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Mechanical Properties Changes of High Burnup PWR Fuel Cladding by
Temperature Transient

Fumihisa NAGASE and Hiroshi UETSUKA
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Tokai Research Establishment
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken

(Received September 19, 2002)

Temperature transients during abnormal transient and accident can alter hydride morphology, radial
hydride distribution and microstructure in the high burnup fuel cladding. These alterations affect
mechanical property of the fuel cladding. In order to obtain basic data to evaluate integrity of the
fuel rod after the temperature transients, high burnup PWR fuel claddings (fast neutron fluence:
about 9x10%n/m’, hydrogen concentration: about 210wtppm) were heated for 0 to 600s at
temperatures of 673 through 1173K, and mechanical property changes were examined by ring
tensile test at room temperature.  As a result of the tests, changes in strength and ductility of the
cladding were obtained as functions of heating temperature and time. The strength decreases with
the increase of heating temperature, and is about 60% of the initial strength after the heating at
1173K. The ductility increases with the increase of heating temperature up to 873K, while it
decreases with the increase of heating temperature and heating time after the heating above 1073 K.
These mechanical property changes are considered to be correspondent mainly to recovery of
radiation damage, recrystallization of the Zircaloy, phase transformations, and associated change of
the hydride distribution and morphology with the annealing. Comparison with artificially hydrided
claddings suggested that irradiation effects are not completely annealed out by the temperature
transients.

Radial change of hydrogen concentration was measured for the high burnup PWR fuel cladding.
Very high hydrogen concentration of 2400wtppm was detected at the cladding periphery. This
result indicates that accumulation of hydrogen at the cladding periphery can be a cause of lower
ductility of the high burnup fuel cladding, and that disappearance of the hydrogen accumulation
above 873 K is strongly connected with increase of the cladding ductility after the heating.

Keywords: Abnormal Transient, Accident, Temperature Transient, High Burnup Fuel, Zircaloy,
Fuel Cladding, Mechanical property, Ductility, Hydride, Hydrogen Concentration



JAERI-Research 2002-023

H X

1. Uz e e e e e ¢ o o s e e s e e a2 s o s s e e o e e e
2. BRERFEE e v e e e e eee e see e ee e e
2.1 éﬁﬂ .........................
2. 2 REIMBKROY IBIRER 0 e s
2.3 MEHFKRBESTOTE - v oo
3. REREEELLEEL e v e e e e e e e e s e e e e e e e
3.1 INBVE OB 00 - o e e e e e e e e e e R
3.0 MRHEKREEEDGAT o or e e e e e e e e e e e
4. F R A I SR S L R L T S S A
%ﬂ‘ﬁ_ii, ................................
BEER  r c v v e e e e et e e e e e s e
Contents
1. Introduction ..........................
2. Experimental Procedure =~ ¢ ¢ voc s et ot om0 rm s 0 00
2.1 Sample  t s oe s oteeeeesee e e e e e e
2. 2 Sample Heating and Ring Tensile Test =+ * = = = = = = *

2. 3 FEstimation of Radial Distribution of Hydrogen Concentration

3.  Results and DiScussion v+ ot vt s s oee e e e e e e e e e
3. 1 Mechanical Property after Transient Heating L
3. 2 Radial Change of Hydrogen Concentration ~ * * * * * * IR
4. summary ...........................
Acknowledgement .......... e o & o o s e & s ® e s e & o o « .
Reference =+ « * » « + = = « + = e e e e e e e e e

it

O O 00 & A A WNNND -

N NN

O 0 00 &N b S W



This is a blank page.




JAERI-Research 2002-023

1. IFLHIC

EAGEITEWO T, RRFHER b & FF R RIER L E BRI LRt O R BE L8
EH LN TS, BEREELIC Y RE O RN EEREF AN T 5720, DA oA BUR
BHEES I IRV FRA R L AKUEEESEMNT 2, U ha A HEET, KRG
BT TRETHKREO—RERIN L, BEOBBEEICLY DL o A HEETFO
AEEEIEMT 5, KERINEZ, PRCHEBBEOEBICL Y BRA25H, BEOREE
HIRCRE SN N H 0 A BT TIIRK400wWppmZE TH S, IV H oA POKED
BAE L. 300K TH90.05wippm, 670K THI210wtppm & /NS < [1], BEVAE A B 1255 DKFE
HAFE LTS 5, AR I, —ARIC A0 oA OIEMEIET S ¥ 5[2-4],
T 7. BREEREMEET TIX, AR OSSN EBCETICERICEEEICITTHT 2R
R F AT KFEBY 20FK) BLIELEROND, TDX ) 2KEL
W) LAOFRIE, EICBEPICE LS EERHTROBREARICL 2D EEXLND[S),
Gardel 275 Fl P RS BRI 2 DI L - E 2 AV T SIRRBRONEBRRAR 2 £
L. AKFWHY) AREEBEOLEMLETEESZ L ERLTWA[6], £7-. NSRRIZEBIT
A PWREBRBEEREL D/ UL 2 BE EFR R OBE L FARBRICE Y, KFEEH Y L85, K
S ENE G T CORBERBICBW TEERZREZ R L LRENTVD[7.8]

