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U —4 & MDA OBBAFEIC RITTRERIR & FEFRIOEE
(FL[RIHFZE)

0 AR BRI RS & R RRBI R 5 — PR 2 T4
K SCA B ORBYONE OEWT oMk Fubtt mm R

(2001 = 1 A 30 H=ZH)

KRN K O hk F BRET S B KA B R B FE R B B OB YE I I B B L R ey
REMRAAEBLOIL, B KERERETDHIIOLIBA — 4 & MDA B E % IMTR ([ THR
St L. BISESRERA FME Lo, AKEBIEBEHLEIT 10~1400wtppm & L7z, PREHIA 630K, RNigHE
H AR T, BONTEREEIT 1.1~3.6X10" /m* (E> 1MeV) Thotz, 293 R 633K
TOEERRIZEVELNAERERIT. LTOMRY ThbH,

KFRI & PHFREHC X DRMRIES, BIRR S, MU oREliZ, Yrliaf —4
& MDA TiRIFRETH -7,

203K (ZF34) AREEH RO, KFBBEOBKRICHEVIHMIZIET L, BRIZEY S 6IET
L7z, AKFBHEMZR O TR X 2B OOREIE, 633K TIEEEBe/hE o7z,
W ORBRIEE TH., 800wtppm UL EOKFREELXH LB INHEEEIZ. FL I
SRHEMHR O R T e B b o, ZOL D REMBUOELWVETIIKRZRNESL D
VIR FBRA R DI TFASR W, KERRERIT. EECHVWKEREELFET LR
FEBE BT, KERNEBHOEENREELERTHOHLER DD L E2RMEL
TW5,

293 RN 633K IR A RBRARIGH RO ER ST, BEICE VAL L 228, KB
WM K AN E o7z,

AR, BARIRFHOMIEIIE ZHBETE (k) PERTEMELIFEORRETH S,
HYBAFZERT @ T319-1195 FIRRANETRR AT 177 B4R 2-4
* Mitsubishi Developed Alloy
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Influence of Hydrogen Absorption and Neutron Irradiation on
Mechanical Properties of Zircaloy-4 and MDA™
(Contract Research)

Fumihisa NAGASE, Mitsuteru SUGANO*', Masaaki OZAWA*?,
Kazushi KOMATSU*? and Teruo FURUTA*’

Department of Reactor Safety Research
Nuclear Safety Research Center
Tokai Research Establishment
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken

(Received January 30, 2001)

Zircaloy-4 and MDA claddings with various hydrogen concentrations were irradiated at the JMTR and
tensile tested in order to obtain the systematic information on the influence of hydrogen absorption and
neutron irradiation on mechanical properties of LWR high burmup fuel cladding. Hydrogen
concentration was varied from 10 to 1400 wtppm. Irradiation was done at about 630 K in inert
atmosphere, and obtained fast neutron fluence ranged 1.1 to 3.6 X 10 /m* (E > 1 MeV). Main test
results from the tensile tests at 293 and 633 K are as follows.

- Changes in yield stress, tensile strength and total elongation by hydrogen absorption and neutron
irradiation were nearly equivalent in Zircaloy-4 and MDA.

- Total clongation at 293 K was obviously reduced with increase of hydrogen concentration and
further reduced by irradiation. Reduction of total elongation was comparatively small at 633 K.

- Irradiated claddings with hydrogen concentrations over 800 wtppm showed very low total
elongations. Such significant reduction of total clongation can be anticipated from neither
hydrogen concentration nor neutron fluence. Therefore, the present result suggests that the
combined effect of hydrogen absorption and irradiation should be taken into account in irradiated
cladding with very high hydrogen concentrations.

- Yield stress and tensile strength were obviously increased by neutron irradiation and slightly
increased by hydrogen absorption.

Keywords: LWR, High Burnup, Fuel Cladding, Zircaloy-4, MDA, Hydrogen, Neutron Irradiation,
Mechanical Properties, Strength, Elongation

This experiment has been performed as a collaboration program with Mitsubishi Heavy Industry, LTD.
* Mitsubishi developed alloy

*1 Mitsubishi Heavy Industries, Ltd. Kobe Shipyard & Machinery Works
*2 Nuclear Development Corporation (NDC)
*3 currently, Nuclear Power Engineering Corporation (NUPEC)
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1. IXL®HIZ

BRI ICITIE, BREFER L & EED BRI E B L L7OBRB O SR E LB ED b T
WA, EREEEICIEOREL OB NIBTER AT 2728, DA h oA SUREHRE 120
TP FRA &L KERENSEMT 5, UL boAf RS, KIBRIE-TRETD
IKFED—E AR L, BEOEBEEEIC LY LA HBETOKZEELEMT 5, &
PRI SN HKE T, PR EERSRNG. BEEEEMIESICL > TEET S, #lx
. F®ASE O PWR BEHI I 2 IRBEKHI O i @ /KRR E L IRAE 400wtppm BETH D, VL
B oA BOKEOBBEIL, 300K TH 0.05wtppm. 570K TH) 65wippm & /& [1], BEEE%
BRI OKFBIKRFE D E L THHT 5, @B EOKFECDITHIZ, —RICUAV I oA DIE
PEAEF &8 576, Northwood H[2]IC kW L E 2—&h 5 & 50, RECDRE Y kFEMIC
B LT OMER TR TE I,

IKFERINZ & B EMR Fid, EAHES OM BRI, REIERICH &S ORBRE MK
7+ A58, BRI TIE 200wtppm FREOKFEIMNT, DA v A OV ERE RIE
T ENRENDHLITEY[3,4]. BAKREBETITELOVEROKTAEZ 23], —~H., REL
2Lz KEFMB LA OEMEILE 2 BTN E L85, Bai b ORFFE[BNZ L,
[ F- AP B ECRE OO B R I YTV Y 623K T 1000wtppm B 2 A EAKFERETL L a0
EMEAMRET- NG, BIEERKEL Y —HOKRERINAARADS N v 7 2APCEETLHZ
Ehbh AN, BEIEE 670K (CBWTHH 210wtppm TH B2, DL IEH~DEBERITE
lZonhaAOw ) v 7 AOIEMREEL 2D LEEZLND[4).

FERBMIC OV TITHEAIZ DI APERR I, KEHLICOWT —EDOHEER2EINT
VAR, KRBHRMLARERACPBEHEEE OFRNS D EWVICRITTEEIC OV TIIS < A %A
ENTWAEIIEZ R\, TE, A TR SNIREHEEERCRERNE 2 WK £
XnTWa, FlziE., Garde 5. 50~400wtppm D/KFEZZH L, mBEFM K 0.7~12X
10°n/m® (E>0.821MeV) F CHE SNZIN D A — 4 ”OBREHEBERLENE I L THlk
SHER L N A NRRBRA T o 72[5]. ARBR OO FE R K F RS 100wtppm LA E BAE S 1 X 10%0/m’
LLETHIUT., Db —40 650K LATF TOE—MBHEHUNT1 %L T, 20T 4 %LU T
ThiIEeiRan, BOORRTHELNZI A a A OEMHIETIX, PHFRIEEH DV
ITKBIEMB S FRINZLO LD L REL P FRE L KERNOEEDNRPH D EE
Z5H1 A, BHESIRRL RN T 25 BRIT. &b EEMRRERERE OB ML 5
250, REBHIIB L., e OB B L KERMBOBRIIFEIND. £, BHON
RS RIT, B L ARBRMORR KL o7 b D THD, SHEICEHVBEE X TREES
7B E OREHE B S OIS T 2 @YU T A 720101k, KERE L BHREE /T A —F
LT ARSI EBRRBRAADEEZ NS, T, iF, HBTOKUERREOKE Y B1F
LT, W OnOFAERAREISNTEY . GREEMSRB TREALOHEENER S
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HZLIIRbEFREND, TNLOHALIIOWTHPHFRE L KERMPEHAME I
RITTHEBERANDLERSH D,
FIT, REHRHEAINTE PWR AIBEM THL OV oA — 4 LHE540D MDA
(Mitsubishi Developed Alloy) DHBAFMEIZ RITT T K R OKFBRMOEES E B
HRBZ R ERIC, IROEEOKFRREZ AT HHBEREZ IMTR (CBWTHRE L, B
HIZEIRARBRE K L=, 7ed. ABFEIX. AARREFOMETRE ZEHTLE K OLFEHF%R
ELTEMENTLLOTH S,

