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International Conference on
Fast Breeder Reactor Fuel Performance

Cosponsored by Amearican Nuclear Soclety,
iaterialz Sclence Technology Divislon,
Fuol Cycle Division, and San Francisco Section;
the Nuclear Metallurgy Committee of
Moetallurgical Soclety, AIME;
and by U.S. Dapartment of Energy

This mesting Is intended to sarve as a
broadly-ecoped international conference
that will focus on breeder reactor fuel
parformance. The sessions offer an
opportunity to exchange technical
information on the design, testing and
operation of fast reactor fusl assemblies

Monierey Conference Center
Monterey, California
March 5-8, 1979

and to assess the current status and direction
of development programs. The meeting will
feature invited papars, contributed papers,
poster session, and panel discussion. Topics
included are: {1) mixed oxide fuel irradiation
parformance; (2) properties and mechanisms

inctuding thermal, mechanicat and transport
proparties, fusl chemistry and fizsalon product
behavior, fuei-cladding interactions, and
fuel-coolant interactions; (3) fuel design

and modaling; and (4) advanced and
alternative fuals,

PROGRAM

Monday, March 5

Romario:

EA. Aithen, Genaral Chalmman , .. ... .oeeiiireeai i veannn £:26 A3
R.L Ferguson, Prog. Dir. for NuclearEnergy . ....c.vvvivanas 2:30 Ak,

Tuesday, Blarch 6

SESBION HA. PROPERTIES AND RAECHANISMS ........ 2:30-14:40 AM.

Swelltng, Denzification and Creop of Oxlde and Cerbide Pusls Under
Irndiation, W. Dienst, I. Mugllor-Lyda, and H. Zimmermmann (Germany)

BE82I0N IA. MIXED OXIDE FUEL IRRADIATION
PERFORMANCE .. ................. £16 AMA-1Z -12:30 PH.

Imadiation Bohavior of Bixed Oxlds Fual Pins

and R.F. Hilbart (USA)

kmsaﬁbn Performonce of Mined Onlde Fus! Pins — Japencha Emr-
laned, K. Usmatsu, Y. ls!!lda. J. Komatsu, and T. Kawada {(Japan)

Tha Garman Onlde Fusl Pin Iradiation Teat Experionce for Faot
Raacters, K.R. Kummerer (Gormany)

Prediction end Follow Up of the Behavior of Fuel Subassembiled

M. Carnoy and P. Courcon {France)

Edled Onido Fual Pedormmm E. Edmonds, W. Sioss,
.0, Baglay, W. Batey (UK}

frrediation Experiments In the Davelopmant of a Yented Hallum-
Caglod Fast Eroedar Resctor Fual Design, J.R. Lindgren,

8. Langar, R.J. Campana, R.T. Acharya, P.W. Flynn,

@G. Buzzelll, 5. Greenberg and A.W. Longast (USA)

lrrediation of GCFR Test Fue! Bundles In the BR-2 Ha-Loop-MO|
W. Krup, H. Eutingsr, W. Jung, C. Venmasssnhove, and
R.J. Campana {Germany)

BESSION 19. MIXED OXIDE FUEL IRRADIATION
PERFORMANCE . . ... .. 0 .iieeserrrans 2:00-5:10 P.B%.

HEDL Mined Outds Fus) Pin Breach Experlance In EBR-I,
JW. Weber, M.Y. Almasay, and R.A. Karnsaky (USA)

Mixed Oxlda Run-Bayond-Cladding-Breach Tests In EBR-II,
D.F. Washbum, M.Y. Almassy, D.C. Langstaff, J.D.B. Lambert,
and R.V. Strain (USA)

Detect Pin Behavior in the DFR, W.M. Sloss, K.Q. Baglay.

E. Edmoends, and P.E. Potter (UK)

Clasiding Delomaations In Rapeodle and Their Consequencea,
@G. Marbach, P. Millet, and R. Peray {France}

Azpects of the Restructuring of Oxide Fuzl, R. Paris,

J.M. Horspoo! and G.R. Bellamy (UK} .
lmradiation Pariormenca of W3A.3, -4, and -8 Mized Oxide Fue!
Pins In Grid-Spaced Ascembllas, P.J. Levine, U.P. Nayak,
A.L. Schwallls, and A. Boitax {USA}

Fast Reactor Fual Pin Perl Requin ta for OH-N
Evenis, A.E. Baars, T. Hikido, and J.E. Hanson (USA)

QGaneral Chalrman
E.A. Ailken

K.Q. Bagley, UK
Pragram Commilles

- E.C. Norman, Chairman A.D. Leggstt P. Pascard, France

M.G. Adarmson W.W. Little, Jr. K. Uemnatsu, Japan

A. Beoltax R.0. Nelson

C.M. Cox J.T.A Roperts Publicity and Publlcation
J.D.B. Lambart E.T. Weber C.N. Craig

@
@

8 8 &

@8 ® 9 86 @ @ @

International Advisery Committea
M.T. Simnad, Chaimman

J.M. Morelle, SNR Grp.

The Dovelopment of Phyelcs! Bladets for Fizolon Ges Behavlor

I Ruglgar Fusls Undar Oparatione] and Trenslont Comfitions,

M.R. Hayns and M.H. Woed (UK)

Thermochemicel Data and s Usa in BModeting Chemies! Bahavior -
In Mixed Oxide Fus! Ping, A.L. Gibby, R.E. Woodley, M.G. Adamzon,
and C.E. Johnson (USA}

DHiusien Baoéd Phonomena In Fast Breedor Pusl Materials,

Hj. Matzke (Garthany)

Dovolopmant end Testing of theochonﬂcd iodol lar Prediction
of Roeclion Swelllng In Breached Onide Fus! end Breedor Elementa,
A.W. Caputi, M.G. Adamaaon, and S.K. Evans (USA)

Fuel/Clzd Resctions in Mized Ozide Fusl Ping. K.Q. Bagley,

W. Batay, J.R. Findiay, and 8, Paris (UK)

Fuel-Cladding Machenical Intaraction-Observations and Analysis,
J.P. Gatesoupe, Y. Guerin, G. Courtois and J. Trutlert (France)

SESSION IIB. POSTERBESSIOMN ... ... .. ............ 2:00-8-00 P.A.
Soction A Thermal, Mechanical and Tranaport Properties

Early-in-Lifa Yhermal Performance of U0y-PuO; Feat Reactor

Fuszl, R.B. Baker and R.D. Leggett {USA}

Thé Influsnce of Design and Operating Paramotars on Klixed-Oxide
Fuzl Powgr-to-Mell, W, McCarthy, D.R. Jodiovec, S. Vaidyanathan,
amd R.E. Hilbert {USA)

Batzrinl Transport Procacsen and 'I'halr Efiacta In Faat Braader Hlged
Oxidte Fued, G. Schumacher (Garmany)

Application of 8 Cluster Model of Onygen Tharmomigrmtion to Fast
Roector Fuad Behevior, D.L.R. Norrls, KA. Simpzon (UK)

Study of the Tharma! Behavlor of LEFBR Fual, M. Conte,

J.P. Gatesoupe, M. Trotebas, J.C. Boivineau and G. Cosoll (France/italy)
Behavior of Irredlatad U0y-PuQy Undar Simulated Cycite Ovorpower
Transients, G.L. Hoftman, G, Bandyopadhyay, F.l. Brown and

J.A. Buzzall (USA) . ]

Bohaviar of Poliet end Particulate Oxlda Fus! During 8imutaled and
Blultipta Qvarpovar Transiants, J.H. Bottcher, J.A. Buzrel! and

G.L. Hofman {USA)

Swelling In Advanced Fuals up to High Haat Ratinge, H. Blank and
Hj. Matzke (Garmany)

Inltlal Stage Restructuring In Sphere-Pac Mixed Corblda Fual,

R.4, Guenther and K.L. Peddicord (USA)

Finance MSTO Lislson

S.A. Lefton R.D. Laggett

Local Arrangentanis NFCD Lialsen

R.F. Hilbert W.W. Little, Jr.
AIRSE Lialson 8.8, Soctlon Lisison
R.D. Neison L. Laventhal
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Tuesday, March 6 (confinued) -
Saction 8. Flaslon Product Beh and Chemlatry

Caslum Migration in LMFBR Fua! Pins, R.A. Karnesky, J.W. Joat,
and |.Z. Stone (USA)

Flaslon Preduct Release and Transport In GCFR Sealed and Vented
trrediation Experiments, S. Langar, G. Buzzelli, J.R. Lindgren,
P.W. Fiynn, R.l. Campana, L.A. Neimark, §. Greenberg and
C.E. Johnaon {USA)
@ Coslum Chemlslry In GCFR Fusl Ping, D.C. Fee and C.E. Johnzan (USA)
@ Migration Behavior of Caslum In Mixed Oxida Fual Plns, K. Liematsu,
Y. ishida, J. Komatsu, and T. Kawata (Japan)
@ The Chomlical State of lmadlated Uranium-Plutenium Ouide Fuel Plns,
H. Kleykamp {Garmany)

