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The degradation of materials, the exposing to high-dose neutron and gamma irradiation, the
high temperature and the high pressure water environment are important issues for nuclear
reactors. The major objective of the thesis is to understand the degradation phenomenon of
reactor materials. Zirconium alloys have been used as fuel cladding material. To understand
cause of the good corrosion resistance property of Zr-Nb alloy M5 compared to Zircaloy-4,
the corrosion tests under simulated PWR water conditions were conducted and the formation
of oxide layers was studied via electrochemical impedance spectroscopy. The results
suggested that the oxide layer of M5 was multi-layered compared to that of Zircaloy-4 at an
early stage of corrosion. Then, mechanical properties of oxide layers on Zircaloy-4 and M5
were evaluated by Nano indentation with FEM analysis.

Stainless steel is widely used as structure material of nuclear reactors. Specimens were
made from stainless steels that had been irradiated up to 1.0x10?°~3.9x10* n/m? (E >1 MeV,
max. 56 dpa) in the Japan Materials Testing Reactor. Tensile tests and Slow Strain Rate Tests
(SSRTs) were conducted on specimens to evaluate the material integrity and the IASCC
susceptibility. A study on the integrity of welding of irradiated and un-irradiated stainless
steels was conducted. The relation between the integrity of the welding of irradiated and

un-irradiated materials and the heat input of the welding was evaluated.

Keywords : IMTR, Reflector Element, Beryllium, Non-destructive Measurement

This report was accepted as a doctoral thesis by Ibaraki University.

ii



JAEA-Review 2017-035

B L EE FE R coveeeeeeeeeeee e ettt ettt e 1
L B R ettt ettt ettt et aennn 1
1.2 BEEEI vttt et ee 3

BEZETUHR oottt et 6

F2F PWREBE TICBIT DU N T OABBDIEE e 7
2.1 IS oottt ettt et renan 7
2.2 f5sE PWR KERBE FICRIFTH VAT A 4 L M5 OIEEFFE oo, 10

2. 2.1 B B oottt s 10
2.2.2 FEBRTTUE: oo e 11
223 A ettt s 15
2.2.4 FBEZ ettt s 33
22,5 FRERRT covveeeeeee e 33

BEZETTRR oottt e 35

B3 CERIE T EAWMME SRS L D U a A BEOBR LR RE S ..38
3L B S oottt et 38
3.2 BRI L OVIEBR JTTE oo 39
33 FEFL LB LR oottt 46
3 T coveveereeeese ettt ettt et 60
3.5 L U et e 60

BEZE IR oottt et ier s 61

FAE AT UV ARIDIFN TOBIEILL oo 62
A1 HITE oottt ettt e 62
42 AT L REABLE v 7L O EMIREIC I T AR oo, 76

B.2.1 S oottt s 76
B.2.2 FEBRTTUE: oo 76
B.2.3 BT ettt s 77
B24 FERR coeeoeeeeeeeeee e 78
4.3 SUS316 2T > L ZH D I - A BRI AR 35 1T D R REAM e 85
B30 B S oottt s 85
B.3.2 SZBR oottt s 85
433 AERIS L UTE LR oo 88
B34 FERR oottt s 97

iii



JAEA-Review 2017-035

B T LD ottt ettt ettt etenas 98
ZETETTRR oottt s 99
B S BE T e e 102
FEFER oo e 104
fHEE A I PIREBER BRI B EE AL oo 104

AL BEE e e 104

A2 By BRIRHIZE D BITE oo 106

A2 T F S et 106
A22 JTTE st 107
A23 TR oo 112
A2.4 FERTLTUNTEEZ oot 118
A2 R B ettt 124
A3 JFN TASCC FRER D 728D DFEZITBHFE oo 125
A3 F B e 125
A3.2 FRBREEITBETE oo 126
A3 AT L TBER s 129
A3 R ettt 130

A FE LB 137

ZETETTRR vttt b 138

T B R s OREAELSFE] (MERRBRIE R » b T RS ICB T 27 U —aR L

MERKE T Z 7 L— T H—Rv by NEOBRBEICET 2 FRFEAE].......... 140
530 2= 140
B2 HEEE oot 141
B3 T AT 7T e e 141
B AR ettt 143
B S i B oveeeeet ettt ettt ettt ettt et et s s snn 145
BEE SRR oot e 160
fi18k C SUS316 S D BRI L TRIR T 2 oo 161
BEAETCHR oot e 180
AT ST BT L7230 30, 205 e e 181
FHTE <ottt e 183

iv



JAEA-Review 2017-035

Contents

Lo INEEOAUCTION ...ttt ettt b e e b ettt b e bt e st e b sb e et emtenbeebeeneenee 1
1.1 BACKGIOUNM ......eiiiiieiiieiicitee ettt ettt ettt ettt e et eesbeenteenbeenaes e ennessaesnnenns 1
1.2 OULIIIE ettt ettt et ettt b e bt es et e bt sb e bt e st e bt b et et e bt ebeeneenee 3
RETETEIMCES. ...ttt et ettt e h ettt bt s bt eseente st e ebeeneenee 6
2. Corrosion of zirconium alloy under PWR conditions...........ccceeeuieciieciieiienciiniieieeieseesieeeeseeeeen 7
2.1 PIEIACE ..ottt ettt h et h bbb bt bt st et et e e b e te bt eneennens 7
2.2 Corrosion properties of Zircalloy-4 and M5 under simulated PWR water condition................ 10
2.2.1 TNEEOAUCTION ...ttt ettt ettt ettt e b et e et sbeebeentenbesbeeseeneen seeeneeneens 10
2.2.2 EXPEIIIMENLS ....eeuvieiiieeiieiieeieeieeeeteeetesetesteesteesseesseesseenseesseesseessesssesssesssesssesssesssesssassen sassensen 11
2.2.3 RESUILS ..ottt h ettt e b e bt ettt b e h et et en b eteeneeneen 15
2.2.4 DISCUSSION ...ttt ettt ettt e et sttt e et st e et e e st et e s teebeebeese e beebeebeeseenseabesbeeseenten seeeneeneens 33
2.2.5 CONCIUSION ..ttt ettt ettt e b e bt e se et sttt est et et e ebeeseeseenbesbeebeeseenaennbeeneeneens 33
RETETENCES. ...ttt h et ettt b e bt ae et sttt e e st ent e e st e st ebesbeeneenean 35

3. Evaluation of mechanical properties of oxide layers of Zirconium alloys by Nano indentation

With SPRETICAL TNACTIEET ... eetiiiieiieie ettt ettt et et e e e saeesbeesaeeste e seenseenseenns 38
3.1 INEEOAUCTION. ¢ttt sttt ettt b e e et et sb e bt e bt et et e s bt sbeestenbeebeeneenean 38
3.2 Materials and experimental MEthOdS .........ccueviiiiiiiiiieieieeee e 39
3.3 ReSults and diSCUSSION ....eueiuieuiiiiiiiiieiieietete sttt ettt ettt st et see st sbe e e eneeneas 46
3.4 CONCIUSION 1.ttt ettt b e bt s ettt b e bt e et e s bt e bt ebeen b e bt sbeebeeae e beebeeneenean 60
3.5 SUIMIMIATY .ttt ettt e et ee b et e b et e ebe e e eabeeenbeesmteeenteeenteeeabees e enseeeneeenne 60

RETETENCES ...ttt h bttt b e bt a et ettt ehtene e bt e st ebenbeebeenean 61

4. Degradation phenomenon of stainless steel in nuclear reactor ...........cueevvevvereereereesieerieeieeneens 62
41 PTETACE c.vvieieiieieee ettt ettt ettt ettt be et e bt et e e b e en b e ab e na e ab e st e eneenreeneennean 62
4.2 Evaluation of material integrity on stainless steel capsule for long term irradiation ................ 76

4.2.1 INEIEOAUCTION. .. eevieieetieieeieet ettt ettt ettt e et e s taesseesseesseeseenseenseenseenseenseesseessesssseenseensean 76
4.2.2 Experimental MEthOd ........c..ooiiiiieiiiiiieiieiieie ettt ens s 76
4.2.3 RESUILS.cutieiieiieie ettt ettt ettt ettt et e et e e s e e b e esbeesbeeabeesbeesaeeseeeseeeseataeseneenneenneen 77
4.2.4 CONCIUSION 1.ttt ettt ettt ettt b et e et et e et ese et et e e bt eseeseenbesbesbeeseense s e eneeneans 78
4.3 Integrity evaluation for welding of irradiated and un-irradiated type 316 stainless steels........ 85
431 TNEEOAUCTION ...ttt sttt ettt bttt b e s bt bt entenbesbeebeenten seeeneeneens 85
4.3.2 EXPEIIIMIELS ..eeuvievieiieiieieeteeiteesteeeteeetesstesstesssesseesseenseenseenseenseanseanseassesssesssesssesssensee senseensen 85
4.3.3 Results and diSCUSSION .....ceuveiiruiriirieieniesteeiieitetest ettt sttt ettt ettt st eneeeens 88



