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50 727y REAZMBEILS ZBEUBREREERR LOBE IO TR, J.C-
Wood (7] OMEMNBEICI B, Hi2, Yrho4—2 (Batch 1# : Blxiksm
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A. Garlick et al. (10] {3, Ynwvh o4 —2 (as—received ., 440 °C — 4hr
M) D= Y FLAVRRICAROLT, MBOBLSRBRE BERIRH) 0oXKB TR 250
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CEREEENS 5 » 7 2 HBT HCHELEUTICES 3,

J.-C. Wood et al. 0B DEE (26]iIcEnid. DCBHILLZ 75 v 7 {iBERE
BEERICBOT, Y104 -20BRHRIERMAETHS CCHRET S, T/, &5
(RN THELE 75 v 70RAR. BENSEL BAREARBLT 3.2 o0BRRER 42
KiEY, CODCBREBERLI, ~Zr KEORGEELBREOEFSRETM T Kt
NBEC L EEEELT, J.C- Wood et al. R0 BETRLBERLEHE L,
[, ZtRIETES5EPERR TSI EMS CCHERKBEBERRYLERLT LI ICRED

NN ERRTN B,

413 20foBERT

1) &S5FRUACEEBYFP 9E
J-G. Weinberg(11]J 2, Ynhpof -4 DT FLARBETEIIR,. &
YYLBLU SO VI =Y AOBAKE LB Lz, RREKEIZ360~400°C T
Botco CHEDI L, X5RDAMSCCEREIES IMARMEATH 2CLER
WPz, S-Aas et al. (6], X53EDH2BOILAMREELIVLSCCIREHT
HBERRTINE, ¥z, K. Videm et al. (4] i3, Ywva=va—, &—, 713
=UALA=KIMPES CCEREIRIZIN, €V Yar5tPBHI 3V L LD
B EKD ERRERORAYBTIRS CCMRRE LB LT EREL TS,

(2) Ky ErRAKR (B2 IKkFLY) OBE
J-C. Wood(2] 2., 2% cRBEZHANVT, Yrio4 —-20300°CiIcRF 3Kk
F#, KER, kKFELEH%, KRR LI IR OEBHKPTOKEL Yy 27T v 7EEZHA
Ellke Ynpaf —20KLE»y 77 v 7BIR, BXO>ERKE (0.4~0.8 atm)
DERABHIABKRZZ LRI AKRIRDHADBACHRTEL oo KIRETI VAT AR
RUIBRTKEREHE AL L, ZEOKEC Yy IT o7 BdH -t (X532
=Y LARBEBHESENI2]) o ZOCTER, SHHDAHEBEERIIRLERIETHE,
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ZOBATRBKEMIEC VBB CEER LT 30 —F. 162 0ppmOAEESA
Rorvhod —281E. BEOECKSRTEIRSCC ILHTIBRIUNMEL, BENE
FTEC KRB ESORENL, ShicH LCEREER L . C0RBERETH
P 3 EBHER LI

3=y ahokRERED B BHEARTEE. ROBBERICH ->TELT
3 (141(15) ,

Ce 0120 Vg
= exp [____] 3)
Co ’ 3T

zZT,

Co ! BHBEELDLEBDOKERKE

Ceo ! RhoBARIn ok EERE

Vi @ Ywva=vathokEo ek

o : BlEROEH MN/m')

T @ #kiEe
KERRZEROBHEB (V5 » 7 DRI E) CBBH L, 22 THBNEZETSE 2
7y DIRBEEILELIDEBL LEVT 3, THbL, BERDBDZ 5 v 2 KI8T,
KRCESSEABRBHEHNEZS CCERELTERBAUTICED 2,

COXRIE, IvhodhitdohvkEEAULARMCOBEETLT, 5%
SCCRRUEZEHRTEZ, Lorl, II3FRLKEERAKCEET 3BETI LD
1RO BHEART 2L, 2Oo0HEVWKERTIHENMETEX 3, T5bL, U
ABARS CCHELEL, TR, KIXFBAELYy 2T 97 HH 3, K. Videm
et al. [4] &, KDPREXHIESCCOMHILAE LTEATIEREL TV Z, —F,
H.S.Rosenbaum (2] i3, XH9EXSCCERTHEERELADEBRELT-EA (-0
FFT o728 LESTROVEA (n—2 )Ry 7FTHR. BEEY - LEER)
ETIR, SCCRRASEMNE LN EBELTS,

(3) Bhz (B3 2mul
I, —Zr €S CCEER T, BN{BEX & LTsteel —wool DELEMERAINT
W2o THHR, KIREBKPTEROVENAWRECS 2 Z2r ALKAR LD EN
ERELBT2MBEMANS 3. J.C. Wood[2) iF, #FR3EKomEEt LT
REABLSRZBBERT LMLV ERRTV B, THbb, 75 7 %EHc
BRES OB ERShOE, chisgml FCRIEB 2§ LOF 2814V ICE-T
BitEh, RORBIEE->TEIRLHEBET %o
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21 "+ 2Fe ™t 1, + 2Fett 4

CORBRBRABRRCBLTRBL AN THAEY, I5EXSDPTDS CCERDENE
TTRIKHBIATHED, Z5MEIBREEARE L CORAEZRLT,.

42 BHAFOHR

SCCH., fEAT 2B HDRE GIEROLERKDL». —@WbSHH, AFBHIFHELEE) ®
REIRERI-THEELZU 5, BERNOCOBKR TS CCREENRAFEEZEL SN
3. tRTANMELEZEAR. FArEE (BIVREREE) BEETHE.

421 (ERARBHRREBOEE
—BIS CCIREBEBNDIEEIL, SEVEINERA LT A3IRET L, EREISIR
FEFRALTWLWABREILLTVL S,

1) —#hb %8 H

—fBiZ, SCCREMIIBRYBARBILIZASRLCBLELICEBMOO TS,
I.—Zr A4 RICBALT, —#3ERBATCSCCHRETEINE I LEBDIKRA
BHB. 1,—Zr A2 RS CCOERAEMICEHI H. S- Rosenbaum [(2]1(3] 3.
Invaz=vaBUTva=vadé (s -2, Zr —1L2wt % Cr) OK#H

(E&023~038mm) -7, &H3F&EKH (300~400 °C. ~0.4 torr) T/
Sy I BELBEME I pER A -2 V- TUETRILBERES T BMITEL
THOCDERZTR 1o BRI, TRTOBMICI T v IBELE T 12120,
IORERKPFSREVEHRMES LTH &, BAHEOFRICEARLL €y M4
Ctzo —F, BRABEE->-TO=Y FLAVRRTR, X5FBEETSHLEDHI 7 v
IBEL ke CHODERBERLG, B3, [, ~Zr A&SCCIKIZ 2 @b 3B DFIkR
BABLKEsSRNLONN. HHOBRSFEHLEN (RRKE. £4EER) BEMLIR
MoBEBERBEEHFILBE LT S,

A. Garlick(9][10) 2, B10iC;RL7 &S5, segmented Niomic formers
AUnvh oL ERAMCEALSBNAR THRLSRIC—@EIRD 7 -FRAZARFL,
340°C DXk HH#ESD (K02mmHg) T/ 7 v 7REDHELED . BRI, 7
59 P MECEhote, COEBRBBE Y FLARBRER (SCCHELK) »o,
Wi, — BRI TTOERZ S - EEBL T HXRENSIrbANO LTINS, SCC
CREBMBIBLETHELEBOLOLBEEHEL TS,
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— BB D ST TS C Chs%t LABESANAL LT, Ti 46 400°C Tohot
salt cracking (16] 3% 5%,

42.2 BAOKESOHR
(1) SCCHRAEITIERLN

J-C. Wood (7) o#&icthid, Yrpus —2 (Batch 1: 5l&ik& I, £
#Ko40%1BR) FARIR, 79y rRAKIKNLT, 300°COXIREIH (2 X
107 gr /cm® ) THGE A2 1 TMN /m” BLETHE Lic. ZhoOKREER2C
R o EALALBEMDI300CTORRIEAIZ3IIOMN/m* Th 5.2, 20®RDOE
BERGERLT. I, Zr &R T 5y 7 BRETIEREAZ ZZBRRIESICHE
YFBEBR~TB[5](12],

—%. A. Garlick et al. [9J[10](17) i3, I, —-ZrAELRTSCCHAELBE
FIEHZ02HBMACHE T B2LEBRTNE, =7 FLAVERREREN22 IKRT. &
SR-RERAZRNERNRABRERAR 23 KRT .