2. ARBRFE

2. 1 R

HBRICHE L= ha A —4 (LT TIE. Zry-4 £327) & MDA OA&HAL% Table 1 (5%
. MDA (2 KR R HEceES BANICIAR S/ PWR BREHEBEMH A& TH D, itkn Y
NhoaAf—4 (SniBE : 15wt%) T SnBEAKL (0.8wt%). 0.5wt% D Nb 2 54T
5, RRTHEMNEAET L0, SHROSREEIIHIET 2HBEHEMME TH 5., 1K
FREIINTROEEBWVTHIZEIE lowtppm Tho7-, Zh b 2EOE4 RO PWR 1 17X17
H A4 TREREEE OMR9.50mm, N 836mm) ZEhHMIZ 3 HEIL. Fig. 1(2RT X H 725l
RABAZER Lz, MBAOEITHEZ LEITZENEN 14mm & 4mm TH Y | DOHPHREIC
WA (U iaA R REEELE.

IKFRMAAERIZ, A— b~ 7 L—7F £ 610K, 1000~2000wtppm Li K&+ TIT-7-, A
K ZIBEEIE, 400 T 800wtppm THh o 7273, BIE SN RAEHF OKFEEEIL, Zry-4 T210
~1060wtppm, MDA T 490~1400wtppm (FRHFHEHI DOV TIL 780~1400wtppm) Th 7=,
Fio. BERRICED . IO OKKRFMAE P OKA AL, ARREFMIZIZE R
AT B D L BRR L,

KB ER OB, R EICBEER R S, I 7 nBBRoBErLR N
Zry-4 & MDA EICFER SN =BLBE X1, KFERE 1000wtppm OREHIBN T, FThZEh
16 ym & 22 um TH o 72, MDA EIZFERR S 7L X D IE VA3, Z4id MDA D7k ERIR
HEPFBRAIT NS, REDKZEERINT 72024 — 7 L—T7NBEMPRL 25728
Thd, LFITRENIZBRIENRVCEIRBEOEHICIH O TiX, BICL2EBHORBAZE
L7,

2. 2 BEER

IKBETINERE & LEBGAEE OKRIETIN) & L bIC 2 RDBHEF v 72 IZEEM L, EAFOM
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FHEBRLT (IMTR) (CBWTHH L7z, 2K0BHK X v 72 Em T 2 EHER 2 12IER U
LU BREBORRL 200 7N —T ORI LB LDIZ 2 DORE X v 7210 B
MEExl, WThoBHRY v 721N TH, BHBOFHKIIT LI Thot, HiE
BERET 633K 10K TH bV, MEMLEICHA L7BAEXHI L 0 B P OREHRENITITH
ERETChHoTmZ L 2R L.

B ¥ v 72N hoFRROFEEFREHETETFRBAESMIT. v 7L P 4B ICH
DFT8&UA Y - BRET=ZOBSHESITIC LV FM L=, Zry-4 & MDA HEHZ BT 5
& (E>1MeV) OFHIZ, EKEHEX Y 7EAICBOTIR LI2~1.17X10"wm?. &R
HEX v 7EMIBO T 3.50~3.56 X 10" vm> Téh -7,

2.3 BE#RAR

MRHRMAERE LT, 51RAR, MBREDNEEE, BWHoI 7 o lB8%1T-o7. 51
AR, A R bRy FATO5REBRBE VT, 293K R 633K Tiro7z, 293K BRI
B A515#E X 1.67 mm/s (100 mm/min) . 633K 32858 Ti% 1.67X10° mm/s (0.1 mm/min) T
HY . FATER 14mm (20t L TOOTAREEIL, ZnFh, 119X10" /s & 119X 10 5 1572 B,
7k, RBRREICE > TRAD5RFEEZZRE LA, 633K RBRITEF EEGIE O 7
LT DFHIRRETH Y . 293K ABRIIEAFRREBOE TEHFEO2F R LWL T
TORMERRLOOHPRBR TH S, 51RABR%E. 51EARR HITH TOKZBELY H A
SRR L0 BIE LT,

3. &% R

3.1 YnhuA—40633K 3| RAR

Zry-4 RELD 633K (ZRITBBRRIGH BHMER 0.2%ICB1T B8 H) DKEBEKRGHS
Fig2(a)lZ " g, KIZBWT, EMERABOT—4 20T, KEBHE (1 1.1X10%vm) HE
OF—=FE0OT, MRHE (B35X10%°wm’) REOF—FZ 2 ATTEYT, BKREIZBIIC X
DERL., BRIISBAERERE TRLKREV, FERFEBOBRRIENIBH 40kg/mm® THY |
B R BB ORIRIE /23 60kg/mm® THD Z L6, HKEIGIT S0%RETHD, — 5.
WTFNORKEIZOVTH, BIRIEIIKZEBEICIZLAYIKFET —ETHS,

Fig. 2 (b)IZ5]R5R & DK RBERGFMEL T3, BRIEH R, SIS L RE BN L
EBITHRT D, 7o, KFERREOHEMIIL > THOTNIZHEKT 5, 936wppm #HHE
PR B CRAT U7230RHT, MM TN L7z, AR TIZS IR S 2R R FICHIE S hi &
KIEN L EFZ LT, ZOREHI DWW TN Tidd 5 PSR O 23 RICH & L
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7ro FORER, ZORBOSRMIIT, BEELXF L &3 HMOREHILE~T, MHREIT/hE
WV, R, EMER RS EEITIR. B0 AR E, H-BEEIEALREE~DOR
S TEIRBENE SN/ O T, MR THE U7k &+ 2R LI B o5 kiR &
BAEWIZIXIERNRER S,

Fig. 2(c)ICEEH R OO FIRERIFYE R T, FEKFIRMNEE (10wtppm) O RITRT O KT
L 15~20% T ¥ . 300wtppm DKFEHRIM LV N%ICETHAD TS, LarL, #hllkE
DK F B EFE TR RO FI/h & <. /KERE 1000wtppm (23 TH 10%LL E DA KT
HOMMRIZN TV D, 400wippm LA T OKFIRE X H T 2 EMHE BB OB RN, IEMH
HEFE D BRE W, B, LEBHKRBREORVEEATE DEITRE W, IEKRERMINFE T,
BRI FTORBHR UM 15~20% TH B DIZH LT, MEZ OB NI 35% TH D, KHIR
B DI AR, (KRR &R OB ONTI L. 800wtppm  TIIARMST EE08E & JEMGTEA
B oMM BONEIRI%S Th s, SRNET TR INIABOBK BG4I 400wtppm (I
T, FEBFREHI LK E VY, 800~1000wtppm D /KFE IR EEFIFH TIX, RO OB T O
oo IIKRE L, EHORENIIEMA K LM% (10~13%) OMBHHOZTR L7208, 4
DREHT 3% FOIEF /NS RHEHE O AR LTz, @IREOKAZARINE MK A HEENIZEH
LT, EHEELART IR AIEEMRH D,

633K (ZF51F 5 Zry-4 D5 IRFHMESR | AT R L L T Fig. 3(a)~ ()R 7, 7ay MIE
Wit BB A KEBEICEL 3207 10— (8 10wtppm (O). 300~500wtppm (A). 800
~1000wtppm () (X 7=, Fig 26T TIZHLTHH A, UFOZ L BHBTE D,

