't cut themright now in our hot cells, but they

can be cut at OGak Ri dge, and we can take your proposal
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and actually do that.

CHAl RVAN ARM JO Wl |, | haven't | ooked
at a lot of PWR fuel, but I have |ooked at a |ot of
BWR fuel, and the bonding is definitely there. The ID
oxide is definitely there. The bonding is highly
vari able at least inthe BAR So it's kind of hard to
say 100 percent of that would clearly be conservati ve,
but I don't think it's necessarily accurate.

DR BILLONE: No, for the Linmerick BWR
fuel we tested it was 57 gi gawatt-days per metric ton,
and the bonding was not -- there were gaps, areas in
whi ch the fuel cladding gap so that you could run the
circunference n other areas of conplete bonding.

CHAI RMAN ARM JO  Ri ght .

DR BILLONE: And that's primarily due to
the | ower system pressure. You're not squeezing the
cl addi ng of the fuels fast.

MR. MONTGOMVERY: And in those sanples,
there wasn't a strong and there wasn't really an al pha
| ayer at all on the ID of those sanpl es.

DR. BILLONE: No, because they were run
for 300 seconds, and by that tinme you' ve gone past
t hat point.

MR. MONTGOMERY: And basically indicating

that there was a |linmted anount of oxygen on the |ID
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and if we had assuned doubl e-si ded oxidation in that
case, you woul d have wel | over estinmated the anount of
oxygen that woul d have been absorbed in that sanple.

DR. MEYER Not necessarily, because there
were fuel particles attached to the bonding | ayer
before he etched them off of there.

MR. MONTGOMVERY: Well, the al pha | ayer was
gone though. So that neant the --

DR. MEYER Because he started out with a

limted --

MR. MONTGOMERY:  The oxygen source
st opped.

DR. BILLONE: The integral tests, we
didn't etch any fuel. So we've got to separate the

di scussi on.

CHAl RMAN ARM JO  Ckay. These are the
i ssues.

MR. MONTGOMVERY: Yeah. Okay. So I'mjust
about near the end here. Qur overall concerns are
kind of a lack of data, as you've kind of got the
picture, and also we feel that there has been a | ack
of opportunity for the industry and the public to
really review and eval uate the data. W feel that we
need nore tinme to review and understand the Argonne

test data and their evaluations of that data in
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relationship with other data and experience that we
have out there avail abl e.

And |' ve poi nted out already that we feel
that there's sone additional need for tests and data
acqui sition. Data acquisition would be things |ike
oxygen distribution nmeasurenments or how to do
di stribution measurenents to try to hel p us answer
some of these key technical questions that we tal ked
about today.

In addition, there does appear to be an
appearance of a rush to rul emaki ng wi thout cause on
this issue. W don't see that there's any safety
concern here with our current eval uati on net hods t hat
are used in analyzing the LOCA, as well as in the
desi gn basis of existing operating plants.

W feel that there's a possibility here
t hat we coul d i npose by going forward with the current
techni cal basis, we could inpose criteria we've had
with excessive conservatisms that end up becon ng
costly to inplement on the industry. That's kind of
our overall concerns.

|'ve indicated that we would Iike to see
additional data. Here's sonme exanples of the type of
data that we think is needed to hel p us nove forward.

Again, we're tal king about additional reconpression
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tests to hel p us understand this F factor or whatever
ot her variables we mght need to use if that is not
the appropriate one on all the different alloys.

Looki ng at quench tenperatures, including
rel evant quench tenperatures, cooling rates, and
hydrogen content in the range of irradiated fuel.

In addition, we'd like to see sone
integral LOCA tests on PWR cladding. W have sone
data on BWR cl addi ngs, but we don't have any on PWR
cl addings to confirm the overall LOCA fuel behavior
for that type of fuel, and from these, we also fee
that we can use these types of tests, also include
| ooking for the effects of the doubl e-sided oxidation
and try to assess the consequences of wusing or
requiring double-sided oxidation away from the
bal | ooned area.

Just to give a feel for what el se other
people are going out there, here is kind of a tinme
line schedule of additional data that have becone
avai lable, and I won't talk nuch about the top line
because that's really t he Ar gonne program
continuation, but we al so have the integral LOCA tests
that can go on in Cak Ridge, but they're probably not
going to start until about 2008.

s that still current, M ke?
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DR BILLONE:  2007.

MR. MONTGOMERY: (kay. So the |ast
quarter of 2007.

W al so have data coming fromthe Hal den
program There's a LOCA program goi ng on in Hal den
| ooking at the effects of high burn-up fuel behavior
during a sinmulated LOCA event. There will be an
additional test later this year and a second test in
the end of 2008 that should provide nore information
for us to understand these different phenonena.

In addition, there wll be sone LOCA
guench tests in the Japanese program on advanced
all oys, the Mb and ZIRLO Those will be starting in
the mddle of this year and running for about two
years where we'll be getting sone data on the LOCA
behavi or of the quench and the quench behavior of
advanced al | oys.

And finally, the CA program has separate
effects tests going on I|ooking at post quench
ductility as well as quench behavi or of advanced
alloys and Zry-4 looking at the effects of quench,
guench tenperature, cooling rates. That will also
becone available in the next two years.

CHAI RVAN ARM JO Are the data fromthese

tests available to the NRC, all of them or you know,
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i f sonebody holds them proprietary they're not going
to do --

DR BILLONE: O free |lines, yes.

MR. MONTGOMERY: | think everything but
the bottom line, and the bottomline, sone of that
woul d becone available. | can't speak to the CEA for
sure, but the rest of that would all be avail abl e.

CHAl RMVAN ARM JO  Who's paying for the
Hal den work? 1Is that --

MR. MONTGOMERY: The Hal den group.

DR. PONERS: U.S. is a partner in Hal den.

CHAI RMVAN ARM JO.  U.S. is. Yeah, | know
t hat .

MR. MONTGOMERY: The Hal den program

CHAI RMAN ARM JO  So NRC gets that.

MR MONTGOVERY: yes.

DR PONERS: \What's remarkable is | don't
see anything fromthe U S. industry on this.

CHAl RVAN ARM JO Wl |, there's sone U S.
peopl e who are nenbers of the Hal den program sone
manufacturers in the U S.

MR. MONTGOMERY: Yes. W're providing the
fuel for the top two lines. So there is contribution
to the Argonne program The Mo and ZIRLOis U.S.

i ndustry fuel. The OCak Ridge test will be perforned
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on fuel that the U S. industry provided, and as Dr.
Armjo said, the industry does participate in the
Hal den program EPRI is a nmenber, as well as the fuel
vendors.

The NSR, the Japanese test, | can't speak
to you right now, the source of the Mb and the ZI RLO
Some of that could be provided fromthe U S., and the
CA data is being sponsored by the AREVA as well as
EDF.

MR. NISSLEY: This is Mtch N ssley.

West i nghouse has provi ded sone addi ti onal
data on ZI RLO performance in the 800 to 950 degrees C.
range to the NRCthis week at their request. This was
sonme data we already had available. W've provided
that infornmally.

W' re al so planning to conduct additi onal
testing here in the comng nonths. As you'll see,
industry would really like to work with the NRCto
reach a consensus on the additional data needs, and
West i nghouse does plan to performadditional testing
and supply that data to the NRC

MR. MONTGOVERY: M last slide here is our
conclusion is based on what we' ve heard this norning,
that there's really nore work that's needed to support

a possible revision of the enbrittlenent criteria.
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It's a bit naybe prenmature to be thinking about
exactly how to make that revision at this tinme. The
techni cal basis is not conplete yet.

Finally, we feel that in support of this
we would like to suggest a series of stakehol der
wor kshops where the i ndustry woul d cone ready to tal k
in nore detail about the types of tests we feel are
necessary and needed to help nove forward in this
area, and so we're willing to talk about that at a
future date.

DR. POANERS: What | still don't quite
understand -- does the industry want to cone forward
and di scuss how a reg. guide should be witten or how
a regul ation should be witten?

MR. MONTGOVERY: | think we're ready to do
bot h.

DR PONERS: | nean, | think | can wite
a regulation right now, and | guarantee you | don't
need anynore data to wite a regul ation.

CHAl RVAN ARM JO.  But that regul ation
probably woul dn't include that |evel of detail on the
F factors and things |like that.

DR. PONERS: O course not.

CHAl RVAN ARM JO. It woul d be a general

st at enent .

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., N.W.
(202) 234-4433 WASHINGTON, D.C. 20005-3701 (202) 234-4433




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

216
DR. POVERS: It would be a statenent of

what | consider safe, okay, as part of defense in
depth. Now, you see the NRC has the option of saying,
"Ckay. Here's our safety criterion. You neet it.
And, by the way, here's a nethod that's acceptable to
us to neet it."

You're free to use that if you want to or
do it any way you want to.

MR MONTGOVERY: Well, our efforts here
are to try to insure that as a safety criteria that
first it neets the requirements of protecting the
heal th and public safety, but then second is one that
is also nmeetable, that can be met w thout too nuch
bur den.

CHAIRMAN  ARMJO  Well, this is
antici pated burden. W haven't heard what the actual
burden woul d be, and | guess AREVA or \Westi nghouse --

MR MONTGOVERY: | believe there is sone
di scussi on about the burden com ng up after | speak.

CHAl RMVAN ARM JO  kay. Any further
guestions?

DR PONERS: Well, | nmean, | think it's
somewhat inportant for people to understand we're on
a pathway to revise 50.46. this is one part of it.

| can al nbst assure you that there is absolutely no
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interest in going through the pain tw ce.

And so there's some reason to get on with
revising the regulation. The reg. guides, you know,
they percolate around and get changed regularly.
They're nmuch easier to change. That overstates the
ease with which they can -- they are easier to change
than regulations. They are not easy to change.

And so when you put up 2009 before we get
data, 2011 before we understand that data, those are
essentially saying, okay, this part of the regulation
is going to remain an anachronismwhile all of the
rest of it changes, and that's probably a fairly
unpal atabl e thing right now.

CHAl RVAN ARM JC Well, you know, if it's
neeting or if its doing its job, the existing
regulation is doing its job right now or el se we
shoul d be doi ng sonet hi ng el se.

DR PONERS: It's not.

CHAl RMVAN ARMJO  Well, the question is
the fuel out there in an unsafe -- potentially likely
to fail in an unanticipated way? | don't think so.

DR. PONERS: The problemis, Sam that the
regulation is witten for zircaloy and ZI RLO and
peopl e want to use other alloys, and so they have to

come in for an exenption request.

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., N.W.
(202) 234-4433 WASHINGTON, D.C. 20005-3701 (202) 234-4433




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

218
CHAl RMVAN ARM JO  That's a price they pay

inlieu of --

DR. PONERS. It's a price the agency al so
pays because they have to t ake manpower asi de and | ook
at the thing and say, "Yeah, here we've done all of
this stuff,” and what not.

MR MONTGOVERY: But there would al so be
a price to pay both in the industry and within the
agency with regards to criteria if we end up with
criteria that are overly burdensone in sonme fashion.