TTRREBRFHROD TR LS5, ZOSCCHEABHIBZBEICEL > TEMLT
3 (B20),

@ 2557 EROERIEN

75y s RBCERT AEAE. BHRRKESOTE NS, 25 v 2 BERRES
 CHBCEBLTONEBEN, 5T, 253y 7BEBTA2ORAKERIEHR, 2597
ki 3 RERF (stress intensity factor ! RAEKFRK ELFEIH
TV B) K127 - 2 LTHET 208GENEBbN s, J-C. Wood[7]i3,

COEDER%Z, D-C.B- EZMO TN o7, BH2h ORXBhickEa 07727

BHE5E, €077 v/ EMICRIZBNBERFK 13RoRXTRbIN S,

_ bEh(3h @+06h)* +h* )Y

I = —

4( (a+06h)* +ah® )

b : crack opening displacement
E @ WM # & %
Iy I RBERELE I Ty 2 EBMOBHBEOBFEER 24 ICRY. COERICERS
ntednvhrod -2 (40 $FEEAMIMN) BRTIR. 2579 /78EETI2ORCLKER
BRISHREI. 300 °COXI>EEKD (9 latm) TH 32 MN/ 0 TH -1,
757 OERRII0RRICEE ok COCERDNT, B 7 752 KMTE
f%.@bi[ﬁi‘ﬁhji%iﬁ%rﬁ‘énéYC&lCJ:és‘elf—stressing mec‘hanism BEAELR
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Bl &BZRLTVBERRTINS,

423 BHEBHIOHR

NI ABLEOREISHR, ERETBRVPRLUBEZACL-TEEERT S, &
BiEHE, REY—nBREERCE->TEL, I 70 bOBORICH~NEWBRIZERT 5.

BHEAELT, £5o»DSCCHRTR, BHEMEA I TCHORABNIETTI 7
w2 BELB[9). 196941C, G. Ostberg(8) i3, X HIXRRKIPTSC CHRET
BEHICRAMMIRSNETHEEEOHLLTNE, COEBEHER BABHANBSCCIC
KEBHREFTHCLABERLTN S, —BIC. EMEFBHISCCItHLTERA
TREL L, SEROBRERARZENERE L. BCHNOBEBERL2 7 v 7 OREOHMIBR
BicEET20bmhib,

R->T. BABHOBALOSCCHFMELEL 3ici, BHAERMEZFALTRER
HERET 2D, H0VREABICEREBCNEZAT IR EOHFENEL 515

(1) RS HERM

J.C. Wood(7) 2, Ynhuoq4~2 (Batch 1 : 3l&ikxmmI) EXo#HM
HBLELLDELEP->DDIRONT, AAFAESERE 7 -7 OEALEREL
o BEBAHZAIER, OERXKDT/74 cRBRATROVR25CRIBENE S A
72 300°CDXHIERKPTRRBHICHETIENZARN LLRARD 5 6, EFCE
WERIHEHEE RN (K2500THANXA) 350hr KRR THOICHT 2ENER
Ltco TRTOAR, IHRSEAKPTOHRMUAKHBALLARIOO LSS (1
2L, 27T $EAD4ADSH 1 A2 24 0BsRARICHEBLE) o —F, A. Garlick
(M= FLrRRETEAER @ M26 TR, XH5KRS CCREUELGMMIE
R EEL BE 7 - FPRACRAESERBROOL L, #i3. ZoRKKELT,
7Y CRRELOROVHBKERIEEADATLI3DbL ANLTNERTIN S, Bic, #i3,
LIRS CCIRRUIZBHMMIONRERITN T IHAOBELELLEED 1213, SCC
BEEOWMAD (02HMA) KEELTWVWBRCE, BUBICLD I 7 oBEnENlT S
TETHBERRTWV B,

(2) RHFHIE B
J.C. Wood (8] i, YnmAhu4—2 (Batch 1: BlxkxmMIT) A¥nEsEdi
FRHEKCIOBOBENL T, BEABIBEAKINWEERLSESCC LML TRl E
RTCEEEDI, 295+ 1 0°CTHEIEF 7 25 1L0X10* n/m* (E>
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1 Me V) 2 CRA LI REE LS RESH (300, 3~20mg /cm’) T/ ¥ eRBR
 (AWBH=BRIEN~350MN/m’ ) kS CC EBE LR, 10KEEA
25y IBBELEL 2o —F, RUEML SO Lo ERARAN (BRIES~
310MN/m* ) 3. ALERRKHETIOHLACHEBE L, 1. BHMERGEES» S
HOHLERE (EEPEF I y28%x10° n/m*) bBAQBIERERINLL-
o TOXI I, BERPUEFRHABHLH 1 X 10" n/m® TR, BREELEECTIC
BART+S TCHECBEAISHZHRBRT 2O+ A4THE LHCBDbN S,
(3 HHHICERBREEHEZEALLEA

J.C.Wood(5]i3, 280D ETHENICEABHEZEN IR TIIESCCE
BRETK -, B1OFER. R2TIkKRTXHiC, BB Zcross —roll pressure
—flex machin TEI T HETH S, TOHE T, %Eﬂ)ﬂ—’iﬁﬁ}lcﬁlﬁﬁ B TYIR Y=
HEh, EEORNEFCERBIBATINE. TORKE. M28IKRT LKL, BEA
OEREBADENT 3. J2EELhOBE 7 - 7HH0ERE. M2 KRT LS.
straightener @B L cBMOEMITE-> THEML 1. BERDZRER. 793R
BRikick D, 300°C &k 5F%SD (20mg./cm’ ) TSCCRBRAEER LR,

B30 i RITHMEBE 7 - LI HOBEBE oh . Bk &straightener iC
BUALABIZ1I000 BRAKIT > WE T, as—received (BRGIXKRx+
stress relieved . SEREBAINELE) M %&straightener ICEL AT, BN
Bfidsstraightener @8 L E¥ic-> THmMUL L,

B2DHER, Yay b €==r7 (shot peening : EREZFEHREKTEREE
HICHE SEMTEL S €3 5%) TLHERBEENIES523HETHE. J.C. W
Wood i2. E#005~01mm OFF AWy ay rEFALEL. 234 RREKCXD
300°C p&kH>EERD (20mg /ocm’ ) KRG ZWIFHMHZAEL KR a3y b
=V MIARI 1000 RE: - TOHERT, Yav b - E~=v/MI%EL
100 F BURHE 4 282530 HBIAICBIEAL %o

4) BECIIRFEHOEL
J.C. Wood[7] DERBEEZTRT. RENNL YV A A BENOEFARAFH TN
DLW > T 3. HBatch DARIBAEI4DORIICTR Y - Batch 1 & 2125
EEEMIUO ol — 2%HM T, Batch 7T RIEEEMT (68%) Ly og
- 4BEMTH B, ChoDERKR (RE 004mm) 2AAHE LS £NnZH 0.01mm B
B U d e DREIS/ DAL B R 3ICRT o B 2 EMTH (cold—drawn ) . A&
ZREMLELILBACEARABET L, ABEZRELASSICIBERABEML T