LIAT, BFFRIZBWTHAESN S REBESCTHF T, KATRENERT D,
BREEFRICENA I O POKEOBREEIIEAR L, 850K ETIiX, Zr-HE&Do+pHE
itk KEOBBENE AT S, BELEKREIVLT oA PEQEIIEET D
=%, BE L BEEICKTE L COERFRMOKRRESMIIE(LT D, 11T0KLAETIIFERE
TR AFLS ) AN EE LR ROKEZREITY— L2 5[5, 72, BEEBFIZ,
D af OERERCHEEEICL Y EBABIELLES. GEHIEITHY D KFEL
B OTEEITIE BB LR S X R 5[5, T ODOKFE(LHOSHCHTHBEROELIX, ¥
haAs oy a0l s HICEBERBRFEICR R TS ARESH S, TIT,
ABFZIC BT, BEREEEPWRENE ) ORI L - BT 2 R L. AR O &R
k. KB RONTHFRE, BRSO T~ T,

BEIC k72 & 900, BRRBEE(LIC - TA U BKE LS Y 2O, HEE OMIREE
MIrEELRIFL. RISEESEH TR E TORBBEBEBICB VN THEETHD, B
BEREIREHE R DRSS IC RIET AR Y LOEEL. REEBIZLDKZELHY L
D% L RS E(L OIS A ITET A 720113, KED Y LOKRRELZ EBIITH
NEVENRHD, FIT, AFRICBOTIE, BREEPWREREHEEE T O¥EHHROK
FERESMHEZESDYTHE L.
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2. HEBRAE

2. 1 R ¥

REBICHAW-HEE X, BAEEAKROKE 1 5F (PWR) T4H A 7 VBE N7
X TR DO BB EREE DRI L 7=, BEERVESEORCRABREE IOV T,
Inoue 5IZ L VMEXN TV B[9], REAZER L 7ZREHET OREBEEIL, 47GWdATH
b, METHEEFHFRAE G1MeV) 3H9x107°0/m* Th 5, 48GWdF BRIEE R EHE
OFEFIIZ RN S HITRHRBR CTEOLNTREHETH A7, BEHEORFHI, RERF
DICETENTVWAREBO LD L IZZVELR S, 2, HEEDXAXREIXLY

(48GWd/taR 5T Tl 1.3wt%) TH Y | (LFHEARCHLE ICBT 2B EITERB I N TV
VY, AR OMMEIT.50m, AEIX8.26mm (F/E0.62mm) Th 5, BEHED 2KA)3800mm
D56, Fig W RTEiFREN D EBEBERB AL, +74bb, MAKRYY > 75|
ERERICHWVZRENT, B 51750~1800mmDALEMN S, BRI EAKBRE DA+ H
NRAHZRBICHWERENT, EWAOAS1170~1200mmOENHER L, KICROND X
212, PWRBREHE TIX, BLER OKFBRNEN #AFRICENT D, b0k, #%
BERBDIEREOEMGAMEIIHS L, HABEREEE O LEAEVREHED kil < T,
BLEES L KFRENRKE 2D, EMENOHEBL -HEE ORFMELUTIORT,

MEAK MY o ZEIRRBRICAWE-REHIB T AR FmlmE < 7 o &% Fig2l =7, B
{LIRE Z1320~25umTH Y | T DOE TIZKFEYEEDFEFICE VKFLD Y LR S
NTW3, —F, RHEFRESKECHEEIILHEHEY, NEIFHECBOTHLETOK
FILYOEMR R LN D2, FRIEFE LTIV, NEBLIC L 2BERE OB
ER. Ry P -WEEREERAICL > TEUBRIESR, XLy b biThiAENT-
ERRERHEDOREE L, KECDOWHENRZWAREELH S, T ASHEEZ AWK
s, BLELZE0RHBREE 2EOFL/KFREITIA210wtppm TH 5,