CHAl RMVAN ARM JO  Ckay. Well, we've heard
those views. Let's nove on to the next speaker.

MR. MONTGOMERY: Thank you.

CHAI RMVAN ARM JO It will be M. Dunn,
Bert Dunn of AREVA.

MR. DUNN. Ckay. M nane is (pause) --

DR. POVERS:. You need the viewgraphs to
figure that out, huh.

MR. DUNN. COkay. M nane is Bert Dunn,
representi ng AREVA.

| have a presentation that was going to
talk about the expected transient of a LOCA the
variation in the fanous F factor that we've got here
now, et cetera. There's been a couple of questions

come up that 1'd like to offer some of my insights
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i nto.

And | guess the first one woul d be on rule
versus reg. guide. In this area, we will need both at
about the sane tinme. |If you wote a rule that just

said you need to mai ntain post LOCA ductility -- that
was the 50.46 rule -- you would then need sone tine
for inplenentation, and you woul d have to have fairly
quickly a reg. guide that would be this is what we
want to do.

Now, it mght bealittle bit easier to do
that, but I don't know that we gain too nuch by doing
that. The reason we have 50.46 is that we were all
getting hauled all over the place in the early '70s
tal king about this on this plant, this plant, this
plant, this plant, and so it does serve the utility
and the vendor and the people trying to get here to
have fixed nunbers that you can count on. The reg.
guide is a little less fixed than the rule.

But by the sane token you don't really
conplicated things within the rule. So that's that.

Sonmeone said earlier today that the |ack
of having a generic cladding within the rule has not
bl ocked any plants from going forward with a
preferable or a better claddi ng by one of the advanced

claddings. That's not really true. The utilities, at
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| east one that | can tell for sure, and | believe
there's two, have nmade the decision not to pursue the
advanced cladding until such time as they're not at
risk for having to go in with an exenption

What the utility doesn't |ike about an
exenption is that an exenption opens it -- when you
get an exenption, you wind up open to additional
regul atory activity that you hadn't planned on. So
it's arisk event.

Some utilities viewit as a high risk and
utilities view it as a relatively low risk. What
we've been able to get to nove to Mb cladding, for
exanple -- that is the cladding |I'mtal ki ng about --
are utilities where that has been rel atively i nportant
for themto get the low corrosion rate. W my see a
few nore come on in a couple of years.

W would like to have everybody on M at
this particular tine.

A test procedure for doing the break-away
oxidation. |It's been a long tinme since |I've worried
about how much it costs to build a heater rod, but one
consideration could be sonething like a small break
LOCA test or a boil-down test or perhaps a |evel of
wat er al ready established. You nmay have here it could

be Hoprider's rig at Penn State. You would get all of
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your information at one tinme because if you do a boil -
down test, every portion of that rod is going to be
hotter and hotter and hotter as you go up. There
could be some set-up difficulties, transi ent
difficulties that m ght do that, but you know, so |

t hi nk those can do.

AREVA i s doing very well withtestingwth
prehydri ded cladding, et cetera, |like that. Now,
we've got a substantial programto deal with Mb in
that fashion, and while I"mon that subject, | did
want to introduce or there have been questions about
cooperation and stuff like that. W've had two or
three neetings with Mke. W've brought the people
from the CEA program on the cladding to Argonne.
W' ve sat down. We've spent an informal day.

The purpose of those neetings was to give
M ke the information that we had so that he could
| earn what he needed for his program so that he could
t hen ask us specifically for it, and then we woul d go
forward and see whether or not or try to get that
rel eased, and we have provided a |l ot of infornmation to
t he program

Sol think it's an international conpany.
It's not the US. -- we're not owned in the US., |

guess, and it's certainly not the Lynchburg office
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that's providing nost of the source of information,
but AREVA has been providing a great deal of
information, and we will continue to do that.

It may surprise things, but AREVA wants
the rule to be right and the reg. guide, too. Sone
people don't give vendors credit for that. Sone
peopl e just say vendors want to keep things cheap.

kay. Finally, the way | measure things
interns of are we there yet is to look at a | earning
curve, and | ask nyself how frequently am |1 | earning
something? |If |I'mlearning sonmething new, |'m not
sure | want to stop the process and say |'ve done it
all. Okay?

Two years ago | stood up here and said
we're still learning sonme things that are new, and we
need to slow down a little bit and make sure we get
t he tests.

Okay. Well, here we are a year and a half
later. There's two new itens that we didn't know
about or weren't considering two years ago. That's
t he ones Robbie nentioned, the ID source of oxygen
mgrationinto the prior beta region and t he potenti al
ef fect of quench tenperature or LOCA transient on the
t hi ng.

So knowi ng what | want to say, don't wite
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arule, but if you do start witing the rule nowor if
you do start going on this process, let's go slow so
that we have an opportunity to figure out whether
we've got all of the phenonena we need to toss in
there or maybe we take Dr. Power's recomrendation
wite the rule very general and give ourselves a |ot
of time to finish areg. guide and let the reg. guide
develop nore slowy. That nay be better.

Now I'Il stop with the general stuff and
go on. What | want to do is tal k about making a rule.
If we pursue it now, and this is colored by the fact
that we're afraid that the one F factor will get
picked. Now I'lIl showyou a little bit about that.

W're afraid that it will be too specific
and not general enough. It would rely on, | think,

i mature data. Some of this information has just hit.
It hasn't been out there for peers to talk about it a
lot. W haven't fought over it, you know, and you
know, we need to do that. Most likely it woul d enbody
excessi ve conservatism

Now, obviously there | just say retain a
little bit of ductility. So I'mtalking here about
reg. guide or rule.

Okay. The value of this normalization for

t he exi sting corrosion or for the hydrogen, one thing.
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As nmentioned in Ralph's equation, that ECR corrosion
is today a surrogate for hydrogen. GCkay? There can
be a fewother effects in there, but the best we would

understand it right nowis that it's just serving for

hydr ogen.

| want you to know t hat because |' m goi ng
to make a request later on that will differ from Dr.
Meyer .

Fis going to vary with the inportance of
hydrogen to the material. Cooling rate, guench

process, possibly. W have Argonne and we have CEA
getting different results. W don't know exactly why.
And the phase change kinetics. W're talking about
transients that take 100, 200, 300, 400 seconds. The
last tine | |ooked at phase change kinetics, it's on
the tinme franme of ten to naybe as nmuch as 100 seconds.

DR. PONERS: Maybe even | onger

MR. DUNN: Yeah. So we're nessing around
with what the beta fraction is in the cladding at the
same tine we're doing this. W ties all three of
those. |I'mnot sure we understand that well enough
yet.

Okay. There is the proposal, and |I'm
going to tal k about some experinental results that |

did. That's going to be on the quench, not that |
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did. A survey that | did. That's going to be on the
cool down and quench rates.

And then |'ve done sone cal cul ations of
some F factors to show you what the variation m ght
be.

kay. Mke presented this slide. |'m not
going to go through it again in too nuch detail, but
we have very rapid or 800 degree quench data, and t hen
in this area we have stuff that was slow cool ed down
to 700 degrees and then quenched, and we have sone
stuff up here that was sl ow cool ed down to 600 degrees
and t hen quenched, and then finally we got a coupl e of
data points out here where it was slow cool ed all the
way down to room tenperature.

Now, if you take this data and you draw
some reasonable lines through there with a French
curve or the sanme type of line that M ke was draw ng,
you can kind of conpute what the F factor m ght be
for, and | did that.

kay. Fromthe CEA data, if we do 1,200
or 800 degree quench, we would come up with an F
factor of 1.6. Now, that's been tossed around fairly
effectively this nmorning. | think nost people agree
with that.

If we do a roomtenperature quench, we
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come up with a factor of .9. W do a six or 700 or
500 degree quench, we're not exactly sure where the
| oner bound is going to be, but it would be .7. So
there's quite a variation fromjust the EA data.

Now, if we do Mke's stuff, you won't get
that much variation. GOkay? CEA cools at less than a
degree per second on the way down to the quench
tenperature. Mke cools at 13.

In a few mnutes 1'Il show you ny
recommendation, which is six. Now, six gets us in
that time frame where we can start tal king about the
ki netics of the base range becon ng i nportant.

Sonmeone asked about the material. [If |
take Mb as we know it today based on t he Argonne dat a,
apply a hydrogen correction to that that's a linear
i nterpol ati on of what Zry-4 does, but just use the M
hydrogen content, which wll give you an idea. W
have never neasured hydrogen over 80 ppmin M from
operations. The F factor would be .7 for that
material. So it can be a fairly strong dependence,
mat eri al dependence on this type of a factor.

Ckay. It's nmade up of the reduced
corrosion. M does have corrosion. W typically
woul d neasure maybe 20 or 25 mcrons of corrosion

DR. SHACK: But isn't that directly
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accounted for in the ECR corrosion ternf®

MR DUNN. No. I'mgetting there. W get
| ow corrosion, but then if we did that, if we just
took the corrosion and conpared that to Zry-4, for
exanpl e, the two corrosions, we would get one fourth,
one third what Zry-4 devel ops, which should put us in
the 200 to 300 ppm range.

Qur pickup fraction is about one-third of
what Zry-4 is. That's what gets us under M2 about 80.
Al right. And here I'll say if we can design a clad
that has a pickup fraction of one-third of Zry-4 and
do that for a certain reason, we can also designh a
clad that has a pickup fraction of twice what Zry-4
had.

Now, that's one of the things that | want
to do here is make sure that we get the flavor that
there are some changes around in here, and we are
going to have to be testing, if you will, to decide
whi ch way t hose go because of reg. guide, the rule or
what have you.

Finally, just again, the main point here
is that it's all over the place. This is Mke's
public H B. Robinson nunber or one of the H B.
Robi nson nunbers.

DR. PONERS: | think his nunber as
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recall was 1.3 plus or mnus .3, right?

DR. BILLONE: Yes. The plus is a plus
1.3, which would be Baker data as it is. [|I'msorry.

The 1.6 factor can conme out of the
cal culation for our heating and cooling rates, and
then went on to argue that if the heating rate were
sl ower, you can go from1.6 to 1.4 to 1.3 to one.

But, yeah, taking our data as is wthout
using any rationalization, the nunber is 1.5 to 1.6.

MR. DUNN. Well, we asked the question
what is the appropriate quench tenperature. Okay?
This question first got raised, | think, |ast sunmer
at Argonne when we first saw the CEA data and people
were saying, "Well, we need to know what the guench
tenperature is. Tell us what the cooling rate and the
guench tenperature is."

Vell, the cooling rate is anywhere from
zero to al nost infinity, dependi ng on what part of the
transient you' re tal king about. As we start to turn
down on any LOCA, it's cooling at zero. W' ve just
mat ched the ability to keep up with the decay heat,
and it gradually increases as the plant refloods or
refills with water, and you have this type of a
culture in general.