@

@
@

Tranofent Tests, E.H. Randklev and C.A. Hinman (USA)

Modeling of lsotople Flaslon Gas Relense In the GCFR Vanted Fual Rod,
K.H. Chang, M.P. LaBar, and R.J. Campana {USA)

Saction C. Fusl-Cladding Intaraction

@ Fuel-Cledding Chamical Intaraction in Mixed-Oxide Fuela,

L.A. Lawrance, W, Wabar, and J.L. Devary (USA)

@ in Reactor Performanca of Mathods ta Conirol Fual-Cladding
Chemical Inleraction, E.T. Weber, R.L. Gibby, C.N. Wilson,
L.A. Lawrance and M.G. Adamson {USA)

@ The Efiect of Fuol Dansity on Fusl-Cladding Bachanleal Interaction,
5. Vaidyanathan, and R.F. Hilbert {USA)

@ A Roview of Examinations and Considaratlons on Cladding Distenslon
by Machonical Intoraction with the Fuel In Fast Breeder Fual Pins,
W. Dienst and I. Musller-Lyda {Germany)

@ Fusl Adjecancy Effects on Fast Roector Cladding Mechanics) Propertlos,
C.W. Huntar and G.D. Johnaon {USA)

A Thoarmochemical Model for Fual-Cladding Chamica? Intaractiens in

Oxida Fuel! Pine, O. Gostzmann (Germany)

In-Pilo Simulation of Fusi-Cladding Interaction,

A. Dalbrassine (Balgium)

Technigues for Gludying Inner Cladding Cerroalons In Iradisted
LMFBR Pina, M. Coquersils, S. Pickering, |L.F. Ray, C.T. Walker, and
W.H. Whitlow {Garmany)

Fugl-Ctadding Machenical Interaction In Fact Reector Fual Roda,
A. Biancheria, T.S. Roth, U.P. Nayak, and A, Boltax {USA)

Rachenism end Prediction of FCCI In Mined-Oxide Fusl Plns at High
Bumup: Evidenca for Cladding Componant Chamlcal Transport,

M.G. Adamson and E.A. Aithen (USA}

Fuai-Cladding Mechanical Intaraction in Iradiated GCFR Mized-Oxide
Fual Rods, K.H. Chang and M.P. LaBar (USA)

An Analysls of Machanical Interaction Botween Fusl Pellels end Cladding,
M. Iahida, M. Sskagami, and S. Kikuchl {Japan)

Statistical Analyaie and Parameter Study of Chemical Fuel/Cladding
Interaction of SNR-Typlce! Fast Fluz Ezporiments, .

W.K. Biermann, D. Heas and H.J. Hauvel {Germany}

Some Obsarvations on tha Carburizstlon of Mixed Oxide Pin Clad
In the Dounraay Fast Reactor, A.G. Ballamy and R. Paris {UK)

@
&

&

D. Fug! Pin-C

Distributton of Flsalon Praducis Rat d from Braached Mixed-
Oxida, -Carbide, -Nitrida, and Mlla!llc Fuals lmadlated in

EBR-IL R. Villarreal (USA)

Anclysls of Flaslon Product Release from Vented LAMFBR Fuel Ping,
P. Cecchi and G. Scandcia {italy}

Releane of Flaalen Producte from Artificlally Defectad LMFBR Onlde
Fudl Plny, S. Jacobl and 4. Schmilz (Germany)

@2
o3
o

Fizslon Gas Behovlor In Mixed Oxide Fue! During Overpower and Thermal
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Wednesday, March 7

SESSION 1A, FUEL DESIGN AND MODELING . .. .. 8:30 A.M-12:15 PLML
Saction A. Fual Pin Modeling

E of Foat dar Reactor Fuel Pin Performance During

Normal Oparatlon, B.L. Harbourns, M.R. Patel, J.D. Stephen, B.E. Sundquist,

M.C. Billona, D.S. Dutt, and B.J. Oatermaier {LISA)

Modelilng of Fast Aeactor Fue! Tranelent Bahavlor Using the LIFE Code,

T.8. Roth, D.B. Atchason, A. Biancheria, M.C. Billone, J.D. Stephen, and

B.E. Sundquiat (USA)

LMFBR Fusl Pln Modaling with the Cemputar ccdea COMETHE 111 J

and IAMBUS, .J. Van Vlet, A. Fay, H. Tobbe and B. Stainmatz

{Germany/Belgium}

FAUMP — A Physlcally Based Mode!, D. Wilmora and J.R. Mathews (UK}

An Evaiuation of FBR Irradiation Behavior Using a Hybrid Computer,

T. Ishii, M. Mizuno, and T. Kubota {Japan)

Probablllatic Methods for LMFBR Application, D.5. Dutt, K.H. Chen,

J.D. Stephen and B.D. O'Reilly {USA)

Bamtl,

B. Fue! A bly Dealgn and Experlance

Enperimental Fual Subassernbly lrradlation Exparienca In EBR-II,
R.J, Jackson, S. Kaplan, and A.L. Schwallie (USA)

Dasfgn and Perfoarmance improvements of Commerclat Fast Rlaactor
Subassembiles Using PHENIX Experiance, G. Arnaud, A. Barnard,
J.M. Dupouy and J.L. Boutard (France)

SESSION I1B. FUEL DESIGN AND MODELING
Gection C. Fus! Pin and Assembly Daslgn Unity and Criterla

Fusl Pin and Aagembly Design Limita and Criteria, R.M. Vijuk,
D.S. Dutt, and J.D. Staphen (USA)

Problame Encountarad In the Deslgn of Fusl Elementa for Past
Bresder Rozctors — Solutlons Taken Up In Pranco, J. Leclore (Franca)

Aszpacts of LMFBR Oxide 2nd Carbide Fual Eloment Design and Anatysts
with Respect o Thermodynemic end Fuldynamie Optisnizad Grid end
Whra-Bpaced Assembiies, H. Hofimann and D. Welnberg (Germany)

D, Advanced Fugl Assembly Daclan

Summary of Advanced Cancopte In Fusd Assembly Dasign, S. Kaplan
J.D. Stephen, RM. Vijuk, end R.J. Jackaon (USA)

Fast Nautron Roactor Fuat Elements: Power Grid Duty Prohlcm.
J. Rousteau, A. Chalony, C. Acket, and |J. Dacuyper (France)

Advanced Subagzembly Dasign for CDFR, J.A. QGatloy (UK)

Thursday, March 8

SESSION IVA. ADVANCED AND ALTERNATIVE
c FUBLD ...iieiianancaaaa it iaaran 8:30-12:05 P.0A.

Advancad/Altarmats Breeder Fusia Testing in the U.8., J.W. Bennait,

EC. Norman, C.M. Cox, M.G. Adamsan, A. Beltax and .LH. Kittel

Deslign and Parformence of Sodium-Bondad Uranfum Carbld

Fuels, J.F. Karriak, N.S. DaMuth, fL.L. Patty, T.W. Latimer, J.A. Vitti,

and L.J. Jones (USA)

Imadistion Parlormance of Hellum-Bonded Uranlum-Plutonium Carbide

Fusl Elemantz, T.W. Latimar, R.L. Petty, J.F, Karrisk, N.5. DeMuth,

P.J. Levine and A. Boitar (USA)

Ha- and Ma-Bonded Mixed-Nitride Fuel Parfermance, A.A. Bauer,

P. Cybulskis, N.S. De Muth and R.L. Patly {USA)

Paifernnance Analysia of Hollum-Bonded Carbide and Nitrida Fual

Pins, A. Boltax, U.P, Nayak, R.J. Skalka, and A. Biancheria {USA)

Behavier of Advenced Carblde Fual During Trenslent Qvarpower

‘Operations, H.C, Tsal. L.A. Netmark and D.L, Johnsan (USA)

The Parformance of EBR-If Mark-11 Metaltllc Drivar Fued up to 875°C,

R.E. Einziger {USA)

SESSION IVD. ADVANCED AND ALTERNATIVE FUELS ., , . .1:30-3:35 P.M.
Tha Perlormance of FBR Core Designs with Afltemative Fual, C.E Weber.
¥.W. Lowary, A. Blancharia, and R.P, Omberg {USA)

Paosign of Carblde Fueled LMFBR Cores, A.C. Noyas, R.H. Klinetob,

and M.A. Kulwich {USA}

QOptimization of a Carblde Element tor Low Doubling Time. J.C. Mougniat,
J. Recelin, M. Colin, and J, Rouault (France)