ERFAARBESHZRARLIARRICAVEZRE EIZIER UME L W ERLEZRE D
7 u B EFig3oRT, BFMOLBEVIE) LR L-HEE THY . Fig2dk
L. BELBUE S 38 S0 BEV, REBRICAW-REBIOBEIEE X 1330~35umTH Y . K
FIBEII300~310wtppm TH 5, AREHIBW TS, BELBEE FICKEZELWBENEEIC
EmVWKEH Y ANRBETE 3,

2. 2 BHMRRUY 2 JTIIBRER
BB PREHED DERI L 7R E & 1BFISmmD U > ZREEHI U L. RiEHERE

KRBT, 673~1173KIZEBVTO~600sEMBR L 7=, RAEHMBC W EE OB X %
Fig.iZ~d, HEEIX, EXF. AEUREE. 7TAIFRRERLVE = b5, REER
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N —z Y IR Ry b L, BIIBAORY A TBERT (Pt-Pt13%Rh) % REHT
FBESED, RERVF — 2 ARERIEEICEAT LN, 77 - VICK VRSB ITER S
ho, BERVFZEDHERET VI HAEAL 2E#Y IR L, RIGENLY REEFHE
ReE L%, —EEREF> TEBWEERFEARSERMICRA 74 FaE, A2 MAT 5,
—EREOMEE, BRIFLZEFRIZA T A Fa®, REZEXFHATHHA L 72, FigsiZ
1073KIC 1T BB OREHBEBIE 2 7R3, MEARRIIE 0. 180, 600sTH %, NMNEARFR
Os&it., BEREICEL-BREICREBOGRHELEET L2 LTHD, ZDBE. HEFD
RELB/NRICT A0, BEBE~ORZERBZEL TILEND D, £I T, EX
FOREZBEEELVIOKEES LTRE, 222 A L. RERRE BER
FEREEL-BRICBERENOREIZE| 2 L., TO/FER, FigsicRons X512, B
ERERS TRIDABEEDETFTE2/NIEILTHIENTE, —H. 180H D51 E600s
oM TIL, FEAROEBIILEIN/NIVWEZEZ LN, BIEREIZ R-T-ER
JFICERB A EA LT, FIHOMBAEEIINIK/sTH DA, BIEREIZU-D  \SEL TN
HEIMET L2720, FREBEOFELETEE L., MEERIZ BFRE XY 10KEWE
BIoELRALVEE L,

e L 7-3REHI s L, BRICBWTY V75 ERB A 1To 72, AVW-RBREBITA X
fava 4 70O3ERBRETHY ., RBREEIIER (K30C) . 7 v A~y FEEIT4.2
X107 mm/isTh-o1z, BIERRAFRE, REOABBEROWEO 2 7 o HBBEEZITo 7
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EREEEEREE L I H L - BB ERENIK L, AT L ) RBIEEITWVEEF RO
KEBESH 2T, Fig6ll, BIEFELERXMIITT,

(1) BRBEEHEE»L) V7 RORE2@EP VL, KESHEITS (FigsP
ND) , THIZXY., BLEL BB L2 LIKBRENKRDOND,
BMONRERET D (@) ,

() BEZBRETH-D, £BENABRN D £ THARE, LHBEE LR ZHTH]
+5 (@) , HFEIE, MEEFHEITS (@) . £/, V7 ROREZE 2 EY)
DL, kKESHEERTS (B) ,

(3) Q)& ELIZAENTHIE (@) ITH~T200um (FEX100pm) LA EBAT 5 %
THBENEETETS (©) . 27 oHBEEERESBIITE. BE
LAFEH Y KEZDOEEHIFIOMMTH Y, SEH S 100umEl EEFFEIT D &
HEENERUOBRKBOEEROLNED I T TH S, HHIL. BEROBIE
(@) LI HLEY) 7 RBEHNIR T2 KESIT (®) 2FEMT D, THhil
F0. NEROAZRBELFMTE 5 L#IZ, (DRTQ)TITo e AKRIITORE
BLWBTHZLICLY . QQ)THHILE I OKFBRENFMTE 5.

U EICEVRIE LE-TEIRORETSOES LARRRE, I oICEEHFRBEICEIT S
7 o B E TRIE LB LR OKEb Y 2AES ZEIC, BILIE. KFELHY) L Kk
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UMK E N E R OISR F LT ERIROKRBEIFMETE 5.