If we ook at the cal culations, they'l
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vary a little bit over the place. |If |I go |ook at
l[oft, it will junp around and vary and then we have
our quench here, but we can nake sone argunent by
maybe | ooki ng at t hat whol e process or | ooki ng at what
the rate is down in this area.

It changes with the type of transient
you're |l ooking at. Wether you' re | ooking at a | arge
break or a small break. It changes with whether |'m
trying to calculate things. This is a problemfor
maybe the anal ysts as to whether it's a best estimate
work or deterministic work and what | mght force to
consider in doing it.

So |'ve got two large breaks up there.
One is a plant that cools relatively early and
qui ckly. That m ght be representative of VMN deci sion
plant with vent valves in place. So vent valves
enhance the flooding rate, and we get a | ot of water
in there really quick

The verpa (phonetic) light Iine would be
perhaps representative of a four loop plant. A
st andard Westi nghouse four | oop or a conbustion pl ant
or sonething like that, and it's going to take a
little bit longer to get there.

| worked all of this in a-- and then the

yellow in here, the small break -- | worked all of
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this into a clad, quench and cooling rate predictor,

and it is not just based on prediction. It's a survey
of experiments, and I'Il get that to the source data
in just a mnute.

| suggested a cooling rate of six degrees
C. per second, with the highest quench tenperature of
600 degrees C. and the shortest cool down tine being
at 200 seconds. And the thing is |I've got an equation
that goes with this that you can plug these nunbers
into and you can actually see the transient, see the
caricature of the transient. It's a caricature.

For the | arge break LOCA, smal |l break LOCA
we give 250 degrees C. for the quench, and here we're
about 1,000 seconds. Now, that 250 degrees C is
nom nal |l y the range of saturation tenperatures that we
see because what happens with the small break is a
m xture level is in the reactor, and it's just
gradually rising, and so you're going to go fromjust
a little bit. You're going to build up sone steam
cooling, and then where you're really going to hit the
tenperature drop is as you get very close to that
guench frame -- | mean the m xture, m xture height.

Now, this is what | |ooked at when |
| ooked at NUREG 1230, which is a conpendi um of data

and testing and supported best estimate LOCA. That
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i ncl uded FLECHT, FEBA, SCTF and CCTF and determnmini stic

and best estimate LOCA predictions. It also
supported, the work was supported by a paper from
Kansas State from-- is Steve still here? 1 guess he
has left. Steve Bajorek and M. Peterson.

There, in that paper, they were talking
about quench. W were tal kinga bout nateri al
di fferences and corrosion differences, and | all owed
for that.

Now, you get about potentially a 100
degrees effect in going fromstainl ess steel to Zry-4,
and | actually wasn't able to observe quench
t enper at ures above 500 degrees C., but nobst of those
tests are done not with a zirconium based al | oy.

| al so had some work fromPenn State that
hel ped in | ooking at that.

Just a couple of real quick -- this is
FLECHT, three different test tenperatures, and you can
see everything is down below the -- well, this one
does have a couple at 600 there, but nost of these are
down in that 500 range. So | guess | lied to you a
few m nutes ago when | said | never observed anyt hi ng
was over 500.

DR. POAERS: Have you | ooked at all of the

guench experinents that have been underway at
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Kar | sruhe?

MR. DUNN: AT where?

DR POWNERS: At Karl sruhe.

MR. DUNN: No, | did not |ook at those.

| want to add one nore consi deration here,
and a great deal of these experinments -- | think
everything | |looked at or a lot of it does not have
the appropriate amount of stored energy inside the
heater elenment. So it's quenching quicker than it
shoul d.

| f we actually did nucl ear pellets there,
we woul d get a | ower tenperature quench

And here's, again, sone stuff. This is
CCTF. Now we can see the gquench tenperature running
along in here. Now, in this case these quench
tenperatures up here at 700 or so, that's actually K
So that's really down at about 450.

But | just wanted to show you that |
| ooked at a fair nunber of things. GOkay, and nowit's
time to get off the podium

The conclusions are that F can be a
conplicated item It is going to vary with all oy.
It's going to vary with hydrogen, and | don't think we
understand how it interacts relative to the cooling

rate. W should resolve the difference in cooling
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ef fect between CEA and Argonne, and | think we're
trying to do that. There's work going forward to | ook
at that, but it's not there yet.

The adequacy of corrosionto correlate the
hydrogen effect on ductility should be confirnmed.
This is where I'Il differ with Dr. Meyer. W should
do a prehydrided testing to confirmthat, in fact, for
this particular all oy, the corrosion is the
appropriate surrogate. W shouldn't just assume one
number for F tinmes the corrosion because there's
differences in pickup fractions. There may be
di fferences in how the hydrogen interacts with the
material .

| D action and uptake, | just think that's
alittle bit early. Ralph said four tests. | don't
know where those four are. | had thought this norning
that there was one test. Well, | thought two days ago
there was one test, and yesterday we were talKking
about there's apparently a couple others where we
think the interior alpha |ayer went away.

| think we ought to make that alittle bit
nore robust, and we ought to answer this question of
is it just 1,100 degrees Fahrenheit or nore. OCkay?
There's a paper sonewhere that say sit can't happen

for cladding tenperatures bel ow 1, 100 degrees.
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Ckay. The anount of conservatismto
achi eve one nunber suitably bounded nmay very well be
excessive, and Mtch is going to showus a bit nore on
t hat .

And | guess I'mjust nmaking a plea for a
little bit nore data, a little bit nore time to |let
t houghts mature, |et people bounce things back and
forth between their ears and get these things, until
the learning curve starts to go down a little bit.

Thank you very much for your tinmne.

CHAI RMVAN ARM JO  Ckay.

DR. PONERS: You caution prudence and
aging these things in a cask i s one of the things that
| think ought to be done a ot with these data. So |
can't argue with you. The problem | keep com ng back
to is you' ve got a fudge factor called F here, which
is the function of a lot of things that we think we
know and presumably another raft of things.

| mean, in a previous lifel usedto worry
about the tactic phase transformations of these
obscure things that exhi bit hysteresis and undoubt edl y
t hat has some bearing on these things.

And I"'msitting here saying | could make
a lifetime of several people to sort out this F

factor, which 1is probably not the right even
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functional formfor this dependence and what not. But
| ask you a question. How accurately do you have to
know it in a generic sense since we don't have a
specific?

MR DUNN: | would answer --

DR. PONERS: Hugh may have a specific
al l oy. Ral ph doesn't.

MR. DUNN. M biggest concern is not
necessarily F or picking a nunber for it. | would
i ke very much for Fto be picked in a reg. guide, for
exanple, if we're going to go with that. Qur biggest
concern though is have we discovered the phenonenon.
Have we put that all together?

Two years ago we woul dn't have sai d quench
rate was i nmportant, and we see the CEA stuff. Quench
rates are inportant to CEA. The cooling rate is
wWr ong.

You know, | just believe that we do need
to not be learning quite as rapidly as we're | earning
today, and |I'm not tal king about small stuff. It's
the I D source of our oxygen. W need to |ook at that.
W need to find out and understand it.

| don't disagree there isn't a source
there. | nean the process of getting down in the

clad, there's a creep-down process. |It's going to
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change from one type of fuel designer to another
designer. W vary internal pressures in the fuel. So
one guy is going to creep down at 35 gigs. Another
guy is going to creep down at 45 gigs. The creep rate
of thecladdingis alittle bit different dependi ng on
ZIRLO and Mb are not going to have the same creep
rate. The build-up and the return to offset is not
going to occur at the same tine, so what have you

CHAI RMVAN ARM JO  There are a |l ot of
variables in the system and | was kind of surprised
that the system the cool-down rates fromthe events
t hat you showed weren't used to gui de the experinents
so that they were done wthout -- getting the
concl usi on of quench from high tenperature, of very
fast quench, is totally unrealistic.

MR. DUNN. When we go back to Chung and
Kassner, for exanple, we see that, you know, the beta
guench -- | call it a beta quench. [It's probably
wrong -- but the high tenperature quench down there is
establ i shed as conservatism and you know, when we
justified Mo, we just did quench tests.

And with quench tests, you're going to
come in at 25 or 30 percent ECR before you shatter the
cl adding, or actually the way we do themis we test

themw th about a two psi over pressure afterwards to
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see if they | eak gas.

And you' Il get 25, 30 percent ECR before
you do that. So we had plenty of room So it was
fine to quench right off the top. Wy after this
sumer we didn't switch to something |i ke 600 or so or
get some criticismof that work that | put together,
| can only tell you it's out there. | sent it to
people, and we haven't had a tag -- of course, we
haven't done it a lot since |l ast sunmer because we got

our cells. Everybody has been worried about where

we're going to do the test and stuff. 1'd like to see
it considered. | didn't do it for nothing.
M ke?

DR BILLONE: Just historically, this 800
C. nunber was, as | showed you for as fabricated
materials, it didn't matter. W're only discovering
this for hydrided materials, high burn-up material s,
and it was proposed a long tine ago with EPRI and
partners, and we also sent out a request. It had
di fferent nanes, fuel reliability group for input for
small break LOCAs, and we decided that 800 was
boundi ng, and no one was concerned at that tine. So
we pi cked 800.

CHAl RMVAN ARM JO  That's before people

knew about hydrogen and peopl e knew about the quench.
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DR BILLONE: Right.

MR DUNN:.  Well, | think we knew about
hydrogen, but we won't worry about the quench
interaction because | --

DR BILLONE: Yeah. W didn't realize
that you could get a little bonus. You can get sone
extra ductility by quenching hydrided or high burn-up
sanpl es at | ower quench tenperatures.

We have done sonme work since. W had a
neeting in Argonne, a very good neeting in June of our
industrial partners. NRC was a programrevi ew
neeting, and that's where the slide that Bert showed
that the CEA data was presented. You have to keep in
mnd that they have a large furnace, as | said, and
when they say |less than one degree C. per second
cooling, it was less than a tenth of a degree C. per
second from hi gh tenperature, 800, and it got sl ower
and sl ower and sl ower and sl ower.

CHAIRMVAN ARM JO Wl |, nmaybe that
exaggerates the benefit of the cooling. |Is that what
you' re sayi ng?

DR BILLONE: Yes, yes.

MR DUNN: It mght. It mght. It's
clearly going to mx us up in that phase change

kinetics alittle bit nore with a nore realistic cool
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down t enperature.

DR. PONERS: One thing I'm sure you do not
want to do is provoke the thermal hydraulicists to get
i nvol ved in defining what your cool-down rate it
because this cooling is extraordinarily conplicated
because as you bring water in it, you get little
droplets that go flying up there, and life gets very
conplicated very quickly on this cooling process.

Now, there are sone experiments, quench
experinments, that |1've witten sonme notes here to go
back and | ook at because | didn't pay any attention at
the tinme and what the cool-down rates are and things
l'i ke that.

MR.  DUNN. Can | have your note
afterwards?

DR. PONERS: What did you say?

MR DUNN. WIIl you share your note with
me?

DR. PONERS: Oh, yeah, absolutely, yeah

MR. DUNN. Ckay. Thank you.