Rletallic Fuela Syatems for Allornalive Breader Fusl Cycles, J H. Kittor

O.L. Johnsan, W.N, Back, and J.A. Horak {USA)

Performance of U-Pu-Zr Melal Fugl In 1000 MWe LMFBRa, P S K Lam.
R.B. Turski and W.P. Barthold [USA)

SESSION V. PANEL DISCUSSION ....icvaeiiaainiiayiinan 4:00-6:00 P.M.
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A. Aitken, GE
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J. Aitken, Oregon State
Arnaud, CEA

B. Atcheson, GE -

H. Brown, LASL -

P. Bacca, ANL-Idaho
B. Baker, HEDL
Bottcher, ANL

Blank, Transuranium Elements, Karlsruhe

W. Bremer, CE

G. Bellamy, UKAEA
Boutard, CEA

P. Bartheld
Biancheria, WARD
Bandyopadhyay, ANL
S. Bailey, GE
Boltax, WARD

G. Ballinger, MIT
Botta, Swiss FIRR

J. Campana, GA

P. Colton, IAEA, Vienna
M. Cox, HEDL

A. Casperson, CE
Coulon, CEA
Cybulskis, Battelle
M. Cornu, Ed-F-REAL
W. Caputi, GE

0. Craig, GE
Croucher, EG&G

H. Chang, GA
Calza-Bini, CNEN-CEN
Colburn, HEDL

Cole, GE

H. Dietrich, ANL-Fast
Dienst, KFD, Karlsruhe
S. Dutt, HEDL
D'Onghia, NERSA

Décuyper, NERSA _
. de Herring, Belgonucleaire, Belgium

S. nguth, LASL
Duncombe, B.E.P.

. Delbrassine, CEN/SCK, Belgium
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A. Evans, HEDL
Einziger, ANL, ldaho

. Eldred, GE
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6 FCMI (Fuel-Cladding Mechanical Interaction)
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BF ey IR R L —F L TR . B2 f | ’,"3‘% ‘AZ B
MECMIZEoTETHEERLTWD, i | §:ﬂ-m$ .

Pezit Garren, otown B
Fig. 5. Mean Inelastic Strain V.S. Burnup
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Fig. 7. Effect of Fuel smear Density on Cladding Inelastic Strain
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7 FCCI (Fuel - Cladding Chemical Interaction ;4B HEEE)

x . @, __
[- 2] LL Of LA T
OHERAE SOV TOEBRR ity e e
::’r;:';::nmumn >::": DOLVID MATIL | e MATRK
RN < € maTilL
cP—932 Y — XD %% —C.-Eﬁghfc FCCI1 u.::.:m <sn:c‘novca < 300" NG fCC <ﬁ:‘m rea
7 kME ¢ 1y
Dz B.U. A, M f > 330 matn > 15°C ware > ws'c comainen
%ﬁg B.U. Al 0/ J:EEJ%% :g::,'.; <::$tcm‘rcc| <:$:m!ca ::;: :"::m
. LN 1 NS
(EZE) . ;...‘
o |7 meiow wa >afc O e | T mertrc e
. nominal depth : ".:Im <:v:|°:‘m rca ‘:’::‘W!'::Nu <wc::'::m
ﬁﬁﬁﬁ #:Hv’g E ﬁ jj‘ IJDj 8 &- ET a_) % h %:*‘L @ ‘w:’ﬂ;:n?:.wf;ﬂl HNE ERAMINED Wil INDICAIED Oy
“LLADORNG HINER SURFACE TEMPERATLEE
fBC s BRRBERE S OFHIE Flgure 2. Charactarization of Fuel-Cladding Chamical
] . Interaction in 41 Fuel Plna from the HEDL
* maximum depth: P-23 Tost Sarles
HEMAC KT A2RERNERES
( BEBR= )

D= .4521 (B + K)(Q/M - 1.942)(T - 728) for B > 0, O/M > 1.942, T > 728
(for conditions outside this range, D is zero)
where:
D = Depth of cladding interaction {microns}
B = Local fuel burnup {atom %}
K = Constant (A function of the confidence level for maximum depth
of interaction}

0/M = Inftial.as-fabricated fuel oxygen-to-metal ratio
T = Local time averaged cladding inner surface temperature (°K)

« ZDEHRIT " nominal depth”. "maxinum depth” O T HA ],

«K=0&7hif, Dit nominal depth®# &7,

+ maximum depth#FEH T3l LBLTEERREOXESC LTk L 5 &
TR fRAThE I v,
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o o

WU oM
[=]
Ogcnmu

(&)
K=1223&¢35% &+, EROFHIHIX 95 2o EEE CEMlOmaximum depth L b

INEL B Eikiny,
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o CCCT (Cladding Component Chemical Transport ) @
&0 /Mt , Temp > 600C,B.U. > 5 atomP THEZh 2 PHEETATMOHES &
- BECLZERIGE LTREHLERLY,
cHHEERS (Fe, Ni), Fvv Stk otcTe, Cs (M) RBEHL.BENEVAR
fllic deposit TR E VB2 p=Rap ks sELbRSB,

Step 1 ~ formatfon of Fe, Cr and Ni tellurides (HTe ) at the ctadding
inner syrface (Ty): n .

Step 2 - dissolution of MTe, compounds in the Cs-Te melt; .

Step 3 - transport of dIsso?ved WTe, up the radial temperaturé gradient;

Step 4 - decomposition of Mle,, and deposition of M, at some high temper-
ature location In the fuel (T3);

Step 5 - return of Te and Cs down the thermal gradfent to the cladding
{nner surface;

or, expressed as & reversible reaction, [M] + n{Tel =[HTe_}

clad melt n'melt

T] {ca 650°C) + Tz (T2>T} ).

cBEEHEFEERIBREOLERNTEHFCCle kD CCCTOHR ¥ ERL>THRA S,
A

e 0k 1P O ¢ Al COW P MW, FOTE [

W/ :&Eﬁm \

COFTHOF ATTACK Lyl

[ I T N R L B

B
TT T T
:
1

o LW
1
i
Tasm'®

FrTT

3 AmaCT B ROT I Om OF CORE mALY

Figure 3. Predfction of Axial Distribution of FCCI-Induced Cladding
Wastage in Long, Commercial-Type LMFBR Fuel Pin.

oHNEBEERER K ( Buffer/Getter # ) @
V., NbDa—F74v 7 (2vy tofllHE,. TLAIEE — WThAT HREIXRELL)R
AEERZMZ 2 REE,
CHAEERLEM ELTRVO>ND>TI >CrolRTHEE, Cridd s ALBRLL,
* Nb, Ti % ® porous metal peliet #B¥ » 5 sFWRICEBTK ¥ v #F — & LTAR KD,
ChBBEI e o,
+V, NbFRBB CYORARCH 5BER — SHI R TRV EBRR RV,
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x €
CBEDFCCLIZS00CLH ETHEZhS, T—211600CHAIL Y —27% " LT3 (Fig.
1), oREFERTRFCCIcERTAHB Iy,
oFCCIoRauBHNcEE (BEHANK — attack depthX ),
cB.U.kEHRIEVAE < v, EB.U. Thhis b\ attack B2 3223 H 5,
ORBERL » P L HhH VIPACKAHOI S HXFCCLAEVWHRARADLRS,
oMk —~VaEROVIPACBRR V12450 ~ 500 COoBERE (AFFCCIBIBAW)

THEETORAEREE S LTHIB, crack i Te, Cs, MoZErfEE ahi, ( SCCk
Ll-glh ),

l350 sub-assembly max,
v my nas. bBurn-up

Mk I
MkIB
Mk II
Mk ILA
Mr IIB
MkIID
MkIII
MkVIIA
v - VIBRO
@y { A-— ANNULAR )
i peaking

caay ™ at ~ 600°C
Penetration=560-2,22T+2.21x18' T BA
~ s -

300

i
- o
WA Oomun
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(=]

o

T
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(=]
(=]
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o

300 0
TEMPERATURE °C

Fig.1. Relation of internal corrosion to clad temperatura
in stainless steel ctad fuel pins.
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Fig. 2. Variation in clad corrosion with linear rating
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I &
OHEBREEI L O>WTORRR
BR—2., Rapsodie, DFR T o SNREBRKHOMHER T -2 L 3EBR,

€ = 96.970 /T1-3.013x10° (2-0/m) # Jexp (- 181329,

which 1s valid for 1.96 # 0/M € 2,00 and for 769 & T 6 921 K
only.
where C is the depth of the maximum total attack (um},

T is the inner cladding temperature (K),

~
8

|

T ;
AC,=19697-2922-07{2-0/M)*) expl- 3L )

T-1769

g

28100 =1990- 2 00
0/M = 1990~ 2000 R

4

/' 0/M=19%0- 2060

i}/‘/
] : .
500 520 S0 s60 580 1 80 480
Clad taner Surface Temperature [°C]

vy
-]