JAEA-Review 2017-035

4.3.4 CONCIUSION .ttt ettt b ettt sttt ebt et et e bt ebtest et e sbeebeebeente st e eseeneens 97

44 SUINIMATY ..ottt ettt ettt ettt e b et e et e e e st e e eateeeabeeeabeeeabeeeabeeaaseeaasbeanbeeanseaente beesnteesnseean 98
RETETEICES ...ttt b et b e bbbttt b e bt et e e bt e st e benbe b eneen 99
S SUIMIMIATY .ttt ettt ettt et et e s et e ea b e eab e e e abeeeabe e e bt e ettt eseeeaneeeanbeeaabeen eennseennseennneeas 102
F N 0153116 1 OO RSP PRRUSTRSRS 104
Appendix A Improvement of test tecniques for reactor materials ..........cccoevverierienienienienieeenn, 104
ALT OULINC. ettt ettt b bt e bbbt bt bt e s e s bbbt bt be st eneen 104
A.2 Development of self powered ¥ deteCtor........eouieriieiieniieiieieeie e 106
A2 T INITOAUCTION ...ttt ettt ettt besb et e bbbt eenaeneen 106
AL22MENOM ...ttt ettt e e 107
AL2.3 EXPEIIMENL ..utiiuiieiiieiieeiieciee ettt ettt et et eteeteeteesteeateeaeesseesaeesseeseenseenseenseanseenseen snsennns 112
A.2.4 Results and diSCUSSION ....ecueiueeiiriiriiriieiieienienteetteit ettt sttt ettt nee s 118
AL2.5 CONCIUSIONS ...ttt ettt ettt sttt ettt et et st sbeebeeseens 124

A.3 Technical Development for in-sith JASCC teSt......cc.veruieriierieniieiieieeieee e 125
A3 T INITOAUCLION ...ttt ettt ebe et sbe e eesneneen 125
A.3.2 Development Of teSt tECTIQUES ...eeuvieueeiieeieeieeieriiesieesiteieesie ettt ettt eaeenbeenae e sneeens 126
A.3.3 Results and diSCUSSION ....co.eiueeuiiriiriiriiriieiententeeiteitetee sttt sttt st en 129
AL3.4 CONCIUSION 1.euiiiiiiiiieeiectct ettt sttt ettt sttt et eoaeneen 130

AL SUMIMATY ..ottt ettt e sat e sab e e s i bt e s a bt e et e e e bt e eabeeebeeebt e e eaneenanes 137
REICTENCES ...ttt bttt sttt b ettt ae seste it bt sbeeaeenee 138

Appendix B Example of aged deterioration of reactor facility [Cause investigation for thinning of

anchor bolts and gaps between anchor bolt nuts and a flange plate at the JMTR hot laboratory

EXNAUSE STACK ... eiiiiieiii ettt et e b e et e et e et e e tb e e tbe e tbeeaasbbeentaeetaeenrs 140
BT INTOQUCTION ...ttt ettt st ettt st b ennens 140
B.2 BaCKGIOUNA ....ouviiiiiiieece ettt et sttt 141
B3 MEENOM ..ttt bttt eae s 141
B4 RESUILS ..ottt ettt st ettt sttt st et sa e en 143
BL5 CONCIUSION. ...c..eiiiiiiiiiieiictee sttt ettt sttt ettt sttt et sae st es e b eaeennens 145
RETETEICES ...ttt ettt sttt st eaeeneen 160

Appendix C Post irradiation examination data of Type 316 stainless steels........c.ccocevceeveerenennene 161

RETETEICES ...ttt ettt ettt et nae bt eaeeanens 180

List of related pUBIICATIONS. ......ccuiiiiiiieiieiietee ettt sttt be et aeeseesneeees 181

ACKNOWIBAZEIMENLS ...ttt ettt ettt et ettt e eteente s e eneeeneenes 184

vi



JAEA-Review 2017-035

&
It
Tt
2

1.1 &&

TR 72 = L — BTN Z i TR Y . HHRORKZ VX —{HE T,
1971 4E0 5 2013 4 £ TO 42 TR 2 FITHML TV B[], £/, EHET 3
JL X —HEEH(IEA) D Rl L Tk, R R EE S &EIT 2011 0 22 JK 1130 /8 kWh
225 2035 FEITIE 37 JE 87T B kWh IZHEINT 5 & &Z 2 bt Cnb, 209 bR+
NFBIIONWTUL, KEREE IR FARETICRB T 2FE 5 1 THLL T
WA, 2011 D 2 JK 5840 {E kWh 7226, 2035 HZ1% 4 JK 2940 & kWh (ZH
M3 2% LEZLNTNDR], BAEDOZRAF—EHRITENTH, 2030 FEO
EIFAE R I 58 2 JFI L RIT 20~22% & V) RIBLAREINTEY[1], HE
R — R IREITCBIT 2 ES AR TH, R EIRRICBIT 5 HE
RENPRDO—>2L LTHIE LT 2 HIFH LN TH D,

IR ORI ZE 25 LT, FAIFRNO SRR EOKESREC T2 & Tk
SRR OB 22 EICHERT 2B O S IThE T TEN R WEELRMETH 5,
T/, BEOHBBEREZELDICHRICHF T 7 bOBRREIT ) FHIIRS
RETIIRL, BRI —EEFLZT T MEEWICHERATEE Y, *
IHENT T o b T 2B ORES L E WO BE G AL T 5, BESH
b &id, BHEER - MBI ORFMICTIKFE T 25k BN L, £NIET T Mg
W OAGHENE - ZEVER OERFEMZRET 5 FHRNTH S, OAETHEEIZE
HRBALATL 40 FE 22 DIRKEE T 7V PR TETCNDL I LD, BKIFTZ
¥ N DO ERRAEACIZHE D BRAEFITERTE K O O I L 72 DB O B LFE O 5T
MEMRINTEY, ESLHERSIEN B AR BRI JAEA) TliX, 2
D DJFEATIMEL O R ST 3 K O D 4 OFRBR AN R 217> T\ 5, 8%
AIFARIRZRERR T 2 P0EHE, SRS E T - y BB &S 1EH0 T
¥7T7 2 MRV EBRECHEH SN D, BAKFICBT 2oL,
FIZZORBRRBREOZEPMEHIEBRIND Z LICEI VAT D, FRIZBN
TRBREEM BN RS 252 2 R4 U 5 I L 0 BB E(JR 01X U M
L RO, AaNEICE RO KoK FEH) LN T A(He) DA, A4
JCFE DT, AT OMMMRL e EMEHIEREN T 2 HEBE LI A B
BUZJEBE OAITIER U, BRI BRI K 0 IEMER T D oA A U faE AR L,



JAEA-Review 2017-035

DEEERZRET 2, o, IS0, BRER. BE T LW EEREAW
W%LTMH@%H%Lkﬁ TOET 52 LIk BEFBEISHEREN
(IASCC: Irradiation Assisted Stress Corrosion Cracking) 735| & Z X415 FH0H 5
NTEY ., EREIBAKFEOFEOEEM OFMERELE 2 L LTHETNEE
FeEE 7o TV D,

Flo. EFETIE. JRFIEEORGFEMEN EOBLEN G NEAKR R4
(PWR: Pressurized Water Reactors) % i 7K B2 i 747 (BWR: Boiling Water Reactors)
SZRELD T T PR A @ D CEREHI D Y LIRFIC IR I DB A i < 975,