DR. PONERS: Yeah. | nean, the guys that
do that are very free with those data.

MR. DUNN: Yeah, that Penn State paper is
worth | ooki ng at, too.

DR. POVERS: Yes.
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MR. DUNN: I[t's about that thick.

DR. PONERS: Well, the type of report that
sits around in draft is about this thick. But he does
have all of his data in there.

CHAl RVAN ARM JO.  Ckay. Well, thanks a
| ot .

MR. DUNN:.  Ckay.

CHAI RVAN ARM JO.  Qur next person up is
going to be M. Nissley from Wsti nghouse.

(Pause in proceedings.)

MR. NISSLEY: I'mMtch Nissley. I'mwth
West i nghouse El ectric Conpany. |'mgoing to follow up
with Westinghouse's contribution to the industry
comment s.

There's been a | ot of questions over the
| ast hour or so about if | can get out of town with a
1.2 F and ny corrosion is relatively low. Shoul dn't
| declare victory and go hone?

The main pat of ny presentationis totry
and portray sonme of the realities of the consequences
of fully enbracing the proposal as witten. | wll
say that the proposal has actually evol ved sonewhat
from what was published on ADAMS. What industry has
been tal ki ng about back and forth over the | ast two or

three weeks, we've had a nunber of telecons in the
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EPRI working group. W had an all day preview
yest erday, and we've had some preconceptions of what
woul d be presented today based on what was in that
draft reg guide, and we acknow edge that there have
been adj ustments nmade, in particular, the Ffactor has
been reduced fromwhat we thought it was going to be.
W have not had tinme as an industry group to fully
tal k through what that neans. |It's certainly in the
direction we would like it to go, but we have not
really had a chance to tal k through that.

|'"m also going to discuss our positive
out cones of the Argonne program additional concerns
West i nghouse has. They're simlar to other ones, but
|"m going to present themwith a slightly different
spi n.

Essential consequences to the industry.
| think this is really what the question has been over
the last hour, is what's the big deal. |1'mgoing to
address that from a PWR perspective. Dr. Patterson
fromG\F wi | | have sone slides foll owi ng m ne where he
will address the BWRs.

| have a few slides on consideration of
realistic reactor physics. This is really ainmed at
| ooki ng at the physical burn-down of UQ, fuel, and its

ability to produce power as a function of burn-up and
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what the consequences of that are for its ability to
achi eve the high kinds of tenperatures that have been
tested to date in the high burn-up test prograns.

And | have a fewrisk informed conments at
the end of the presentation. It comes with a program
Argonne and the NRC have essentially confirmed that
this interimuse of IN98-29 for the |ast eight years
is asuitable LOCA criterion for irradiated fuel. It
has closely approximated the effects of hydrogen on
enbrittlement in Zircal oy type cl addi ngs.

Going to the future, | think it is a very
i nportant enabler for the introduction of new and
advanced alloys. If we would have been required to
obtain high burn-up claddings and test themprior to
i ntroducing theminto the reactor, nunber one, there's
some risk that while you think the alloy will perform
wel | at high burn-up, it mght not. But | think that
NRC has done substantial work to show that you can
approxi mate high burn-up effects by prehydriding the
cladding, and that has cone up with an effective
screening technique for advanced alloys so that you
can really assess the acceptability fromthe LOCA
perspective very early in the devel opnment program and
not wait ten years to get neaningful how each cel

works. So | think that's a significant contribution.
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These are the concerns | said | would
coment on with a little different twist. The first
oneis simlar to the calculation Mke Billone showed
this norning or | believe, no, it was Ral ph Meyer.
Sorry.

Based on the draft NUREG that we saw, we
anticipated an F factor on the order of 1.5 or 1.6,
and | went through and did a shorthand cal cul ation
just to show this was simlar to Dr. Meyer's use of
the 100 mcron Zry-4 design limt. One hundred
mcrons or four mls is effectively a design linmt at
| east for Westinghouse fuel for all of our cladding
types.

For such a designlimt and with our 17 by
17 cl addi ng thickness, which is 22 and a half mls,
and if we use the theoretical Pilling-Bedworth oxide
to netal ratio of 1.56, you go through the MAP and you
get 17 percent oxidation at a design limt acceptable
corrosion | evel wthout any transient.

So | wanted to put this sinple calculation
here just as an exanple. |If you use a large F factor,
you've got no roomto work with with curb design
l[imts on fuel.

Anot her thing that hasn't been discussed

in a lot of detail. | do think that the two-sided
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oxidation is real if you have good, hard contact, and
if you're at 1,200 degrees C. | think the data
supports that.

However, one of the back-up references
that was cited, this Hoffman and Politis ASTM paper
in there they concluded that you needed a tenperature
of at least 1,100 degrees C. and power cl adding
bonding in order to get the two-sided oxidation. At
1,100 degrees C. their paper cited that with the thin
oxi de layer they could go an hour before that |ayer
woul d even start to dissolve.

| f you got rnuch above 1,100 degrees C.
that |ayer dissolved very quickly. So in that paper,
now, that's anot her area of uncertainty, but what that
reference citedis that if you are bel ow 1, 100 degrees
C., which I tend to present you would be for high
burn-up fuel with pellet cladding bonding, you wll
not be anywhere close to 1,100 degrees C, and

therefore there's no need to account for doubl e-sided

reaction.

Essential consequences to the industry.
| think this slide -- that we mght want to have a
little back and forth on this -- is part of ny

presentation was ained at supporting that there's

really no safety issue here. The plants are fine
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today. | think Dr. Meyer did an effective job of
getting that out of the way very early in the day.

So | think what we have here is a
situation where it's recogni zed that there should be
some changes to the regulations, but if we make them
whol esal e and i f we nake themqui ckly, that there will
be a significant inpact on the entire industry.

Now, that sounds maybe over dramati ci zed,
but there will be a significant resource diversion and
cost, and | really don't think there's any real safety
benefit.

For the vendors, we will have to relicense
our evaluation nodels. CQur evaluation nodels
currently do not address I N98-29 within the framework
of the approved eval uati on nodels. The assessnent of
98-29 is done outside of the evaluation nodels in
accordance with the NRC gui del i nes.

So once this becones a rule, it would
appear to ne that you would have to nmke that an
i nherent part of your evaluation nodel so that you
woul d have to relicense it.

The use of Cathcart-Pawel is also not in
all evaluation nodels. So the use of Cathcart-Pawel
to do ECR calculations will need to be relicensed

Wher ever we end up on two-si ded observati on and based
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on ny prior conment, | don't think we really need to
go there. Again, it would require a relicensing
action.

So the vendors will have to relicense al
of our evaluation nodels as | see it today unless
there's some kind of areally creative regulatory spin
on this that's not apparent to ne.

| put in here a potential need for
addi tional hot cell testing. | put that in because it
was not clear to nme fromthe information in the draft
NUREG what was going to be required to derive F. |
think the proposal was put forth this norning that |
think nore or less elimnates that as a concern, but
that was not clear fromthe draft NUREG t hat was nade

avai l abl e to industry.

Li censees, | think, have the lion's share
of the work here. Okay? | don't see any way around
this. |If you have a new 50.46 criteria, if you're to

denonstrate conpliance, which is what you're required
to do by law, you will have to use these relicensed
eval uation nodels and every PWR in the country will
have to have updated analyses. They will have to

update their technical specifications to reference
t hese new eval uation nodels, which are part of the

bases, and they will have to update their FSARs.
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A lot of cost. In ny opinion, no real
safety benefit.

There's a potential for increased fuel
cycle costs. | showed on that previous cal cul ation
that this was really com ng fromthe F factor point of
view, but that F factor is too large, and you have
design limts of four mls or 100 microns. You nay be
di scharging at the discharge fuel in the future, but
right nowit will be perfectly acceptable due to the
conservatisns that are contained in the proposal.

| f we di scharge fuel assenblies that have
plenty of capability left in them we're increasing
the spent fuel also, which is really not a good idea
i n anybody's m nd.

The next oneis alsorelated to fuel cycle
econonm cs. Wiile our PARs currently use ZIRLO for
those who are supplied by Westinghouse. There are
i nstances during a fuel shuffle where an assenbly may
be damaged or sonething like that, where you have to
do what's called an energency core redesign. Wat
you're doing is you're comng up with a revised
| oading pattern. You can't afford to wait till the
fuel fabricator nakes another assenbly and ships it
out to you. You do the best with what you have, and

| nmean, this is really done in real life.
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You |l ook for the Zry-4 assenbly or the
what ever in your spent fuel pool that has the nost
reactivity left init, and you'll come up with a new
| oading pattern that wll support your energy
requirenents for that cycle, and that's not sonething
that' done on a whol esal e basis, but that can really
save your skin and save your outage tine if you have
damaged assenblies during shuffling.

If there's a need to introduce -- 1"l
show you in a mnute about this physical burn-down
effect. Currently that's really not generally in the
pl ant techni cal specifications as sonething that is a
limt as a function of burn-up. [It's just recognized,
you know, that that exists and you can take credit for
t he hi gh burn-up

| believe that with the new requirenents
that you will have to do these explicit anal yses as a
function of burn-up, and in doing so you will have to
a explicit burn-down credits at certaintinmesinlife,
and once you've done that, that will be part of your
licensing basis, and there's a potential there that
that will put in overly conservative peaking factor
limts that may reduce operational flexibility.

|"m not saying this is a guarantee, but

one of our vendor participants in the working group
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neetings pointed that out as a real concern on his
part.

And finally we have the NRC. W' s going
to review all of this? Gkay. This is going to be
every PARin the U S., every PAR EMin the U S., and
they're going to have to review and approve all of
t hi s.

Okay. Now, I'mnot saying this isn't the
right thing to do at some point in tinme, but to do the
rul e change quickly without, if you will, a roll-out
pl an or a phased in way of acconplishing this, thisis
a huge anmount of work to get to the sane place where
we are today. But | really can't interpret it any
ot her way.

DR SHACK: Well, half of those bullets at
| east would be true for any change in 50.46(b), you
know, whether it's the one that's currently proposed.
Any change woul d invol ve nost of these.

MR NI SSLEY: |If we codified the IN 98-29,
for exanple, we'd have this.

DR SHACK: You'd have that.

NI SSLEY: And we'd have this.
SHACK: And you'd have the review.

NI SSLEY: Yeah, we'd have this.

3T % 33

SHACK: Now, you're going to trade the
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penalty off with the benefit of being able to |icense
your new advanced fuel and thoughts and potentia
val ue of one versus the other?

MR NI SSLEY: Well, | nade the conment
earlier about creative regulatory, you k now, ways of
rolling this out. There's a way to grandfather
plants, and as | thought through that, | thought
well, if you grandfather them where they are today,
what if | got sonebody who wants to do an extended
power up rate in 2009? Is it still grandfathered or
does he have to not do all of this?

|"mnot a regulator, but that | ooks to ne
like quicksand a little bit. So | wish | had a sharp
answer to that.