Depth of Cladding Penetration [um]
2
\

Figure 2: Depth of Cladding Attack as Funktion of Temperature
for initial O/M-Ratio 1990-2.000
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o /", N =. e ? a
§ or /'f ! 3 ¢
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o r e e v

Fud M Burmgp, stom %
Maximum Depth of Cladding Attack V.S. Burnup

T3 R &
oFCCIw k5% clad AEFEIL 100000MWD,/ T2 CfToTd 1002 8Lty
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cCs REB.U. THE8AFACBTLI vyarv —sHcERBC—27%2F5,
E—2 0BG LI LITHEEEAD, /DO —s4 « ¥ —o 34845 (TR )., CsBTIX

O/ MuE Kz YRE,

1 —
8 1.00
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5 - 0.50
eh
wa 0.2 —
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Figure 1. Profilometry and Gamma Scan Data from PNL-8-24.
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[}

@ fFCsERE:
= =3 =L =7 (2)
Yo = -1.2473 x 10 % + 7.36686 x 107 (0/M) - 2.620 x 10°7(T)
where
Y, = Cesium saturation concentration (g/mm?}
0/M = Fuel oxygen-to-metal ratio
T = Cladding inner surface temperature (°C})
® ARECsE(WHACBTLr-drE—27%2F3 ) !
(3)

Cy = (¥, - ¥2) 2MRL

where:

Cy = grams of excess cesium (or, 1f negative, capacity to absorb
excess cesium} in a segment of tength L {mm)

@ FMACsBENNR L5 TH &EAUE LD EEOB
(P—14—52 : ~80,000 MWD, MTM )

x10-4

3.0 l
E
S -
-}
z
Z 20 MEASURED
= CALCULATED CONCENTRATION
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« i CONCENTRATION SCAN DATA
&
2
2 10
Q
=
2 _
@ H
Q

0.0 L . L : L . ' :

0.0 100.0 200.0 300.0 400.0

DISTANCE FROM BOTTOM OF FUEL M MM

Comparison of €alculated and Measured Cesfum Concentrations in

P-14-52,

i ®

o Rapsodie | £8 ( £ -7 B.U. 95000 MWD /T ) OfR

Y LR ~D Cs B
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-

i I‘I‘IT ,
|
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A
< — T ' |
“mf‘ldhlllcl i
i .

T
| |
e Fuel End [Ca) |

O/ Mis <HKEF,
s TFEE A~ Cs EBERF---
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I
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Fig. 6:

LU L 193 1" (A2
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Cesium Migration in Experiment

Rapsedie [ - Averaged Results
of 33 Pins with Different
Stoichiometry
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B & @

OCs ¥~ M vyalb—sB\BREEULTWBC 2R,

L]

Cesfum Accumilation at Fuel/UQ, lasulator
Interface (&) Bottom [nsulator Interface,
(b) Top Insulater Interface Pin Ho. 1,

DFR 332/7, Burnup 9.5 at.%, Power 420 W/cm

Fis, 2.
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9 ELAREILTOSREERNES

> S @
o PNL-13 (FFTF&—{F LA WEE A . tight bundle) Tpeak B.U.=16.6 atom%
(113 x10%nvt), (®=viv -2BERERRL)

54,3,/12~14 PNC,DOEBRM A=R> v+ VA + I -7 412 (at HEDL )RoDE|
#ZB.U.Z 18 atom%, R.D.Leggett Kt L hiXc0BE TS A*FEHE LI L L
A, HYBVWE YR -5y A —FHEMFHIAELTE D, AEOFETY vRE5|H
QT ERTERL OLLDR, Fov 3 —FRHE VT LD LTHol, EVIRSEL
Wb EBEHEZE VA I EH/BEZE > Tk vHERI A o,

*x ®
oMk IB S A ©147 atom% ( ~1.4x 10® nvt )ZEH,
S/AARTIIE Y 1 AFHEB LS, B5 < bubble fENER,

N ®

oRapsodie 1 S/A(EYRE7.6m ) TH 12 atom%EN (BB L)

TSR @, @, @
o Rapsodie —Fortissimo ® V% 1% —~ S /A
REOCE#EB.U. = 11atom% ( 9 X 10** nvt, 60 dpa)
BABIERERE = 160,000 MWD, T (oxide) (~19 atom%)
o Phenix S7A
+ BREEB.U. =72000 MWD,/T (oxide) ,
Phenix SSAADEEB.U. R AV = Vv 7 /2 V-7 X377 v~ —FBOEE (% <h,
M2aY) IRkoTHBERS,
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10 CrHERERUECUE 5 v ¢ —BHHE/EA (bundle ~duct interaction)

# €,

(PFRER)

oéabﬁ%®$ﬁ(mmﬁw/mg=5~6mnvﬁm)ﬁmevﬁﬁ%mxbﬁﬁ%&%
EEvoyAy —insThey, RETHERRE R, ~H e vEBARE UL,
( PNL—9, 10, 11, NUMEC-E. F)

o EFDWIELED SA ( porosity ring = 3 mils/ring) @ Lic & A LD X 5 iefiE s
RS, (P—13 14 14A)
(P—IS Tt 18 atom% THZE L bundle—duct interaction 734 Uiz 3 2 hdo

L3 EvRBRRILh ok, >

(5t =B D

OFFTF/CRBR¥ A ZDOEYR (217TF Y )D6FANLOERMT A + # T\, bundle
— duct interaction& pin — to — duct spacing R pin - to — pin spacing® %L % T/~
2o

o & 2WHEE D S /A Tit bundle—duct interaction 2344 ¥ 5 & * fuel pin dispersion "3
< B, pin— to — duct spacing & U pin - to — pin spacing 73 4 4,

© pin dispersion{3f# 4« © & ¥ ® flexible bending XU ¥ » £k ® helical bending ( b
TAROMMA D )iwX s,

EHO B

@ OQO dispersion @ i

( bundle —duct interaction ic &3 % Fat&#E )
o FFTF/CRBR-'¥ F2A® pin — to — pin spacing ®Fi NE#: Eo &% FRHEIX 0015
{ v,
(GHHREL E L, FHTREI RAFC LR L wicd oK/ spacing )
o CRBR®S /A3t Ti% bundle — duct interaction® [ 74 ¥ 1 &% | LV F ( <15m )
i fHl R
* FEROIA Y -F=00561vF (=14m)
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BUNDLE-DUCT INTERACTION, mm

PIN-DUCT SPACING, INCH
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FIGURE 10. VARIATION OF BUNDLE-DUCT MINIMUM CLEARANCE WITH BUNDLE-DUCT

INTERACTION.
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FIGURE 11. VARIATION IN PIN-PIN MINIMUM CLEARANCE WITH BUNDLE-DUCT
INTERACTION.
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OEVENRIL YA LT bcoolant flow rate ~DEE TP I &
(maxAD/DAS5% <L B EFTREBIR/NIIV—-@ P.CoulonKo&HH )
O pin— to —pin contact R h T T—ELIER LT\, )

By ATOS, AOER

* &l &
OFFTF CRRRABZTHREBEOMEENLSS/AOMA b ORATFEERX 23mUTE LT3,

TR @ . &
© Phenix ki 2 S ARHER

+ inner core Tl neutron dose < 85 dpa
(S/AADRTELT o R FOLShEPHEFEUTEHL B0 )

» outer core TIRRBHHHE <400EFPD (~75dpa)
(S/AMZ % 25 m Bl FreflRT 540 )

- inner core T® neutron dose DHIBMEL , MEEDE S /ACRIEE AT 5K
Bb501LPBDBHILLTES,
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11 AP BBiox7Y) o7

* = @, B, @, @
OLIFE = — FEZB OB
LIFE —4 (EF¥#E,. MERXLIFE-30% %, =71 080, ®iRAE )
LIFE—transient (LIFE—3%7 X LIFE—4% transient heat transfer routine
R L))
LIFE-3C(LIFE—-3 D[R - E{LBRBENAH version)
( LIFE—4 &R HE 71 ]
« O/ MBS #fi—Aitken/ Evens D ¥ —2 k-3¢ =7
S0 LI HRBAEHEEC O LR
Bkt ) -~ THECRBRIE D0 F ABEETH
s PuBSf — MeyeroxFAR LB,
&7 ) 2045 A e BBk
« ARl A
solidus temp. - Pu Uk, OMK., BREECEKE
liquidus temp. -+ Pu /Ukkd 2 7,
melt boundary 14 @ & Z AHERK Solidus temp. THRDH T3,
« BRRECEE - BRRcHsEEeisal
@ pore, bubble @ gas ¥ FE X Ani (Marino D = FADEE )
pore A U A o FAMKRER U
bubble s - F P # A
@ Solid FPoHE '
*FHF PRESME & bid, A THREARN,
MgO—NiQOF0oF—s2s%FA, BERNIF Y 7v—v s vORE cHRE
(2a—FeFr 7 L—vav)
LIFE—-I  -ZBEHHAEIEH -BHEOF+ ) 7 v -2 3 vET
LIFE—-4 +P-19. P-20(BRKEE). F-20 (BRBE )07 -2k b#h
HESTOoF vV F v —vavilEfFa,