3. HERERLEE

3. 1 mkRoMMRE

WE— 70 x~y FEMBBROFE LT, 673~1073K T600sFEIMEA L 7= 3pHI x4 25 U
v 7BIRABR TH LN R EFig 7o~ T, RBRCHIE SN/ R KAE L PIHKmEL &
IZBIRM X 2RO, ARBRCTHW-REHNI, HTEREFZRVIE—ED Y 7 55RAR
ATHY, BEHEY (%) #EEMICIFHBCTE 2V, £07-0, R TIE, BEHENC
RV, B ETICELE5IEBRBRIE I o 2~y NOEMBEZEMEHOEIZEL LT,

53R & & MBMNEE ORfR A Fig8llRd, BTIX, TNENDREHIDOUWT, INEARERH]
EHEROBIMATE L, BE LE-EEORBOFIRESIL., KI900MPaTH 5, 673K THM
2= REOFEME S, MBI b o BH L ZOREEIZIEIRETH B,
IMBVEEIIRRSHEE (H630K) 2B HBRETHH-H, BHEHRENEBIET L TEEL H
HH, FRICHIGT EORKRTIXR OV, Baverblid, 30GWdt (B HF R &
(>1MeV) :42X10® w/m?) F CTHRE L/-PWRHEEE &= H\ - INBEBR[10]705. 700K LA
TCTIRBAELCOBEIIBREINRVILE2RE L TEY . AHEORERIIEL ORER L
FRELZ2V, —F, 8K TMAL-RAEO5RBS X, MAEHARIET IS, /2,
BUREEST TlEAe <. MBS BIRFE L TEET D 2 ehmnd, MBREI IR 2D
IZ9E > TIET L. 0. 180, 600sfEMNEL L 7=% DB13EM XX, TN Z830, 650MPa, 600MPa
T b, 0BRNNTBKTMEL 723K TiX, 53R Z1L570~600MPa (& K THIZARTSH
FE D#160%) (2 F TIET T2 23, MBVRE O _EF K OUMBEFE ORIz S Blbidhxw,
IRSOMBNC L ABEECOBERICOVTIL, EHEE & HICLLTIZHL 5,

W E TICE L7227 v A~y REAME & MBNEE DB % Fig9io/~7, Fig.8& RIEkIC,
NNZABERE] 2 & R OOBRIZATEE L7z, 6BKMBARENT, BH L-E FOREHILER, bThiZ
RERIEEZR LT, 6BKIXRLERFORBEBEMEE L VIV, £7-. EROMRE[SINH,
673K TOMBUZ L D KFMHHRAKFILITHHEEOE(LITWEEZ NS, LA
ST, BERINT-EHEOHEKIT, DV OBBRELCKELD O SR OFRED
BICEDHbOTIEARL . BRHBEBEOREFEIZLDZLOTHDI LEZXTLINTHAS D, 1,
INERFE 180s & 600sDREIHI CEDB R ORI E D5, 180sLA T OB/ TRE 75 D R &
BEOCEBOMHIBKETTELEEZILND,