- 16 —
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W3, —F, EEMI#M (tube-reduced ) TREIFKREMIHDOFEDRKEREERLT
VB, REMBIEREMLOSS CCIiYLTEARERTLSKCADNE @ K19,

43 FHOPR

—MiC, SCCHRTRIMBMBRKROLHIEZERICHEMT 203EL L EoBHER),
ZLT, B EATS CCREUEZBZRLIALIBENBEAND B, T TIK2 2 TRRIKIT
I, ~Zr&2S CCOBMBEHRM TH 2. cnzLid. I, —2r ALRTRIEESTH
B 2FE2BRL TS,

K. Videm et al. (4], BHICEKLES CCuRE LRWEROMBESELET 3 &
BHELTWS, CoZBMRIAFBENROBIEL LD, BRMIM TR, COBNES B
0.8 B -7 (WHLEAERLSBMBIKRONEEAEAKRBLETH 1) o T, &
IR -REEFNZAEBEHAR TR, RFERIENOT ¢ Lot H T BRI E < Bl
TH5ETRZ Y -7ER L RO —ERIBRNBERORRE LTR/MISESC L %
HELTO S (RAFERXAM ETREBTE B> O THEBITRB-> TVEN) o F32
CREES EBEHEEOBRERT (COREIRR-TE) o

SCCRIZMMBARBREICL >THENT 2, H33RR=Y FLIRBREK X-TFE
R(19) BB ERERT,

T (20] B, SCCEBLTRAR B IIHHIEHNTHZ0, RENRKEETH 3012
AT ERERETHD, EREENNIVBARCDOA T OB HEREESHMN10° ~
107" sec™ LTTH2BAIKDASCCHEZNBIEBRTINE, J.C. Wood [8)
X, Ag,Os AREZEERALAE=Y FLLARRET, Snhod - 28 BT0ELBEF BN
ROMEFMESDBEFEERD 2. RRREREIZ225~550°CTH D, L5 ERKER
0.6atm 72 2o HREMILICRT . B EARAECHOE->T1 3 (BFMIEBHE X
IRIKEB) B BFEAORABRIEAEEDE TR > T/IIB3EMICH B, T 1o,
B ESDR/NMIBITRTOESGFEEICROTEMETH Bo T2, B 7 -FBLFEEL
BELoMICIABRLEMBRIO L~ @ K35 (K& EALBREARKEYE V%
AL, MERAIFAS CCERBEETRT) o

L4 SRMEBFORFOUR
441 Jwnva=9srB8HK
I,-Zr @S CCHRRICEAINRENLALOMBER4IKRT. SCCEAT
BASEROEEICSON TR, J.C. Wood(5) 7+ CHREREIC & 2 Rbely s b
%o RERARSICRT, AREEIZZ00°C, I 5FEBERI20mg /cm® Thoto Zr
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—115wt $Cr —01wt $Fe ¥ XUOzhennite—05(2, 1000 Bz hllEt o
THORBRPICHBLLEpo7co —F. Zr —25wt ENb BIUIH oM, BEDN
Yy FIEONTHNBSRER Lt BHHICIEZ 757 BASED - To

A. Garlick(9) o8& TR, =~ FLARBEICLE340~360CDLHIESCC
ERTIR, Pnhol—2, Ihn4—4BLUZr -25wt BNbOEEHITBIENLTH

‘)f:o

442 & & 4 &

RI6RIup o4 BRASNE RAMBOKBNERT, J-R.- MacEwan et al.
(213, RREHHAMS CCRELEHREEZ 30bANLNERRTI B, S- Aas
et al. (6] 3, BEEEIvoOhTel (AEROR /EERLE @ MITE28R) %
DROECEHICEASERLES, I5RSCCRMLTREELRLIBEMN oo d
HELTW S, J.C. Wood (7] &, EAMMIEIIXRS CCREEUNRESZ TV E
BTN Do J-C- Wood (7] ORDAEEBREREERGE ILRT, /¥y F 1M (A/C =
LT2) BBNBEENSR/L. vy F8# (A/C =352) RBhic L TRWERERL
T3, ZHhoDEMORBNRER, ~vyF1T8rm., ~yFE8TTAMTHY. &R
MEFORBOERICUT 2, Ny FHOERROINETRICH 2. XvF 1133]
FREMIM TN FEREEMIHATH->T, CORBETEORVOSRERITKE LT
5LEZ o,

ERBIRICERELTEAMERSXE 2N —BIEBLAONATV S, L X,

A. Garlick (TJ0o#&%28&icT3L, EEMIHRIELEFAOL 30°C LlAicbasal
pole OFNEEERL. 5l &R EMIHI3LERHMICbasal pole M EMICH 3,
CoT s, #iR. AMUSIRVBELFOE T, ERFMIiCbasal pole 2H># &
NBRBAEEDEIBECROTRIEA 7 -7 ABEVFRTSCCHRET 3BT 3B,
ZTOEHELT, BRI, TOPHLTRBHACEEHIFAOROBAN 0ESEHERY
TRATHEIDLONELERLTN B, NI, BOERBENCOISBRBEXHLT
WEES%, Tbb, BLENXLETL (fully amealed) {HOEEMITE L3 ik &
MITEDXS>RS CCHKRT. HEFMiICbasal pole 2 H>BIRIYEFMITI 59 2 b
BAY, ¥EFMiCbasal poleZHEOFERERFMICH LTH A5 " DHRAIIKY 5 v 2
BRA-T. BAMBNZ 7 v 70FREZRD ZEMICH S L% T C. Wood(7] b#
LLTWvT, A. Garlick DR EFBRALALTH B, LIKESRL. A. Garlick 2
¥EHmiTbasal pole EHO>BREEFMITHASHOLI 5y I BEL, 25v7
CRECHBEHENLRONTHEBREZERET I S v 7 BKRBELTNB ERRTOLT,
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J.C. Wood R¥BFRICAS 75 v 7CHEANBRONZERRTVEETH 5.
KA E ERTSA. Garlick i3, basal pole ZEERICERZ LSCHET
BERARTHE, fb-CHEETSE 7 - ROBHTTOSC CREEEMVRICE
WIS, Fhizd 7—FEHdprism plane DBV ICL > TRELKIBERB INEINOTHS
EFERLTWAB, prismplane D DI > TRMFHEHBELT 20T, ZOEMHBS
COSCCRTEELZZL5h3([10])
J.C. Wood[7) i3, EAMKOBVIC-TI 5 v 7 ZBFABRIETET L NG,

- A/CoEE (basal pole BEEMICERFAMICHH THHIZA /CDEIR1 XK
%< . basal poleSBSBEMICERFRFAIKMHNTHNRITA /COEIR 1 XD/NEN) ITH
LTid, BEREALEZ 7 7BBORIOEMICH->-THEMT 2ERMICHZ20bANE D
DT, 77 v/ EBEEPHERMEXE T2 EAHRBOHRIEETH 5L BN
T3,

443 zZzofhoRF
®R#l, SUSBLIUAL ASREHASNBEXEN L KEKPTODSCC TR, SCCR
ZUBERNED 172 RiChATIC LMo T3 [(22).]1, ~Zr A4&S CCRK
2T, J.C. Wood (5] 07 4 HARETHBREOUREARTNS, #Hid. Ih
ol —4LZr—25wt HNb KO THRBRULAH, HEEBKE(BBICE-TEIR
SCCREUSHMTIPRTEMNBL L EBEL T B,