WD D ERBEEAL N ED BTV D, IREIOIRMEE 28N L, &R L
THZEICEVFEFIFEOEIRY A 7 VORBLAAREL 720 . F2, EIRBEE
LI ko TREHMESIR 1 (KHT- 0 RET oL F—ER NI IUE, BAET
DEHF B 2 OE 5720, BB R ORLE a2 NMEZRBI{LT 252 &
HARBIZR D, BB A MIEBRBEEIZE BRWVET L, Eisd A4 7 VD0 R
BMbIZ X 0 EIEREAHENE E D BEEENRE S HFE SN, EiEY A 7
NOEIMIZ E 53 E = A O TR RIS SRR LT 512 ERELS R D,
WO AT IZIBNTIE 9 » H DOV A Z BN STV AY 1980 A 1EE
£V 13 » AEIEMTHOILTEY | RERAVIZIE 18 » A EHEASE O H 72 2 JHEfis ) ]
DEHUESRF STV SH[3], BUHHEABEEE 30,000 MWA/t, EHEEY A 719 4 H
DA BUHHRBERE % 60,000 MWd/t, TERY A 7L 18 » H L BWHELT 5
ZET, BEIANMII0% U HETTLEINTWAHE]L, LrLERRs, i
5 ERBEEEAL O 72 D O EIXR FIF N OMEHZ T 2 A2 S S Ii|EE 2 b o
T D, EBRBEEACITRIREL O NI EHI S R < R D720 BREHEEE VL
T A DFEBEOWNN, BT Z(FP A AT X 2 BRI E O #30
FEOMEEDI SR, VI aAHEEORE LSRR THAHEM & D1k
FHROGC XV EE L CTRALEN AR T 2, mRBEE LI W F NS &
b3 25720, EEDOBEEENEMN L TRRLENELS 725 7[NS 5, FF
(2 PWR IR PR AR IR L 23 Fie iy i < B O RNk L < 72 5 ATREMEA
B2 DE LTRERMENED N TERY, ko viiaAf 4 OHIKIC
ELDONTICIMIEEEZRELLTEHAGELE L T=F72RM LT M5,

ZIRLO %D Zr-Nb 2PV a A S4an i SnFEHE STV 53], Zr-Nb 5%
V3= AEEOENIZIEEIIEE A 7S S 5V ITFNERBRIC ORE T



JAEA-Review 2017-035

XD, ZOMEMEOE I DMIZHRKT 56O ThH D 0ILZERITITH LI
S TNR[5], [6].

INBIRTFNREL T YT ETEHERFFIFNTHEH L LM EOSE
BG J ONE D 2 DFBREIN O BEAICRE T 2098 21T O BN B 5,

1.2 #5k

AN CIE, 3 1 FZBWTFmE LT, Ao R E BHY, MHkico
WTIR TS,

W2 ETIE, FFPREMEEM L o A A e N REE AP INER BT ISR S E
FHEAEBRBIIONWTERTWND, Vb a= APV L)
<, MEMERBWZ Enb | FEFFEREHEEE OMELE L TR HNWLRT
Wb, AR Bk, I/abEGELYNAS T LARETHLYNVIaA 4 BNIREHE
BME L THERSNTE 22, BIE, IVMEEOEW Ze-Nb RULa=7 A
BE~DEZWZNPEALTND, LU, Zr-Nb RO &M D & S A
HET 28 D TH D 0MEH BT > TORYY, ARAFZETIL, Zr-Nb R D&M
DIRIEZ B 52T D72 DIZ X — i gk % —(SCK - CEN)D AT %
R B K L— 7 Cortelini 2 VN T Ze-Nb R G4 TH D MS Lo v oA 412%F
L PWR D4R LA A L7285 T TR 21TV, B REHERF OR(LEEDOE
K& BRICFEA = ABEOFEEZRANTHEE L, FHMILTW5,

B3ETIE, B2 EEETYI IOV GEOBRIZONTRRTWV S,
%2 ETIE, BEEBICOWTEREFIBLENGFHME L7223, 3 3 ®EiTk

iWﬁﬁ%%@y»ﬁm%4kM5gmvc%@@k&ﬁ@%ﬁ%%@@%
WrafiToCWb, Yo BEDBEEEIIRE DT T2LODEMIZST
D, PIOBEEEEIT =FRANIEN, TORMBILEFEES R H D L EVMVE
%@25&\Mﬁ&%@ﬁ%@%%%ﬁVM@E%Kﬁﬁ¢57v477?1
A AL~ L BT 2 FENM SN TWD[T]-9], BRERTO UV v A G4 0L
EDREIZ DWW TIE, BEERIEIZIT 5B F0ME5E OYLHOR 72 B RAL T/
TR BB R EEZ T DB N0, BREZOV LI 0 A G54
DB, BALEIEOMIEZGEY KT 2 & T, BRIIEEIZHETT 5 F0
O, BACEEOMIEIC K D MENEREEICEEL 52 5B2 0605, T
b, TUA T T U oA IR OBICHE S BFEIRIC X 0 AT DRI



JAEA-Review 2017-035

FORNTL VB ER SN FEEA DI, BALEZIEOME U AR L R R
& FM T D AETRIE 72 & OBRAL DO BEM A RS T RIS B A2 5 2 155 &
EZOND, FITUEIBETIII L A 4 & M5 OV RO B H He: %
LT 57201, BRRBRZOZTNENOMALEEIZ L, /M S 5RBk %
P2 BRIRE 712 X 2 A Z ekl 2 520 U 7=, 15 D7 fr - S Eh#R ISk LT
HIRERMNT A2 LAV~ v 7 4 )V E O T2 R X 0 #E kS o sk
EBERET2FEEZRHNTONT T A 4L M5 O EORE R D 7% %
SN LTV 5D,

H o4 BT, RIS ONREBRMENCH O 2203 BIRFIF N O @ W HE RO
WL Z I T DA — AT F A FRAT L ZORFIL L ICET S
WFFEIZ OV TR TN D,

IASCC 3R 47 D FH iy & 5Hli9~ 5 E Tl ClikiEn e WiETH Y . JAEA
TIIAERERERAF 2 F V72 TASCC HFZE D3 ED DAL TV D, M A58 D 412 . JASCC
DORBMELL B IRE L7238 2 L7257 TASCC $ABR2NGGHE S 1TV D 23,
ZOEBUIIHEA REEN H D, TASCC REROEIZH-0 . R ZHNEL
T2 AT v U ARG % v 2 VITIFNICEBIRIEET 2F L 220, B %+
7BV H &S TASCC Al Z 9 AR R S e . ¥ ¥ TR A EIS L ORE
MR NEE L IpoTe, 2D MERRBRIF IZ 30T 29 FRIFNICHTE L, IASCC
OEZ EE5 1.0X10%°-3.9%X10%*° n/m? (E >1MeV)D HVETF-BE 252 1) 7= 25
U AR &0 BB A U E L TR 21T o T D, el IR & ki
EHER KL OF ¥ 72 VNI 346 O FEM TR R L 0 A7 v L 2Bl v 71
HMEE ORI TIZ351T 5 TIASCC 2 MO RN 2 & Tefdt e 21T > T
a3

F7o. FFHIASCC R FEM D 2 12I1E, BN ZIT o7 AT b A8l & RIS
MOBHEEZITOVEND D, RO LICEW TR EM B B 25 17
DL I L0 BEHBERHROIZ U & H LEOEZE#R) A2 E L. AN
BREDKMG0KFZH) KLY 7 A(He)DAERL., A4aTtHEDOMmIT. BT H % O #%
BAbZe EAE T DPHCBIRNMEE 72D, AT L ASHO RS — RIS E
D2 R T 27O B OB CToh 5 SUS316 Hilkf o FgiF & R
S a e L, MR a2 1T o T D, BERIIM BB IFOMTR)FNIZ T
4 RS L, 1X10% n/m® O P 7-JRE 25210 72 % v 7R L OB (A ~2—)
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F2F PWRIRE NIZBIT 5V nA Ge0E

2.1 HIiE

M

v a =g AFFETRIEE RSN S EENR RN En b, Yra=
UAEERDET DU =T AEEITETIFREHEE OMELE L TR H
WHILTWA[][2], PWRIZEBWTIE, AR, #&, 7oz Ediherdla=u s
HETHDHLYNVAaA 4 (Zr-1.5%Sn-0.2%Fe-0.1%Cr) MREMEEM & L CTEH S h
TE D3] wRwE T b & v 2 REHMETE L 2 B ) & L 7o BB R BE AL
PED LI THEY | ERBEE I E OB O N ERE SN 2 729, &
DIEMEDH D Zr-Nb RV =7 AGEOEABRKRT STV DH[4], ~ILF
—% g —n v RO FFICBW I T TICEHEMERIHHFTE 5 Zr-Nb R UL
T2 AAREETHD M5 (Zr-1%Nb) Vv a =7 AE4 TH D Zirlo
(Zr-1%Nb-1%Sn-0.1%Fe) ~DEEERE S I N ED LN TEY, £72, HA

