s UNITED STATES
vl 5 NUCLEAR REGULATORY COMMISSION
-— ’i WASHINGTON, D. C. 20555
st June 27, 1979

MEMORANDUM FOR: PRoger J. Mattson, Director 1~
Lessons Learned Task Force

FROM: Ralph 0. Meyer, Section Leader
Fuels Section
Core Performance Sranch

SUBJZCT: PRIOR KNCWLEDGE OF Irf-y EUTECTIC

- Sl ale

Secticon 19 of the staff tistimeny (10-26-72) for the ZCCS hearings deals
with reactions setween Zirzaloy =, :dding ind other core material..
Sutectic formation is aiscussed for spacer grid materials and for alumina
heater rods used in laboratory tests. Reactions of Zircaloy with UC2

and U308 are discussed, bSut not in tarms of eutectic farmation. The
general conclusion is that the extent of the reactions 3 la ce Timited
largely because %ne temceratures would be Tess than 2300

CCA acceptance critarign.

-
y the fnterim

.r-J-J sutactic “armaticn ‘n licensing work., The cossidility of Zr-0eU
eytectic formation was Srought £ cur attention after the TMI-2 accident
Sy tne Fuel Zehavior Research 3ranch, wno have an exchange agraement with
the <ar1;r4ne group, which is currently doing core-melt stucfes.

To the best of my kncwledge, nc further attention nas been given o

should e emchasized that the tamperature of ‘3r~a“°~ ¢f thf ac
oung 3500°F) is well above tre 22000F LOCA 1imits and,thersfare, wou
ave teen discussad in an ZCCS hearing and »ou]d not be relevant %2

c irrant licensing analysis.
L Marey
(4—-—

Ralpn 0. Meyer, Section Laader
Fuels Secticn
Core Parformancs 3ranch

'
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19.0 FUEL ROD PHYSICO=-CHEMICAL REACTIONS

This section discusses these physico-chemical interacticns amcng the various
materials of commercial light water reactor fuel rods and their immediate
eavironment during a loss-of-coolant accident (LOCA). The zirconiwum

Steam reacticr and its consaguences were treated in the previous section.

The physiccechemical interaccions among fuel rod cladding, U0,, and potan-
tial envircnments have been studied extensively by AEC laboratoriss and
ieatractors, and various vendor organizaticms. Included in these ara:

ORNL, ANL, Bactelle, GZ MPO, Philips and INC. Mclain has provided aa

exteasive summary of zuch of this work. ¢! Iz Marsh of 1971 Idaho Nuclear

-

Corperaticn (INC) (now Aerojet Nuclear Companv, ANC) prepared a report,

A Metal urzical EZvaluation of Simulated 3WR Szmerszency fore Caolia Tests.*

2

This report formed the dDasis for auch of the concern adb-ut fugl-clad-stean
iacteracticn. The authors attriduted the severe cladding attack and
observed tamperature spikes ia 3WR FLECHT tests (Zr-1,4,3) to she Zr-stean
Teaction and a reaction between Ir and the Al.0; used for heater rod insu~
laticm, follewed by the subsequent formation of a3 2r-Al 2utectic and the
reaction of this delt with steam. Supplamentarv tests were verformed o
ccnfirm these mechanisms. % In addition, s+me eutectic “ormaticn was ob-

served Io have occured hertween tie Ir tubes used in the heater rods and

inconel lantern spriags of the zrid spacer. The zemverature spikes iz

=
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these tests were in excess of

eutectic has a melting point of 2460°F.

in these tests were initiated

use of molybdenum heating elements in the simulated fuel rods.'?:?

2r=2%1%% Frzcur

peratures necessary fo

Yembers of the Regulatcry staff perscnally inspecsad the

; '
ifconel _anterm

iacluding the

.

the attack throughout
3ecause of the Zr=-Al
occur in

-

felt iz June 1971 that this

test, which was no:
the severe intermetallic
heating elazents were more easily controlled

the Zr~Al euteciic formaticn ¢

@ reactor, and the good conditicn

new iaformation did
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2400°F.

by the so-called "moly-shiZt"

considered ia th

prings and found virtually no

) -
the tundla.

for light water power reactars.

and

Wational Intervenors have 2Xprassed concerns asout sutactis

) T
physico-zhemical phencmena.-7+%,1%.