The next few slides are going to focus on
consideration of realistic reactor physics. Current
fuel in the US is limted to five weight percent
Uranium 235. In practice, you really don't want to
build it any higher than 4.95 because of the
manuf act uring problens and things |ike that.

If you limt you fuel to five weight
percent, it runs out of gas, and it starts to run out
of gas around hal fway through life, around 30 gi gawatt
days per netric ton.

Once it starts to burn down in terns of
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its achi evabl e power | evels, achi evabl e peak cl addi ng
tenperatures and the correspondi ng transient oxides
drop of f dramatically, and that conment is valid for
all break sizes, both |large and smal | breaks.

The inmportant conclusion fromthis, high
burn-up fuel limted to five weight percent cannot
approach 1, 200 degrees C. without violatingthelimts
for the fresher fuel in the core, and |l et nme show you
some core physics cal cs and a sanpl e LOCA cal ¢ to back
t hat up.

This is depletion cal culations for a free
| oop PR to support an extended power up rate. The
pl ot shows achi evable tin power versus burn-up. The
first cycle fuel are the curves that go t hrough or the
cl ouds that go, of course, fromzero burn-up out here
to about 25 or about 20, 25.

The ones that start here and go down are
second cycle fuel, and in this case the third cycle
fuel you can see is way down here with a naxinmm
relative power of 0.8. kay? This fuel is pretty
big. It has been way around that.

W tal ked about, again, | want to cone
back to the idea of the two-sided observation. The
Hof f man and Politis paper cited a threshold of 1,100

degrees C., that below that it did not really appear
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that it could occur due to the thin oxide |ayers.

The draft NUREG cites incipient bondingin
PWRs at about 30 gi gawatt-days and conpl et e bondi ng at
about 50 gi gawatt days.

kay. If | go out to 30 gigawatt-days,
already have a good ten percent reduction in
achievable tin power by the tine | reach incipient
bondi ng. Ten power in power is about 100 degrees C.
worth of reduction in ECT. So you're already well on
your way to getting out of town on ECT.

If I go out to 50 gigawatt-days, on this
particular plot or this particular |oading pattern,
|"ve got -- | don't know -- nore than 50 percent
reduction. | put in here 20 percent reduction for one
sinple reason. This is a typical |oading pattern.
|"mnot trying to say |I' mboundi ng everything. Ckay?

And the 20 percent is based really on

where these rods were. |If | had a different |oading
pattern where | was pushing the fuel harder, even
harder, | could shift the second cycle assenblies a

l[ittle further out here, and so | didn't want to go
for this whole benefit. | was really only taking
credit for the reduction down to about here.

CHAl RMVAN ARM JO  What woul d be your

typi cal just ball park hydrogen nunbers for the second
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cycle fuel at the end of a -- on the chart, and al so
for your highest burn-up? Wuld it be a couple of
hundred ppnf

MR NISSLEY: 1'd like to ask Dave
Mtchell to comment on that please.

MR M TCHELL: Well, at the end of the
second cycle, you're going to be running probably
around 40 mi crons.

MR. NI SSLEY: Your name, again.

MR M TCHELL: David Mtchell,
West i nghouse.

At the end of the second cycle, typical
ZIRLO fuel would be running maybe around 40 to 45
m crons.

CHAI RMAN ARM JO  xi de.

MR- M TCHELL: O oxide thickness. So
t hat woul d be probably around 400 ppm of hydrogen or
so.

CHAl RMVAN ARM JO  And then the highest
burn-up would be in the 600 range? Wuld that be
reasonabl e?

MR M TCHELL: Six to 700, sonewhere in
t hat range.

CHAl RVAN ARM JO  kay, but it couldn't

get hot. That's your argumnent.
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MR. M TCHELL: Yes.

CHAl RMVAN ARM JO  Ckay. So from a
tenperature standpoint, if you try to integrate
tenperature and hydrogen in the cladding, it's not
clear that the highest risk froma LOCA or |argest
anount of | oss of ductility m ght come fromthe second
cycle fuel rather than the high burn-up fuel

MR. NI SSLEY: | believe that to be true.
| think if you get out past -- if you get out past
about 50,000 negawatt days or so, it's bad, and you
know, we tal ked about extendi ng perhaps out to 70 or
75, 000. Peopl e have done fuel cycle cost
calculations. | mean you can put at nost a couple of
assenblies in there that are going to -- you can't put
a lot of assenblies in play and have to get there or
you're not going to meet your energy requirenents.
You just can't do it.

One last point. You see a curve here,
which | haven't tal ked about. That curve was put in
on this plant for the purposes of doing the I N 98-29
assessment. Okay? And what we did was we put in our
core reload process, which is sonething we do every
cycle to check our safety limts and things |ike that,
to make sure that our limts remain applicable.

You want to build in a lot of cushion
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there. So if | have a different cycle design, net
cycle, if | take that right down to where these
nunbers are, | mght have to do a reanal ysis or
sonmething |ike that.

So in a high burn-up LOCA anal ysi s, you're
not goingtoreally want to take credit for this. You
want to | eave yourself a lot of fat so you don't --
nobody wants to do cycl e specific LOCA anal ysi s except
maybe a vendor.

Okay. What | wanted to illustrate here is
this is a little different spin on the power
capability versus burn-up concept. This is a typica
four-loop PWR, core to core synmetry, the way these
t hi ngs are usual |y cal cul at ed and unl ess you' ve real ly
done sonet hing bad to your core design

Fresh fuel is indicated as the dark red,
and |'mprobably color blind. So if |I get the colors
wrong forgive ne. This color here is also fresh fuel
What you can see is you've got a very limted nunber
of fuel assenblies that are |leading a core at this
point intime withrelative powers in the order of 1.4
to 1.5, and that's assenbly power relative to core
aver age.

The ot her fresh assenblies as inthe range

of 1.1to 1.4. Ckay? That's these guys.
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The highest power of the once burned
assenblies is at a relative power of 1.2. Ckay. So
you can see the fresh assenblies are really carrying
the load for this cycle.

My once burned assenblies that are out
near core periphery due to | eakage consi derati ons and
things like that are going to have relatively |ow
powers, and in this case ny tw ce burned assenblies
are all on the periphery, and they have relative
powers less than 0.4. Okay? So this stuff is
effectively dead

It is hel ping you out fromreduced -- you
know, if you're going to have | eakage, you want these
assenblies to be absorbing as much of those neutrons
com ng out as possible. You don't want fresh fuel out
here that's doing the | eakage.

The other thing is these assenblies are
dead enough. You don't want to put theminside in the
inner regionto the core or you're really ruining your
fuel cycle economcs. You don't want dead assenblies
t owards the core.

CHAIRVAN ARM JO.  That would b ea
m sl oadi ng error, but if you did, hownmuch power could
you get out of it, if you put the tw ce burned

surrounded by the highest reactivity fuel?
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MR. NI SSLEY: |If you put it, say, right

there, that would be -- well, nunber one, you'd create
nmassi ve gradi ents across these assenblies.

CHAIl RMAN ARM JO  Ri ght .

MR. NI SSLEY: | would imgine early in the
cycle you could get that up to something around this
| evel or maybe a little higher. | don't think you
could hit a one.

CHAl RVAN ARM JO.  Nobody would do it on
pur pose.

MR. NI SSLEY: But you can destroy these
assenbl i es.

MR SIEBER. In terns of your control

MR. NI SSLEY: Yeah, you' d be wasting fuel
right and left.

MR. SIEBER: You're just wasting neutrons
when you do it.

DR. PONERS: You just don't like any rod
to have a high work. You nove sone in there.

MR. NI SSLEY: Ckay. Now, in current LOCA
anal yses, you know, you have to consider peaking
factors up to the tech spec limts, and there's al
ki nds of requirenents on how you performcal cul ati ons
even with realistic nethods.

My next slide, |I'm going to show you a
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refresh assenbly, one of these guys, but with the
power bunped up to be consistent with tech spec
limts. 1'mgoing to show another assenbly, which
will be a once burned assenbly with a relative power
inthis range, and |' mgoing to show anot her assenbly
that is once burned out here near the periphery and
has a rel ative power right about this nunber. | think
it's about a .6 or sonmething |ike that.

Did | lose that figure? Oh, there it is.

Okay. Two points here. One is this is
out of a design basis accident analysis. |In this
parti cul ar nmet hodol ogy we | ook at variations in axial
power distribution. This is a relatively well behaved
shape. [It's not extrenely -- so it's a reasonable
axi al power shape |like you would have in base | oad
oper ati on.

However, that hot assenbly has been bunped
up to a higher level than calculated in that core
physics distribution. This is the average type
assenbly once burned that | tal ked about, and this is
a once burned peripheral assenbly with a relative
power of about .6.

Ckay. Even with a power of .6, you saw
all of those twi ce burned assenblies were |ess than

.4. This is nore or less a nono-transient. There's
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al nrost no heat up here. Even with the relative power
of 1.1, you're under 600 degrees C. It's only that

hot assenbly with the power bunped up that starts to
get up relatively high

Now, again, thisis arelatively favorable
because in this particular anal ysis or this particul ar
case |'ve used a wel | behaved shape | i ke you woul d get
inanormal core depletion. This is like a realistic
axi al power shape but with the peaking factors bunped
up to that noticeable margin for the hot assenbly up
to the limt.

The core average fuel once burned is way
down here, and | used once burned on a the periphery,
and it's very, very benign.

A few coments on risk inforned
considerations. | know there's currently a fair
anount of uncertainty in what's going to happen with
50.46(a). | know the committee sent a letter to the
Comm ssioners and the staff tat they are currently
trying to figure out how to deal with.

The | arge break LOCA as we currently think
of it is beyond the transition break size in that
draft rule.

The current PCTs and observations that we

get for large break LOCAs woul d be dramatically
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reduced i f one i npl enented the optional 50.46(a). The
reason for that is that you do not have to take the
single failure. W can use realistic power shapes.
You do not have to take loss of off-site power
assunptions. So any plants that are currently close
tothe LOCAlimts with the fresher fuel, recogni zing
t hat the high burn-up fuel is very, very, very benign,
you woul d generate even nore margin with a realistic
considerations that are enbodied within the draft
50. 46( a) .

Wth regard to snall break LOCA in the
U S for PWRs, all the current small break eval uation
nodel s still use Appendi x K requirenents. Nobody has
licensed a realistic analysis yet for small break
LOCA.

One of the nmain features of Appendi x K
from a small break perspective is the decay heat
requi renent, the 1971 plus 20 percent. There was a
petition for rul emaking back in the early part of the
decade t hat was | ooki ng at rel axati on and t he Appendi x
K decay heat requirenent.

The NRC put out a regulatory information
letter, 0202, and it had a nunber of attachments to it
wi th supporting information, and they | ooked at the

reductions in PCT and oxidation for small break that
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woul d be realized just froma change to a realistic
decay heat, and they were getting estimates on the
order of 500 to 1,000 degree reduction.