IZH T MDA (Zr-0.5%Nb-0.5%Sn-0.3%Fe-0.4%Cr)% @ Zr-Nb 2 /L2 =17
BHE~NDEEWZ DT ODMENED LTV DH[4]-[8]. Zr-Nb R/l a =1 A
BAOENTZMEMEITIFI S D WITFNRERICTORS N TE 2R, ZomaEtE
DESIPZHEKTDHH DO TH D DIEREZERIZIEI S NITR > THRV[9],
[10], Fig. 2.1.1 IZRT L2V mA GO EEEIFIRES ST TZOoDOK
BEZ 0T v, B LIRS TN IS B AR LT 1/3 SRAINCHE V., 0k, R
EHIEDIE SN D LEVMEE X 5 & Eﬁﬂ:&ﬂ%mﬂz%%ﬁé ITVATT U=
AL EMIEINDIMIBICIECVRAERBRE~EEBRTHIERMONLTND
[4][11][12]c 7 vA 27 T O A BEL DO VT v A GaORLEIED R
DUWNTIE, BBEZIEIZ T 5 E O 58 OILHGEE 7 EiE S b R A3 1L
BN R RE 2 R T 5 R L 70 b LB R %imfio D BRAL R T O E R E)
DL, EFBENEREEZHEET L LT oM E ., WITEREA A O EH
MR D,

Nb DAFLEIZ L Bt EPED B B2V T Yamana I L FORLEZE 2 T\ 5,
AL DR BRI IR DNLETH Y . Bbixb/&R fm cAEL 5,
L= o T, Zr0, % £ & T A b RO R F sl X WE BB E IR TFT 5,
B R L RIS DAL BRIV v A e T, WEBENII L T4 (FIC
Ir A4V, T2V (BRATNBLPEFICERTS2EEZONTVWD,
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FAEAIVN T a AL EEPTARETH LN, 7T =4 v LB ORI A
ERIFET, ZOXINT, BAA U EBEBTFOWNT I, ET2XE O TR ERL
RO R REZHIET 5, 22T, —fiKIZ. Nb A F > OJEFiifRE&IL, 2+(NbO
HN) B 5HNbOs H)FE TEALTH 2 ERF BN TN D, Nb A 0K, Zr A 4>
EVERWFEARIREZ AT 5D T, X OERWRERIE 2+ E 721X 4+2 675 2
EMTE D, N, Os B HENENT 5 &L 7 {5EFRE KON Ak (GB)miE =R
P L, 2V 7 REERIT GB £V b Nb,Os B A BICBUK TH 2, thF 1L, 6
L= RV F—D NbOs & A BRI L - THER S 72, 2k, +5 ffi Nb &
V(BEEZEF) & ORID 7 —u U OB AAERORERTH D L L, T OfER,
ZE FLYEEIZ BT 2 IR B BB (S B ) S T 5 & B 2 D ENR K D[13].

ZEFLOPLFNZ DWW TIX, RREEO G ENEELISMT, %@@ @F%%M@ﬁ%
T DML RVED, BWITROR AL A F U fE b % ER D
GMFAEBUCEILREZHBE LD, T7hbb, m@a%ﬁﬁ/@ﬁ%ﬁm
i) & 0 b/ WRFMZ OB A 4 BNERTHIEER M$$%%ot (i
T A IR R LB LEEN KT D &2 b5, M REWET
fili 2 FFOBG A A 2 DN E T AUXZEFLIR B I3 L bR ﬁiﬁ?#ék%z%
N5, LT TIORTIES IR, 6 &, THROITLFEORMN Zr DT VA 7T
U = A FIOMMERIEMER EIZITEE L E ST 5[14], Nb (XFEI2 5 MR
MzEROBA A4 & L TE# SIS, F7z. Otgonbaatar fLiXLL N OREIZIE~T
W%, Nb X Zr Bl#E 1 EO@E#IUKRE & U CEICERLIREE+S TR L., BATO
BT ADOEMEFFD Zr ZLIZ L > TR END, X 5IZ, Nb ORERIZBE L
FlE, T b b LEREICE T 2B bR IEIZIRE S LD, IEH A ZrO, 1D Nb
DEANIL, Zr ZZHB L OHHETFOREZEAD S, BREEALOREZED S
5, HHT o ARBERLETH D LTI, Zr BEOREHFEETRIIKTT 2
Nb DFEPAFITH Y . BFENBLEEZHHET 20X N ITAHETH
5[15].

UEDXSZ, Z7vA 7T 0= DRIOBILIZOWVWTIL, ZOX97%2I7 1
IR RIZ BT IR T, BT L OB ZEILOILE & 2 BLE D ORI R
RHEEOXMEVIBETHT DL ENHEKD, LR, vl d
GOBEREIIZIERNEETHDL T LA 7T 0 = A TxT DD 20,
IKBWRIN D7 Bk 2 R BERPFIET D72, #and> D E O B L 2 P
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T OMEDIEE £ TR TV, ABFEICE W T, £ 7 AFEIZEBWT Zr-Nb
AROMEEORIFEEZF SN THZ L2 HE LT PWREMEFIZEIT % Zr-Nb
RN A= AEBEMS LU a A 4 OREE PWR KEREE TIZI 1T 2 8 &R
DFx T HRR AT T2,

NI uA GEDBFRIZBWT, BHFBER XL OEEKREN FERER 2 R
T HIIPA SN TH 5H[4], [16]. KEEE TIZBIT 2V v A 5805
& LT, mEKF OUEAFRRFHEL KD BB R X0 AT DRI FET D
[4], BEMTH DKL, BB EZ TS Z L THR L, REITBERLKFES
/e COEREBASELILENERIND, YV InAfBEDRRIL,
R AR OB {b R 5/ 4 8 S il O JEHUC KL S VB 03, TRl B 1 3 b LI D ke e
WZFEVE T %, Zauid, B oI o b AS 1/3 FANTHE > TV D ERHTO
TR CTITB 50 TH A[17], [18], AWFFETIZ, YrhvaA 4 & Zr-NbRY /LI 1
A B4 MS OB RZEBOZEZ LT 5 72912, i PWR KEREE FIZBW TR
IKFBREZ NT A= L LTERERBREZITV, BT A v E—F U 2B K
OHEEHIBIE 1T o7,

Posttransition
(linear)

Transitory
(cyclic)

.
\ Y
.
.
P
P
.

Pretransition
L (cubic)

WEIGHT GAIN OR OXIDE THICKNESS
T

CORROSION TIME

Fig. 2.1.1 Schematic representation of the zirconium alloy corrosion
showing the pretransition, transitory, and posttransition regions. The dashed
lines indicate early models that recognized only the pre- and posttransition
regimes. Reproduced from Hillner, E.; Franklin, D. G.; Smee, J. D. J. Nucl.
Mater. 2000, 278, 334.[4]
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2.2 FEifE PWR KEREE FICBIT AU v ha A 4 & M5 OE R

221 #=

UvaA 4 & MS OHEIZ OV T ASME OREHEF KO LOCA RS BREE

T LB RERBR O T — 2 I3F1ET 5 H3[19], [20]. PWR OJEEREREEIZITV K
BREERAETMS &N aA 4 Z A L7322 <137, AR Tl v
°~E%ﬁﬁ”ky&~@m<wmm@ﬁ¢éPWR—ﬁ%ﬁ%?é%ﬁﬁﬁm
R L —7" Cortelini ZfEH L PWR (28T DIIIEANZ G o CTRLEE L 7-., g
PWR KERIE FIZB T viaA 4 & MS OBFRERABREIT -7,

PWR — ¥R D/KEREE I3 D TSN AE U X 5 ITEENTEY . FFDK
JSEERIBI O FEE e UCHIEIE L 7 I LT A LRI A FRBMMEH STV 5
AV BE T IRGER IR U ER(HBOs) iR S, R UBRTOR T RiE
FElZ X0 HDEE 21T 5 FRTH Y, S UBRIT —RGEM 28RS T 5D T,
pH A & L CKER(L Y 57 A(LIOH) MR E TV 5D, £, RS fRIC
X DR DR & N LIl 3R 2 AR EEISHERF T 2 7o IR F BRI s T
WA5[211-[23].