— MBI L VBRRISAHBERT S, I~ & B EDOHKRICHE S BRIRISHDOHKIZ

SNWT, KEBEORLZ VT TEIRLNLZ, 200K EMOAEZ, JE
BEH L BINMEOZEICLERS LS NH 00, BRIEAOHEKRITTER2ICIESEAML T
BLP. HTOEMMBRSNS, (Fig3(a))

— GBS & L BBV RT AERICH S, (Fig3(b))

—  500wtppm A F O KFEIRE A2 H T 5B OB ROV KB BERSHIZ LY -BHEML,
SRR ERRCEYBOHLTAERICH D, ZOFEMIL. FERFRMAR TRLK
X\, KB 800~1000wtppm % #F OB OEIR ONTE L D ERKE VD, F
BN IR BOEKRITIEVE T3 5. (Fig3(c)

IEMHREL D 633K 21EABRE ONELL . 3HODKKIEE 7 /L—7 (10wtppm, 479~510wtppm.,
917~997wtppm) (2431} Fig. 4 12”7, KFBIRIEE T, BEETERAERIZISNT 2 Wb 3 ek
B9/ & < | Fig. 2(eWI R S 7= IEB AR O K FIRINZ X AW B OO & —83 5, L,
S TORBTERAMICF LTH 45° OBETEZ > T\ 5. 5IRAMIZKHL 45° OFMAT
BHEABIGHARELS, ZHIAWT R J(THEEIBREZ o/~ eB2b6n5, 20X 2K
Wi A MR & MR, IEVEREOBRIC RO N A ETH D, Lz > T, AEEED
FERIT. KBTI 0 EMEAMET L2723, 1000wtppm F2IE O KFEREIZ I T H M (2 JE M
MEFT3 (b3 5) ZEeidhrolcZl &2 RLTWD,
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BRI 633K 5IRBRE OB L | KFIRE & SR B & 36T Fig. S IR T,
EEICERBHE (00 1.1x10%ym?) REL FTERICABFHE (135x10%wm’) REONEE R
L7 W OB BIZHOWT E  FEKBRTRMNGE & 827wippm LA F OKF B 2 FF o3BT,
TR T RT3 SEA T BR O M ek & BIAR T MU xE L TR 457 FR~OMEB R oh b, Lizdio
T, 2HOORBTITEME FIIFEETIIRZVWEEZLNRE, TR L, 900wtppm LA ED
IKFEIBE & FEF O ENSAS3,5A84,6A84) TiE. SIIRF AN TEE BT A3 4 CHEWT ST o0 ¥ s
DRFEEINE G, RIS, IRIEMAM RN IS BRARIE A = L, RIS IBR A i o L BEE I
A, Lo T, ABBEOFBRIL. ZhoO@EVWKERBELZ A LR S Zry-4 HEO
2 LUVWEMR FATRM L THY | Fig 2(0)i BV TERRIC Z 1 5 OB IER (RO B U CRE KT
L=z b b1 5, Figs . B kAT REHI DWW T T o 7o a5 X 7 1
MBEEOMES Fig. 6 (RT, BEmET, #BEo#Am GIRAM) (SFEITRRNES R
ETd b, Fig6()om L7z SA83 (OKFEMRE 932wippm, MHE 1.17X10%w/m°) #ERE . K@
DD H RO KT REIZEMR TH A, SA83 (IZB W TINMmEmRD 23072 < & LUWEM O
FTARELTEY, 5RAE (Fig2(c) LABBROBER (Figs) &—H7T 5,

3. 2 MDA @ 633K 5| EiR %

MDA 3ED 633K (23317 B BRIE ST R UBIRE X OKRBEKRTN S, T ¥h Fig. 7(a)
RUF Fig. 70T (@ : IEMEEAE, O EEHERE. A aRFEXRE). Kb,
PRI B ORI A LSRR S, ABRMCE Vb TMICERT L ZENBa05, - B
SHZ X > THRRIEN L IR X KT 523, BB ORRIC N E5IRB STV TKE
BEERFHEIZIZEA RO, SVWKRRELZA LBH SN B TRARE GRBRPIZ
HE SN BMET Lok, R, H 2 WITBENELTERMBE R MK L7
HTHD,

T O DK E IR E KM%, Fig. T T ., FEMA B OB ONIAKR RN X 0 I
YF BB, KB 500~1000wtppm OEEFH CTREHNIK 7% TH Y, 1ZIT—ETH5H, R
HEED S B, IERBRMAE OBE O, FERHFREHIIE AR THEEDRLRKE N, Zry-4
HENT CBRE T2V, FIUEmAE TR LTWA, ZHICA LT, 800~1400wtppm D7KFEE
FEATLBH SN B0 T, ERFERE L VNS RBHHBOETRL, W ONORET
RIEEITIE N,

Fig. 7 (2R L7= MDA £ 633K (281 A 55EFFIEA . B BRI & LT Fig. 8(a)~(c)
IRT, TR Tay MIBWTIE, RAEEKFRRBECE L. £ 10wtppm (O). %) 500wtppm

(A). 800~1400wtppm () D3 DD T A—FIZH3iHz, RnSUTOZ ERnh5,

—  JKFEIBFE 800~1400wtppm *HT 5 2REIOSIRMI ABRE, WThOKRRE LA
RN TH, BIRIEHROGHER S TR K- THEMT 5, BAEESEMLTY
BRIRSE N ROV 5R5E & DM/ N S0, KRR IE 800~1400wtppm % F§DUELD 5 HAK
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WEIEER S GRBRPICHIE SNRKIES) 2m LIcaEHT, BUEE T H 5038
MERBICHEBRLZLDOTH S, (Fig.8(a)b))

—  FEKFEIMEE OB MONT, KB ERS CT-ERMML, SREERH THORD
T5 (Fig8(c)). T Zry-4 L FRROMEAR TH D, KFEEHMEE (800~1400wtppm)
OREEH R TONT, BEBOEMIZHE VDT 2EHAICH D,

FERSTEELD 633K B3R E OB A 3 DD KFRIEE Z L—7 (10wtppm, 487~57 I wtppm,
950~976wtppm) (2534} Fig. 9 (7”9, Zry-4 & RIARIZ, BEITEREEE COMmBAE. KRN
KBTS L, TR TOREITEIRF ISR LT 45° OFETEZ o7z (AN .
L7=28- T, KEEEOHEKE FHIIEESMMETT 5 H 0D, 1000wtppm FE F TOKFRMIZ
Lo THBEICHESEBET Lz &3, ABRBEORRN LMD, LEDZ LiX, JERE
RELOBEEH OO KFBEKTE (Fig7c) CRONDHERL KT 5,

RAELD 633K BIIERBERE DOAE A Fig. 10 (277, EEICEBHE (K0 1.1X10%wm?) &
B, FRICEBHAE (103.5X10%w/m’) SREONEE 7T, FFKERMRE T, BR% LK
BRER AT I 33V CERRR A IR D A3 S D AL, BEIMTIZE AR AN LT 45° D IcEZ -7,
— 5, KRFBEIMAEAT > 73BTl BEBERE A CoBrmp it/ & < BENIES IR H R BE
(T4 UTe, /KERAED 848~1034wtppm & BV OTHLH A3, T HORETIIKFRRNK
UMHIC X D EMNE L KT L2 Z EBABBEOBEN OS2 | BB ORIER IR
S Z LR LTWAS (Fig.7(c)) .