87IKMNBAGREL TId, IEMIIBREIZ LR L, MBS oM - THARIC LR T
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5. BEL7-F F0ORE L 873K T600sEME L 7B DS IRRBE OB E . ThEh
Fig.10 & Fig 1112 R 9, BBA L7 & £ OB TIIBAEIIE S TOREHBEORD 23/h S0 DIZ
%t LT, 873K THNE L 7= 308 TIEREHB OB K & < | FigiZ oD EHDO LR & —
By b, ARBTHEA L HETIIUSARENTH Y | BUERFORMBEMIRE T T730KE
EChd, Lo T, 83K TOMBASIC, EALE E OB RLCEA OFBELHNIC L0 BIEH
R H-AREENAKE VG, MAZOENED ERIT, FIINBIZE2b0THLLEERXDL
N5, EEOETIZEE L EROBRTH L Z End, MR OB RICHE D EHD EF
LIk~ THATE S, MG @UEEORVEES b ON-aBEOERM (T
JLBE) ICEHENTE) ICL VRSN TOW I TAZ TR, BAERIZ LY EREERID TR
X, ILICKESHOERERE (BHR) PETT 5, BioblX, MAORELEEZ L
Jfad—4&EBO-MEER (NBGERESOK) (2L 0. 873K TIZ10sLAPIC FifEan
Bted 52 L AR LTWVA2]. 7. Huntdb DERIZE > TH, 800~860K T60sfH {RF
LI hRES VoA — 4 TERBSVRET LI EPRENTND[13], Lesis T,
873K OB, BREEVE L TWDAREMN H D, Fig1212873K T180sRIMA L 7=
REOWE S 7 o @&y 7T, BHE L EFORE TIIARILDIIHEE ONNEIZEM
LTWER (Figd) . ARECIIABEHOBRFRMSMIXIZEYN—ThH D, £z, BxD
AEHOEINEL 2> TW5, Zr-H 2 T RREER([11] % Fig 131279, YV A a4 1ISn
AILDET AN EEETAID, Urhuf FCHEREDORZ 2RELCTRRE
12, ZrH2 TR S IEBEICIIR RS, L L, RREREZSZICTHE MEBNEE (873K)
2B A KEOBEEEIL6000wtppmEl L EFEFICE WD EMR TN D, Lenio T, KFEL
Wy DY —AL & BRI NN S E T Ol 2] (19200wtppm) DK F LA EE L.
B L AENEE ST, W—(bL, HEBRERBRAEERGTTHELD LS
255, KESHEOH—LIT, EEOEKIZEE L TV SRR LH D, TRD L,
WBENIEOKF(CEREROKZBESER ICH TIVIRAICHE L. SREEE
REHERE DIEMIE T OERFR L 25 L SN TV 5(6,78], —F T, EFEBXISHEK
Thif, HEEOEMIIMAT T THE, WiE 7 ezl T, b5V EDER
FREFIABIDONEFETH S, BHEHLZEEORE TR, ZFEBOKEHVE
HENC LTI L T =0lckt LT, 83K TS L 72388 T, ¥EHFmicm Tt
LTWABKEIWN D ENSTROEND, 20X BRTHEFMOEIZ, P ia A DE
HRERERICHEETZLDEEZILND,

NT3KTE L 7- BB OEMIX. STIK THB L - BB IR TEL /NS L, A
BRI O KICEEVET 35, 8T, 600sRIMER L 7= 3B OEMITIEF 1T/ SV, 1173KT
600sfEIMNEL L 7~ ST % OB ERBR % DA B A Fig 14T, Bk L Y v 7 OERINES
& | BRESHBETED Y v oL bz A ER LN, 1173KTI180sFIMEL L
FREIO I 7 o E Fig 15107, S~10umOFERRIAHRICBE TE S, £k, A
EHEICB O CAE(HORFASHIIH—TH Y. KEIHOBRMITN S, KELD
ITHERRR EICAHTHLTEY . TEFMIET VA L THD, GEHEOY LV InA D7
NS . MBEE LBV TR D OHREEIZatBTHo e EZX LN D, FiglSIZRALN
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HE D, AEREBICE D GHEO I 7 o R OKF(EmOITHRE L HALIE, BT L
Fe< &5, Figol RO NTBKMARE OEMEDETIX, ZokH>n2yriafAn
27 ukE KRB ONTHEFMOE(L L BECEENH D LEZOND, BT, A
DT o F WU LV IEHF RN EEARGTEIIKE DN EATHT D2 &1, #HEE
DIEHICEETH D,