45 SRFEREODR
451 FERECEODHE
Inho A BoRERMEHBELER, EFEJEACKREIPTH -2 Vv -7%MA

LTiTEbhd, COLIRMETIE, RORLEOEESR L rmAiRTH 5, AEE A
—FIV-TRBULES VI LASEREIIRSCCRAULTAEMTH-LEEIR
LHRRAYZ S A. Garlick{(9) 2, =~ FLAREBRERRLT, AEIKT -2 L
-7nE (BULBOEX=12m) 2Lk rhof —4BRBRcoRBEBELEP 12
BERAMERA CEHERLLEHE LTV S, 1. AROHEBRFEICRNT, RAEE A
—r2VL—FREBULIIVvAOL -2, 4L -7 Vv -TREMLARICEANEZYE
R U772 [10)e —4. J-G- Weinberg (11) &, X5 —REHELRAEBHMKARIC
BT, Ynvaog —4 (78 ¥4I Ikstress relieved) OXREBILEHMNS CC
Kt LT AR U2t MoBANTRAGRILERSS CCREUEZED ZHRER
IR ERELTN D, ChooRERERER38. 39, 40iTRT,
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EJhTHRALE LILBACHERINIBREERIASHKICE > TR, S CCERSH
bR %, ].C. Wood (5] o#i&ickhiE, BEPTORME (350°C, 5700 hr)T
ERENBZr —25wt HNb HEXREORLCEIMBOSra=v a8e (Srhaq-2,
—4, Zr —1.15wt #Cr —0. 1wt $Fe X 7FOzhennite —0.5) HFEHRICHEKRINS
BRIEE DBEABENRI > T3, Zr —25wt $Nb KERIh-ZERLEIZ, &
& 10~452mTbuff colur #LTWT, SCC KL TEBBEZER L83, 1o
VA= AGEIERINREBMER., EX805~20mTcEBAX LTV T.SCC
BEH AR Ui, ' '

452 a—F4VYI7OE

J-C. Wood (51(12] 2. YrhufBRAERY e x4 428G ThEFATOLSE
SCCRHLTREMEANRONLBELTWV B, Bit, B2, 75774 r&EL LS
RSCCictLTH% @EALLTERTSE) pbANELNERRTVE, Yoy v
(E#icizsilica—filled polly — dimethyl —siloxane ) DOELMEHRIT. &K
AHOKERI VAo ABEDREARTEC LR HEERRTVE, COBRIZ. TTIC
4 132THALALIIIK, YvhofthicBRBRLEKESZ I KRILYBEEST S &
LIRS CCREUBBETT AT LICEAKLTL 3,

46 FHgEFRNBROLE

hEFRHESH 1 X 10" n/m' (E>1MeV) LIFTR, Yrpo4E0BISENT
BREABHBREIN IR, KO5RSCCRIUMEL MBI L %423 ATHB L, C
TR, P FREBOULEDOHEEU LB > BRSOV THET 2,

J-C. Wood(51(12] i3, R4 L HHRETRHELELS V=828 DLS5ESCC
BB (7Y RRE) 2EBL. ChOORBRERTICRT, UOBREBICEALELY L
he A ERER PHEFILr 252110 n/Mm* (E>1MeV) BlEICIEBE Ny
FRDZICEHRLSCCREMEZR L, £/, UO,AMEL LTRBORGTHEHL
foALESH52x10™ n/m' (E> 1MeV) RABLISEEKPT, 59 7 BRE LT,
—F, ERESDPTHRHLLLDBASERICL TR > BERER L, TEbb, &
MMmIkEESE Lc b a4 BELTZr —L15wt HCr —0.1wt BFe K2 6.1~7.2 X
10°* $XTF9.8~116x10"" n/m* (E>1MeV) BH LTS LI EEKPTHN
ot LT 2R U, RSETII A —RAB L 2B 8 R2H AR L, ¥, Zr —
25wt ZNb RKkHiZ, BHEMOBMEICBEFRLES, ZENT61~72x10° n/m* LU
9.8~116x10* n/m* (E> 1MeV) RHULEBRTLSRERIDTEEICY 7 v 7 B%R
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L7 (ZoaeiR, ERHKETESCC L THIICEREERL., ZRD THER S
NARMEIRLBOALIKHERINIBRMEBEI VLS C Cied LTHEGEERLE) o
cm;ém.Eﬁ¢ﬁ¥m%§ﬁﬁiX1N‘mﬁﬁ&iﬁ&é&.szszéﬁm
EIXSCCREENELKLZ, CORRI, PHTFRHRESI Srva=y 24208 EH
BEEEAERCEROZ/LICERLTHW I MNKV (5],

A Garlick (7). I, ~Zr &S C C R4 o #h t TR Rk 7tk 12 A E (L ic
BRLTHBLELT. flirvish (flow stress) 3 V3B HE: (fracture toughness)
DEMLOSFRTEELBRTNG, L EZIE, Yuh ol ORNEH ORI A B b
10* n/m* (B#) PMIKEBZ 0. 20%IZ14X10% n/m* (S&) 2 cBHICE -
TETFTL, ZokfMmicEL -,

—%. J.-C. Wood (5] 2. UnsafDLk5FSCCRERDBNBREESBREE
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BicREdT 2 L8bNhs, BANBKFETIZ100 full power days LIRICSCC d34 L
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THBEBN T B, EOEHE LT, 1) 75 v s RASEMBAICE L < KE LTI,
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81
B1 Zircaloy-2 tube stressed over K 2 Transverse section through
a mandrel and exposed to 0.4 torr stress-corrosion crack (X150)

I, at 400°C for 3.25 hr. Both
brittle and ductile characteristics
of the crack can be seen.

3 Fully-annealed Zircaloy tube after rapid
failure under iodine-gas pressurisation showing
numerous crack initiation sites at bore.
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4 Fracture surface of Zorcaloy

(X100)
(a) subjected to iodine stress-

(b) from a failed fuel pin
corrosion test

(b)

(c)

X 5 Zircaloy fracture surfaces, (a) From laboratory scc test
on tube-reduced cladding, (b) From laboratory scc test on

cold-drawn cladding, (c) In-reactor failure of pin with tube-
reduced cladding.

(A1l in 440°C, 4h stress-relieved condition.)
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X 6 Typical fracture in Zircaloy
ring after iodine stress-
corrosion test (X3)

(a) (b)

7 Fracture of Zr-2 1/2% Nb tube in iodine vapour
prestraining at room temperature by compression of a
inside the UO» annulus, (a) General view, x 2.7, (b)
through facture, x4.5.

at 340°C after

steel plug
Section

79K

SECTION X-X

>

- MACHINED
CHEVRON CRACK
STARTER

- NECHANICAL
PRE-CRACK

- STRESS
CORROSION
SURFACE

- POST-TEST

© @

MECHANICAL CRACK

( DOURLE CAWTILEVER BEAM SPECIMEN

X8 /sH+rHRBREOEBEK X9 DCB (Double

Cantilever

Beam) i DEHK

—_ 23() —_
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Zircaloy
Ring

X 10 Arrangement for uniaxial
tensile hoop tests

Qqartz Wool

Wire Specimen |

Open End Pyrex

Glass Tube “‘*“‘~—-“‘-‘\

11

Heating Tape

ﬁ$;>’—§\<§§“/ Type-304 Stainless Steel

End Plug and Tension
Screw

__F— Spring

Glass Rod for . -
Anchoring —

Wire Specimen

Distilled I, Crystals

h

Thermostatically
N Controlled
Water Bath
\\\ ’,b—/'IZ Reservoir
="

11 I, Reservoir Held at 60°C Heating Tape was used
to Prevent Condensation of I,; The Reservoir was
the Coldest Part of the System:
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Weight Loss per Unit Surface Area (mg/cm?)