} # R E

B EBHESGOF ) T —v s VRARET Lo Ty,
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@ —
@ POWER AT INCIPIENT MELT LOCATION
O LIFE4 PREDICTION OF POWER.TO-MELT
a b—
- 8
e ®— °
]
= 0
w
x
g 8 ®
54 [— o
8 E 8
a B 5
. 1 1 | |
a8 ars R 0.25

PABRICATES GAP fmm)

FEGURE 3, LIFE4 ANALYES OF P19 BeCTPTENT MELT DATA

(P—-19BR L LIFE-4r X2 FHHERR L O i)

(LIFE—4r taFBRyYvyoOREHFHFRAOH )

1238 : < FFELH
BOLvr—7#HH=433w
A v¥—-2B.U.= 8 atom%
F—277azvA =13%102% nvt
R

D200 hr D S Ak &
gap closure i€ & b BRFhLEE
¥ 400CET T %,
TOHRRBETH > REBEEED
BEFe+fFvy7avsdrszvaETF
_ _ CRIDVBURERERTS (v
A - SOLIDUS TEMPERATURE HAOoEFTrERBc AhhTHEE

FIAK RIFLTEEFERATURE TS

B — COMSTANT PRVER FUEL TEMPERATURE
€ — DECREASIDNG POWER FUEL TEMPERATURE ﬁwﬁg?% )
2200 1 l l l gap reopening 3 L& 2 Ak
8 2,000 7= 5,000 8800 10,000 ) B}
TitiE o) Ko RHETERZ OFERIK X
PRCURE S. WHOLE-LIFE PUEL TEMPERATURE HISTORY DR 7D ATERD D,
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Tk NILE— €

c TAMBUS ( Interatom#: #1972~ 19750 HchR )

R EBBEORMOERBRNYER L (EIA BAROILT A7 v AR,

+ 2l > +D radial relotation P REEBc AhLHER., FELEBUOCHIY LB
BEBCE o —s53&+5 (AL Ty LORBRELSHEDIERV ),
o COMETHE @I—7J ( Belgonucleaire 781967 4 L )

R AE L LTHEE LHEY S LT, EPRI 7k o LWPRKIZE FH

Havz ATt BRERDTH o1,
» XV y b} D radial relocationiz €54 & LTA > T, BR¥ D ( gaseous f.p. © X

=t

5)Av =Y v7DETFALRE hydraustatic pressure OFEYELT I LR L o TEFH

B gap closureEH LT 5,

(COMETHE , IAMBUSK&%h% %74 0HE)

Topic

Feature

Status fov FBR Fuel Rods

Fuet Analysts

Cladding Analysis

General Analysis

Plasticity

Thermal craep

Irradiation ¢reep

In-pile sintering

Spontaneous tadial relecation
of fuel pleces

Solid fission product swelling
Fission gas bubble swelling
Hot pressing

Cracking and crack healing
Pore migration and densification
Equiaxed gratn growch

Pu and 02 migratioa

Flssion preduct transport
Fissfon gas release to plenum
Indigenous gas release

Plasticity
Thermal creep
Irradiation creep
Vold swelling
Fallure criterion
Corresion

Gap conductance

Radial mechanical fnteraction, FCHMI
Axial inceraction, friction forces

Hot fnternal pressure
Channel hydraulic analysis

Footnote

COMETHE IIE-~J

TAMBUS

T/IR
TL
T

T
NT

g 4
g.ﬁ SRRy o Srnnaddmn
=

R I

T ¢ Treated explicitely by mechanistic or empirical models
TL : Treated indirectly (with or without inpur support)

IN : Effeet in input direccly
NT : Not treated

- -

=)
.
oA
=

—
-3

R e ] EHEHEHHﬁaH

HAarmAg
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x H &
o FRUMP = — ¥
cZWMTOETFARTEIRFERBCBEREL L 5T W3,
* T 4T AaVIiR, 2 —F2EE= 2G0T . TLE, ERHT T L+EIT,
FREPROFRME Y ThERDIZOCSEHLLVERT -2 L BERN DB &
WHEFARFE T3,
+ B #E & LTk Crank— Nicholson D F B> TR H , ERROMELXRIALEL T Z &
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IRRADIATION PERFORMANCE OF MIXED OXIDE FUEL PINS
- JAPANESE EXPERIENCE

N

K. Uématsu, Y. Ishida, J. Komatsu and T. Kawata

ABSTRACT

Within the frame of Japanese program of developing fast breeder
reactors, the Power Reactor and Nuclear Fuel Corporation (PNC) has made
intensive efforts in conducting irradiation testing of oxide fuel pins in
foreign and domestic reactors. During the past ten years, a total of 155
fuel pins has been irradiated in both thermal and fast flux conditions.

This paper summarizes experiences obtained to date with respect to
fuel pin behaviors including thermal performance, fuel dimensional changes,
cladding deformations and fuel-cladding chemical interactions, :

INTRODUCTION

The development of fast breeder reactors in Japan set forth in 1967
when the Government approved the construction of two fast reactors, the
experimental reactor Joyo first and the prototype reactor Monju next, as
key milestones leading to commercial LMFBR's. An intensive research and
development work directed to these reactors was then initiated in widely
spread technical areas.

The effort of fuel development has been primarily concentrated on
mixed-oxide fuels clad with stainless steel because they were decided to be
used in Joyo and Monju as the most promising candidate of fuel system for
near-term LMFBR’s. Irradiation testing plays a key role in the area of
fuel system development and a total of 155 mixed-oxide fuel pins has been
irradiated over the past ten years in foreign and domestic test reactors.

This paper outlines the present status of Japanese irradiation test

program and reviews experiences on oxide fuel pin behaviors derived to date.

OUTLINES OF STEADY-STATE IRRADIATION TEST PROGRAM

Joyo Mk-I core fuel pin is fueled with 93.5 % T.D. mixed-oxide and
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¢clad with 6.3 mm diameter x 0.35 mm wall thickness, 10 % cold worked type
316 stainless steel. Fuel subassemblies consist of 91 fuel pins spaced
with spiral wires. The goal burnup of Mk-I core is 50,000 MWD/MTM which

. corresponds to the peak fluences of 7 x 1022 n/em?® (E > 0.1 MeV). Joyo
Mk-1 core is scheduled following two years operation to be modified into
the core more suitable for conducting irradiation testing.

The primary feature of Monju fuel pin design is an adaptation of the
fuel with lower density (~85 % T.D.) than in Joyo mainly from the necessity
to accommodate fuel swelling at high burnups. The cold work of Monju fuel
pin cladding is raised up to 20 % to improve swelling resistivity. The
operation of Monju is aimed to achieve fuel burnup of 80,000 MWD/MIM in
core average and the fast neutron fluences corresponding to the peak burnup
accumulate up to 2.3 x 10%% n/em?.

The steady-state irradiation test program in Japan is scoped princi-
pally to prove sufficient performance capabilities of both type of fuel
pins under anticipated conditions. Major portion of the tests has been and
is being conducted in fast flux conditions to investigate the phenomena
induced by the exposure to high energy neutrons. Thermal flux tests are
also valuable to investigate fundamental or specific aspects of fuel pin
behaviors. Thus the irradiation test program in PNC may be categorised as
follows;

(1) Steady-state irradiation tests of Joyo type fuel in fast flux.
(2) Steady-state irradiation tests of Monju type fuel in fast flux.
(3) Thermal flux irradiation tests for basic fuel studies.

A total number of fuel pins irradiated to date has accumulated up to
155. Forty-six out of these pins were associated with the performance
tests of reference Joyo Mk-I fuel pins. The highest burnup achieved in
this category was 55,000 MWD/MTM which well exceeded the goal burnup of
Joyo Mk-1 core. The irradiation tests oriented to Joyo has completed
except one experiment, Rapsodie PNC-10, which is designed to assess Joyo
Mk-1 fuel pin design. In Mk-II core, which is scheduled to follow Hk-I
core after its operation for two years and is designed to have capabilities
as a irradiation test facility, the diameter of driver fuel gins are
reduced to 5.1 mm to improve neutron flux over 5 x 10’° n/cm’-sec.

Current irradiation program is mostly orientated to the assessment of
Monju type fuel pin design and irradiation has completed for 50 fuel pins
so far. Reflecting the late start of Monju type cladding development, the
10 % cold worked cladding tubes developed for Joyo were used in the early
phase of Monju fuel pin test program. The highest burnup attained in this
phase of program is 128,000 MWD/MTM in Rapsodie PNC-4 (3) experiment.