IhaEE xS ARER AIEER KL — 7 & W T PWR KRS A 1 L 7- B 5
TTYIaA 4 & M ODBFERREIT->72, PWR OKREITESIT 5%, 18
BAKDA— k7 L—T N TOIRFEIL 325 °C KJEITH 15 MPa il L7z, £7-.
R UFEIRRE 1000 ppm, U T U APREE2 ppm & L7z, ZAUX PWRIEERIZHIT D
A 7 NI OALF AT E T 5H[23], v A 4 & MS DERFEDESL
FARD 72 FFLO PWR BRI 2 K U 7= i EKEREE T C. IAFKRIRE LA
b, BKRBHREFIZOEIWAR OB AR 21T - 70, FRMHCB T ki
L o EEHMORIER X RO BMEEBILE 21T 9 & 2, EIFITIWEFEK
FRBEIZTON A 4L M5SDFEREHABRFPOBZLTA o E—F o AJNERLIES
M LSRR A Lz, —RIC, KOS & O TOBFEITES
IEFRIGE WO M E b > Tk Y, EXb A v E—F U AEITEEDO Y T
JVE A L inssitu OFHINCIB W T E DD TR RFHIIFETH 5[24], Hilx X

BARLIITV VIR A 4 12OV THEAR V@)7W&4A#M%H%kbfﬁﬁ
BFA v E—F v AJNEZFH LTV DH[25], ZOFEORRE LT, BRIEE
DOfEHEIZ OV TIERD b, BIEIC L BN EHazto FiEC L7
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—HICESDNWTKRETAMERD D Z &, S HICER A ARWERZDKR
SRERERDENDIEINDH DD, —J7. U T IVZ A L in-situ 722 FHADS ATHE,
LD ZEHEEICEAT 2 HERNGELND &0 ) RETA & O EVER 2 DFT
MFEE L THTH 525,

2.2.2 FEEGE

2.2.2.1 JEERABRSAE

SCK * CEN OA T % &k mE KB /L — 7 Cortelini ZfEH L., YL huaA 4
& M5 DEBRFERREZIT o772, EEOHINBLITEL Fig. 2.2.1()ITEEX %
Fig. 22.1(b)IZ/~d, ARLEEIL, EICENRER, ®ER T, KEREEENS
MRk S, PWR O—RBHEHIKGEMFTRENPITA D L ICEH I TV D, Bk
MyviaAa 4 L MS OMAKLEOE L7ZRBREEo~ N 7 222 hEh
Table 2.2.1 L T*2.2.2 (2777, PWR OKEREESRMFITIEST 54, 3B OfEERK
DA — ~ 7 L—7 N TOIREEIL 325 °C, /KEITA) 15 MPa [ZHil# L7z, £ 72 . PWR
DIFLKERBESRIF SR T D722, A B 1000 ppm MV T 7 AR
2ppm & L7z, ZAUE PWRIEHRIZET D0 A 7 A OILER ST 5 2
EHRAME LT LAZ211-23], £ 72 PWR IZKERNHIT > THEM H O
R T 5, 2 2C, BRBRPOBEFEKRBERMEIZONT, Irhing 4 L
M5 D LR 2 VR F K FE TR T 2 em’/kg (STP). 25 cm’/kg (STP)} (X 50 cm’/kg
(STP)DERELTIT o 7o AFKFRIIKICFHERE TR T 2 KB DEICLY =k
a—/L L, KEREFFOME MR L7, @5, PWR (BT 5 KFEIREIX
25 em’/kg (STPYRRFEICEHL SN D Z LD ZNEEEICEENRKE WEE L /N
SWGE L L TRBRGEEZRE Lz, &RBREHIC OV TRERIMIZ 29 HE L
oo BRERBZOEEHEMEREELVBILBEOEAZHET H-DICT N
7 A 4 KOMS OFERF I3 LTS BB AT & OVE &% o B a2 8 4=
+0.0001 g OFEE CTHIE L2, EEHEMNOWETEIZIZE S 3 cm OE R A% H
W, BRRIORBRAOEEIIV VIO A 4 TH45g M5 TH39g TH D,
Fo, KEEHm LI BT 1 om OBREER T A REBEHRBRT & LTH
A

_11_
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Table 2.2.1 Chemical compositions

[wt%]
Material Zr Sn Fe Cr Nb 0]
Zircaloy-4 Balance 1.45 0.2 0.1 - -
M5 Balance - - - 1.0 0.13
Table 2.2.2 Test matrix
H,
Run No. Number of specimens (cm’/kg
(STP))
Run 1 6 (M5 X3, Zircaloy-4 X 3) 2
Run 2 6 (M5 X3, Zircaloy-4 X 3) 25
Run 3 6 (M5X3, Zircaloy-4 X 3) 50
Run 4 1 (Zircaloy-4)[for EIS] 0
Run 5 2 (M5 X1, Zircaloy-4 X 1) [for EIS] 25

[Water condition: 325 °C, 15 MPa, Boron 1000 ppm, Lithium 2 ppm]

_12_
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Pressure and Temperature Controller

Autoclave Control unit

Water chemical conditioner

Fig. 2.2.1(a) Photo of corrosion test loop in SCK*CEN

Band heater

v

Ion-exchanger resin

Autoclave
Specimens
. Reference
chemistry electrode
conditioner (YS 7 [NifNiO])

High pressure pump

Fig. 2.2.1(b) Schematic drawing of corrosion test loop
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2222 BRAILFEA o E—H U RE

BafbsA v v —& 2 AHGE(EIS, Electrochemical Impedance Spectroscopy)id
BRI L A OB R 2 T 2 FiE & LTHE ) Th 5[24],[25). EIS %
21220, EREHREBRO SEM B LU WDS BIE5ER L0 . YikikBrh 0B
RIZREEELZ AT 528BTHY | —KREIEL AT 2488 OEMERKET
JV[26]-[28]7° 5 Fig. 222 IZ/RTET )V & FDOEMAIKEZMEE L, 22T, W
XU —T NI A o E—F A RITOWHERL, CIXEM _HEEAETH D, BL
R B53% 1 O ¥ —1E A B JE L C CPE(constant phase element) Z £ 4 L TV 5 [28],

DhuaA 4RBRA A — F 7 L—T ISR E LIRTEKEIEEE 0 cm’/kg (STP)
DEMT EIS ATV 5 29 AR OB EABR 21T o 72, AUBREEE L, AL
BHEELRRT A« TN 25y ShvbiERk S i, 3B A 12(100,000~
0.01 Hz, #EMH =10 mV)DJE OB LEZHM L, EE & ERZE L TEEA
JNCxF9 % Bt & BIEICRT 285 L OMAEE L ERIE L, sRBR T o
DIERNT AT 072, Fiz, D haA 4 KOMS Z[d—DA4— 7 L—T NI
AR L. 25 cm’/kg (STP) DZfETEIS 2T\ e85 29 A0 E ARER 217> 72,
AR E 1T Gamry AERIRT L A AE v b BN ) ZE b - R BUSE R

Wr— Ao 27 A(PC4-300)& W=, B2V —% /=L 7 ha—RE L,
KT A— F 7 V=T BHE AW, £, BEEMIZITA v MY 7 R2ENL
Vb a = AHIZNI/NIO 3K %z & U B REM(ECP)E »H—%& iz,

_14_
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Compact  Porous o _
metal  oxide layer ©xide layer Diffusion layer Bulk solution

| CPE
Bl Rohm [
Rox Ret W

Fig. 2.2.2 Assumed Zircaloy-4 model and equivalent circuit

2.2.3 5

2.2.3.1 B aABRAL 3

Fig. 223 IZRBRATI L ORBRE O ULV h v A 4 B OG5 E 2/~ T, R 135
WEBREOHRIZE Y BLEALTWe, B ITEERER. 1—R DA
HEATN, WFEE L. Wikl SEM 8182417 - 7= (Fig. 2.2.4), F£7-. Fig. 2.2.5 TR
F WDS 2 X DT 2 & FIAE SMAl O ZE AL ISR L R Cdp D 2 & A feai
L7z, SEM %ﬁé"f I3 JEOL #-# JXA-8530F % Fu 7=,

R OB RERER, BRRBRZOBEEHIN KL U BLEEE S 2 )AL DK
Wiz,

w2-w1 ‘
T= AXMog, X Mzro, = Dzro, (2.2.1)

ZIT, TIEHBbEFEES, WLHITEERRATOERE, W2 IEERR%ZOR
B, A FRBARERE. My, 1T 0o OBEREH[32.00]. Mz,ld ZrO, DB R
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[123.22]. Do, 1% Z1O, HE[6.0 g/em’ | TH D, Z ZC, ATHOEBEHINL ZrO,

WZEDHbDET D, Fig 2.2.6 [CEEEINE VRO IZILZIEE S LG KER

FOIFIRFEOMRZ R, EAFKFEIRE 2, 25, 50 cm’ /kg (STP) T 5 HE,

VRIFIRFRIRE 1L Z E40 13.1 ppb. 9.9 ppb, 8.3 ppb THHo7-, P A 4%

IKFEIRE DR (T 72 D HIEAFRE R O & V) BRI CIEB L IEO SR AR E < K

FIRE O RNT 72 BIEAFIE R OO FEIL TIEBB L E DO R /S v, —75
M5 [FKFRE I R D BT RO E D72 < RFRIHENEZ R LT, ZhbD

BN TS HIFEIC— T 5[29], [30], F 7=, EEIIIIR O - BLEZBEE

IXBB &L E SEM (N WDS Bl & —F L Tz,

Fig. 2.2.7 (2 ARBATORER Rl & BFEKFESLM 2 em’/kg (STP) K Y
25 cm’/kg (STPUZR W CTEA SH7-RBR T £l O SEM EEZ/R$, YLhaA
4 OFRER T R IR FIRE ORWEIR CIE, BB ENKE S ZILE L 2D
R B B oL D3, IKFIRE D S OEIR CIE IR E D 72 < Bt &M%
R, KRFEREICKT HEFENRO b, —J, MSIIKFREICRD LT
FNED R 30 70 < BAFIR Mt &M 2 R Lz,

Fig. 2.2.3 Zircaloy-4 specimens

_16_
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b
a [.]c
d

|—5um—| =5pum -

Fig. 2.2.4 Oxide layer imaging (Images a—d are secondary electron images and image a’
is a compositional image.)