Froma realistic LOCA response, what you
currently see in an FSAR for design basis anal yses
have huge anounts of margin in them and | believe |
showed you i n t hat one exanpl e | arge break cal cul ati on
that even using nore or |ess an upper bound for the
hi gh burn-up fuel in ternms of relative power, it was
nore than 1,000 degrees, less limting than the fresh
fuel .

| think the real nessage here is we've
done a lot of testing at 1,200 C. with high burn-up
fuel. The double-sided reaction is also a limt that
| k now of to a very high tenperature like that, and
you just can't get there.

So in sumary, yes, we believe the test
program and the NRC s interpretation. The data has
yi el ded positive results for NRC and the industry.
They' ve confirmed sone of the NRCinterimrequirenents
in the information notice. That was a positive
findi ng.

They al so have put out a franmework for
nmoving forward with advanced clains. W voiced sone

concerns and we' ve had sone di al ogue about what do you
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do in regulatory space with this.

| hope |'ve given sone insights into sone
of the real consequences of what this will nmean to the
i ndustry if we nove forward in a rapid basis and
i npose t hese recommended changes wi t hout sone car ef ul
thinking of how to roll this out in a way that
i ndustry, the vendors, utilities, and the NRC, how we
can handle this.

The day this becones law, it woul d seemto
nme peopl e have to be in conpliance. How are you goi ng
to prepare to do that and recognizing the fact that
there's really no significant safety benefits from
doi ng this.

So this is, you know, what we've been
struggling with and why we' ve been, you know, rai sing
guestions on why we're noving fast so forward. Do we
understand this sufficiently to nove forward at this
time?

CHAl RVAN ARM JO.  Ckay. Any questions?

DR BILLONE: Mtch, just help ne out on
one thing, on fuel managenent.

MR. NI SSLEY: Yes.

DR. BILLONE: How you reload the core.
There's nothing -- NRC doesn't regulate fuel

managenment. The utility can juggle fuel around any
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way it wants as long as it neets its tech specs; is
t hat correct?

MR. NI SSLEY: Correct.

DR. BILLONE: So in principle, you could
take a one or twice burned rod and put it in the
center of the core. | mean, there's nothing that
woul d stop you from doi ng that.

CHAI RMAN ARM JO  Ch, yeah.

MR CLIFFORD: Paul difford, NRR

| was just noting that there's a few
nmechani cal design limts that would often limt how
you burn a high burn-up assenbly towards the anal yte.

DR. BILLONE: Thank you.

MR. NISSLEY: 1'd like to recognize (dell
Amanpour .

MR. AMANPOUR:  Qdel I'i Amanpour, Sout hern
Nucl ear Core Anal ysis.

Typi cal ly the way fuel managenment i s done,
you have to have the burn-up limts nmet. |In other
words, there was a question earlier whether or not a
fuel assenbly with a higher burn-up can be placed
inside the fuel on the periphery. Yes, that is
possi bl e, but you still have to neet the burn-up, and
if you put the fuel assenbly in that are of the core,

t hat has hi gher peaking factor. It would definitely
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push that fuel assenbly to go outside the 60 to 062
t housand negawatt - day.

So there are speed breakers built into
the --

CHAl RMVAN ARM JO.  Right. The only point
| was trying to make, you wouldn't do -- it's
physically possible to do it in error, a mstake, a
big m stake, or if you were doing an experinment and
you went to the NRC, sonebody was interested in
driving fuel to high burn-up, and that was an idea.
You' d have to review that, approve it, get exenptions
for a lot of your tech spec limts, and naybe you
would do it. You know, it doesn't make any sense, but
it's feasible to do it, but it would be, my guess,
nostly a mistake. So | just don't think there'd be
any incentive to do it.

MR. NI SSLEY: | would agree.

CHAl RMAN ARM JO.  Ckay. |If there are no
ot her questions, we'll have M. Patterson from G\F.

MR. PATTERSON: | am Chuck Patterson from
G E., d obal Nuclear Fuel.

What 1'd like to do is discuss the
potential effects of the change on BWR W typically
are a bit less sensitive to LOCA events than a PWR in

nost of the reactor types. There is one type, a BAR-2
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that is sensitive to LOCA | oadi ngs, but we can build
around that by the way the fuel is designed, how rmuch
void space is put in and howthe fuel is operated with
the power limts.

The proposed changes appear -- andthis is
based on what was available as of last week -- that
they will affect the BWR-2s and depending on what's
assurmed for F factors and possibly the I D oxidation,
it mght also affect sone of the other types of
reactors.

Qur assessnent is that this effect is due
not so nuch to the nethod, but into the conservatisns
that are inherent to it, inherent to the proposal.

Here is a sunmary of where we are with the
current regulations and what we show here is the
cal culated ECR in a LOCA event based on the nunber of
pl ants of a given type. So we have the BWR-6s with on
the order of one percent ECR, the sane for the fives

and the fours. The threes are here, and the BWR-2s

are here. These right now are designed to conply with

the 17 percent clad oxidation and the 1,200 C peak
cl addi ng tenperature, and so they' re al ready af f ect ed.

Here is a specific exanple of a BWR-2
where this is exposure on the X axis and the Y axis is

t he maxi num i near heat generation rate, and early in
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life through around 30 to 40,000 negawatt days per
ton, the operation is constrained by the peak cl addi ng
t enper at ure.

At this point aballooning and perforation
isthen calculated to be alimt, and so the two-sided
oxi dation becones the dom nant factor, and so the
power is reduced to keep this below the 17 percent.
As burn-up increases, the factors that affect the
operation in the threes and the fours and the other
reactor types dom nate, and the power cones down due
to the nuclear, thermal, and nechani cal constraints.

And so the actual operating power then is
the locus of the | ower bounds of these curves, and
what we think will happen is that if the F factor goes
up, this will cone down and the total energy under
this curve will also go down.

In the region that is |imted by cladding
tenperature, as | nentioned earlier, the expected
ef fect depends on what is assuned for the F factor.
Now, earlier on we tal ked about the oxi dati on bei ng on
the order of ten mcrons, which is not a bad
assunption, ten to 20 mcrons on a best estimte
basis. But when this is translated into |icensing
space, all of a sudden we're working at the 95th

percent, and the 95th confi dence bounds and the 95th
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percentile, and it's nmore like 50 to 70 m crons.

So we really are sensitive to the val ues
that are assuned for the F factor.

We're a bit concerned about the F factors
for the Zry-2 because the work that was done is
primarily on the Zry-4 with alnbost ten times the
anount of hydrogen. This is the material that was
used in test was 70 and the Zry-4 was 600 to 800.

the other thing is that the quench
tenperature -- and | alnost hate to nention this
because i f you ask ne a question | won't be able to go
in deeper. We'll need a thermal hydraulicist, but the
argurment is that the mni mumtenperature for fil mheat
transfer is around 600, as during the cooling phase
t he tenperature change will be sl owed to 600 and t hen
at that point the rapid punch can occur.

And so the 800 C. quench tenperature on
whi ch the F val ues are based i s bounding, but it also
bounds the region in which the base transformations
are happening and the diffusion rates are still pretty
high. So we think that overstates what the effect
m ght be.

Knowi ng this range here, the I D oxidation
is really not a factor because a BWR is a sem -free

standi ng design. You just don't have the hard pellet
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clad contact, and we don't have the |ID oxidation.

As you nove to the higher burn-up region,
t he oxi dati on becomes Iimted, and until the Fis one,
we're looking at a half to one kilowatt per foot,
dependi ng on where t he exposure, one kil owatt per foot
towards the higher burn-ups and a half towards the
poi nt of the oxidation becones dom nant.

The potential effect here, | don't know
whether it's going to affect us or not. W already
are considering in the tws the effect of two-sided
oxi dation. W are sonewhat concerned on the threes.
W don't know how -- on the fours -- we don't know how
that will behave. W' re concerned because the rods
that were tested with fuel in them which were down at
the point 57,000 negawatt days per ton |ot average,
whi ch was al nost equal to the point of assum ng ful
bondi ng, really didn't show any stabilized or any of
t he al pha on the inside. There were nodul es of al pha,

but it wasn't the sanme as what you get on the water

si de.

So we think that this mght also be a
conservatism W really don't know how it will affect
us.

Now, we tal ked about this. The ductility

limts seemed to be based on or they were based on the
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Zry-4. M ke showed us earlier today sone Zry-2
results which were encouraging. W nentioned the

| oner hydrogen concentration. A large concentration
for us is on the order of 200 ppm mybe 300, and as
| mentioned, this is sonething that has really not
been observed.

W do have bondi ng, but even after the
pellet is in placed, the anount of oxygen is
transferred into the rods that were tested really
didn't lead to an I D oxi de phase conparabl e to what
happened on the outside surface.

There are sone Zry-2 tests in here, but
the thing that really wasn't stated in the discussion
of how an F factor is derived is you need a test of
irradiated material with the hydrogen and all the
ot her things that contribute to the [ oss of ductility
on the assunption that zirconiumbased all oys are al
the same or maybe the 1.2 is okay, but this is a
conservatismthat nmay conme to hurt us.

| think that the biggest factor for us is
that the change in hydrogen which leads to the F
factor for BWR is really not a nonotonic function
It's not a scaler times burn-up or oxidation. W find
t hat we can have oxi de that foll ows a normal parabolic

rel ati onship and hydrogen that increases at a faster
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rate. And so we're concerned that we can probably
live with the 1.2, but maybe that another nethod was
a better approach where hydrogenis explicitly treated
in the formul ati on i ndependent.

That's what | had to present. |
deliberately didn't put a sunmary or concl usi on sl i de.
As | said, | think we have margin. | think we're
going to be effective, and the conclusionisreally in
the details of what will energe.

Any questions?

CHAI RMVAN ARM JO Any questions fromthe
conmi ttee?

DR. BILLONE: WMay | nmke one conment ?
think the big difference between an 800 degrees C.
guench and, say, 500 degrees C. quench is not so nuch
al | of the phase changes you peopl e are tal ki ng about .
| think it's the redistribution of hydrogen --

MR. PATTERSON: Yes.

DR. BILLONE: -- in the materi al. | think

nost of the phase change for Zry-4 is conpl eted by 800
to 750. That's Zry-4. 1t doesn't include all of the
alloys, and | don't think what you're seeing in these
CEA and Argonne test results, conparing no quench to
guench is really phase changes in the material. |

think it's hydrogen mgration, based on the results
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t hat CEA has presented.

It doesn't nean that there isn't a
difference. | just want to make a point that --

MR. PATTERSON:. Ch, that's one conpl enent.
The other is the rate at which things nove around.
Going from800 to 600 can have a big effect on your
nmobi lity.

DR, BILLONE: No, but oxygen is nuch
| arger than hydrogen, and oxygen diffusivity and
nmobility is extrenmely slow, below 800.

MR. PATTERSON. That's my point.

DR. BILLONE: Yeah, okay.

MR. PATTERSON. Thank you.

CHAl RMVAN ARM JO.  Dr. Meyer?

DR SHACK: How about a break?