I

Fig. 11(a)iZ. 633K (Z81T DIERH Zry-4 (O) & MDA (@) DEENTHRUODKFEREERTFME

oL, KRRRBING 2 DOWBMEIOEMHIZRITTEEL T 5, mEEMEHIBW
T, AKERIUZ X 0 AR RO T 523, 837 200~1000wtppm OFEFE T, BUIIKER
FIIZEAYRELRZYL, WO RARICA OIS, B HRUOMMELIZIZERSF TH -
ToM. Zry-4 (ZEEBR L MDA TOTIT/NEY, 7235, B E OB {H TN 1000wtppm (2
BWTH 7~10%Th Y, BEOEMHETIZA, Fig. b)IEBWT, FAFBRMRAL TOM
T X BB OD (LA i 2, (KBH BT, BARICHNINODEAT 280723 Zry-4
TV Rons, BAEOHRIZHEOTEEM OB BNIIRDICEEL, Z0KTEE
12 Zry-4 THBHIKE WV, ZORR, SR B TOBM BT 2 2>OEE&TIZIEFRE T 12~20%
T B, KERMAE O BEEOEEIHO % Fig. 1I(WZB W THET S, 2 ZTH, 400wtppm
LAF Dk E&E TR X 0 RO RT 251873 Zry-4 THEMARKICR O D0,
KFBTINEDHKITLE D BT DR T & 800wtppm LA E TOFE LWEEKHE COR FIX i #73
MENZ IR TH D, Eho, HBIAEZR KRR 800wtppm LA LT, MM ODIE 5o % D
(Rhoy For 75 Z—8T5, Wbz & Ev, KERME PHEFRBEHC & HRkEH
VDK TFiIZ 2 >0MEHIB W TlthRS L 525, 72, Fig2 & 7, Fig3 & 8 OERICAL
ha L5, BIRIEH L BRISENOEICOWT S, 2 ODOMBIORMICEEREITZ2V,
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3. 3 JnhuaAf—40293K 5|ERER

Zry-4 KD 293K 1Z351F D BRRIG) DKFREKFMA Fig. 12177 (@ : 3% O
KA ERE,. A SRHERE), IERFNABORRKIEN X, KFREOWMIMHEN, P
PITHWKRT B, —F, BEHEE T, KFREREMIE D BRICHOERKIZA O, B
X, ERFHRMNEEHI BT ARRIENOBRE L LT, A7 a v Tk, KFEHFNREO
FERIE N BT T R O BITRE T2,

515R58 & DKFREMRAAME % Fig. 12(b)IT 3, FERA B R KR BB 05 RME X 13,
KFRBEKFETIZE-ETH D, aBFEAEO5RREIL, 500wtppm LA F O&HE TK
FREOHEA L IR LITIET L, £ 1000wtppm O EVKFBE Tt FERERE LY LA E
VY, 1000wtppm BL E D& TIHEF I/ WGIRRI 2R LB Tid, EHEOEKTRELL,
BV 3 B VNI RE R I L7272 Th 5, BN X 255RME O KIT, KEREOL
BHRWEH T EBA EREHCHIH TH L 05. @Y KRIREEA CIIKBERILOETITEVR,
Ll 125,

TR O O KRR BT % Fig. 12(c)iCm T, FERABE OBMi MU, KEREOHEMC
EVHEFIE T 5, FEKRBERMAEOMEHONT 14~18% TH 505, KFBEK 500wtppm
TIX 7~9%. £ 1000wtppm TIEH 5%ICE TR T35, 2AFRREHEICE T, BHIZLY
EWH R OAME T 3%, 200wtppm LA T ARV KRR Tid, BHIC K AHEHOOE T X
XIERAREHILE <K 50% TH D, LA L, KBFEREOHE. KFBESEML THLHEA
VL E O Wr B OOIRTiE 7 < | 900wtppm F2E TIXIERAHE & BARBOZITNE W, —F,
e PR ERUEHT I\ T, 500wtppm BL_E DK FE IR BE TR ONIEAE IZIKT L. #9 1000wtppm
OKFBREYE LSRN EE CTRE I 2 B OB HBONIIERE I/ I, 293K & 633K (2
B35, ERHBEOMM B OOKFREKENE (Fig2(c)& 12(c) %ib~2 &, KERE
500wtppm LA T D& Tid 2 DOIRE TOMBHHURIZENR 2N Z L3 DD 5, 500wtppm LU E
O#FFHTIL, 633K Tid 10% L LD B OB REZNTZOIZH LT, 293K TIIARRE
800wtppm LA E DK IR E TITAEE U 5% UL TFIZIRT L7z, 37245, 293K TOMEMH{ERW
DR S NT/NE W,

Fig. 13(a)~(c)IT . Zry-4 B D 293K (281 51 R # B BEKTFHEE LT ey M LTZ,
ZIZTiR, KFBEIIBELT, 32007 40—7 (O 10wtppm, A : 200~500wtppm, [J : 800
~1000wtppm) (25372, RNOLLLTFOZ &R d,

—  Fig 13@)MGIC R 65 X 92, 10 KU 200~500wtppm DK FIEE 21 ORE O BRRIS
NEBIRBSITIRAIC L VIBRT 5, BHEEHEMII LT, famd oM@ HE 7R
HEGETIZR LNV, 800~1000wtppm D/ARRE#FFOREO5ERE 23, &8
HEMTEKTT201X, EMEPEEIKRTT52HDTH S,

— Fig 13ROI D L DT, B ONIREC L i3 5 7238, IEKFTMEAE TIE,
1.1~3.5% 10" n/m* ~D R B D B ODETIRR 5020, LaL, 900
~1000wtppm D7KFEZ WU L 72306 Tid, FRESEIEINC EVOBEEHB O L, @
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KEBRELXHLERME T TR INABOBBHONIIEF TSV,

FEMSEEL D 293K BIIRABRE DOAVE & Fig. 14 (277, 485wippm Bl E DK BRI 2 FFoIF
MEHE T, IR AICEERMBMAROND, 0L D REIEFEIL, Figl2@lond
MR ODIR T & —83 5, 633K AR TIIAKFHRMORIZ L > TI DK D K EOE(
RN o7 Z e, 293K TIIAKERMNI K D EMAE T3 633K (LR THETH D Z
EHERLTWD,

HB&TSEL o) 293K B|BREBRIL DAMEL Y Fig. 15 1073, ERICERKEE (0 1.1X107w/m?) R)
B TERICERER (1034X10%0Ym°) REOABEZR LTS, WTNOBREICONTY,
FERBETNRE T, 91| AMIC 45° OAETHE L T\ 5, EMEWKRRELETS
5A41 R 5A42 OKEBEIZZNFN 211 BT 363wippm, MK EIT 3.4X10%w/m’) T, 58S
FZ 457 OREOR T2 < EoMICEERE A AONS, S HICEVKFRE (500wtppm
ui)%ﬁ?é%%ﬁﬂ?d\Hﬁﬁ@uﬂbfﬂﬁuﬁﬁﬂﬂloto:@iﬁﬁ&%%%
COEIX. RO FICstiaT 5, Fig 16 12 5A81 (924wtppm, 1.12X10%n/m?) & 6A81
(1061wippm. 3.40X10%n/m*) OREEFERITEE, ®FMEEO I 7 A E R AR, KRRE
NIEFICE LS, EMHETARLRERFITH D, B TORERBDIZLAERONT, K
W RERNE (BEOLET) I L THREETH S,

3. 4 MDA @ 293K 5| iEAR

MDA EED 293K IZ351F 5 BARIE N DK ERIEKRFE % Fig. 17(a)iZ =T (@ : JEMEEUE,

O ERHERE. A BRHEFE), ERFNRBOBRKIENIT, KFZREOHEMIAEND

(TN B, (KIRA ERUB OKFIE T 778~1056wtppm, & B EHE O KRR IEIL 951
~1269wtppm DHFHIZH Y | £ < OKFRMAEHIMHNE R THIT L2, Zo72d, Th
5 ORETIL 0.2%E AT BBIRIENICET 27— 2 BEETE T BREREOBRKIEH D
Fe B RRBREE VDRI DO TH A, SIRME OKBREKFESL Fig. 17(b)ICR
. JERTREIOBIEMRE &, BRRIS AR, KFREDBIMIE VDT 2IZEBINT 5, @K
HRELATHRBT, BT X VSR IO 5, T b OB IR TR L 727z
HTH5H,