PNC-TN960 79-04

The first experiment with 20% cold worked caldding is 34 fuel pin sub-
assembly test, Rapsodie PNC-5 (1), which was disassembled for examination
after reaching 59,000 MJYD/MTM peak burnup. Three pins were selected and
mounted into a capsule for further irradiation.

The burnup status of each fast flux experiment is summarized in Fig. 1.
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IRRADIATION BEHAVIORS OF MIXED OXIDE FUEL PINS

Thermal Performance

In the current design criteria for LMFBR, fuel melting is prohibited
at any moment of steady-state operation which includes~15 % overpower
conditions.
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Fast flux irradiation tests conducted for Joyo type fuel pins covered
the ranges of linear heat rating up to 510 W/cm maximum and the post-
irradiation examinations disclosed no fuel melting in any of these tests.

, Fuel melting was studied in GETR-T experiment where a total of eight
fuel pins was subjected to overpower conditions. These fuel pins. with

the fabrication parameters similar to those of Joyo, were preirradiated to
the peak burnup of 18,000 MWD/MTM at miid operating power. Overpower
experiments were performed with instrumented capsules in a thermal flux of
GETR pool position and temperatures were monitered and controled to keep at
the aimed pin rating. Metal?ograph1c examination revealed, among the pins
where melting occurred, one pin overpowered to 880 H/cm had experienced
typical incipient fuel melting. The power-to-melt directly determined from
this experiment is, however, not prototypic to that in fast flux conditions
and thermal analyses were necessary to correct this power to typical FBR
conditions. The power-to-melt for Joyo type fuel was estimated by these
analyses to be 617 * 60 W/cm which is comparable within error band to the
previously reported values.! These experiments proved the conservativeness
in Joyo operating conditions.

Fuel restructuring is an important phenomenon which significantly
contributes to the improvement of beginning-of-life fuel thermal perfor-
mance. Several short-term irradiation experiments carried out in GETR and
JMTR exhibited in general that the formation of center void in fuel approa-
ches near-equilibrium state within range of a few hours to one day for the
linear heat rating above 450 W/cm (in fast flux condition). On the cont-
rary, the fuel with high density {293 % T.D.) operated at the linear power
below 400 W/cm only developed radial cracks and formed no appreciable size
of center void after the irradiation for 300 days. Both the extent and
the development rate of restructuring strongly depend on the operating
power.

Thermal operating limit of Monju type fuel pins are predicted to be
lowered to some extent due to the utilization of lower density fuels than
in Joyo. - Thus the programs are in progress to provide experimental data
to characterize this 1imit and also to improve thermal analysis methods.

A significant improvement of thermal performance during the beginning
phase of irradiation is also expected from the observation of rapid closure
of fuel-cladding gap discussed later.

Fuel Length Stability

Fuel rod collapses due to the in-reactor densification of UQ, fuel
were experienced in several light water reactors (LWR's).Z2 In fast reactors,
however, densification in the form of fuel column shrinkage should present
no crucial problems thanks to low coolant pressure, even though it is still



PNC-TN960 79-04

an unfavorable phenomenon if the amount of shrinkage is excessively large,
The out-of-pile tests actually suggested the possibility of densification
to some extent for some type of fuels, especially for such low density fuel
as in Monju.

The changes of fuel column lenoth were examined from X-ray radiographs
or neutron radiographs. As shown in Fig. 2, a slight decrease in fuel
column length was observed in several fuel pins with very low burnups but
the magnitude of the reduction did not exceed 0.5 %. This initial tendency
of fuel column Tength reduction is followed by the elongation at apparently
constant growth rate of approximately 1 to 1.5 % per atom %. Data include
those for both high and low density fuels but no difference in the tendancy
of length change was recognized between two types of fuels. An apparently
excess column elongation observed in some of fuel pins is attributed to a
number of pellet separations (each ¢learance less than 0.5 mm). In con-
clusion, no problems in LMFBR fuel pins are forecasted from experimental
observations relevant to densification.
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Fuel-Cladding Gap Behavior

The post-irradiation fuel-cladding gap size is the subject to be care-
fully investigated in the irradiation tests because it is an essencial
parameter which sensitively affects both thermal and mechanical behavior

of oxide fuel pins.

Eight fuel pins were irradiated in JMTR for very short period (20 min.
to 10 hours) to investigate early-in-life thermal behavior. The post-
irradiation photomicrographs on those pins exhibited 5 to 50 % decrease in
fuel-cladding gap width. This indicates a significant portion of gap
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closure, which possibly leads to an improvement of fuel pin thermal
characteristics, should occur during the first reactor start up/shut down

1f the linear power is reasonably high (>400 W/cm). It was indicated, as
assumed in several analytical computer codes3, the initial gap reduction was
mainly caused by radial displacement of cracked pellets followed by partial
healing.

Figure 3 illustrates the observed post-irradiation gas sizes as a
function of local fuel burnup. Data, mostly gathered from the fuel pins
irradiated in fast flux, were supplemented for very low burnup ranges with
those from thermal reactor tests. A very rapid decrease of fuel-cladding
gap width with burnup was observed in Fig. 3. The rate of gap closure
appears to depend on fuel pin rating. This observation is consistent with

the model proposed by Dutt et al%.
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Fig. 3. Changes of Post-Irradiation Gap Width with Burnup

Note that data shown in Fig. 3 do not cover the cladding temperature
range above 550°C because of the difficulty in gap size determination due
to complex formation of reaction layers. The direct application of simple
gap closure model, developed by Dutt et al. for instance., for such high
temperature ranges (>550°C) seems to be inadequate and more careful insight
is necessary in this area because the formation of reaction products
between fuel-cladding interface is reported to influence the thermal-
mechanical behavior of mixed oxide fuel pins at high burnup.
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The omen of gap reopening at high burnup was observed in some of fuel
pins which eventually experienced large clad swelling, over 6 4 in one of
Rapsodie PNC-2 fuel pins for instance. This experiment also included the
fuel pin with different lot of cladding which did show effectively no
swelling at the same exposure. The gap remained closed in the latter fuel
pin. Comparison of the extent of restructuring between two types of fuel
pins suggested the temperature raise in the gap-opened fuel. This
suggestion is further supported by the fact that the fission gas release
rate was higher for this fuel pin. The results from the other pin
suggested that gap reopening could be well suppressed by the utilization
of cladding with improved swelling resistivity but will not eliminate the
apprehensions of its occurrence in Monju where the fluences accumulate
much faster than in small test reactors. Further investigations are
required on the gap width changes at high exposure because it could give
rise the problem in late-in-1ife thermal performance.

Fuel Pin Deformation

The data compilation on fuel pin geometrical changes plays an impor-
tant role in identifying fuel pin integrity 1imit and also in establishing
sufficient insight into the mechanical behavior of fuel pins. The maximum
pin diametral strains measured in a series of DFR experiments are plotted
against peak burnup in Fig. 4. Two types of fuel pins with different
smear density were involved in' this study and a significant reduction in
pin diametral increases for low density fuel was found..

Along with diametral increases, the irradiation causes pin elonga-
tions. It is suggested by immersion density measurement that the length
change is approximately consistent with the summation of claddinag swelling
along the length of fuel column (theoretically over the length of fuel pin,
but the contribution from regions outside fissile column is practically
negligible). This implies that the elongation of fuel pins due tg strong
pellet-cladding interaction as observed in some of LWR fuel rods 1s not
likely to occur in LMFBR's. A slight discrepancy observed in some of fuel
pins may attributed to swelling unisotropy.

Cladding inelastic strains, usually evaluated as total diametral
strains minus one-third of volumetric swelling, are more direct indices
for the wastage of fuel pin endurance capabilities. Since the pin length
change devided by the length of fuel column (AL/Lf) approximately repre-
sents the cladding swelling averaged over the latter length, the substrac-
tion of AL/Lf from mean diametral increase, which is again averaged over
the length of fuel column, yields mean inelastic strain. Figure 5
illustrates the mean inelastic strains evaluated by this method. The
results indicate there sxists an incubation period of burnup for inducing
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inelastic strains. The threshold burnup above which the inelastic strains
set in is approximately 4 atom %. It must be noted that this threshold
burnup is consistent with the timing of completing gap closures {see

Fig. 3).

Immersion density measurements on fuel-removed cladding specimens
allow direct evaluation of local inelastic strains. Data compiled on fuel
pins with 79 % smear density have indicated a strong dependence on irradi-
ation temperatures as illustrated in Fig. 6, where the incubation of
inelastic strain below 4 atom % burnup was seen again. Because the
diametral strains in plenum region observed to data were always negligible,
the accumulation of fission gas pressure is not responsible for these
mechanical deformation. Therefore, these inelastic strains are considered
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to be caused by fuel-cladding mechanical interaction. This explanation is

further justified by the comparison of inelastic strains between fuel pins

with varied smear densities. A significant decrease in cladding inelastic

strains of fuel pins having smear density of 79 % T.D. compared with those
. having 90 % smear density was found in Fig. 7.