CHAl RVAN ARMJO Wl l, we coul d have a
break. Al right. Wy don't we take a break for
about 15 minutes? So it will e 4:35.

(Wher eupon, the foregoing matter went off

the record at 4:21 p.m and went back on

the record at 4:38 p.m)

CHAl RVAN ARM JO.  Ckay. Are we ready to
resume our neeting?

Ral ph, would you care to?

DR. MEYER: Yes. | have several coments
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that | would Iike to make with reference to the
i ndustry presentations that have just been made.

First of all, regarding the status of the
research, we have had a formal research plan for this
work dating back to 1998, wupdated in 2003, and
frequently reviewed by both the conmttee and our
i ndustry partners. W rk like ring conpression tests
on prehydrided and irradiated ZIRLO and Mb integra
tests with PWR rods and the testing of adequate
surrogat es has al ways been planned for what we refer
to as Phase 2 of this program nost of which requires
an al pha-ganma hot <cell, which as you know is
unavail able to us now, and we hope to do in the Gak
Ri dge Laboratory in a few years.

It has al ways been our plan and openly so
totry and bring the ductility informationin early so
t hat we could address the issues with the criteriain
50. 46.

Ther e was anot her slide given early on and
echoed in part in subsequent presentations by the
i ndustry about stockpiling conservatisns, and | want
t o address each of the three areas that were listed in
t hat slide.

One was oxidation at the 1,200 limt, and

| sinmply want to point out that this is not different
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fromwhat has al ways been done. The 17 percent nunber
was derived fromdata at that tenperature limt, and
t he nunbers whi ch we have current neasured, which, by
the way, are in alnost all cases a little bit higher
than 17 percent, are done at the sane basis.

A second concern about conservati sns has
todowththe F factor. The F factor of 1.2 that we
have suggested is said to i ntroduce nore conservati sm
into the analysis, and | want to point out that that
isreally only true for Zircaloy-4 for which we have
a full set of data.

If you look at the exanple that |
presented for ZIRLO for exanple, the current
regul atory procedure would take, for 40 nmicrons of
corrosion, would take the 17 percent limt and
subtract four percent, giving you a limt of 13
per cent .

Inthe proposed limt for ZIRLO, you woul d
start with 19 percent, subtract 4.8 percent and get
14.2 percent. So, in fact, when these nunbers are
applied to ZIRLO, you get a slightly higher limt
instead of a lower limt.

Simlarly, for Zircaloy-2, if you had --
gee, | don't know what nunber. | think |I took the --

|"msorry. 1've made a slight mstake in doing ny own
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hand cal cul ati on here, but the point is you would be
subtracting a nunber from -- you currently subtract
a corrosi on based nunber from17 percent, and say that
were a big nunber like ten percent. |[If you then
subtracted 1.2 tine ten percent fromthe current
nunber, which we now get as 19 percent, you conme out
at the sane seven percent.

So it's basically a wash in sonme of these
cases, and although for Zircaloy-2 it is not.

The third itemwhi ch nost everybody tal ked
about as introducing additional conservatismwas the
matter of double sided oxygen penetration away from
the balloon region, and this, in fact, has a very
smal | i npact on the anal ysis because everyone is
al ready doi ng doubl ed- si ded oxi dati on penetration in
t he bal | oon.

And you saw t he exanple | presented. The
ball oon is slightly cooler, but it has a thinner wall,
and put that together and conpare it to a two-sided
calculation away from the balloon and you get very
simlar results. So | don't think there is any inpact
of significance on doing the two-sided cal cul ati on.

What this does, in fact, is bring realism
back into the analysis. So instead of running a very

conplicated cal culation in the ball oon where you have
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to take the wall thinning into account and repl acing
it wwth a cal cul ati on outsi de of the ball oon where you
don't have to do that and you don't have to worry
about such other things as axial fuel relocation, you
get an answer that is approxi mately the sane and woul d
not result in a nmajor inpact on the plants.

Now | want to tal k just very briefly about
the F factor itself and the nmagnitude of it. You've
seen data that showed that the F factor could be 1.3
plus or mnus .3. In other words, it could be one or
ranging up to 1.6. An F factor of one corresponds to
the current regul atory position using the information
notice from 1998, and after considering the various
heating and cooling rate effects that m ght occur, we
selected 1.2 as a good average number, which | think
is very reasonabl e and not overly conservative.

And one final comment then is about the
two-si ded oxygen penetration, and the hydrogen
absorption. It's a very good point, that sonme of the
cl adding materials absorb | ess hydrogen for a given
anount of steamoxidation, and this termis a hydrogen
surrogate.

It is also possible that the sensitivity
of hydrogen mght be different in these alloys. W

have not tested it. | would be very reluctant to base
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that test on prehydrided material wthout confirmng
it as an adequate surrogate, but neverthel ess, we do
have the one set of data, and that's all we have to go
on at the present tine.

There was one other technical coment
about the data of Hoffman and Politis and this
threshold of 1,100 degrees Centigrade, wth the
suggestion that you woul d not get any oxygen pi ckup on
the idea of the cladding at | ower tenperatures.

The Hoffman and Politis test involved
putting wunirradiated pellets of Q inside of
uni rradi at ed tubes of zircal oy and t hen anneal i ng t hem
under pressure. So you did not have in that case an
inti mate bond between UQ, which was the oxygen source
in the cladding, until you created that bond in the
short tinme of the experinents.

In the case of real fuel rods, you have
t hat bond al ready created and i nti mat e cont act bet ween
the fuel and the cladding, and in the four tests that
| referred to, one of themwas the Hoffman and Politis
work. One of them was Hobbin's (phonetic) work on the
power cool ant msnmatch test in PBF, and then one of
t he observations was on the Limerick integral test
t hat we' ve done at Argonne, and t he fourth observati on

was on t he Robi nson one-si ded test. | n each of these
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cases you saw significant stabilized al pha | ayers on
the 1D of the sane nmagnitude as the al pha |ayers on
t he OD.

So those are the coments that | would
make, and | would nowlike to ask if Mke Billone has
anything he would like to say, unless there's sone
di scussion of this, of ny coments.

CHAI RMVAN ARM JO.  |s there any di scussion?
Go ahead. Just give your nane.

MR. MONTGOMERY: Robert Mont gonery.

Just one coment, Ral ph. You noted that
in the test plan, the original test plan, that
integral PAR tests were planned. M recollection was
that they were planned back in 1998, 1999, 2000 tine
frame, and we actually were planning on doing those
types of tests even as late as 2005 with regards to
| ooki ng at the doubl e-sided oxidation effect.

So | just shoul d point out that, yes, that
it is correct that the ZIRLO and Mb data was an
addi ti onal programthat was not part of the original
pl an, but that the integral PWR tests were par of the
original plan.

CHAI RVAN ARM JO.  Thank you.

M ke.

DR. BILLONE: | have just one slide I'd
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like to showthat was missing inthe norningif that's
okay.

CHAl RMVAN ARM JO.  Sure, sure. Is this in
a handout ?

DR BILLONE: No, it's the one that was
m ssing. It should have been ny very |ast slide.

CHAI RVAN ARM JO  Oh.

DR BILLONE: Okay. | just wanted to show
t he exanples about to what degree are test results
conservative. How would they be relaxed if you had
different heating rates?

And where | got these nunbers of F going
down from1l1l.6 to 1.4 to 1.3, depending on the cooling
rate, and now Bert has suggested six. So we nmght do
t hat .

And these are experinments that we can
actually do, but I"'mgoing to tell you what nmy opi ni on
is right now of the outcone, that this is the
experinmental heating rate we used, which seens to be
reasonabl e for a large break LOCA. It seens to be at
| east upper bounding type rate. Most, if not all, of
your enbrittlement and oxygen pickup is occurring
during this heating rate.

What happens during the rapid cooling is

you only get an increase in oxidation level of .2
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percent, and however, in the beta | ayer where you're
| ooking for ductility basically what's happening is

phase changes. You're not getting extra oxygen in

there. You're getting some al pha stabilized by oxygen

that's precipitating out as recooling, and you keep
sonme beta. You're in a mxed phase regine.

So ny contention is that this is faster
obvi ously than a LOCA cooling rate, and it cal cul at ed
ECR for the transient is 5.7 percent. If you went
down at five degrees C. per second ny contention is
you' d pick up no extra oxygen in the beta phase. You
just have a little nore redistribution. The
calculation would be 6.4 just to do this cooling
effect, and if you cooled it three degrees per second,
you'd get 6.9.

So the 1.6 F factor is just taking the
data literally as it is, not applying it torealistic
LOCA and saying, well, gee, you know, to make this
correlation work | need a factor of 1.6.

If | take into account what | think are
nore realistic cooling rates, and again, | haven't
taken i nt o account the conservati smin the high quench
tenperature. |'mjust |ooking at the cal cul ation
that's involved. This corresponds to an F factor of

1.4. This corresponds to an F factor of 1.3.
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If | take into account that your quench
tenperature m ght be bel ow six hundred, and it seens
like nost of the calculations are, | allow nore
hydrogen to cone out of this beta phase, precipitated
small hydrides, and | got the word "precipitation
har deni ng" wong when | agreed. This is actually
allowing the material to soften by |osing hydrogen.

CHAI RVAN ARM JO  No, the way | was

tal king is when you quench very rapidly, you'll form
very tiny GP zones, if youwll, very tiny zones, and
if you then cool slowy, they' Il grow and you'll get

| ess hardeni ng by slow --

DR. BILLONE: Ckay.

CHAl RMAN ARMJO  So we're in agreenent.

DR BILLONE: GCkay. Sorry. | was afraid
| agreed to the wong terns.

Anyway, this was the point, and the point
is that the reason that we have such fast cooling is
that we don't have very nuch thernmal mass. W have a
21 mllimeter sanple. There's no fuel init. If we
went to a three inch long sanple with zirconium
pellets init, we with our controller would contro
the cooling rate to whatever you want. It's not so
bad to be linear as opposed to where we have -- the

issue is the anount of tinme that you' re spending at
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t enper at ur es.

MR. S| EBER: These plots though are the
are plots of the way you conduct your test.

DR, BILLONE: Only this is the only plot
of how we had --

MR. SIEBER. As opposed to the plot of
what the real LOCA tenperature response is, which to
nme would be nore convincing if | saw the results of
the LOCA curve and then fit your test onto that curve
at the right rate. 1 think that that's one of the
areas at least in ny mnd where the di sconnect sort of
is, is figuring out whether what you're testing and
what you're doing corresponds to what is actually
happening in the core, and argunents and your data
and your plots seemto reflect what went on during the
tests as opposed to what goes on in the core.

DR BILLONE: My | just comrent on that?

MR. SIEBER  Yes.

DR. BILLONE: | think in the spirit in
whi ch we' re generating t hese data we want to nake sure
we're at least giving you a |lower bound, realistic
| oner bound on how much tinme we can spend at high
tenperature or what oxidation | evel you can tolerate
as a function of burn-up or hydrogen content.