[Zircaloy-4, Water conditions: 325 °C, 15 MPa, Hj: 2 cm3/kg]
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: Zr Level

| (Counts/s)

¢) SEM photo

Fig. 2.2.5 WDS analysis and SEM image (M5)
[M5, Water conditions: 325 °C, 15 MPa, Hj: 2 cm3/kg]
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|
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o Zircaloy-4
o M5

o Zircaloy-4
o M5

Fig. 2.2.6 Dependence of oxide layer thickness on the concentrations of dissolved

hydrogen and oxygen

[Water conditions: 325 °C, 15 MPa] (Calculated by weight gain)
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Before Exposure

Zircaloy-4 (Before exposure) M5 (Before exposure)

Zircaloy-4 (H,: 2 cm?/kg)

M5 (H,: 2 cm®/kg)

Zircaloy-4 (H,: 25 cm?/kg) M5 (H,: 25 cm?/kg)

Fig. 2.2.7 Corrosion of Zircaloy-4 and M5 surfaces [Water conditions: 325 °C, 15 MPa]
Zircaloy-4 shows a porous and rough surface for a low concentration of dissolved H,

(2 cm’/kg). M5 shows a smooth surface for both concentrations of dissolved H, (low

(2 cm’/kg) and high (25 cm’/kg)).
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2232 BERALFEA B —F L ABIE L R

22321 UrbuA 4fEE

WRAF/K T 0 cm’/kg (STPIC I T D P v A 4 JEAZRBRIE 0O EIS 4t DRy
M2k % Fig. 2.2.8 7 A % A MEXI TR, Fig. 2.2.8b I% Fig. 2.2.8a F O A > &
— B A EIR LI D TH D, HoNTT A F 2 MR TIE, (KE B
2 & & JE B Bl . AR < sy & 72 (Semicircle No. 1) & K % 72 - [
(Semicircle No. 2)D 2 FIRfF(E L, #7722 @2 H 55 VT v A ORI
DHOE L THITT D206 & —B3 5[29][311-[33], 4akERD EIS JIERIZ[H
AN N RS S 472, Fig. 2.2.8 1D Semicircle No. 2 [T/ v A 4 LRk
RO A2 R, XSl miciEiLcnWe, BEANRE TR, S 1%
A MRKOREMEME X SR OEE S ELVER 22508, EEORIEIS
BWTIE, EREORE ORI O I FE k4 2RERO-D, LIXLITEN
TR T a y b E3DH[34]-[36], ARBRICH WL TIE, RABRE R HESU T Fig.
2291283 K 9IC Fig. 222 OEM " HEREC % CPEICEXMZ T v T
AT ERREZT o2, EIST— X Offric kv | S " HEA&E Co & ok
Pt Ry 723 Fig. 2.2.8 D[ No. 2 MHEHRE LT,

AV E—H A Zo, 1L CPENHLLFO%EREHWTHE L,

_ 1
¢ (iw)PT’

(2.2.2)

ZIT, 0 AL, olTAEEEL T 1L CPE EX. PIXCPEfHTH
%o PITIERITETHY ., T OHMIL F ' TH D, T74bbH. P=1 Thiud,
RKQ2DIFEM _EEEECICEAA L E—=F AL TIIEMR _BEEFE
C LE2fithnd, FAXANTBY NOT 4 vTF 4 v T LFEMIZONTIE
ZSimpWin v3.21 ¥ 7 h U =7 & H\\2[37], EBRIZE W T, FHOKmRIEIE S
IR T AT, EMBERE O AN DHEE L TR IMA LTz, ¥
niraA 4 OBALEBEIZOWT T 4 v 7 4 7RO K EH LS —&E
JE 2 & Co e OV ST R ODRFIZEAL % Fig. 2.2.10 KON Fig. 2.2.11 127”77,
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Z T BOSEEIC SIS T D RERE e LT5 & BALEEHTZY O&R
DAL EE RS L

L. = 1/(mRu®), (2.2.3)

ERINDR25], T2 TmIINGOFEEIC L > TIRE D EHK. OIX

® = F/RT (2.2.4)
[F:7 7 77 —E8. RRMFER, TR

TH D25, Lo T, KISEOFEFIZZER 2T L m ZEETHY | UGS
% SO U721 R DI & 72 5 [25], Fig. 2.2.11 X 0 iRABREER & & © 12 R AN
LODITFTNDZENnG, BILEENLE L THE L, BEERIHEIIZL <
o TWole, TRbObLBLEENME T L o7z LI SN D,

22322 UNFImA 4 & M5B EISIZ X2 iR

FZHR D PWR SEEEHF |2 UV VATE/AK B 25 em’/kg (STP)IZIRB W T, P a A
4 BLOMS OFERBRZITV, EISZHE L, PvnA 4 TOMS OEGE
REREF D EIS FrEO B L 2R T 72012, A4 F A MRROMRENLR L0 %
Fig. 2.2.12 }x 0" Fig. 2.2.13 (27”7,
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Fig. 2.2.8 Nyquist diagram for Zircaloy-4 [Hy: 0 cm’/kg: Water conditions: 325 °C,
15 MPa]

(Fig. 2.2.8a is a Nyquist diagram and Fig. 2.2.8b shows a magnified view of a portion of
Fig. 2.2.8a.)
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Fig. 2.2.9 Simplified model of Zircaloy-4 oxidation
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Fig. 2.2.10 Electrochemical double-layer capacity calculated using the second
semicircle of the Nyquist diagram

(Zircaloy-4, Ha: 0 cm’/kg [Water conditions: 325 °C, 15 MPa])
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Fig. 2.2.11 Polarization resistance calculated using the second semicircle of the Nyquist

diagram
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Fig. 2.2.12 Nyquist diagram of Zircalloy-4 [H»:25 cm’/kg : Water conditions: 325 °C,
15 MPa]
(Fig. 2.2.12a is Nyquist diagram and Fig. 2.2.12b shows a magnified view of a portion
of Fig. 2.2.12a.)
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Fig. 2.2.13 Nyquist diagram for M5 [Hy: 25 cm’/kg : Water conditions: 325 °C,

15 MPa] (Fig. 2.2.13a is Nyquist diagram and Fig. 2.2.13b shows a magnified view of
a portion of Fig. 2.2.13a.)
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Fig. 2.2.14 Assumed M5 model and equivalent circuit in initial period
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Fig. 2.2.15 Electrochemical double-layer capacity
(Zircaloy-4, second semicircle, Hy: 25 cm’ /kg [Water conditions: 325 °C, 15 MPa])
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(Zircaloy-4, second semicircle, Hy: 25 cm’/kg [Water conditions: 325 °C, 15 MPa))
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Fig. 2.2.16 Polarization resistance
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Fig. 2.2.17 Electrochemical double-layer capacity
(M35, second semicircle, Hy: 25 cm’/kg [Water conditions: 325 °C, 15 MPa])
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Fig. 2.2.18 Polarization resistance

(M3, second semicircle, Hy: 25 cm’/kg [Water conditions: 325 °C, 15 MPa])
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BOFIEGICEY, HESNIMEEREHWT, 27 > 7 i+l £ THT
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Table 3.1 XRD Test condition

Goniometer Ultima IV
Scanning Mode 20/6
Scanning Type Continuous-scan

Detector Scintillation counter
Tube voltage 40 kV
Tube current 40 mA
Divergence slit 2/3°

Soller slit 10 mm
Scattering slit 8.0 mm
Receiving slit open

Scanning range 10-100°
Minimum step width 0.02°
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C, Er,R,i

max

A

Z,L,K)

A 4

FEM Analysis
V(LK) B,

Kalman filter

l Yes

Cﬁn =

!max+1

Fig. 3.1 Flow chart for inverse analysis
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an L s .
W/i.g:'f.éﬁ/'};

= ey

1 um T = Thickness of
* oxide layer

Image of micro indentation FEM Model

FEM CODE: LS-DYNA
Micro indentation model

2D axis model
Minimum element size: 0.03x0.03 mm?®
Number of node 14052

Number of elements: 3889

Fig. 3.2 FEM model and schematic of for indentation tests
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ZHIME L7, Fig. 3.4 IC¥ v v A 4 & M5 Ol B IEHERT IR 0 TEM #1534 % 7~
7, FhE L7- TEM BIZ T, R Sz L R IEIC DD TR S D 7= B
BT D Z LTk o T,
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E O ITER S E T 1/3 THNIHE - THIN L B S LA I 88 U 2% fLE 72 4%