A series of irradiation tests for Monju type fuel have been conducted
in Rapsodie. The results revealed an obviously different behavior between
the fuel pins whose cladding tubes were taken from separete two lots. One
of the fuel pins clad with Jot 'K' tubing successfully achieved originally
aimed burnup of 14 atom % with the maximum diametral increase about 2.4 %

> while other fuel pins with lot 'S' tubings caused, at approximately
8 atom % burnup, excess bulgings {+3.7 % AD/D) which resulted in a rupture
of one pin. Immersion density measurement disclosed the maximum swelling
of 6.7 % at fluences of 6 x 10°? n/cm® (E>0, 1HeV) for lot 'S' cladding.

Cladding inelastic strain was also found to be significant in this
fuel pin and reached 1.2 % in maximum. Swelling and inelastic strains
observed in the other lot of cladding were, in contrast, very small at the
same fluences. Because of the nature of typical steady-state irradiation,
major components of inelastic strains observed in these tests are not
likely to have been caused by plastic deformation but they appear to have
resulted from creep strains, where irradiation-induced creep have presuma-
bly played an important role. Differences disclosed between two cladding
lots have sugcested a strong correlation between creep under-irradiation

and swelling.
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Fig. 6 Increase of Cladding Inelastic Strain with Fuel Burnup



PNC-TN960 79-04

1.0

Smear

. Density Burnup Range:5~6 atom %

10% CW 3168S.8S, i
osl| ®90% 1.0, % 6 Cladding |

0789%T.D.
B ~ 5.8

o4 5.9 &.e 7
S 9/\9

S
S’

0 ] i 1
400 500 600

7

1

|

0.2

Cladding Inelastic Strain, %

Cladding Temperature, °C
Fig. 7. Effect of Fuel smear Density on Cladding Inelastic Strain

Differences between these two cladding lots were only in the minor
chemical constituents and also in some portion of fabrication processes.
Thus the experiment have eventually pointed out the importance of these
factors in characterizing behaviors of cladding materials under irradia-

tion.

Fuel-Cladding Chemical Interaction:

The effect of fuel-cladding chemical interaction (FCCI) is counted in
fuel pin design as a reduction of effective cladding thickness which
directly reduces the load-bearing capability of fuel pin cladding.

Figure 8 summarizes the data on the maximum depth of attack measured from
PNC experiments where-the oxygen to metal ratios range from 1.98 to 2.00.
No significant burnup dependence is seen for the burnup range above 4 atom
% in this limited data set. The maximum depth observed was qenerally
bellow 80 um except one data point. Data included those for Joyo and Monju
fuels and no difference in FCCI characteristics was observed between these
two types of fuels. WNo cladding attack was observed for the range of
cladding inside surface temperatures below 500°C. For the temperature
range above 500°C, the trend of increase in attack depth with increasing
temperature is seen in the bulk of data set. Axial Tocations of the
maximum attack depth for individual fuel pins, however, were not necessary
to be at the hottest end but appeared to distribute occationally to cooler
positions. These observations call for full understanding on the axial
transport behavior of fission products.® Electron microprobe analyses have
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shown the important role of s, Te and other fission products in the
formation of cladding corrosion.
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Cladding Breach Experiences

Several types of cladding breaches have been observed in the steady-
state irradiation tests to date.

.~ One of the fuel pins in DFR 332/5 experiment failed from localized
overheating caused by ‘gas bubble attachment, which is often observed in
DFR. A typical 'tear-stain' mark was observed in the vicinity of the
cladding ruputure. A significant reduction of cladding microhardness
Tocalized in the area of this mark was observed, which convliusively proved
the occurrence of overheating. Sodium ingress caused secondary cracks in
the Tower portion of this fuel pin.

The irradiation of Rapsodie PNC-2 experiment was interrupted at )
73,000 MID/HTM because of the detection of fission gas leak. A cladding
rupture occurred in one of four fuel pins at the location 7 cm above core
midplane. This rupture was associated with large diametral increase )
(3.7 % max.) and pin twisting in the upper half of fissile column region.
The cause of this failure is not fully understood yet but an anomalous
increase of temperature is suspected to have occurred locally from the
gradual reduction of pin-to-capsule-wall clearance by increasing pin
twisting. The strong_twisting of this fuel pin must be attributed to very
rapid swelling and irradiation creep rates in the specific lot of cladding
used.
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Therefore, cladding breaches described above are classified as those
caused by specific anomalities. In other words, those breaches were not
resulted from typical wear of cladding endurance limit.

Two fuel pins from DFR 332/7 experiment were reirradiated after the
non-destructive examination at originally aimed burnup of 87,000 MWD/MTH
to investigate the actual endurance Tlimit of these pins. Cladding
breaches occurred in both fuel pins -during the second run from re-insersion
into the core of DFR. Only non-destructive examination data are available
at present time but the appearance of breaches are considered to be that
of endurance limit failures. Analyses to correlate these breaches to
cummulative 1ife fraction damage are in progress.

Breaches experienced by PNC are only for 10 % cold-worked cladding
and no appreciable effect from the breach was identified on the neighboring
fuel pins in any of those cases.

CONCLUSION

Experiences related to the irradiation testing of FBR oxide fuel in
Japan over the past ten years were reviewed.

A series of tests were conducted for Joyo type fuel pins and the
results showed their satisfactory behaviors and stabilities up to the aimed
burnup in Joyo. Ongoing programs are mostly those for the assessment of
Monju type fuel pins.

The high fluence tests evidently indicate that the operating capa-
bility of FBR fuel pins is dependent to a large extent on the performance
of cladding materials used. From the limited experiences obtained to data,
it is foreseen that the primary factor to limit fuel pin lifetime would be
the dimensional distortion caused by swelling and irradiation creep in
cladding under high exposures rather than typical wear of clad material
endurance capabilities. Therefore, an emphasis in the fuels and materials
development must be placed on the development of cladding {and duct)
materials with improved resistivities to swelling and creep under
irradiation.

Joyo is currently operating at 50Md and the post-irradiation exami-
nation on the first fuel subassembly was recently initiated. The post-
irradiation examination plan for Joyo is programmed to produce data on
oxide pin and subassembly behaviors properly distributed on the variable
irradiation conditions achievable in Joyo Mk-I core. A statistically
meaningful number of data are expected to be produced. Analyses on those



PNC-TN960 79-04

massive and systematically distributed data will stgnificantly contribute
to improving phenomenological understanding of oxide fuel pin behaviors and
also to reducing uncertainties in a quantitative interpretation or
prediction of those behaviors and operating limits. In addition, a
numerous number of irradiation experiments in the wide range of fuels and
materials are planned in future utilizing Joyo Mk-1I core as a test
facility.
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MIGRATION BEHAVIOR OF CESIUM IN MIXED OXIDE FUEL PINS

K. Uematsu, Y. Ishida, J. Komatsu and T. Kawata

INTRODUCTION

Mixed oxide fuel pins irradiated in fast reactors and thermal reactors
reveal the migration of fission products. The migration of fission products
may have significant influence on fuel performance., Then the fission
products behaviors are the subjects of great interest to the fuel designer
and chemist. It is the objective of this paper to summarize the observa-
tions of characteristic behavior of cesium and effects of migration on the
performance of fuel pins irradiated so far.

For the development of the fast breader reactor JOYD and MONJU, &
total of one hundred fifty five fuel pins has been irradiated in Dounrzay
Fast Reactor (DFR), RAPSODIE, General Electric Testing Reactor (JMTR). The
fuel desities of these pins were ranged from 95%7D to 85%TD and oxygen to
metal ratios were rangedfrom 1.98 to 2.00. The fuel pin cladding was 6.3mm
0D, 0.35mm in thickness and 10% cold worked Type 316 stainless steel. The
irradiation was carried out up to the burnup of 14 at.% with a peak linear
power of 400.500 W/cm. :

During the post jrradiation examinations of these pins, the migration
behaviors of fission products have been examined by neutron radiography,
gamma spectrometry, optical metallography and microprobe analysis. Some of
pins revealed the migration of cesium both radially and axially to the
cooler region of the fuel by a vaporization-condensation process. This
fission product sometimes, induced fuel-cladding chemical interactions and
local cladding strain. These phenomena have been carefully observed.