TN OO ZICRIETRAOEEZHA LN T 572012, FBRHEKEE IS
PREEFEWRTBE LR DKFE (20020 wippm) ZEHEML., FEOMBAKR Y o 7 5EABR
1TV, BB EREEBE OB R LB LT, AFEHME. $670K, KFE—~V U LR
BRPTITo 7. KFFRMLEROKFEHHAIL. HEEFERICEVTREIY—Th-
7=, Fig6lZ, MBERE KT L7 KBRMEEE OBE (Fig.16(a)) & iEM (Fig.16(b))
DAL ERBEEWREE & 8 L TRT, Fig.16(a)h> 5, MNEAAT & 673K NMNEE OFREE X,
KBRMPEFEE LT, GREEHBEE CTHLAIIEWVW I EBOND, ThbHDER,
FICHBHBIZL D HOT, RiBR7 L5, BFHEE XY b MIC@EmV 673K TOER
RINBGZ X » TIZBHEEENH2ICEIE L Tnvin e FEx b b, 873KLL EDINEVE E i
ETIE, BAHEET L AZFIMEBEOMOERIMBBEDO LR L EHIThEL 2D,
NBKMEARZ IITRHOEEBITIZEA LR, —F, EHEDOLLE (Fig.16(b)) (2
WL, 8T3KLL EIZ2W T, EREEERRE L KFIRNEERE OMIC. INEE L RED
ENRLND, fEtk, BHEE XLV +S5IZEWVREIZR T, EHEETICRIZTREO
EEIIEETH EEZ LN TERED, ARBROBRII, +HICEWVIREIZB O T L R
OMBINZ L > TIBFOEENHEK L RWFAREELTT OO TH D, mIETOMEAE LT
MMAMETT2EEE LT, BHPIZOAIaAL D~ MY v 7 ZIZRIREN-EEERKE,
BRLIE, HAWEIZNOLOMEEROEERENEZ LN D, Fig1S5)k., AEEFEICE
BLBZEL-I 7o Ths, ITBKTOMEY, FFIFERRFICER S B LD
HERBPICEHEFENITLH L BEREN SV BELELe-ZI(O)E TR S T 5, Fig.15(a)
AH LML LI, BIERBRE. Z0w-ZiOBIZIZEL DI T v I PREL TNDHON
BRI, a-ZrONIMFERENE  EMEDEFITE N, BERMHICHEELY 7 v 7
DREFIZR-T-HLDOEEZOND, BELIZZ T v 71X, 77 MIBEM LI AKFE LD
EEbYESICAREZERT DS, LMo T, aZr(O)DFEEL, U v Z75RRRIZBIT S
WREOLEMMETICHFS LS L H D, Figdlt Ao X 212, 1073k UM173KT
DINBABE R DHERAAE D EHEPMET LTV D, 2T, a-Zr(OYE DR IZRIE L TEY |
FHEBEREHI L ~MEAE O ESEPAENEEO—DTHD EEX LD,

3. 2 ¥BEAAKERESH

ERREERE I RE ORI ROKERESMEITFMT 27-DI10, HHEBEOHEEIRX
ICHFEN L, REESICX LKEOH 2T o RRZFig17i2E Lo, RITRTLOIZ, K
MBI, HETEOEEFROEE L Bk L, BHMEIE, KFE ) o, EKFL
MEERBOIBNOeD EEZ D, HERTO¥REFmI 7 o AEEE (Figl) b, £
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NENDRGOE F A EHE X1332.5um, 39um, 548.5um Th~7=, Fi=, BHEIRNIT- 72
KESHTORER, B L KT ) LEEELERBE 2EOFHKFREIL, 304wtppm
(2 REHAIE (304.2. 303.0wtppm) DEHE) Tho7z (Figl7EER) .

1 BB O LY. AES55umZiEI L7, Fig 17O FEICERMIRTA, 37
DHBEENOROIZBLIER OKF (DY LOMBE S L HHIEO L) O | BB{LES
T (32.5pum) ROKHFLHY LAEO—EH (22.5um) BIOBFFIZ L VBrEINIZZ LITh
%, W% OREBOKFESWERD S, BEBS KFHY L0O—E (16.5pm) +IEAKFE
LB EREEL) DOKFERBE X 176wtppm (2 REHAIE (177.2. 175.8wtppm) DEHfE) T
Hotz, 2EBOHENCL Y, X512108um. 1[EB & HFETEH63um%E rE L7, Fig.17
DTN RT ., ZOMENC LY, BEEEES T T KFREH ) 02T LN
DIEARB(CBERRO—EMNEIVERONT-EEZEZOND, KESHORER., BIFHOK
FiEE I 1owtppm (2 RAFHAIE (1106, 109.4wtppm) DFEHIE) Th-o7z,

WERENROBEKFCEEFROFEKBREN. 2B H OFHIRICEE S 2KkE
BE1OWppm ThH D L EX D, BEAR T TREBICKFBLOOERET 2HEITIL. £HFE
LS OKEBET, BRWCERESH D VIIZNUTTHD (14, RFFEGRD, #HE
EOREIT00~630KTH Y, ZNOHDBREIZBITZ I NI oA PoKEOEEEIZI0
~140wtppm TH B 5, (EAKFYEEEROFEIKRRED110wtppm TH 5 Z &I &
LTHAHH, 1EEOHAIKIZIER - T2RFEW, KEHY L (ES16.5pm) &IEAKFE(L
WEERIE (548.5um) 56780 FOFELHKFRREN 1 Téwtppm TH D &, S HIZET
RO AEK BB EER O KFBEN 1 10wtppmTH D Z L0 b, KFELH ) LOKFR
FEIZK2400wtppm TH 5 LM CTE 5, REIREDOFEKEREH300wtppm TH L7025,
KFEHY LOKRREIZONMETH S, RROLPWREESRNG (FHHBERER
VARG OREAR) 2KE LKEOREBH DB L ER4A)ICESEFMTI L. K
BRI ITKI7000wtppm DK BN EFET D Z EMNFRETH S [S], Zud. KEMBHOHTH
EEEETRRERRA~OILHESFIRENLVWI EEFKELZ LD TH S, Rl TH
LN AFE Y LEROKFRE BB L R 0VIELS ERIIKEB~DOERETX
HKBREZOWVTHBBEET D LEX LMD,