NIRRT LT D2 Z LIS Lo THEIML TV 2 (T LA 7 T 7 = A)NH
HIVTWA[]3], &> T, MECE LI DOVEE & i3~ 5556 B S LLAT
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RN B 2 2 b0, 1 SEHAHRRER b O EIRRECIN T8 O f i 7e &) & OF#AT

_48_



JAEA-Review 2017-035

AT EOREE DS . SCHRE & BB OFRIRIS NIZER AT T L BEZ B D,
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Table 3.2 Young's modulus and Poisson's ratio

M5 Zircaloy-4
Young's modulus E, (GPa) 94.3475 96.1875
Poisson's ratio v 0.341 0.296
Table 3.3 Initial parameters
M5 Zircaloy-4
Yield stress o, (MPa) 400 430
Work-hardening coefficient A (MPa) 630 700
work-hardening exponent n 0.06 0.14
Table 3.4 Parameters of base materials
M5 Zircaloy-4
Yield stress o, (MPa) 504 460
Work-hardening coefficient A (MPa) 591 691
work-hardening exponent n 0.07 0.21
Table 3.5 Parameters of oxide layers
M5 Zircaloy-4
Yield stress o, (MPa) 315 440
Work-hardening coefficient A (MPa) 815 795
work-hardening exponent n 0.054 0.021
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10kvV.  x33,000 TR  2015/05/01 18 30 SEM_SEI
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10KV x4  2015/05/01 18 40 SEM SEI
5 um FIB apparatus

Fig. 3.3 Fabrication of TEM specimen by FIB
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oxide layer
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M35 oxide layer (H»:25 cm’/kg)

oxide layer

200 nm
[

Zircaloy-4 oxide layer (H,:25 cm’/kg)

Fig. 3.4 TEM Observation of oxide layer
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Fig. 3.5 Dependence of oxide layer thickness on the concentrations of
dissolved hydrogen and oxygen
[Water conditions: 325 °C, 15 MPa] (Calculated by weight gain)
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Fig. 3.6 Schematic representation of the zirconium alloy corrosion showing
the pretransition, transitory, and posttransition regions. The dashed lines
indicate early models that recognized only the pre- and posttransition
regimes. Reproduced from Hillner, E.; Franklin, D. G.; Smee, J. D. J. Nucl.
Mater. 2000, 278, 334. [1]
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Fig. 3.7 Result of XRD test (H,: 2 cm’/kg)
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Fig. 3.8 Result of XRD test (H;:25 cm’/kg)
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Fig. 3.9 Result of XRD test (H,:50 cm’/kg)
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Fig. 3.10 Comparison between XRD result and database (H:2 cm’/kg)
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Fig. 3.11 Comparison between XRD result and database (H»:25 cm’/kg)
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Fig. 3.12 Comparison between XRD result and database (H,:50 cm’/kg)
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Fig. 3.13 Results of Nano indentation test of M5
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Fig. 3.14 Results of Nano indentation test of Zircaloy-4
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Fig. 3.15  True stress - True strain curve [11][12]
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Fig. 3.16 True stress - true strain curve evaluated from Nano indentation test
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Fig. 3.17 Nominal stress — Nominal strain curve (Simulation)
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JEEIENC BT D rA 4 & M5 O EIS ORIER BOEWL, M5 OER{L K
BEUIvBmA 4 ([T TERVIINCZEIE L T 52T T L TRk
HZEER LT, 3EICBWTL, BERBRICTEKR LIz VI aA 4 Db
& M5 DFE{LEIEIZ DT BRI -2 W 7o 0 il S 5R8R 2 550 L 7=, BRIk
JEFZ &L B A S GRER D> & 15 7 faf FE-14 S BRIk L C L A RREER M 2 82 L.
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FREDBAD L L0 RERISHDODIND Z & T, REFUC X O 55 Sbbr PN 5 % 1
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75 SCC DRAEMED AN < 41 5 [4],

JRTF 177 MZBITDHAT L AHO SCC 1L, 1966 FIZKEIZFH W T
Dresden-1 S0 —RIGTEER SRR 12\ CTHID TR &N 72 [5][6], VLA,
1970 =225 1990 223 T, PWR BL N BWR 77 > MZEBW TR~ & SCC
IR STz, SCC IZBT 2K NIIIZAT oI, ZDFER, 27 L A8
IZFB1T 5 SCC 1%, MEH IENBLUOREDO =RF1PEETLHZ L TAEL LA
BB THDHZ EVHIA LT, Fig. 4.1.3 IR 2779, T oA 265 & LT,
Fig. 4.1.4 (TR T XD ICREBEEHENK 0.03% U EOF—ZATF A FAT LA
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£ 912, Mo N, IRRFZMOBARFR BN KX SNz, BREDRKFITOWTIES)
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V== U TR K DRSO ENRK ST, KRTOEEN NS B
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LN LRNE, JBFHN7 72 MBWT, FES I SN2 iEA S CIEE
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SHZ XY SCC D3 SOHERTH 60K, BREE. IS ORI EGHIIC
TERLCRETDHLEEZLNTWD[S], Fig. 4.1.7 (TS &~ ﬁfﬂ%b
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CriRENMETT 52 L TAT U LV ADMEMEIME T L, Si <0 P OJREEHINTHE

BINCEAENELDZ E & D,
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Fig. 4.1.1 Nuclear transformation in Stainless steel
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204m

Intergranular Stress Corrosion Transgranular Stress Corrosion
Cracking, IGSCC Cracking, TGSCC

3@ m
Ductile fracture

Fig. 4.1.2 IGSCC and TGSCC at SSRT fracture surface. [4]
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Fig. 4.1.3 Conceptual diagram of the factor of Stress Corrosion Cracking (SCC)
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Welding point

\ SCC

Heat Affected Zone (HAZ)

Grain boundary (7~8%Cr) In grain (18%Cr) Cr2306

o

Chromium carbide such as Cr23C6 is formed at the grain boundary and concentration of Cr in

the grain boundary becomes remarkably lowered, and the corrosion resistance is decreased.

Fig. 4.1.4 Heat Affected Zone of welding and grain boundary of sensitized 18Cr-8Ni
Stainless Steel
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Fig. 4.1.5 Improvement of Austenite Stainless steels
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Fig. 4.1.6 Conceptual diagram of improvement for SCC problem
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Environment
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Fig. 4.1.7 Conceptual diagram of the factor of Irradiation Assisted Stress Corrosion
Cracking (IASCC)
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Specification for Design
Max. Temperature: 325 °C
Max. Pressure: 10 MPa
Flow Rate: 400 kg/h/capsule
DO: 0—10 ppm

DH: 0-2 ppm

Fig. 4.1.8 Schematic drawing of in-pile IASCC test
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Fig. 4.1.9 Schematic drawing of IASCC test capsule
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0.5T-CT Specimen
(Thicknessof 12.7 mm)

Fig. 4.1.10 Schematic drawing of test unit
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Table 4.1.1 Examples of TASCC [8]

Component Material Reactor type Possible sources of stress
Fuel cladding 304SS BWR Fuel swelling

Fuel cladding 30458 PWR Fuel swelling

Fuel cladding® 20% Cr-25% Ni-Nb AGR Fuel swelling

Fuel cladding ferrules 20% Cr-25% Ni-Nb SGHWR Fabrication

Neutron source holders 30488 BWR Welding and Be swelling
Instrument dry tubes 30458 BWR Fabrication

Control rod absorber tubes 304/304L/316L SS BWR B,C swelling

Fuel bundle cap screws 30458 BWR Fabrication

Control rod follower rivets 30488 BWR Fabrication

Control blade handle 304SS BWR Low stress

Control blade sheath 30488 BWR Low stress

Control blades 304SS PWR Low stress

Plate type control blade 30488 BWR Low stress

Various bolis® A-286 PWR and BWR Service

Steam separator dryer bolts® A-286 BWR Service

Shroud head bolis” 600 BWR Service

Various bolts X-750 BWR and PWR Service

Guide tube support pins X-750 PWR Service

Jet pump beams X-750 BWR Service

Various springs X-750 BWR and PWR Service

Various springs 718 PWR Service

Baffle former bolts 316SS cold work PWR Torque, differential swelling
Core shroud 304/316/347/L SS BWR Weld residual stress
Top guide 304SS BWR Low stress (bending)

#Cracking in AGR fuel occurred during storage in spent fuel pond.