BRI O DK # B IR AEME & Fig, 17(c) S ¥, FEMEAEI OB ONT. KFEREOHEM L
ELITITHFICRD TS, BB ONT., KFRBER 550wtppm T 5~9% TH VD . KFREK
1000wtppm TiZHI 3% TH 5. BERBOMEIMOLAEREDHKITHEVED L, WTFho
B EICONT Y, KERMEE (778wippm LALE) OB % OBKHEONIIEF I/ NI,

Fig. 18(a)~(c)iZ. 293K (2351 5 MDA D5 &A% A BKFMH L LT, 3BHT. I
KEVRINSFEL (10wtppm) & KFEIEEHK 800~1300wtppm % FFORELD 2 DD 7 N —T 12551
oo MG LULTFDOZ ERRND,

—  Fig 18(a) R O\IC R T & 912, FERFIRMRE ORI L5l ST, B EDHE
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e & HITmtT 5, —FH, KEHMFEHT, BEZ, WEGEHERNTHE TS Z &5
Lol HIl, SIERSIIREEOREME & HITRLTHEPICH S,

—  Fig 18I X 12, FERFIMAEOBE I OEBHIC L VDT ER8, 2250
BAMBERTOEI NS, BHOOETICRAMENSRONS, —F., KEEHM
MEORMT R ONT., FERFRBHIB O TL 3NRETHY . BEEOHEIMMIFENEH
IIERT4 %,

SERRIAEL D 293K BI5RAFR % OA B % Fig. 19 1O~ T, Zry-4 Rk, 500wtppm LA E DK FEE
&2 FFORBHT, BREREMIK T2 RT3k AMICEERKH A RO D, BERED 293K
SIRMBR %O/ EE % Fig. 20 (27T, IEKRRFMALHI BV TIE, BHHE b EMERET %2 =
T RESBRES NS, BEREO D HARRMLU AR OKEREIX, 778wippm LA E L
FEFWITE oM, T OO TITWH I tE CoMmBANTIZE A RONT, BHTE5]
FHMICRECES > TH5,

Fig. 21(a) (Z 293K (2817 B IEMES Zry-4 (O) & MDA (@) DMK DK FER KA
R L. AKERINDS 2 DOWBEEMEOEM I RITT R84 e U, FEKBHRIMAEHE T
BT B L. Zry-4 (ZHANT MDA 230 R OB B OME A2 R34, EVKFEESE TR
WREEME OB NTIZIERSETH D, WTHLOWEEME L, 800wtppm T 5%LLE,
1000wtppm T 3%LL EDREMHB O R L TV A, Fig. 21(b)iIZ BT, T OO BT BIRTF
PEAHER LTz, WTFhOHEEMEHIB O TH, BT & 0 KR OSB3 255, 200
HEMOZET/ SV, FEBFREHI OV TR, Zry-4 TORHE RO KT VS, BEZIT,
R BB T B ONTIZIERE TH D (7T~9%) . Fig. 21()IZBBHEEID 293K 1231 A HERT
[OE K FRERTME L LORT, 800wtppm LA F OKEIREEIE T MDA OF — 7 23U 7=
% . 800wtppm LA EO#H TO I Zry-4 & MDA OLEBNAIRETH 5, [KBHEE TR SN
KA T, Zry-4 BETRERMBY (B3%) 2RTVREIENTH L, WTHLOEBREHE
(22T 900wtppm BL EDKFZIREZ A L ERHEE TRIEIN 56, 293K (BT HREHT
RONTIER I/ P E Wy,
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4. & £

4. 1 XREBRMOEE

KETIMZE B VNV a=g bhie GERE) OBBEMOEIZONTIE, ThFEFTIZEL
OREMTbRTX 7= [F, 23,5-14], Vv a=u AGE&POKEOBRBE IR, BEEY
BATAKFIIARF D E LT 5, KEBITHICL Y —RICEEOBEIZER L, EHE
RIETT5Z 83850 TW5, FEFICEWVKERE TII i kFEHoRBERBIC L
&?77@%&&E%ﬁ§5tkétbﬂ\ﬁﬁﬁéﬁﬁTTé:kﬁ%éwotﬁb\:@
SRR X DK TIX, AREEREHEEE CTRINIKZREL KBICE R 2IFEFITEVKE
BETLMIZI LRVWOT, AERMOFEL LT, L LAKEITHICESZ UV A D
EHIRT OkFEMaL) (CBEORR TE T, m%%m&&#&%kwﬁ DHH, Lin b (<
#) 1500wtppm ) [6]& Bai & (<#J 1100wtppm ) [BiZ X 2HFZEA . BRBEEE AR B E CTF4
ENHKFREGBLHAE +5ICH =L TS, Lok, wfn@ﬁ” BOTH, RBRICAWE
HEHIIEBKERB TH D, HOOBIRIZ I T, 293K TIIAREBEOHEME LoV oS
DIEMITIE T L. e ABREMICIVTiE 800wtppm ML CEREZLEMIK T2 E =3 (FEEfh O
5%LLTF) &N TW5, AMETH LN Zry-4 & MDA B EM (EHBRELIEH) OKFE
BN AN L DM OO LS Table 2 I F &, ZORIFRT L AT, 293K IZHIT 5
FEMF AR OME I UNE, Zry-4 (300~500wtppm) T 6.7~9.3%. MDA (300~400wtppm) T
1 9% (PfEfE) Thol=725. 800wtppm LA ETiT 2 2OEEDHEMHONE 2~5% F TIRTF L
17, K FEEEERANTACE D MR OO FIZ W T AR RO RIIE RO A L —K L TV 5,
B, EFFERE (BE) FaIREICHT2LFEOLOONRIZBWTL, BREHEEE S
DIKFWERBEIZ OV TOREITR, PWR IZEWTREEE 48GWdt T TOHE T, 400wtppm
D BEEPRKAEREORBZEL SN, -, BREABRCAONAHBEBEPOKERE
% 400wtppm Th 5, KEMALNIFEL 2 HKRREIZ. TOBRMAED 2/ELL EOIEFEICH
VMETHBHZ L2 b

BEOERIZHEO, KBEMB OV A OEMICRIZTEEIINEL 25, Bai H5OHE
BIZIVT 623K TidAI 1100wtppm F TEMEKTIZRD SN2 o 72 B RIZB T,
633K TiE. KEHRIMZ LY Zry-4 X OMDA OEMRETE T L L OO, EAEREICKEW
THLEME TN S hote, BEERICEVKFEEBDTIIOA I A D~ N v 7 2AH | CHEE
T 5, LaL. 620K (ZEiT AEEEIZH 120wtppm TH A[1)D T, KEFEMHOHEBEOLT
iX Bai b OMEFERE +HRICHAT A Z &I TE R, BRE ERICHVKFIH OEMESH L
EMERETHEICRDLEOBRESEH LD, BELEFICL-TH YA a2 LK
FALHOIEMERBIGIZE S 25 Z X2V ET58E[16]H H D, Huang H[4)1F, BFICE
THEURE 2K 7 v 7 RKRFIEFEDORA FIEROBENS | it o EE~0OBRIT DL
HuaAd v )yl ADIEEPEFE 72D EfERDITTEY . SR TKFRRINM QT T
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NS LORYRFERALEZOND,
4. 2 PHFREOEE

VN a=g AESOBMEFEIC S 2 5B OB OV T, 1960 FER D 70 ERBTEE
T, F& LTKEIZBWTEBRENRITTONE[16-24], ZNHOMETIE, SE P FRAE
2x10"n/m’* F TORBIC OV TRAEE OB OEAT LD &350, R ASEHR
(25 2 D8RR (BLE), BAHEE. BBEROEHE (SH5%&M. BE) HioH<
EIFT A ZEMRENT, HBIZRLNAEMIT. BIRIE 053RS O K L — B URR
WO OB TH 5, BIRIEICSIRBSIIRHBOHME LR L, HENESIIERE &
2513 E/hEL 725, BRRICHOBRKEERFMELE LT [16-21],