5.0
4.5
4.0
3.5
3.0

2.5
2.0
1.3
1.0

0.5

Temperature 400°C

Surface Area of Foil 4.3 cm?

pI, - 0.24 mm

1 ] |

30 60
Time (min)

120

Reaction of I, with Zirconium Foil
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surface Area of Sample 3.2 cm? 300°C
! - 180
'
Constant Temperature - 400°C ,’—' 200°C
/ 1170
Vary I, Pressure ]
300°C -1 160
- 150
1 ]
] - 140
— 130
400°C
— 120
‘o
&
% - 110
Q
M
=
g T — 100
o
=
20 + p12 = 0.16mm
10
0 ] ] ] 1 ] 1 | I
2 4 6 8 10 12 14 16 18

Time (hr)

X183 Reaction of I, with Vacuum—Annealed Zircaloy Tubing
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300°C
I, Pressure 0.16 mm?
Surface Area of Sample 3.3 cm?
200°cC
350°C
450°C

400°C

L | | | 1 | ] 1
0 2 4 6 8 10 12 14 16

Time (hr)

X 14 Reaction of I; with vacuum-annealed Zircaloy-2
tubing at 0.16 Torr I,
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100
B Reaction Temperature 400°C
£ 10
= -
m -
o [
o @
s e
g — /
o
~
Ee]
S 1.0
Q -
~ C
0.1 4ol oo sl Lo
0.001 0.01 0.1

I, Pressure (mm)

15 Reaction rate as a function of I, pressure

1.0
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Weight Loss (mg)

500

400 -

300

200

100}

Reaction Temperature 400°C

Io Pressure 0.26 mm
2

Surface Area of Sample 6.3 cm

] | l ] ] ] ]

Time (hr)

16 Reaction of I, with Autoclaved Zircaloy-2
Tubing

16
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240

220 |- Surface Area of Samples V3.3 cm?

I, Pressure 0.36 mm?

200
300°C
180 |-
160 |-
140 |
Nonirradiated Sample

120

100

Wight Loss (mg)

80|

60|

40

Irradiated

20 Sample 50°C

400°C

1 2 3 4 5 6 7 8
Time (hr)

Kl 17 Comparison of reactions of irradiated zircaloy-2
cladding and unirradiated zircaloy-2 tubing
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(GRAM PER CN?)

10°%  3x10°% 10°¢ 31074 1077 3x10°3 10t
3
g | Ty : 3
pt = | 3
C o % ]
[ ruio I I h
s ]
ol f— a -
AR IR S 30 FTR
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! ]
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o | ] n
2B ] I | -
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g | l .
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= 10— ‘ | -
w E | 3
2 o | | 3
g C | | ]
= 30— | L —
—_———
L ] 4
!
1.0 | =
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r | ]
] ! ]
3x10° — i el al H
i | AL h
10-1 P | ' T ! I SFEY  |
10-%  3x0-8 10-¢ 3x10-¢ 1073 me? 10°?

10DINE AVAILABLE PER UNIT SURFACE AREA OF ZIRCALOY

(GRAX PER CM2)

& 18 Dependence of time to failure
on iodine concentration for
Butch 1 Zircaloy stressed
initially to 310 MN-m 2.

Hoop stress.kp/mm —=

L) . 1 3 Ll ) ¥ iwm‘e‘d
4500 :c
«520 C
@550 °C
590 °C
o Un- .
W annealed
.
A 5 soo:c
520°C -
339_550°C
T 590°C
o

Open points -not failed

Clo.sed poiqls - failed

20 L

1
20 50 100
Time,hours ——e=

10

20 (a) Time to failure as function
of stress

%0

N
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260p—

TIMPERATURE (°C)

250}
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230f

220}—
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X 19

(b)

0.2 0.4 0.6 1.0 2 4« 6 10 0

TINE 10 FAIL (hours)

Variation of time to fail with
temperature of Butch 1 Zircaloy
rings. They were stressed to
310MN-m~2 with enough iodine
for 3x10 3 gecm™? Zircaloy
surface.

Critical stress, kp/ mmt —
5

8

1 el .

240 280 340

Testing temperature,’Cc ~——e

Critical stress as function
of temperature
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| [ [ I [ [ I
100}— —
§ 80— -
a5 = —
£5 N
v A Y
£3 O TEMPERATURE RANGE IN WHICH ]
=1
== f=—— z1RcaLOY STRESSED RINGS — —]
S2 | WILL CRACK |
—_
| |
.“: | [ —
= | |
20 ]
O |
| | —
0 L1 | 1 I | i
150 200 250 300 350 400 450 500 550

TEMPERATURE °C

21 Rate of zirconium deposition versus the temperature
of the crude zirconium - in refining by the Van
Arkel process (after Fast ).

N\ crackmc oeseaveo

ss2(e0)r D NO CRACKING
©  FAILURES IN TESTS WITH PRECISELY KNOWN INITIAL CLEARANCES
PRE-COMPRESSED ALUMINIUM MANDRELS owno - . ) - - ) )

MANDREL

20/25 MANDREL S

/

ale @0)7»
’/'
- -
H 4
HOOP STRESS WITH
3 ’ ZERC CLEARANCE
; / 20/25 MANDREL
2ER0
CLEARANCE]
2
& 270 (et HOOP STRESSES
; SRR -
MAN| L
3 s 60% COLD-WORK
2 ’
v g 0 29, PROOF STRESS
3 / :7cunv£s FOR ZIRCALOY
(;O &.‘Sml;
;i IN, A0
CLEARANCE 10-20%, COLD WORK
|Je(zo)L - N A A A i -
473p00) 573300) ©73(400) - 773(500) 373(600)

TEST TEMPERATURE X (C)

] 22 Calculated hoop stresses at which stress-corrosion
cracking was observed in Zircaloy (713K (440°C) 5h
stress-relieved condition)



N842-76-01

ksi MNjm2
A - TYPE 2 TUBING, STRESS-RELIEVED 440°C,4h, AXIAL UTS. AT ROOM TEMP 770MN/m? (iliksi)
B- *~ =+ - . 505°C,6h, - - - . - 605 - (87.)
1004709 C-TYPE | TUBING FULLY-ANNEALED 575-650°C, - . e s - 538 - (77.)
Types land 2 refer to cladding manufacturers
Circled numbers are measured diametral strains (%)
90 1
600
80
[V
A
8 . €
L [
% [590 NO_FAILURE
w®l Lo _ AFTER 4iBmin.
7 O32% PROOF STRESS
z 'C9 (TUBING A)
)
= \L 5
g 60 3 €3 €
§  |400F ™7 G2% PROOF STRESS NO' FAILURE 6——
(TUBING B) . AFTER 330min.
sof }
X c ® ®
NO FAILURE o
300 F =" ""0'2% PROOF STRESS AFTER 443min.
i 3ING C) ) N ) R
50 100 150 200 250
ENDURANCE TIME (minutes)
23 Endurance curves for unirradiated Zircaloy tubing
internally pressurised with iodine at 330°C.
ANNEALING TEMPERATURE *C (IF ANNEALED)
100 200 300 400 500 600 700
[ : — 3 [ T T T T T T T
5004 —
w3 - - 3
18-~ Xisec - § 400 ]
g | 4 = LNNEALED SPECIMENS
E / g (NOT STRAINED)
S ot I / — =
= ‘ + § 300 }— —
§ 3
2 10°4}— — a STRAINED SPECIMENS
> ~ {NOT ANNEALED)
x a
L w 200~ —
3 L3
S ames- - &
g % x
x X
10-31= M 7 2 yo0f- \i
2 o el =A== — ]
el
B ISERCIENS wic
xo-t— 1 1 1 L 1 1 T STRESS ':mmosumE
20 3 40 S0 . 80 70 86 80 CRACKTNG | | | | |
STRESS INTENSITY AT CRACK TIP (MNm*34) - 1 2 3 4 5
CIRCUMFERENTIAL STRAIN (%) (1F STRAINED)
< (STRAINED AT ROOM TEMPERATURE)
X} 24 Stress dependence of stress

corrosion crack velocity in a :
double cantilever beam specimen X 25
exposed to iodine vapour at

300°C. (I, vapor pressure

originally 1.0 atm).