So |'"'mnore concerned with the fact that

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., N.W.
(202) 234-4433 WASHINGTON, D.C. 20005-3701 (202) 234-4433




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

282

we received initial criticismthat we weren't rising
to 1,200 degrees C fast enough to test the criteria.
It turns out that | am very pleased that we weren't

because | don't see any LOCAs goi ng up i nstant aneously

to 1,200 degrees C. It makes this part nore rel evant
and probably I would call it bounding.

This is too fast, and all | care about
here is 800 degrees C. is the Ilargest quench

tenperature that you can calculate in any of your
calculations in the world. then at least | know 800
degrees C. gquench |I'm being conservative. |'m going
to come out with a lower nunber. | can certainly
guench. We can quench at any tenperature, but you
m ght want to think whether you want to end up
anal yzing every rod in the core or whether you want
some boundi ng results.

The point is that these kinds of rates,
what's inportant here is how nuch tine are you
spendi ng at hi gher tenperatures to all ow the hydrogen
to at | east go below this point.

So I'mjust saying that the speculationis
that if you want sone relaxation with 1.6, if Bert's
si x degrees C. per second is really bounding in termns
of how you' re com ng down t owards 800 degrees C., then

you're sonewhere in here. This is five and this is
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t hree.

If a |l ower tenperature is nore realistic
than 600 degrees C., you guys can call it boundi ng.
W can run the test. It's very easy to do with
prehydrided material, and it's easy for us to control
these ranp rates, which are nore relevant than this
ranp rate. This is a bounding, upper bound, 13
degrees C. per second cooling rate on the average from
here to here, which is much faster.

MR. SIEBER  Pretty fast.

DR BILLONE: Wich is nuch faster.

MR. SIEBER. Really fast.

DR BILLONE: |'mjust pointing out that
in deriving the F factor, this cooling effect is
i mportant.

And the last coment is there's no
di scontinuity of discrepancy between CEA data and ANL
data. ANL data is for 13 degrees C. per second. CEA
data is for less than a tenth of a degree C. per
second, slowi ng down to .01 degrees C. per second. In
ot her words, it's the sane exponential curve, but just
stretch it way, way out.

So that nmaybe they pick up two and a hal f
percent ECR during their high tenperature phase, and

they're up to six percent ECR in the cool.
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MR. SIEBER.  Those rapid cool -downs and

guenches are for |large break LOCAs.

DR BILLONE: Yes, yes. Wll, as a matter
of fact, when we run our tests for break-away
oxi dation, we don't even quench. W were trying to
t hi nki ng of applying it this norning.

So, | nean, is this point clear, that when
| give nunbers like 1.2 plus or mnus .2, |I'msort of
taking this curve, assuming that |'ve quenched at
| oner than 600 degrees C. and trying to give you an
estimate. If | don't want to play this ganme, | just
way, okay, if you want to use that corrosion ECR
directly from the data, the F factor is 1.6 and |
qui t.

But | know that there's sone things that
happen during slower cooling that we use and during
| oner quench tenperatures. So I'll continue to
el aborate that in Section 7 in ny report. | just
want ed to make this point clear, where |I'mcom ng out
with these different nunbers.

CHAI RVAN ARM JO. M ke, what additi onal
t hi ngs do you have to do to i ssue your report? Do you
have any other tests in progress, or is it just
basically editing?

DR. Bl LLONE: No. There's short tine
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tests, tests that won't take us nuch tinme that we just
never got to. W just finished a batch of two tests
which in the report have the squiggles and it says
"data to be inserted here." So let's not get into
t hose.

W haven't done prehydrided tests on
ZI RLO, which we've started prehydrided ZIRLO, and we
haven't done prehydrided tests on Mb, but really what
everyone wants is the tests on the high burn-up ZI RLO
and Mb.

So by this March 31st date, I'mfairly
confident that we could get sone prehydrided data in
t here which woul d add to Section 4. W're trying very
hard to get sone high burn-up data. |t would probably
only be one of the two alloys, which would just be
added to Section 5.

CHAl RMVAN ARM JO.  Ckay. So this report
will be held up until you finish the irradiated tests.
Is that your plan or are you planning to issue it --

DR BILLONE: | think the plan is whatever
we have before the end of March. The planis to
finalized the report for the end of March.

MR. SCOIT: Could | interrupt? This is
Harold Scott.

Since |' mthe manager of the program it's
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nore a function of what we in research are willing to
do and not to do than him |If Ralph and | can
convince our boss on ny right to let us delay, then
we'll do these Studsvick (phonetic) irradiated
specinens, or if Mke is luck and everything works
fine at the lab, he can get themdone in time, but we
haven't tal ked about this before. So |I'mhesitant to
go too far.

It's m | est one const rai ned, not
technically constrained. |Is that unfair?

M5. UHLE: Well, this is Jennifer Unle
fromthe staff and | am one of the many managers in
research, and | would say that it's a function of it's
not mlestone restrained. It's a function of
t echni cal adequacy and techni cal sufficiency, and t hat
comes in part fromour opinion here in research. | t
comes in part fromNRR s opinion. It cones fromthe
public's opinion as well as ACRS opinion and, you
know, all of our stakehol ders.

So if there's the decision that everyone
cones to consensus that there's a need for nore data,
then we'll sinply informthe Comm ssion of that, but
| think that the research staff feels that there is
sufficient amount of data, and that is the research

position, but again, it depends on the consensus of
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everyone i nvol ved.

CHAl RVAN ARM JO Ckay. | under st and.

DR BILLONE: | guess ny last comment is
what you have in front of you edited is a better
ver si on on ADAMS and even better version than | have.

CHAl RVAN ARM JO.  Yet to cone.

DR BILLONE: It's really a quantum | eap
fromwhat we had in 1973, and obvi ously we're going to
continue to generate data after this report is issued.
W're going to continue to generate data from now
until the data report is issued, but I yield to
Jenni fer and Ral ph and Harold and HRR on what is
enough.

M5. UHLE: This is Jennifer Unhle again.

| mean, the decision as far as the
rul emaki ng schedule is ultimtely the Conm ssion's
deci si on and, of course, the staff is going to propose
various options and certainly what the staff feels is
the best path forward, but also there is an
acknow edgenent that the current regul ati on does not
consider burn-up effects as we've talked about
earlier, about the need to nove forward. It's just a
matter of when exactly the appropriate tinme is.

CHAl RVAN ARM JO  Ckay. Thank you.

MR. DUNN: M ke, don't di sconnect.
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This is Bert Dunn, AREVA.

Could | just ask one question?

DR BILLONE: Yes, sure.

CHAIl RMAN ARM JO  Go ahead.

MR. DUNN. On the Studsvick sanples, were
they cleaned so well that we won't |earn anything
about 1D sources fromthemor is there still enough
dirt on --

DR. BILLONE: They nost definitely have an
oxi de bond on the ID. They weren't cleaned very well
at all, and we have to do additional cleaning to get
rid of the rest of them the remants of the fission
products. Those rates are very high. Wen we finish
cl eaning, additional nitric acid cleaning, you wll
al ways have the bond.

MR. DUNN: You're going to destroy the --

CHAI RMVAN ARM JO.  You are going to have
m xed feelings about taking nore of that uraniumoff,
don't you?

DR. BILLONE: No nmixed feelings at al
because we're in a beta-ganma hot cell where there
isn't supposed to be any. So no.

CHAl RMVAN ARM JO  From t hat standpoint,
but froman experinmental -- experinmentally, to Ral ph's

point, if you take all of the uraniumoff that's
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bonded, you take away a m xed source of oxygen.

DR. BILLONE: | have no m xed feelings
because what you're left with is really residue,
vari ous conmpounds from the nitric acid, uranium
di oxide interaction. It's not true fuel when you do
the defueling. You do the defueling of nitric acid
and you want to get rid of all of the fuel.

There are ot her tests that we have pl anned
in which we will leave the fuel in. Those tests wll
be conducted at Gak Ri dge, and there will be no nitric
acid treatnent. That would be just as received, and
we'd be testing high burn-up as we receive the fuel.

But for where we have to do these tests,
which is a beta-ganma hot cell wth very strict
[imtations on what you can bring in there, what you
can leave in there, it will be the fuel and the fuel
cl addi ng bond.

CHAl RVAN ARM JO Well, just to make sure,
will you consider those tests definitive if you' ve
etched of f the uranium the UQ?

DR BILLONE: Well, they're definitive in
the same way the results | presented are. |In other
words - -

CHAI RVAN ARM JO No nore definitive.

DR. Bl LLONE: No nore definitive. It
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would be a new alloy, and Mb and ZIRLO are new
relative to our testing program and it woul d be very,
very val uable to have a conpani on data set for for
those alloys to go along with our zirc data set, but
alsotoreally conplete the picture, you really would
like to have the prehydrided data to scope out where
you should test. You have a limted nunber of tests.
You pick the test time and you pick the test
tenperature. To know where you are in terms of
enbrittl ement, it's really nice to have the
prehydri ded data avail abl e.

DR. MEYER. | don't think your
expect ati ons shoul d be too high on the snall pieces of
ZI RLO and Mb that we have because they have fairly | ow
corrosion on them Could you say what the corrosion

| evel s are, Mke, on the pieces that we got from

St udsvi ck?

DR BILLONE: The corrosion on the M
weren't given, but they're expected to be -- Bert,
help me out. Is it ten microns or 20? Is it 17, 157

Somet hi ng on the order of 15 to 20 m crons, small

MR DUNN: | think we can confirmthat.
|'"d need to go back to Lynchburg.

DR BILLONE: But the ZIRLO we got four

specinens in the first shipment. There was anot her
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shi prent that you' ve arranged at Studsvick waiting for
us toreceive it for the LOCA programwi th the hi gher
corrosion levels on the order of 50 mcrons. W do
have material com ng fromZI RLO that's higher

MR. DUNN: One comment back to Mke -- |
nmean back to Ralph. |If we |look at our data for
corrosion, the highest we're getting is in the 20 to
22 micron range. There was naybe three spots that are
up at 30, and those are out of German reactors, which
are very high duty reactors. They're not U S
reactors, and other than that, what you got out of
Studsvick is what the material does.

Now, the stuff from North Anna will be
about the sane.

DR BILLONE: Yes.

MR. DUNN: You can't create something that
doesn't exist.

CHAI RVAN ARM JO Unless there's sone
really pressing new issue --

DR. BILLONE: No, no.

CHAl RMVAN ARM JG -- I'mgoing to now
cl ose these discussions, and now |'d like to ask the
conm ttee nmenbers for their comments and al so sone --

PARTI Cl PANT: You want to go off the

record at this point.
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CHAl RVAN ARM JO  Yeah, | think. | don't

know how to go of f the record. WlIl, I'"'mgoing to go
off the record if |I bang this thing, but I don't want
anybody to |l eave. That's what |'mafraid of, but I"'Il
do it anyway.

Of the record.

(Wher eupon, at 5:10 p.m, the subconmi ttee

neeti ng was concl uded.)
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