Aaoy=A(-ePoY? (1)
Aoy BEICIDBERIGOHEM, ¢t FHEFREE, ARUB: EH
H B,

Aoy=C(ot/10%) )
Aoy BEICE ARSI OEM, ot PHEFBAE (wm?).
CEkUn : EH

VBIRBENTEV([17,24]. BBRHEE TONMEHIFIESENRLTHD L ENB[21], Eo2 X
ZRAWTAERFRIZBIT 2RGSO RK BIRFMEE R Table 312F L=, BT X M
AR TROICBITHERBIIMERURBRBEIZ LY 22D 027~1.65X107 ThoT-,
T, RQIZBITHEH n 1T 008~037 Thotz, D HH, MDA IZxT 5 633K BT,
KRORERBHOIWIIERL/NS R n BB LN, Thbb, BEEHEMNIED TSR L/NE
o Tz, BRIED O RS BRI B O BBLER OB A ISR B A2 Z TR0V, 1R
MRIZBNTHIEELDERROND, MDD 5 5, Baroch X ELERYAVBRBRE M T THBR
BT TR, KRR LEBRNTE S, 5 ORBRTI, 616K TIX10"wm® (E>IMeV)ET
B LTz Zry-4 OBEX 8 LM R OWMREIMIAMIIH LT, 297~686K THEX TV, FREFhD
KEHZ DWT B=0.29~0.65X10%° RTNB=0.33~0.75X 107, HEX# LIIZ DT n=0353~
0.415 215 T\ 5[21]. MDA @ 633K RERFER % BRTE AR T/ 57~ B R n DEIZ Baroch
R LT,

—F., B LY O af OEMITIET L[16-24). 5 BEKEL ECIEMIK FiXtaf+ 3
[23,251Z ¢ MRENTWVD, LirL, TNSDOHETHWOR-MENT, AREBR THLV - PWR
HBUTHRBEM & IRLBEGRRLZY . BHIEECHRBRBEELAMREL IZRZ->TW5, I
METOESWT., E6HMEZII U LT 2B, BINRE, ERIEE LISHEE R
) FIURUEFT A, 2O ORERME L AMROER S EBMICLETHZ LN TE
72\, PWR RBUATHBEM IOV T, BEFRE L0 U7RBHI R 5 3BR[25-34]
BDEFEEIITOATND, ThbD7—4ik, BEEKERNOEER— KL HLDTH
A
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IEMER T O#FNIT OV T, Rieger HO&F%E GREL : BWR Al Zry-2 #8058 (BEXHLA).
BA& 600K, <1.9X10%'n/m*, 3R : 523K Hilh3|5RA5) [23)icHV T, 0.7X10%wm* LA T
MR T M L2 AR ESN TR, BEFEREHEEN LB LN R[25]THH 1X
10%n/m’ LA L TIEMAR F2MERIT 2 & S b, ARRICEV T, Zry-4 & MDA OIEKF TR
EHT RTT % 293K REBRAE R (Fig.13(c),18(c)) T. BT L AEMAR T2 TTeafn+ 5 A A
Bhh, ER0mAE—E+ 5, LA L., 633K Rk CIEBKEMHFK D Zry-4 & MDA DIEM
MEAR LT (Fig3(c).8(c)) . MENI L AEMKEOREIL. IV A aAET TRIMMDOERIZ
BWTHLIENTHA, FEOIZ., PWR B 15X15 A 7 Zry-4 #EE U H UPE 74
(#) 80K, #9 1.5X10%/m?®) L7=3EHI® L. 293 725 1073K DIRE T5IRRBREZ ER L., 773
~OTK AT W TR AR IERAN B 2 ERIA MU R L2 L 2 WE L TW5[35], # b,
B BPOBRFRMEE KEREBI ANV X — P EESRE L BAFORBRARRICEEY
BIELEEOLEHRBLTWS, ARBREMFTIE, Fig 4ICRLND L DT, SLFRMENY
A TR & RBR I Zry-4 OFFEMPBE Z o7k Fidev, Ll REMOSETO
BT EBOTAAEE L @ B3 2 REME S 3 5. Baroch 1. 616K, 1 FEMDx—
T, Zry-4 (BTN LM R OFEAESM) ORBRISHMET LROAEMLIZZ &2 #
ELTWARIL ARFZERICRIT 2 BEHNEEIT 630K THY ., BEHMEIZ1I~3FTHS, L
MoT, BHRHPICEFOTAOREEIZSWTIE, RPEMBIC LD I/ nlBlEIc k- T
IHERT D 2 LIETERY, KRREOHERICHED, BAZIEESEMT SEmITNE <R
B, TIUIKERRS A WVIIZAUCRESMD S Z LI XA MR T B E b b
Ezxbhb,

4. 3 KFEHMEDETFREORE

VAR, BKIPEREBIOBRBEE R (AR, FEFP RATHERE ) DRI L 72 SRR R
ORI HABRMPITHON TV D, Garde | TRFTFEREHERE L A AN—HMEITx L TIT o 7B
HEROFER[26-32]% LV FLHTWVB[I4], ZhiZ, BoEHATHE LN T —#[2533.34,)% 18
JNL Table 4 (2% &7, RiZix, REHCET 21EH, RBREG, @@ P FREE, KEER
B B LN O R R LTV A, REBEIT4~162X10%ym’ Th v | KFREFHFHIT
<15~400wtppm TH 5,

=™ 5%, Fort Calhoun (Nod4~ 7). Oconeel (No.11,12). Ohil (KfK1 H45, No.27) »»
LIRSz aEHT, AR CHER LIZHEE (Zry-4, JISHBREM) [OEWBWEREEZ S
L%z 5%, Fort Cathoun THRET S 7= Zry-4 #EEHE (BHE 9X10%wm®, KKEE 50
~60wtppm) 1Z. 573~673K TO#EFMEFIRAERICIHV T, 6.2~ 1%DIEE MU EZ R LT,
%72 Oconee | THF SN 72 Zry-4 78 E B (BEHE 11.2 X107 n/m’ K FE R FE 150~325wtppm)
it. 616K TOEGHESIELVY » VR BRICE T, £RER 6~15%& 4~8%DIKMT D%
L 7-. Ohi | THREIN-HEBEERE (AR X107 wm™, /KEIEE 80~350wtppm) (X, 658K
TOEF RELERR T 7~ 17%DREE M AR Ui, ABFZROFERICE O TE, KFRE 350
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~400wtppm %A L 3.5X10%w/m’ ¥ THHE SRR 633K TOMBKHHONE, Zy-4 T 13.8~
16.9%., MDA T9~10%T& >7= (Table2), L7=A3-> T, ABFRICIIT 5 BK i3/ A IFE R K
REHIEER125~1/4 THH L OO, FEWHRONT, Ohi | TR XN OMEH{HO L RS T
# ¥ .Fort Calhoun %> Oconee | THRH I N7-HEHILERTHTNITKE W, ZDHERORKERIT,
400wtppm LA T OFH TIXEMOE FIXBARICHEVKTFLRVWI L2 RMT 5L L i,
ARBEROZYMERTHLOTH D,

Chung Hit. EAFEABEN LERBLHEE D TEM BEE1TW., IYvhafDd< b v
7 2N b (2~6nm @ Zr;0. <10nm @ ZrO,) & TNk FEEY (35~70nm) % [39]
RHLTWA, £/, MELIZ. IV a=y LG5I T HKEA A U F] HiAR %O MBESR
BN TEM BE% 2 £ L, FRTOBIVKELD O BEM R OB 8% R72[40], DR
B BBEEZBLDNOKFET, LFEMBE TEETIERY A XET Tl MikHEh &
LTHBEEMREERE LT 5, ARBRER T, 800wtppm LA EOEVKRIBEL A L BN %
L T R B OB R ONT, W TR ORBRIRE THIERIT/NE W, Z OEH B OO TR,
IKFERMED A VTP TFREBELOIXFREIND LD BbKREL KEIRNE BROEER
WEALEZSD 2\, ZEOKESRINL B E2ZIF72MEFTIE. BAE XM, BUhkFEL
Y, AR EERAAREZL, v Y v 7 ADEMEIERT IR H 5,