Showing that removal of residual
stress increases the stress
corrosion resistance of Batch

1 Zircaloy rings.
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RESIDUAL
HOOF' STRESS

183(263) 125018 4362) 2ERO  82(18) 38(458)  3246) -56t09!
[MN/m2 (ksi1)] { (8 |
Positive value TYPE 2 TUBING
indicates compressive STRESS-RELIEVED
tress ot bore 505 °C, 6h
GRE R
CRACKING IN
NO CRACKING CONDITIONS CRACKING IN TYPE 2 TUBINC
N TYPE T TUSNG] YPE | TUBING STRESS- RELIEV:D
F 440°Cdh
FULLY-ANNEALED) TYPE | TUBING RELIEVED ’
S75°C, lhh N\ ESS- 505°C,4h
5gvsuevrzo
CRACKED ONLY
GRDER SEVERE
NO CRACKING IN| CONDITIONS
WAIATEN
o9 Sscre e s
TUBING 2650°C.Ih : "'j i L FEHEVED ot
= O ey - , —t 1 I - -——
. | . l L L1 ] 11 | | 1
MNIm2 450 500 550 600 650 700 750 800
s 70 80 90 100 1o 120
X 26

Stress~corrosion cracking susceptibility versus strength and
residual hoop stress for unirradiated Zircaloy made by tube
reduction (types 1 and 2 refer to cladding manufacturers).

X 27

Principle of tube straightening

machine. (Inset explains

diameters increase during straight-

ening)

how tube
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HOOP RESIDUAL STRESS
- END VIEW - SIDE VIEW OUTSIOE INSIDE
y A A B TENSION
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A e AP COMPRESSION
A X 9 ()
/ A el
/ /2 Sty SR T INDUCED 8Y
y NS ._/\/ ROLLER STRAIGHTENING
/ y <.
y 4 ROLLER CONTACT
A=CONCAVE ROLL LoD
B=RIGHT CYLINDRICAL ROLL| 7 1ENSILE 'OUAL STRESS
=TEFLON GUIDE CIRCUMFERENTIAL RAIGHTENTNG
D =TUBE BEING STRAIGHTENED| STRESS

Residual hoop stresses iti”Batch 1
cold drawn tubing before and after
roller straightening. The tensile

residual stress at the inside
surface is reduced and the net
residual hoop stress (bending
moment) is increased.
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RESIDUAL HOOP STRESS (AT ROOM TEMP)
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* Buildup of residual hoop
stresses during straightening.

TIME TO FAIL (h)
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Increase of time to failure of
unannealed tubes with residual
stresses induced by roller
straightening. Batch 1 cold
drawn tubing was stressed to yield
point and exposed to 20 mg I,/cm?
Zr at 300°C. The points colse to
the lower abscissa represent rings
from nonstraightened tubes that
failed within 0.5 h.
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Sketches of residual stress
configurations in Zircaloy tubes.
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Results of scanning electron microscopy
showing the strain rate dependence of

the principal modes of fracture of
Zircalov under the effects of iodine and
stress. (Small points represent laboratory
tests, large points A, B represent fuel-
element sheath fractures.) Point a repre-
sents fracture of an element (burnup 3100
MWd/MT) moved at 7.8x10~kW/(ft sec) from
6.2 to 18.0 kW/ft. Point B represents
fracture of ar element (burnup 500 MWd/MT)
moved at 9.4x107%kW/ (it sec) from 13.2 to
17.2 kW/ft. Corresponding strain rates
were deduced from measured sheath strains
and times taken for the power increases.

4

The wide range of strains to
failure of Zircaloy tubes, and a
decreasing trend of the maxima,
with decreasing strain rate,
that occurred due to localized
stresses and iodine vapor.
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Todine Stress Corrosion Failure
Curve for Zircaloy-4 Tubing Recrystal-
lized at 1200°F for 4 Hours
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Iodine Stress Corrosion Failure
Curve for Zircaloy04 Tubing 15
to 20 Percent Cold Worked

Ir-1, REACTION RATES
(ARDITRARY UNITS)
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TEMPERATURE *C

A = J.D. FAST (1838)

B = H. DORING AND K. MOLIERE (1952)
C = Z.4. SHAPIRO (1952)
D-

LENGTH OF STRESS CORROSION CRACK (mm)

L.N. SHELEST (1373) TINE ()
X 41 K42
The results of four studies of the Growth of cracks in Zircaloy-~2
chemical-reaction rate between double cantilever beam speci-
zirconium and iodine vapour. A,B, mens in iodine vapour at three
and C represent studies in which a temperatures. Static stress
hot filament was included to decom- applied.

pose the iodides, whereas in D the
zirconium iodide was condensed
onto a cold surface.
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8.2 *x

#1

Results of stress-corrosion cracking tests on 0.45 mm wall,
Zircaloy at 340°C with various initial weights of iodine in
the capsule

Initial weight of iodine | Initial iodine
in a 20 cm? capsule pressure Result of test

(mg) (torr)
24.0 179 Failed within 5 h
12.4 93 Failed within 5 h
11.0 82 Failed within 5 h

7.0 52 Failed within 5 h

6.0 45 Failed within 5 h

5.4 40 Failed between 5 h and 24 h
5.0 37 Failed between 5 h and 24 h
4.4 33 Failed between 5 h and 24 h
2.4 18 Not failed

1.6 11 Not failed

#2

Stress corrosion cracking of Batch 1 material in I,
vapour?’/ as a function of initial hoop stress at 300 °C.

Initial stress Time to failure Number of
(MN ~m—2) (h) specimens
tested
49 >100 (not failed) 1
73 >100 (not failed) 1
97 >1-0 (not failed) 1
145 >100 (not failed) 3
180 >100 (not failed) 2
217 >3 (failed) 1
217 >100 (not failed) 1
232 0.1-0.5 (failed) 1
250 0.1-0.5 (failed) 3
266 0.1-0.5 (failed) 1
290 0.1-0.5 (failed) 14

a) Quantity of iodine was 4x1073 gecm™3 originally
which gives 2x10™2 g of I, per cm of Zircaloy
surface.
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%3
Residual stresses in Zircaloy tubes measured at room temperature
Number Mean Scatter Residual
Production Batch . Residual on axial stress
Condition of
route Number specimens hoop stress | hoop stress
P (MN-m~2) (MN-m~2) (MN-m~2)
As received 84 548 +27 89
=33
Cold drawn 1 Outside pickled 5 490 +50 55
-39
Inside pickled 6 634 +61 17
: -28
As received 8 396 +28 22
-39
Cold drawm
and stress 2 Outside pickled 5 385 +50 0
relieved -50
Inside pickled 5 504 +50 24
-50
As received 7 105 +17 84
-6
Tube reduced 7 Outside pickled 5 217 +209 165
-105
Inside pickled 6 81 +17 33
-17
x4
Chemical composition of zirconium alloy tubing (wt ppm)
Zircaloy-2
Element | Zircaloy-2 (colsf d:an) Zircaloy-4 |(Zr-21/2% Nb | Ozhennite |Zr,Cr,Fe
Sn 15,000 14,700 14,700 <10 1,900 <40
Fe 1,400 1,080 2,100 800 1,200 1,000
Cr 1,100 1,020 1,000 100 <100 11,500
Ni 600 500 <40 40 1,000 10
Nb - - - 25,000 1,200 <100
C 114 20 <95 130 60
0 1,110 1,190 1,580 1,100 750
N 29 50 36 30 50
H 31 21 18 10 10 .
All materials fabricated by tube-reduction except where otherwise stated.