KFDY b EIEABLDEER L T LI~ O FHKEBEIX260wtppm & 72 5,
—F . RO-AEAFBERR & AFLY ) LOKKRE, HEIFTOREE 2EOKERE.
TBDOERBDOES )5, BRLEFDOKFEREITFI060wtppmTH 5 LFM TE 5, KFE{L
MY AP OKFBREICHEABENLOO, HREELERVERBRHSOEHMELE LT HIT,
BALIER DOAKEBREIIALNICENZ LB 905,

B OFER A Fig 1812 F L DT,

BB EREEREE ONARIEREN D KRF (DY 23, HEE OBRBSEICERE
REL, RICEESREEHT CORBBBIZBWTEEREEZR-TIEAREINTNS
[6-8], ZDHBHEITFMT ST, KFEW) LFORFIARFRRELZRET 5 LITE
ETHDH, LU, ERITHRVERE S LIAIE TH S 7-DITRIEFIIFERIT D20,
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Schrire 51X, LTOFEXZRWTEHELZT-o- TV 5, 7. BEOKERBELE T A8
BB T2 KO HIREL, AR ETHEMBEL BV IRELETFR L L TRET
5, BHBEETBICATT DEBRENTIC L 0 RO7-BALEMAY - 0 OAKFE(LDM & & A
FRREDOMEZ KD D[14], KIZ, BRI ANKFLM DA AT 5 PWRE R BE AL
BECHLZOMEBEZERL, BRR2¥ERFAMEBICBIT 5B KZRELTET S
[14,15), 1 OV ERBEEPWRREIERE 12X U CTIT - - IER B Tld. @S OWNE TR
Bz 2 KB REIT100~200wtppm T 5 DIzt LT, A FEE TIXA1700wtppm Td -
T IREAR FTICBWTRIRMICEE T 2KRORE T, BELEEARICL > TRES,
Lo T, RRLEEFRETRHN SN EBEFOKFZRESHRUIEH TOKAER
B Re s, AFROER L SchrieSBI-REROZTIZDEDTHLIEELZ LN
Do LML, AKBFFE & Shrire b DBFFEIZ, BRBEEREIEEE O/ E T EOKFZIBE S
ICE LEBRMZRFFE LT o 72D W TH S,

EHOIL, BABEEPWRERE # R L CHEENBMICKZLY ) L2 R ST
BEREHIH T2 -2 PRBEFER L, KFY ) LAWEEHEEHICRITTEES
AAT[17,18) HOTARBEREE ISR 5 KFE LD LOKFRE T, KE2000wtppm T
bHolz, AR TRE L7 EREHEEE O/ EMAZRE (K2400wtppm) & ik
L., HEWEEIC5 2 AE MDY DB TORKERBENZLTH) . N—2 FRBROBE
X, SRBEEREHEREE OBBRF ST BB REIMICER TEX 2 2 LR TE -,
BIERRBEEPWRIEBE DN — 2 FRBR T, KB ) 22 ERLE LT T v I RRE
L. [BNOTHRETHEENBEB L, LER- T, BREEPWRAEEESE BT
KFHY) LOERPEEETORERTHD EELZLND, —F, Fig 12l R L= X 91,
8T3KLL L THRBENEM CORKKEEPIEAET S, 850KLA L TIHHEREICEVAKEDNH
BEPRBICHEAL, BIELEKRERIAL oL b2 &E IR T 270 Ths, AEMN
HREREFIIH LT 5 & KRBEIZ—HRII300wtppmfEEIC /2 0 | EME FICRIFY
KEBERNOHEEBIINE 2D, LR T, $TBKTMEN L - BRBEEERE S BS DR E /e
EMEKRIL, KBED) LOBERPO Lo, OBREFICLAZLOTHDELE RS,