5. By

PR BE I RREL R B S OB ME A SRR A -0 DR TF —F 2 RIGTH L 2 BRI, U
A —4LINa=y hREOFE4ETHD MDA I LAKFERME IMTR (23517 5 PR
HAITV, 293 R 633K IZHB W THIRMBR A 1T - 7=, KFEIRELEHHIT 10~1400wtppm TH Y |
FRATIR 1349 630K, FRETEIT 1.1~3.6X10° /m? (E>1MeV) Thot-, BohizkFKiRE
EBHBIKF LS IRMEOEIIZ, UTOXIICELDHBHIENTE S,

- KEEME PHEFREICLARERISH. SIRRE . BEROOEIT, Irinf —4

& MDA TIRIFRIE Th -T2,

- R, MRS RO 633K R URIRICBIT ARBRRIEA R VGER XX, B X v
SAMIHEIIN L7273, AKEBRMIEAHEMTTLAL RN o1, BVWKRBELA
LIRRZIT 7258, BMER T H 2 \WVITEMERVICHEE L. RRSERICHPME T3
A EeBdHolz,

- 633K TiL. KEFEHMSB D\ MTHMEFHBH ORI L SEEEHH T ORI RN S o 72,
L7 L. 800wtppm LA LD KFEBIEZAH L EHT, BMMNZHERKHBOOEKTFE7RL
77

- 293K Tl FEMRAM OB ONIKFZRIMBEOEMCAEOCERIET L, PHFR
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FIC L AR OOR TIRERN & CHRINTAEMICH o, KEEFRINLBH SN
R 293K 1T HIEMIE. KFEREVPSBAEPRKIWVEEET UL

- Thbb, WTFRORRIBE TYH, 800wtppm U EDKERE ZH L BHZ2Z T -RED
MM ONT, AKBERMBEL DWVITFHETREENL FHEEINL LV B REIETLE,
Zhit, KFEEMEBFOEENREBIILSAbDLEEZZIOND,

W

AR ABARBR R OBREABR L IEY L T X > KRR - MERBRIFEEH O
KRICES N LET, T7-. 5IERBRAZHAY L TR W IMEIEREREES - By b7 RBED X
JIERZ O LRSI LET,
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Table | Chemical composition of Zircaloy-4 and MDA in wt%

Material Composition
Sn Nb Fe Cr Zr
Zircaloy-4 1.5 - 0.2 0.1 Bal.
MDA 0.8 0.5 0.2 0.1 Bal.
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Table 2  Main test results from tensile tests
Material Tensile test Fluence, Hydrogen content, Measured total Remark
temperature, K x 10 2° n/m? ppm elongation, % emarxks
Zircaloy—4 633 K unirradiated 10 143 to 195
300 to 500 103to 11.9
800 to 1000 94 to 123
1.1 10 33.9 to 350
350 189 to 21.8
300 21t0 129
36 10 15.6 to 19.7
400 13.8 to 16.9
800 to 950 Oto 111
MDA 633 K unirradiated 10 95to 159
300 to 400 9to 10 Interpolated
500 to 600 7.5 to 10.3
900 to 1000 72t0 79
1.1 10 176 to 21.6
300 to 400 11t0 13 Interpolated
850 to 1000 Oto 10
36 10 125 to 16.3
300 to 400 9to 10 Interpolated
>1000 Oto 86
Zircaloy—4 293 K unirradiated 10 144 t0 17.1
300 to 500 6.7 to 9.3
800 to 900 32t0 48
1.1 10 7.5to 8.9
500 4tob Interpolated
~900 251039
3.6 10 77to 79
500 3 Interpolated
>800 0
MDA 293 K unirradiated 10 11.7 to 143
300 to 400 8to 9 Interpolated
550 to 600 50t0 9.0
1000 25t0 30
1.1 10 8.6 to 8.9
300 to 400 5to 6 Interpolated
>800 0
36 10 8.1to 84
300 to 400 5to 6 Interpolated
>900 0
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Table 3 Change in yield stress as a fuction of fluence
Material Test Constants
temp. Ao =A(1-exp(-B pt))"? Ao =C(¢t)"
Zircaloy-4 633K A=242MPa B=0.27x10%/m? C=506 MPa n=0.37
RT A=156 B= 0.55x10% C=5.54 n=0.27
MDA 633 K A=245 B= 1.65x10% C=185 n=0.08
RT A=9.62 B= 0.44x10%° C=284 n=0.31
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Cladding OD :9.50, ID :8.36

Fig.1 Geometry of tensile specimen
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Zircaloy-4 (tested at 633K)
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—_ e unirrad,
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Hydrogen content [wtppm]

Fig.2 (a) Yield stress of unirradiated and irradiated Zircaloy-4 at 633 K as a
function of hydrogen content
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Zircaloy-4 (tested at 633K)
r_1150_”,1,171,r.,...IY..,”,
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=
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0 200 400 600 800 1000 1200
Hydrogen content [wtppm]

Fig.2 (b) Tensile strength of unirradiated and irradiated Zircaloy-4 at 633 K as a
function of hydrogen content
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Zircaloy-4 (tested at 633K)
R e o
e unirrad. 3
O 1.1x10%n/m’

RN A 3.6x10°n/m”

Total elongation [%]

0...1...1...|...1.l_‘|...-
0 200 400 600 800 1000 1200

Hydrogen content [wtppm]

Fig2 (c) Total elongation of unirradiated and irradiated Zircaloy-4 at 633 K as a
function of hydrogen content
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Zircaloy-4 (tested at 633K)

150111114
- : O 10ppm
NE A 300-500ppm
g 100 b O 800-1000ppm
o
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5 50F - :
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Y i
‘s g
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Fast neutron fluence [x1025n/m2]

Fig.3 (a) Yield stress of hydrided Zircaloy-4 at 633 K as a function of fast

neutron fluence
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Zircaloy-4 (tested at 633K)
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% A 300-500ppm
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Fig.3 (b) Tensile strength of hydrided Zircaloy-4 at 633 K as a function of fast
neutron fluence
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Zircaloy-4 (tested at 633K)
| e ——————————————

O 10ppm

X 30k A 300-500ppm
= 3 10 O 800-1000ppm
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o)) - ;
s 20 i 1
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Fast neutron fluence [x1025n/m2]

Fig.3(c) Total elongation of hydrided Zircaloy-4 at 633 K as a function of fast
neutron flucnce
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10 wippm

479 - 510 wippm

917 - 997 wippm

Fig.4 Unirradiated Zircaloy-4 specimen tesile tested at 633 K
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S l Hydrogen Neutron
aﬁ(‘)p e Appearance contetnt / | fluence /
- wippm | 10% n/m?
5A02 10 1.17
5A03 10 1.13
%
95A43 358 1.17
5A44 363 1.13
*
5A83 932 1.17
5A84 936 1.13
6A02 10 3.56"
6A03 10 3.45
%
6A43 438 3.56
6A44 363 3.45
*
6A83 827 3.56
6A84 936 3.45

Fig.5

Irradiated Zircaloy-4 specimen tensile tested at 633 K
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MDA (tested at 633K)

e unirrad.
o 1.1x10%n/m’

A 3.6x10%°n/m?