Comparison of scc Susceptibilities of Tube-Reduced Tubes of Zirconium Alloys

%5

(Unirradiated tubes tested at yield stress in iodine* at 300°C)

Estimated®
Batch 300°C 0.2% Offset
Alloy Identi~ Condition Yield Stremgth Number Number
fication MN/m kpsi Tested Failed

Zr-2.5 wt% Nb A TR and SR 410 to 450 60 to 65 4 4 0.2 to 0.8
Zr-2.5 wt% Nb B TR 40 to 60% 500 to 550 72 to 80 4 0

B TR 40 to 60%, AGV 510 to 560 74 to 81 2 0

B AN 8 h at 500°C, AGV 370 to 410] 54 to 60 2 0 NF 1000

B AN 8 h at 550"C, AGV 380 to 420| 55 to 70 2 0

B AN 2.5 h at 650°C, AGV 332 to 368 48 to 53 2 0

B AN 4 h at 600°C, AGV 213 to 235( 31 to 34 2 0
Zr- C TR 31% and SR 4 h at 466°C 330 to 350 | 48 to 51 6 0 NF 1000

1.15 wt% Cr- pb | TR and SR NM NM 6 0 NF 1440

0.1 wt% Fe C BAZ 210 to 230 30 to 33 2 0 NF 2180
Ozhennite-0.5 TR 60%, AN 2 h at 450 to 550°C | 270 to 320 39 to 47 6 0 NF 1000
Zircaloy-4c 3 TR and SR 350 to 370 | 51 to 54 8 0 NF 94
and 4 TR then CD 20 to 25% 300 to 340 | 43 to 49 1 0 NF 290
Zircaloy-2°© 5 TR 60% and SR 50 to 370 | 51 to 54 | 10 0 NF 290

5 TR 60% and SR 300 to 370 | 51 to 54 2 2 embrittled 170

6 TR 60% and SR 350 to 370 51 to 54 2 2 3tob

6 TR 60% and SR 350 to 370 | 51 to 54 2 2 10 to 15

6 TR 60% and SR 350 to 370 | 51 to 54 1 1 30 to 96

6 TR 60% and SR 350 to 370 | 51 to 54 1 1 286 to 310

6 TR 60% and SR 350 to 370} 51 to 54 1 0 NF 1000

7 TR 68% 360 to 410 | 51 to 59 2 2 embrittled 170

7 TR 68% 350 to 410 | 51 to 59 4 0 NF 170

7 TR 68% and AN 2 h at 650°C 170 to 200 | 25 to 29 2 0 NF 170

8 TR 62% and SR 350 to 370 | 51 to 54 6 0 NF 290

Abbreviations used:
tube reduced, SR = stress relieved, AN - annealed,
aged in vacuum 1430 h at 300°C, BAZ = braze affected zome,
cold drawn, NF = not failed, NM = not measured,

TR
AGV
CDh

* Iodine concentration was 20 mg/cm

2

Zr; iron present in capsule.

a Yield strengths were estimated from ring~tensile and longitudinal tensile

b Tube kindly supplied by the Atomic Energy Authority, United Kingdom.

c Batches 3 to 8 Zircaloy fully described in Ref. 3.

tests,’~11

10-9.L-2V8N
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x6

Lack of influence of tube material texture on susceptibility
to stress corrosion cracking in iodine vapour

Batch Texture coeff. No.of Initial stress Time to failure
identification ratio specimens =2

A/C A/C tested 7(I"N m™*) (h)

8 3.52 6 310 >290 (not failed)
1.72 12 310 0.08-0.25
1.72 14 223 3
1.72 1 223 between 30 and 96

2 1.12 2 200 >94 (not failed)
1.12 5 230 >94 (not failed)
1.12° 3 230 0.25-0.5

3 0.70 8 220 >94 (not failed)

4 0.59 1 230 >290 (not failed)
0.59 1 195 >290 (not failed)

5 L 0.48 2 315 170 (embrittled)®
0.48 10 315 >290 (not failed)

6 0.23 1 230 between 30 and 96
0.23 1 195 >290 (not failed)

7 0.17 2 316 170 (embrittled)®
0.17 4 315 >170 (not failed)

a) Failed subsequent ductility test at room temperature.
b) Partly cracked in 8 nitrate-iodine bath piror to testing then
re-stressed for this test.
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Comparison of scc Susceptibilities of Tube-Reduced Tubes of Zirconium Alloys
(Irradiated tubes—tested at yield stress in iocine* at 300°C)

Neﬁ::;n Estimated® 300°C
Fluence Environment Postirradiation 0.2% Time to
Identi- Preirradiation (E>1 MeV) During Offset Yield Strength | Number | Number Fail
Alloy fication Treatment 102“n/m2 Irradiation MN /m? kpsi Tested | Railed (h)
Zr~2.5 wt% Nb B TR 40 to 60% ’ 600 to 690 87 to 100 3 3 0 to 0.5
B TR 40 to 60% 600 to 690 87 to 100 1 0 NF(10)
B AN 8 h at 500°C 1.0 rings packed in 2 2 0 to 0.5
o * graphite powder
B | AN 8 h at 550°C, and lrradiated 2 2 0 to 0.5
B AN 4 h at 600°C at 295+ 10°C >500 >72 2 2 0 to 0.5
B AN 2.5 h at 650°C 1 1 0.5 to 1.0
B AN 2.5 h at 650°C 1 1 1.0 to 3.0
b
A | TR and SR }5_2 vo, >700 >102 1 1 0 to 0.5
A BAZ 620 to 670 90 to 97 1 1 0 to 0.5
B AN 4 h at 660°C >700 >102 1 1 0 to 0.5
B W) from 880°C and
AN 6 h at 550°C }6.1 to 7.2 flowing dry air >650 >94 1 1 0 to 0.5
B BAZ 30 sec to 1050°C
held 20 sec, PC >600 >87 1 1 0 to 0.5
9,
AN 3 h at 500°C }9_8 to 11.6| floving dry air >700 >102 1 1 0 to 0.5
B AN 1 h at 800°C >650 >94 1 0 to 0.5
2r-1.15 wtZ Cr- | An 2 h at 700°C 1.0 Graphite powder, | 330 to 350 48 to 51 4 0 NF(10)
0.1 wtZ Fe 295°C
TR 31% and AN 4 h
at 466°C 5.2 vo, unknown 2 2 0 to 0.5
BAZ 0 to 0.5
same |AN 4 h at 550°C NF(28)
BAZ 30 sec to 1050°C 6.1 to 7.2 |flowing dry air unknown L s 15 to 28
held 20 sec, PC ©
e 21 g o1 4 | R
9.8 to 11.6|flowing dry air unknown
TR 31% and AN 4h
at 700°C 1 0 NF(10)
Ozhennite-0.5 same TR and SR 5.2 vo, unknown 1 0 to 0.5
BAZ 3 0 to 0.5