In this paper, some of the experimental results is presented. Table.l
shows the outline of the fuel pins and irradiation conditions in this
experiments.
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Table I. Pin Design Parameters and Irradiation Conditions
Expesiments [Number Pin rFuel | Cladding Irradiation Conditions
of i
P— . Length Dia- Pu Density . ] . lF‘ealc Pealc Peak Midwall
Desicnation {Pins P m;}_:r 0=p, o/m % TD Form [ Material {Concitions P\?Vv/vg:_' Bautr.r:/aup c:addl_ng Temp. .
DFR ' B%CW '
332/2 6 (266} 6.3 |0.18(1.880 95.8 | Peliet 316881 o oW 510 | 1.2 640
DFR '
232/7 3 |5507 6.3 |10.20[1.884/84—85| Pellet |{31655{10%CW| 420 8.6 650 |
520 550 I
GETR-T 1 12 [159§ 8.3 | 0.2 {1.991| 91.3 | Pellet {31655|10%CW . 2.0 f
£10/850= 566/E10+
580/1080 650/730

#* Over Power Test after Steady State Irradiation

MIGRATION CHARACTERISTICS

Axial Migration

One of three pins, which were irradiated in DFR at a peak linear
power of 420 W/cm with midwall cladding temperature of 650°C to a peak
burnup of 9.6 at. %, was examined in detail. In this experiment, DFR 332/7,
three fuel pins were contained in a capsule. The fuel density and oxygen
to metal ratio were 85% of theoretical and 1.984, respectively. The design
parameters and irradiation conditions are shown in Table I.

Axial gamma ray scanning of this pin revealed the strong cesium peaks
at the top and bottom interface between fuel and UD, insulator pellets.
In addition, a cesium peak was also observed at the one fourth of the fuel
cotumn height from the bottom as shown in Fig. 1.

Gamma ray scanning of the longitudinal cross section of this pin at
the interface of fuel/UD, insulator pellets ahowed that cesium was accumu-
lated at interface for the top side, but not for the bottom side as shown
in Fig. 2. Usually, cesium was accumulated at the interface between fuel
and U0, insulator, not interior of U0, within the oxygen to metal ratio of
1.98 to 2.00. While at the bottom interface, cesium was observed interior
of UD; insulator pellet. Considering the no oxygen to uranium ratio
changes in an insulator pellet, this should have resulted from the higher
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temperature of the bottom U0, insulator pellet because it is located at the
outlet side of coolant. Then it is considered that cesium migrated to the
interior and cooler region of U0, insulator pellet.

Form this and other experiments; it was observed that the cesium peaks
within the fuel column are usually a few for the Jow burnup and low power
pins, and are likely to be associated with the high burnup and high power
fuel pins. And it has a tendency that the higher the power, the more the
irregular distribution of cesium is observed within the fuel column. For
the low burnup and Tow power pins, cesium tends to accumulate at the
interface of fuel/UO, insulator pellets. Sometimes the local accumulation
is also observed at pellet to pellet oaps.

The metallographic examination showed that the top and bottom fuel/
insulator interface were usually desified at central part and several
cracks or fragmentation were observed in U0, insulator pellets. A porous
gray phase reaction products were sometimes observed in this zone. -The
alpha autoradiooraphy showed that this gray phase was depleted in
plutonium.

0

— 0
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2 ar 4 g 1.0 4
15 Gross Gamma J |
=} A 5 .:?_ L —15
X W X
= > y
3 3
é ? Cs-137 ; o ]
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1 o 5 -]
° {a) ° {b)
Fis. 2. Cesium Accumulation at Fuel/UO, Insulator

Interface (a) Bottom Insulator Interface,
(b) Top Insulator Interface Pin No. 1, o
DFR 332/7, Burnup 9.6 at.%, Power 420 W/cm
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Radial Migration

Radial cesium migration was also observed by gamma ray scanning,
microsampling analysis and microprobe analysis. The data from DFR 332/7
experiment are shown in Fig. 3{a). Cesium was accumulated at the gap
between fuel and cladding. The cesium redistributions in the fuel obtained
from the m1crodr1111ng samples in DFR 332/2 experiment are shown in Fig.

3(b). This specimen was irradiated in the DFR to the burnup of 1.2 at.%
with the Tiner power of 510 W/cm as shown in Table 1. Cesium migrate
toward the outer surface, while cerium, zirconium and niobium are almost
evenly distributed in the fuel.

Microprobe analysis indicated that cesium, jodine, tellurium, barium
and palladium are concentrated at the fuel cladding interface region.
Cesium was usually associated with uranium and no plutonium was observed
in this region. The gray phase in the fuel may be resulted in UD.-cesium
reaction products as other investigator pointed out.!*?

107+ ]
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Gross Gamma S Zr-95
W — 5 [a ] /\/
% 41 + 108F . -1
—_— = Ru-106
by . 1 4 B Ce-141
— - ’ e B ]
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- 41 < B
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Fig. 3. Radial Migration of Cesium in (Ugg Pugo) 0, Fuel
) (a) Gamma Spectrometry, Pin No.1, DFR 332/7,
Burnup 9.6 at.%, Power 420 W/em
(b) Microsampling Analysis, Pin No.5, DFR 332/2,

Burnup 1.2 at.%, Power 510 W/cm

A. Central Void, B. Columnar Grain Reg10n,
C. Equiaxed Gra1n Region, D. Unrestructuring
Region, E. Cladding
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EFFECTS OF MIGRATION
The radial and axialimigration of cesium are known to affect the Tocal

cladding strain®'and fuel-cladding chemical interactions.’

Local €ladding Strain

The Jocal accumulation of cesium are compared with the data of local
cladding strain obtained from the profilometry of fuel pins.

Some of fuel pins in GETR-T experiment, which was irradiated in GETR,
revealed the Tocal cladding strain at cesium peaks. The design parameters
of this fuel pins are shown in Table 1. The fuel density and oxygen to
metal ratio were 91.3 % of theoretical and 1.991, respectively.

In this experiment, twelve fuel pins were irradiated in an epithermal
and fast flux enviroment by using a cadmium fiux filter. Irradiation was
carried out at the average peak linear power of about 440 W/cm with the
midwall cladding temperature of 430°C to a peak burnup of 2 at.%.

After the steady state irradiation, eight fuel pins were selected and
divided into four pairs of two pins. Fach pair of axially connected fuel
pins was reirradiated for twenty four hours at different four power levels
ranged from 800 to 1000 W/cm, respectively. Some of pins was melted at
high power.

After the steady state irradiation, the local cladding strain associ-
ated with the cesium peaks was not observed.. However, after the overpower
irradiations, the predominant cesium accumulation was observed within the
fuel column and at fuel/UO, insulator pellet interface. These cesium
peaks are associated with the local cladding strain as shown in Fig. 4.
These strong correlations may be resulted from the high power and higher
oxygen to metal ratio in this experiment. The internal cladding attack was
not observed in this region.

From the microprobe analysis data showing a cesium usually associated
with uranium, the local cladding strain may be caused by a volume increase
associated with the formation of cesium uranates. However, the effects of
the UD,-cesium reaction products on fuel restructuring and fuel-cladding
gap closing could not be defined in these experiments.

In DFR and RAPSODIE experiments, it was difficult to find the strong
corrélations between cesium accumulation and local cladding strain.
Especially, it is difficult for high burnup pins to find strong correla-
tions because of the cladding swelling and creep contribution to the
deformation. '
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From these experiments, the Tocal cladding strain associated with
cesjum peaks appears to be influenced by the high burnup and high power.
The oxygen to fetal ratio has also significant effects on these phenomena.

Fuel-Cladding CHemicaT Interactions

In addition to local cladding strain, cesium migration also influences
the fuel cladding chemical interactions above the temperature of around
500°C. The results of microprobe analysis indicate that cesium, iodine,
and tellurium significantly contribute to this interactions.

SUMMARY AND CONCLUSIONS

Migration behaviors of cesium have been examined for the fast reactor
mixed oxide fuel pins. Cesium migrate radially and axially to the cooler
region of fuel pins.

Axial accumulation of cesium is observed at the interface of fuel/UD,
insulator pellets and pellet to pellet gaps. For high burnup and high
power pins, cesium accumulation are sometimes observed within the fuel
column. And it appears to increase the irregular redistributions of
cesium within the fuel column with increasing the burnup and power.

It is often observed a secondary gray phase at the fuel/U0; insulator
interface and fuel cladding gaps. Microprobe analysis revealed the
presence of uranium, cesium, iodine, tellurium and barium and no plutonium
in this reaction zone. Thus the gray phase may be formed by UQ;-cesium
reactions.

These local cesium accumulations sometimes induced the cladding strain
at fuel/UD, insulator interface and within the fuel column. The strain
appears to be resulted from the volume increase of UD,-cesium reaction
products.

The cesium accumulation is influenced by oxygen to metal ratio and
temperature gradients. However, these local accumulation of cesium does
not seem to limit the fuel performance.
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