4. F&&

REEBESCEYHFOREBB LR L BREEREEEY OBBREEOTL 4/~
DIZIC, BABEEPWRIREHEEE (FEPMET R EIx107/m’, KFE#ERI210wtppm)
Z673~11T3KTO~600sFIMBA L, BiBICEITD VU » VBRARL EML -, RBROFBER.
51 3R5R & R ORE I ONIINBMELEE & MBARE RN IR TE L T LT 5 Z & L MIT o7,
SRR S (IMBNEE D ERIZHVET L, 173K TR L - REOF|3ER S 1X. MBAFTO
#160%IZ F THA L7z, BN, 873K TOMBKIZR KL /e o7-25, 1073KLL LTIt
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MIBEE D L J L INEEFR O RIZEEVMET L7z, 873~1073K THZER L 73EHI BV TR
LNDEBENKT L MO KIT, FICRFBEOREL L Iaf OBERHIZLLILOD
LEZOLND, £7-, UBKTMALZRE TR ONDEHEDETIL, atp~DHEEREL £
MITEE D KB D EMEFRRE L EICL A0 LB LD, KRB KFRRMERE
EOLENS, BEBBZIIBVTHLEREERBE OLEMILBNENEETHY, B
HOFENZRITITEE LW aTREEN R X/,

EREEEPWRAEHERE (FH/KFREH300wtppm) DOSEUTEL R4 IHHEIL, 7
FEIZHT ARG EITV., FBRFMOKBRESHEZRE L. KEENRAOKEL
W E DOEWVERR, HEENABOKFEEREE (KFEEHY L) | BRLIETOKE
BEEIZ. ZNENA110, 2400, 1060wtppmTH YV . EREOKELHEE S BTIZERL
TWAZEMNHH L, ZORRIT, HRENFH~DKZBOEEN . BIREEPWREHE
TIBITAEHETORERRTHY . 83K L TE Z A/KFEBOHEKN ., MEEOHRE
EMEOHREFBRICEET I 2T LTS,

H

RIFEICAO-FRREEREERERE 2 TREVWZZEVW-EABEEANRERICE KRS - L
T, BREHIBT A RSB Y TRV PO AR TERBI RS BB - L E T
ERBEERAT OMBRRE Y > V5ERBRIC Y /- - TILRM - BRERBRIEER DI
& SARMERICIHR AW E E L, FERFIKRRNEEEOMBRBRKI VY 75|
BRBRIZY > TREFHAT V=T U Z7HROXRFBMRIZIH AW EEE L, 2
TIZRLTLrLRESIIN - LET,
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Fig.1 Sampling location indicated on axial profiles of hydrogen concentration and
oxide layer thickness in PWR fuel rod with a burnup of 48 GWd/t
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Fig.2 Radial cross section of Zircaloy-4 cladding sampled from PWR fuel rod with a
burnup of 48 GWd/t (sampled elevation : 1790 from top end; hydrogen content :

about 210 wippm)
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Fig.3 Radial cross section of Zircaloy-4 cladding sampled from PWR fuel rod with a
burnup of 48 GWd/t (sampled elevation : 1354 from top end; hydrogen content :

about 300 wtppm)
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Fig.5 Histories of sample temperature during the heating at 1073 K
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Fig.6 Method for evaluating local hydrogen concentration in oxide and hydride
accumulation at the outer surface of the fuel cladding
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Fig.7 Load-cross head displacement curves from ring tensile tests for claddings
annealed at 673 through 1173 K for 600 s.
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Fig.8 Tensile strength measured in the ring tensile test as a function of
annealing temperature.
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Fig.9 Cross head displacement to failure in the ring tensile test as a function
of annealing temperature.

Smm

Fig.10 Appearances of the ring tensile specimen without annealing.
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Fig.11 Appearances of the ring tensile specimen tested after the annealing at 873 X
for 600 s.

Fig.12 Hydride morphology in the radial cross section of the ring tensile specimen
tested after the annealing at 873 X for 180 s.
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Fig.13 Binary phase diagram of zirconium-hydrogen system [11].
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Fig.14 Appearance of the ring tensile specimen tested after the annealing at
1173 K for 600 s.

Fig.15 Hydride morphology in the
radial cross section of the
ring tensile specimen tested
after the annealing at 1173
K for 600 s.
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Fig.16 Comparison of strength and ductility changes after short-term heating
between artificially-hydrided cladding tube and irradiated cladding tube.
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Fig.17 Result of hydrogen analysis for irradiated cladding ground from outer

surface.
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o It was assumed that the cladding consisted of three layers and hydrogen
concentration is uniform in each layer.

Fig.18 Results of estimation of hydrogen concentrations in oxide and
hydride accumulated layers.
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