-
;

The authors state that
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attack of the other zirec
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The severe temperature transients
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The concemrns appear to de supported and reinforced largely by recommenda-
tions for future work ia the INC repert cn 3WR FLECHT metallurgical
evaluation discussed sbove. The entire future work seccion of IN=-1433 is

reproduced below:

<

"The fact that setallurgical perfcraance 2nemalies such as th
alwmina-zirconium incompatibilicy can occur raises the gquesticn

€C situation."”

of what =ighz happen in an acsual

"As shown in Figure 23 (saxple number 1) of this reperes, zirzomium
has a great affinity for cxygenm ac 2CC con itions, since there is
detectable cxygen pickup even when Zr0; is used as a fi ler mate-
rial. Even though thermcdymasmi: data do aeor indicaze a -endency
Sor a U0y reactica with zircenium, iz is conceivable th : frradi-
ated U0, (held fimmly agaizast the tube wall Sy externmal iater

. 1
1

Pressura, thernal expansicn, or intermal cencs

“

hole prassure)
which has a tendency to lose crystallinicy and duild up fission
rroducts (some of which migrate %o the cooler regions), .ould
give up part of its oxvgen %o the zirzocmium as an hozogenization

or diffusica process [13],* leaving uranium or fissium to alley

with the zirconium causing a phencmenon sizilar to thac observed

P - ’ - g "
a the ECC Tests Ir-3, Zr=4, and 2=-5.

* Relarencs 19.17 iz this section.
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"Another possibility is that tube perforation, vesulting freo

eutectic melting caused by the lantern springs or resulting from
other causes, would allow steam to come in contact with the UD;.
The U0, may be converted to U30g which would thermodynamically

be expected to react with the Zircaloy. These pessibilitiles

bear further iovestizatiom duriag future work."

The following additilonal questions were Tailsed:
1) 1Is heat relaase due to 2utectic formation acccunted for in
1
the calculational proceduras?*

- 1 R
2) Do the codas calculate and simulace:t?.?
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a)

¢) UDs + steam reaction?

d) U0y + Zr reaction?
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What evidence is there t¢ sugg
farmacicn?t?. 10
These questions appear to have also evolved from the referenced INC

repors, - 7.2

: - . N . b= I
The NI testizcny for the ECCS rulemakinz heariag-~+° again quotes and

emphasizes the DNC report

T ) o - -
uture woti Secticnes QLuring questioniag ol

“

the stafl,**+*+ {3 the rulemaking hearizg, il askad why the formation
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‘

of Ir-Fe eutectic in ORNL multi-rod burst test No. 7 was not applicable

to a BWR LOCA. Again, oxide inhibition of eutectic formation and computer
scdeling were questioned. The following sections deal wi:zh the various
concerns noted abeve. |

Reactions of Cladding and Nen-Zircalov Grid Spacer Mazaerials
e e s Sy BGa N S

The following sub-section was suggested and prapa.ed by ORNL in wrizten

st %
AT

£ ]
comments to the stafs.d

"3oth physical Zetallurgy and thermodynamics zust be considered in axasming=-

o

icn of the pcotential reactions between Zircaloy cladding and zric spacer
materials. In additicn, one must evalua:: the significancs of these

reactor during the LOCA.

i
w

reacticns in light of conditions existing
The Iollowing paragrachs will exanine, in crder, (1) reactions between
irconium and zrid spacer matesrials, (2) the theracdymamics of che

reaciions and i:s implizaticn, and (3) how the adove relate to and aras

"The reacticn or imterdiffusion between girconium and aickel- or iron-
cenzaining alloys in contact at Righ tamperature can rasult in the formasion
of eutectics, intermetallic compeunds, and sclid solutisms., Some of the
eutectics formed by zirconium and nickel or iron having sel:sing poincs

that are several hundred degrees Selow the 3elting points of the paren:

.

zetals (see table below for lowes:t Te.ting Ir-Fe and Ir-Ni euceczics).

RLrs e b bt Ui
- »~ o »
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"The temperatures calculated %o occur during a LOCA are high enmough for
@olten eutectics to form by reaction of the cladding with scme grid
Spacer materials. Their formation could result in penetration of the
cladding by the liquid and severa Zamage o the cladding if the react.on

is sufficiently extensive.

Eutectic Eutectic Eutectic

Svsten Temperaturs, °T Composition, wt %
Zr-Fe 171 16 "¢ % =55 Fe
Zr=-N{ 1760 17 %& u =28 Ni

The sclid-solid reac¢tions (2.2., compound formati( ') which mus: mccaes-

sarily precede eutactic = i1iing are izportant because they g2nerate heat.