= A
Q-.& E
500 1000 1500

Hydrogen content [wtppm]

Fig.7 (a) Yield stress of unirradiated and irradiated MDA at 633 K as a function
of hydrogen content
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MDA (tested at 633K)

e unirrad.
O 1.1x10*n/m’

A 3.6x10%°n/m’

500 1000 1500
Hydrogen content [wtppm]

Fig.7 (b) Tensile strength of unirradiated and irradiated MDA at 633 Kasa

function of hydrogen content
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MDA (tested at 633K)

e unirrad.
O 1.1x10%n/m?

A 3.6x10%°n/m°

500 1000 1500
Hydrogen content [wtppm]

Total elongation of unirradiated and irradiated MDA at 633 K as a
function of hydrogen content
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MDA (tested at 633K)

Yield stress [kg/mmz]

150 e ————————r———
O 10ppm i

, A 500ppm
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i ________-_-.-.----@ !
S50F LA 800-1400 :
Olllll

0 1 2 3 4 5
Fast neutron fluence [x1025n/m2]

Fig.8 (a) Yield stress of hydrided MDA at 633 K as a function of fast neutron
fluence
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MDA (tested at 633K)

D e
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g | z
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2 : 8001400

.a :

= :

) [

F‘ O | Ll ]

T I
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Fig.8 (b) Tensile strength of hydrided MDA at 633 K as a function of fast
neutron fluence



JAERI-Research 2001-008

MDA (tested at 633K

40: L L I LR L

— o 10ppm
305_ A 500ppm

g O 800-1400ppm
20 | Q ;

Total elongation [%]

0 1 2 3 4 5
Fast neutron fluence [x1025n/m2]

Fig.8 (c) Total elongation of hydrided MDA at 633 K as a function of fast
neutron fluence
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10 wtppm

487 - 571 wtppm

950 - 976 wtppm

Fig.9 Unirradiated MDA specimen tesile tested at 633 K
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Sal:|n Ple Appearance c?-l;;tc;rg]:n/ ﬂr\i:t: n/
- wippm | 10% n/m?
5803 10 117
5B04 10 19
5843 848 117
o844 888 113
5883 1034 117
5B84 841 113
6803 10 3.56
6804 10 3.45
6843 1101 3.56
6844 1045 3.45
6883 1001 3.56
6884 1407 3.45
Fig.10  lrradiated MDA specimen tensile tested at 633 K
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Total elongation [%]
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0 200 00 600 800 1000 1200 1400

Hydrogen content [wtppm)]

Fig.11(a) Comparison of total elongation between unirradiated Zircaloy-4 and
MDA at 633 K as a function of hydrogen content
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e et
O Zry-4
® MDA

PR IO U N VT NV S S U U N DU WO TN S

0o 1 2 3 4 5
Fast neutron fluence [x1025n/m2]

Comparison of total elongation between Zircaloy-4 and MDA at 633 K
as a function of fast neutron fluence
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high fluence | A A

2

}

irrad.

el
141t Il 'R FTT 1.0

(unirrad.

Y

Total elongation [%]
[\~
o

llllllllllllll!

1 1 3 l 1 'l 'l ' 'l 4 2 l 1 1

200 400 600 800

00 1200 1400

Hydrogen content [wtppm]

Fig.11(c) Comparison of total elongation between irradiated Zircaloy-4 and
MDA at 633 K as a function of hydrogen concentration
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Zircaloy-4 (tested at 293 K)
e RS

® unirrad.
o 1.1x10%n/m?

A 3.6x10%°n/m?

| PO IS | N | 4 | I

0 200 400 600 800 1000 1200
Hydrogen content [wtppm]

Fig.12 (a) Yield stress of unirradiated and irradiated Zircaloy-4 at 293 K as a

function of hydrogen content
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Zircaloy-4 (tested at 293 K)

150 ——r—r——r—r—rpy————— @ unirrad.
O 1.1x10°n/m”

A 3.6x10%°n/m’

Tensile strength [kg/mmz]

0 : P SRR RS S SRR R
0 200 400 600 800 1000 1200
Hydrogen content [wtppm]

Fig.12 (b) Tensile strength of unirradiated and irradiated Zircaloy-4 at 293 K as a
function of hydrogen content
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Zircaloy-4 (tested at 293 K)
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Fig.12 (c) Total elongation of unirradiated and irradiated Zircaloy-4 at 293 K as a
function of hydrogen content
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Zircaloy-4 (tested at 293 K)
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Fast neutron fluence [x1025n/m2]
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Fig.13 (a) Yield stress of hydrided Zircaloy-4 at 293 K as a function of fast
neutron fluence
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Fig.13 (b) Tensile strength of hydrided Zircaloy-4 at 293 K as a function of fast

neutron fluence
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Zircaloy-4 (tested at 293 K)

40 SRR ! T ! T
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Fig.13(c) Total clongation of hydrided Zircaloy-4 at 293 K as a function of fast
neutron fluence
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10 wtppm

485 - 506 wippm

987 - 1020 wtppm

Fig.14 Unirradiated Zircaloy-4 specimen tesile tested at 293 K
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S le Hydrogen Neutron
a&p Appearance contetnt / | fluence /
. ppm 10% n/m?
5A01 10 112
5A04 moR T 1 0 1 05
HA41 211 1.12
5A42 363 1.12
%
9A81 924 112
9A82 936 112
6A01 10 340
6A04 10 390
6A41 511 3.40
*
6A8T | 1061 3.40
6A82 936 3.40

Fig.15

Irradiated Zircaloy-4 specimen tensile tested at 293 K
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MDA(tested at 293 K)

150 v e AR _
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0 E | L

0 500 1000 1500
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Fig.17 (a) Yield stress of unirradiated and irradiated MDA at 293 K as a function
of hydrogen content

— 51_
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MDA (tested at 293 K)

150 permrmrmrrmr e ,
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o F ]
2 50F =
2 - :
.a :
e B
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ot 0 L - o]
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Fig.17 (b) Tensile strength of unirradiated and irradiated MDA at 293 K as a
function of hydrogen content
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MDA (tested at 293 K)

25 _llllTll'lIlll]‘ll!’lllflllllll
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Total elongation [%]
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Fig.17(c) Total elongation of unirradiated and irradiated MDA at 293 K as a
function of hydrogen content
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MDA (tested at 293 K)

150 mrmrmrerererer e
O 10ppm
A 800-1300ppm
100 | _.
503- _
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Fast neutron fluence [x1025n/m2]

Fig.18 (a) Yield stress of hydrided MDA at 293 K as a function of fast neutron
fluence
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N
<

MDA (tested at 293 K)

| L D

O 10ppm
A 800-1300ppm

o

Fast neutron fluence [x1025n/m2]

Fig.18 (b) Tensile strength of hydrided MDA at 293 K as a function of fast

neutron fluence
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MDA (tested at 293 K

25_""I""I""IT"'I'"I""_
O 10ppm
20 - A 800-1300ppm |
15| s -
10| O\G_ ]
: O :
5} ]

0 1 2 3 4 5
Fast neutron fluence [xlOzsn/mz]

Fig.18(c) Total elongation of hydrided MDA at 293 K as a function of fast
neutron fluence
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10 wippm

558 - 582 wtppm

979 - 1070 wtppm

Fig.19 Unirradiated MDA specimen tesile tested at 293 K
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Sample Hydrogen | Neutron

No. Appearance contetnt / ﬂuzesnce /2

witppm 10 n/m
5801 10 117
5802 0 17
5841 824 117
5842 178 (17
oB81 781 117
5882 1056 117
6801 0 256
6802 10 256
6841 1171 3.56
6842 951 3.56
6881 1269 3.56
6882 1226 3.56

Fig.20 Irradiated MDA specimen tensile tested at 293 K
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Fig.21(a) Comparison of total elongation between unirradiated Zircaloy-4 and
MDA at 293 K as a function of hydrogen content
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Fig.21(b) Comparison of total elongation between Zircaloy-4 and MDA at 293 K
as a function of fast neutron fluence
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Fig.21(c) Comparison of total elongation between irradiated Zircaloy-4 and
MDA at 293 K as a function of hydrogen concentration
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