10-9.-2¥8N



(Continued)
Zircaloy-2 and 22 | TR and SR 0.77 oz ) 4 0 NF(10)
Zircaloy-4 22 ! TR and SR 0.79 U0, 380 to 410 55 to 59 4 0 NF(10)
9,117, 20| TR and SR 2.1 to 2.99 U0z 20 18 0 to 5.0
9 TR and SR 2.4 H20 2 2 1.0 to 5.0!
16,18,19 | TR and SR 3.0 to 3.99 voz 440 to 525 | 64 to 76 25 22 0 to 10.0
9 TR and SR 3.8 H20 1 1 5.0 to 6.0
10,1,17,19 | TR and SR 4.0 to 4.99 vo, 15 15 0 to 6.0
12,13,21 | TR and SR 5.0 to 5.99 vo, >500 >72 6 6 0 to 5.0
13,21 BAZ 5.2 to 5.3 U0, 300 to 400 | 44 to 58 10 10 0 to 0.5
13,14,19 | TR and SR 6.0 to 6.99 vo, +500 72 e 18 0 to 5.0
13,14,19 | TR and SR 6.0 to 6.99 U0z . 1 embrittled 0 to 10.0
7 TR 68% and AN 4 h \
at 500°C 1 0 NF (28)
7 TR 68% and AN 4 h
at 525°C 400 to 500 | 58 to 72 1 1 0.5 to 1.0
7 TR 68% and AN 4 h 6.1 to 7.2 |flowing dry air
at 575°C } 1 0 NF(28)
7| e ana AN AR 1 0 NF(28)
350 to 450 | 51 to 65
7 TR 68% and AN 4 h
at 675°C / 1 0 NF(28)
7 TR 68% and AN 1 h
at 800°C 300 to 350 44 to 51 1 1 0 to 0.5
7 BAZ 30 sec to 1050°C
held 20 sec, WQ 300 to 380| 48 to 55 2 2 0 to 0.5
7 BAZ 30 sec to 1050°C|{6.1 to 7.2 |flowing dry air
held 20 sec, AC 300 to 350 | 44 to 51 1 1 0 to 0.5
7 BAZ 30 sec to 1050°C
held 20 sec, FC 300 to 350 | 44 to 51 1 1 0.5 to 1.0
13,15 | "R and SR 7.0 to 7.1 U0, >500 >72 6 6 0 to 1.0
7O |MRESRAANED | 9.8 to 11.6{floving dry atr | 400 to 500 | 58 to 72 6 0 NF(10)
23 TR and SR 7.2 to 9.2 2 2 0 to 0.5
23 TR and SR 9.4 to 11.4 2 2 0 to 0.5
23 TR and SR 12.0 to 14.0 uo, >500 >72 2 2 0 to 0.5
24 TR and SR 14.6 to 16.6 2 2 0 to 0.5
24 TR and SR 17.0 to 19.0 2 2 0 to 0.5

Abbreviations used: TR = tube reduced, AN = annealed, SR = stress relieved, BAZ ~ braze affected zone, WQ = water quenched,
PC = air cooled, AC = argon cooled, FC = furnace cooled, NF = not failed.

* Todine concentration‘vas 3 to 20 mg Izlcm2 Zr; air was present in the capsule.
a Yield strengths were estimated from ring-tensile and lingitudinal-tensile tests!™!!

b The term "TR and SR" is unspecific because the manufacturers of such tubing do not supply details of their production route.
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N 842-76—01

9.1 7-7HEIHOFME
911 24 vrHEE
I EEBALLRY) vy rORBICATINSMPEKRIKROES o, BRORAD
5Xk¥» S5n3 (Oding et al.) .

, Et (w—b)
3zR? (a)
E : BHEEH
t  BEARE
R : B¥E&
w . ZYCEig

b P EEINLEhokRoy ME

9.1.2 =v FLiRBy
ERZRE Y FLaBEEH£2 2L RETHIEE. KX LoBANKAFNINIRK
7—=7RREA o, BRABE SN B,

oy =  (ap—a,) (T-T,)—d/DIE, )

1+ (hSEs/rmEm)

am, ag: 7Y FL vt EREORRREAH
Too T | BOEBHOEE

D D EAHNOARE

d D BREE <Y FLrofBRR

Em Es: ZRREECRI 2= FLrzERBOMEER
I'm 2 FLVvOEE

hs D BABOAR

9.2 BREICHORMZE
BE7-7H o, 3R @)%2HE-T,. w=0., b =7 (D-Do)BXHZITRD
bhb. DBEXUDo R, ZhZhRY v FZ2ANLBREANZHOBERTH S (KA
Gl o



N 842-76—01

HBi2, R (Crampton DAR) LoorBRKHSN B,

v . BTV K
Zhoor OFETIER, BARKEONTEAREOMRBIEHNERMICELT 5LREL
T 5,
#HFMEHEIRS : oL, {Ispark—machining longitl;dinal tongues % - TH
EF¥hsd @ WA (i), (REL=1cm 1E=1025cm) . oLiZAnderson®DAR%HE -

TRADLGHEIN S,
Et 5
dL = l_yZ‘ ' Lz
L : EFhokEX

6 I BEROZDEDIF

(i) (ii)

XA Test pieces for measuring residual stress
(i) Hoop stress, (ii) Longitudinal stress.

9.3 FP&LI>FOEWMR
BB EEAF RO E Y ACERENEESOFP L5 RBARB IR T (2) o &2,
[ -127, 1—-129, I1—-131 8XUI-133 OEKLBNELAZNFN013, 09, 318X
U69%, FrE—131 &1—133 DEMMAELTNENB0H ., 20ME LABADLS>E
EHMBENMCICT T, [-132 11345 L0BRAMEERL LS EEREICHS Lt
LBE SN,

9.4 SCCHBRICERZI--ZE
AXHPTHHABENL 57].C. Wood DS CCERRABAEETICHRT,



N842-76-01

10°
Flux+10"1"n/cm2/sec
104
_ 1127
i Il29
103 L
-
102 1 |||-|||| 1 llllllll 1 lILIlIIl | E— I|||:|| 1 11
10-6 10-3 107" 1073 102
Grams of Iodine per Kilogram of UO;
HB Formation of stable isotopes of iodine in irradiated
UO; as a function of burnup
O-: 4 + -
/)
ocos ¢ 4
FIGURES IN BRACKETS
REFER TO RATING N MW/ tey
TOTAL IODINE
(0)
ToTAL (‘l)c;ome
cone 7071 J
PRODUCED
(lln“) TOTAI(. m:?om:
]'3(60)
oo i
Ne ) 1'"e0)
l‘l&.:-g.s‘unmo
UO, PELLETS
CONTAINS | by V. 1?7
000 1
x"'(zo)
/ xll!(w)
13%40)
0002 ¢ S
1'R0)
0- 001 > + -

500 1000 10,000

IRRADIATION (MWD/1eu) 5p00

KC Fission product iodine generation vs irradiation
exposure,



%I J.C. Wood MERULERAR

Batch
identification 1 2 3 4 5 6 7 8
no- Tube
Cold drawn, Tube reduced, then Tube Tube Tube Tube
Fabrication 16 passes + Cold drawn reduced and cold drawn, reduced 60% reduced 60% | Reduced 68% | reduced 62%
route interim anneals| + annealed | stress relieved| 20 - 25% no |stress relieved | & stress no stress & stress
stress relief relieved relief relieved
Alloy Ni-free Ni-free Zircaloy-4 Ni-free Zircaloy-4 Zircaloy-2 | Zircaloy-4 | Zircaloy-2
Zircaloy-2 Zircaloy-2 Zircaloy-2 :
Texture
Coefficients
A 4.1 3.9 3.5 2,5 3.7 1.0 1.1 8.1
AB 2,5 1.5 0.5 1.5 1.5 0.5 2.0 2.4
CB 1.5 1.5 2.5 2.5 2,5 2.5 2.5 1.3
C 2.5 3.5 5.0 4,2 7.6 4.4 6.4 2.3
D 0 0 0 0.2 0 0 0 0.3
Analysis
Sn wt% 1.45 1.40 1.20-1.70 1.39 1.20-1.70 1.50 1.59 1.20-1.70
Fe wt? 0.15 0.14 0.18-0.24 0.14 0.18-0.24 0.17 0.21 0.07-0.20
Cr wt% 0.08 0.09 0.07-0.13 0.09 0.07-0.13 0.095 0.12 0.05-0.15
Ni ppm 25 16 < 70 16 < 70 590 25 0.03-0.08
O ppm 1170 1120 <1500 1120 <1500 1280 1250 <1500
H pom 11 26 < 25 16 < 25 10 4 < 25
N ppm 28 40 < 80 29 < 80 47 42 < 80
C ppm 105 120 <270 120 <270 194 170 <270
Room temp.
axial tensile
0.2% offset
vield strength
MN.m~2 522 538 >414 497 562 547 >600 580

Texture coefficient notation after B.A. Cheadle, (AECL Report 2627, 1966)
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