" .o L 3 . »
Standard data compilations do net 1isc the theraodmamic properties of
any of the mown IZr-Ni or Ze-Fe comcounds (2r

- 19+1 9 - : 2 e 2
IrFep) 13010 However, the heats of formaticn of TONY

are listed by Fubascaewski, Evans, and Alcoek’¥'i% 25 «33.5, =15.3, and
=20.0 kcal/zocle, respectively. For ZrPc:, the free energzy or fovmatisa,
winich should approximats the heat of formation, is given by 2rawer

is ToTe negative than =47 kcal/mole. 2ecause of the chemical imllarity
of T4 to Zr and NI to ¢, cne sheould axpect the reaction of 2r with YNi ¢

Se exothermic. Whera data can oy comparsd, Ir ccmpounds are Sound ts ua

g o o
+i compounds, Thera-

J0Te negacive I1n Iheir heats of formaticn than the

fore, the heat of formaticn o ZT;NL should be mora negative tham -20

|
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kcal/mole of Ni, assuming the amount of Zr present is large, compared to

the amount of nickel.

"The abov: indicates the approxinate additional heat produced by the reac-
tions. However, heat will be abscrbed during the formation of the solzen
eutectic from the sclid phases. The amount of hea: absorbed ia cha
2elting of zirconium is approximately 5.5 keal/mole, a value less than

that ~¢ the estimated =olar haat produced by the reactions.  his assess-

ry
“©

<ent Indicates that it zay be important %o sonsider the petantial

"

these reactions o produce some net hea: if thev progress o an imapertant
- . F

extent.
"To form the compositicns and compounds discussed above will regquire 2iffyusiaa, .

3 tize~-ctemperature dependent phencmencn. The tladding=grid spacer zcatace
Shat exists is analogous to a selid-solil difiusion couple; and it is

well known that for chese couples 22 be effective, the surfaces of zhe
ic=ponents of the couple 2ust Se :slsan, smooth, an Kept in intimate con-
tact. Therefore, the iiffusicn-contrslled rate of reaztion skould te
complizated and retarded by the sxide films existing on the surfaces of
the cladding and grid spacer materials. 3cme axperianmcs- et indlizates
that when eutecti: melting begins, the liguid .eads o move avav Fvo= the

: > — - . - :
reaction site. Interruption of the contac: berw ea the grid svacar and

 akd e 3 s .
the cladding would +i3it the awtTent of reaction.
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Some imnortant aspects of grid spacers and eutectic formation would, 4f

incorporated in fuel element hazat up codes, lead to luwer calculated
temperatures results. For example, the power gameration at grid spacasr
locations is depressed by abour 5-10%.°%.%7 If a grid spacer were adiacen:
€0 a Dot spct and the power depression were accounted for, the peak clad
temperature at the grid spacer would be about 100°7 lower than presently
calculated. 1In addition, cthe effacs of grid spacers ia the sub-ghannel
enhances heat transfer locally. Neithsr the power decrease nor improved

uded in curren:

'

heat transfer due to the fin affects of the spacers is inc

LOCA evaluaticn =cdels.

Cxide Inhibition

e e

westinghouse and 34W subjected Zirzaloy tubes with inconel grids %o

Steam enviromment for a range of conditions including those expected ia

Iz no case for which clad ing cemperaturas were belcw 2200°7 wss cladding
-ategrity bDreached due tc eutectic formatism. Ta -ddition, Westinghouse
rerformed a set of similar experiments in Argon which demonstrated
clearly the iahibiczing effect of the oxide formation experienced in the
Steam ctest3. Photo mwicrographs showed thar the oxid laver formed iz a

St2anm envircoomen: was very effactive in preventing zcod csontac: anéd

i
ot
"
w

Tapid reactica ia this diffusion contralled process.

T T P P Ty I 7y 7
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.UOz - Steax Reacstion

The reaction of U0; with steam to forz higher oxides, notably U;05 was
studied by Baker, et al.!?:20 7y, aythors noted that although the free
energy of formation favors the reaction, very small amounts of hydrogen
inhibit the reacticn. A substantial smount of hydrogen would be expectad
%o be presenr from the Zircalc™ steam reaction. A stafs calculation
showed about 0.05 mel frac.ion of hvdrogen near a hot spot at 2100°F,
The authors show that even at temperatures substantially above zhat
expected in a LOCA the kizetics of the reacticn are very slcw. The Zr-H-0
reaction, for iastance, 13‘13 Cizmes faster above 200C°F. Therefore, during
the very short tize iaterval during a 1OCA whea steam has access to the

L0z at elevated temperatures (af:ter Tupture of the cladding), only a very

»
25

small amount of cxidatioen could cesur. The repores concludes, ''The
reaction of UD; ia the presenze of a reactive metal would Se expected 2o
cecome significant caly after the setal has heen completely oxidized."

This could only oczur after much longer etposures and higher temperatures

than presently calculated for s postulated LOCA.

V02 and U304 Reaction with Zircenium

The thermodynamics and kinetics of the 2r-U0; reaction were explorad ex~
tansively by Mallets. Theraodymamically the free energy of the

reaction is fear zero 30 the prasence of small amounts of reaction

products iahibiss the reaction. Ia fact, Westinghouse ia their tsstizony

el S i e B e e s
> 5 i Mot Galr 29 Bk i :

e - P ' of i LT
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shows the free energy to be positive. The author shows thar the xkimetics
of reactions are indeed slow up to 2000°F. The reacticn is shown as
expected, o exhibit parabolic behavior and to follow a typical Arthenius

plot.

It is thereicre not expected that any axtensive reacticn would ccour even

adove 2000°F. The reaction of Uj0g with 2irzonium would be favored-’-2

dut since the fummati  of U305 is not significant neither would the

reaction of U;Q3 with 2irconiua.

: |

Further=zore, tus envircmmental factors postulated ia the

8

- - 9
secz.on of IN=14534%.4+

*¢ would 0. be expected to exist soncurrently dusing
a LWGi, When the teszperaturas are postulated to de alevated for a longer
pericd of tize, the system pressure s so lov that clad strain and
possidly rupture due to internal pressure would prevent inczimace csocntace
«£ ¢)*d and 30st of the fuel nzeded for significanc reaction t2 cecur
except f{or some small amouat which might be chemically bended and alreacy

reacter Ther=z=al expansion of the cladding and contracticn of the fuel

duriag a LOCA also =mitigates against good fuel cladding contact, These

"y

fai Jrs which tend to separate the potencial reactancs in the tise o

concern aminimize the potential phencmencn.

Reaction of Steam with ZTugecsic .. uid

1 extemsive amcunts of eutecsis liguid are formed

.

"
™
O
et
e
"
w
w
0
“
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L 7]
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¥
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o
4

steam could ccsur siice the 2obile liquid could son izmually expcse frss:
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metal to the steanm. This has uot been cbserved to occcur except with th
Ir-Al eutectic formed in 2r-3,4,5 and reporzed in TN=1453'%.2 it tempera-
tures well above 2200°F. Finally, as stated in Section 13.2, the fiowing
liquid decocuples the reaction system. This means, as shown in experiments
simulating reactor fuel eavirsmmeat,-2+2,13.18,1%.1% snar 1ivtle mels

would forz and very listle reaction would occur.

ORNL Multi-rod Test No. 7

ORNL 4732%3.18 presents a qualitative descriptiocn of the results of burst
test No. 7 with regard to formation of sutecsic. This tas: was acn=-typical
since it used a stainless steel grid and was run in an Argon atzosphere.
Since this test was 2ot designed to study eutectic formation and, there=~
fore, did ot include all of the paramecers necessary to evaluata the
potential for eutecti: reaction, its results (with regard o eutectic

craation) cannot e taken as representative of the reactor sisuation.

that potential physico-chemical reactions are sufficiently underszocd at

this tizme, and do an* rapresent a sajor uncertainty with respect 2o safety
calculaticas. The primary concerzs raised with Tespect to potential physics=
chemical reactions (other than Zircaloy steam reacticms) ars those exprassed

by the Union of Concermed Scientists. These conceras do zot appear t3 be

shared by any of the recognized experss consultad on this =atser.
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In Sectica 18.0, Embrittlement, a temperature limit of

2200°F was suggestad.

If this limit {s adopted, czly very small amounts of zirc-mickel autectic

could form and gross meltiag of inconel would be precluded. The kinetics

and thermodynamics of the other physico-chemical phenomena are less limit-

ing than the zirc-steam reaction. It is, thersfore, the Regulatory staff's

cpinion that uno additional limits are required.

19

JRNL ia their written comments--+-% guggested numercus improvements o

this report. Additionally, ORNL comcurred that

the various reacticns con-

sidared in this chapter are unlikely 2o have serious effect in a LOCA.

-

ANC ia their written comments felt that all reactions but tle Zircaloy-

inconel eutectic would e precluded bdelow 2300C°

y -
9 193,44

8 The 3&W experi

e

s 1% %9 & . "
sents wers cited. ?++? Formulatiocn 2f a tize~temperature limit is recca~

mended; hcwever 20 guantit

.

tive suggestions were presented for formulating :

such a lizi:z. As noted ina Section 13.0, we have suggested a time-teamperature

limic for oxidation; howvever, the basis for deriving this limit 443 a0t

izcluda potential formation of Zirconium=-Nickel

believing that eutactiz formaticn is ot a probl

sutectic. QCur basis for

ea is based con zhe

factors discussed above.
' i
Tal
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