“Cracking of core intemal occurs away from high neutron and gamma fluxes.
AGR, Advanced gas-cooled reactor
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BR(PIE)D 7= b D HPE7-FR 2 IMTR (2 CTIT-> T\ 5 [11]-]13],
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FEARCHUN i b A2 Z T REMEZ B8 L T X7 57220,
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% 5 aRaER & il K T IZR T S SSRT & % L 72,
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Ni-19.04 Cr-0.23 Co (Wt%) T V. ZiUid SUS304 A7 > L AEICHI Y35, &
BR A Type 1113 1979 FF702 5 1986 4F-F T AIKH(323 K) T 28 A 7 L HIZHT
DY —F—Z AT N2y NNIZEM SN TV —XT 2l BRA TH 5,
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Z AL SUS316 AT v L AFICAEYS 35,

Type I & O Type 11 &R f 2%t Lo laEaliR 42 340 L7c, $£7-. TYPE I #E
2%} LC SSRT %3 L7, Fig. 4.2.1 (2R ~TEZ T, SIERERIL=E,
423 K, 561 K OIREE T CTIHEhE L7z, £7-, SSRT IXFEFEFEALAT > IR FIZ T,
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4.2.3.1 5|9
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RIS & R ONTERBIRE & LT L, FREICBW TN EIZ L O 9758
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SEM it % Fig. 4.2.5 /87, IGSCC $ LT TGSCC M Il iz,
SSRT BRI E#IZL L V. IGSCC 3 XY TGSCC DAl = & i BRIEE D EIf%
B L OSCHME[15][16] & D LL#k & Fig. 4.2.6 12779,423 KB L V453 KIZEBW T,
IGSCC B L OYTGSCC 13122 X 72 h>- 7=, Lorenzetto ftiix SUS316LN i U
R 2 T 363~633 K OIRE TEEAAER 21TV, HMkH 2 658k
FMETFTIESCC MBEAELRNZ EERLIE[1T7], £72, Ozawafliiz LV, 423K
~543 K OIRFEERIZHIT D PCo ORUHENRE SN TWD D, RN K &
725 DIE 513K Bt TH D EWME SN TWDH[18], F7z. Jenssen hix&ifL L
7= SUS304 A7 L ASHDIE ISR EII & RAERIEE 2 xh DI O8I S
WTHFEZ 1TV, SR RE O T LRI 32 2 L 23HE LT 5[19],
AT U AR D EREEDOEEIIKIEN BB LE 473K LTI/ 5 & L,
423 K~453 K O Tzl U723k 1713 IASCC = M2 RS20\ EE X Hb,

Lo T, 1x10°° n/m® OFPET ISR A2 725 v TR VAMEE X, BT O
HMEE OHET IR 423 K~432 K IZBW T, IASCC # 3| & i Z &7 L3l T
X5, ZhuE, b o5ERER & SSRT OFEFR LV | S v 72 Lo R
Sz T oM 2R T 5 Z LNk EEERT 5,

424 HEiG

JAEA |3 JMTR % 72 TASCC WF9E 2 D T 5, #7N TASCC #lliR 4 520 L
TV LT, X?VVX%%%%%%7?W®§%%%"Téﬁﬂ@
EMEIZONWT, @R 2R & Los iR & . @iREmRFE KT
SSRT L 0 &l L7, #ERIZIL, 09q¢63%m%mm(ﬁnkwwif%%é
IRy b BEWELTZRBRA L. N2 7y MR L 0.03-1.0x10%° n/m’
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(B> 1 MeV) & TR L7=RBR 2 -, BN T2 5 IASCC B v 7k
JVHMEE OIREEIL FEM fRMT X 0 423 K &Gl S 7z, RBRIRE 423 K 05| 5R
BRIl WT, 20N 17% UL ETHH Z L3R Lz, Fiz, REBRE 423 K
?® SSRT (ZF\\Clik, IGSCC i34 Uo7z,

INHORERIY, BHFy 72O RMBKNICE 22N HER SN,
TASCC A 78 H#BR Fr ~D ik - B S 3 AT RE & 72 o 72,
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Table 4.2.1 Summary of tensile test in air at 285 to 561 K

Test Total
Specimen Specimen Neutron fluence Yield stress Maximum
DPA temperature elongation
ID type (n/m?, E > 1 MeV) (MPa) stress (MPa)
K) (%)
TS65 Il 0.53 x 10%¢ 7.6 293 674 715 38.3
TS66 Il 0.53 x 10% 7.6 293 680 717 38.8
TS69 Il 0.55 x 10%¢ 7.9 293 692 723 36.8
TS70 | 0.55 x 10%¢ 7.9 293 685 719 37.0
TS71 | 0.55 x 10%¢ 7.9 293 696 725 39.8
TS68 | 0.62 x 10 8.9 293 693 727 39.3
TS81 1l 0.88 x 10%¢ 13 293 725 735 38.8
TS82 | 0.88 x 10%¢ 13 293 715 733 37.0
TS83 | 0.88 x 10%¢ 13 293 698 734 353
TS80 11 1.00 x 10%¢ 14 293 723 731 37.3
1-1 I 1.0 x 10°° 14 293 770 802 30.2
2.5-1 I 2.5%10°° 36 293 776 826 30.5
3.9-1 I 3.9 x 10% 56 293 725 811 29.7
3.9-5 I 3.9 x 10% 56 293 803 856 30.8
1-2 I 1.0 x 10°° 14 423 676 684 17.1
2.5-3 I 2.5%10% 36 423 685 696 18.8
3.9-4 I 3.9 x 10% 56 423 665 689 19.0
3.9-6 I 3.9 x 10% 56 423 693 715 18.4
1-3 I 1.0 x 10*° 14 561 637 654 12.9
2.5-4 I 2.5x%10% 36 561 635 670 13.4
3.9-3 I 3.9 x 10% 56 561 620 666 14.4
3.9-7 I 3.9 x 10% 56 561 608 650 13.1
Table 4.2.2 Summary of SSRT in oxygenated water at 423 to 533 K
Specim Fraction
Neutron fluence Test Yield Maximum Total Fraction Fraction of
en type of
Specimen ID (w/m* E>1 DPA | temperatu stress stress elongation | of IGSCC IGSCC+
TGSCC
MeV) re (K) (MPa) (MPa) (%) (%) TGSCC (%)
(%)
2.0-1 I 2.0x10% | 29 533 400 414 4.7 483 44.9 93.2
2.0-2 I 20x10* | 29 453 448 491 16.2 0 0 0
3.9-8 I 3.9x10% | 56 423 456 479 16.6 0 0 0
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R4 1.5
> <
\t v A
5 10
/ [ v R15
< 25 > k
55
< > [unit: mm)

(Type I, Obtained from outer tube of irradiated capsule)

R10 4
6 10 |:|
) v
40
110
[unit: mm]

(Type II, Irradiated in leaky type capsule)

Fig. 4.2.1 Dimension of tensile specimen
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- ® O Typs 316 S5 (Test temp. 293 K)
I B[] Tvpe 30455 (Test temp. 293 K)
A 2 Type 316 S5 (Test temp. 285 K) M. Shimizu et al ]
F & & Type 316LSS (Test temp. 293 K) [S.Saito st al ]
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Fig. 4.2.2 Yield stress and total elongation of tensile tests in air as a function of dpa
irradiated in JMTR][20][21]
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1000 : 50
| Tensile tests in air | |
0 QO 40
800 | E < _
= Tt N
S T s
< 600 ~0 T 302
2 =
o =
@ Ee)
- ‘\ )
S 400 LN 203
> 7 ! =
00 | AA1.0X10%n/m?2| N o
(LT 2.5 X10% n/m? —
1O@® 3.9X10% n/m?
0 ‘ ‘ ‘ 0
200 300 400 500 600

Test temperature (K)

Fig. 4.2.3 Yield stress and total elongation of tensile tests in air as a function of

temperature  (Neutron fluence > 1.0x10%° n/m?)

Lower plug

Outer tube

Welding
point

Fig. 4.2.4 Temperature distribution of the outer tube of the capsule under irradiation
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Fig. 4.2.5 Fracture surface of specimen failed in SSRT, (a) whole fracture surface, (b)
detail of IGSCC and (c¢) schematic illustration of (a)
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100

" [SSRT in water (DO=8-32 ppm) ° ]
4 '[INeutron fluence: 2.0-3.9 x 1026 n/m?2
g HTesttemp.: 423 - 533 K
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O || ®Thisstudy
8 H OKodamaetal.
— = ONakanoetal.
+ 60 [ ]
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o i
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= 20
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o
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O L . .\ L L L L
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Test temperature (K)

Fig. 4.2.6 Fraction of IGSCC and TGSCC as a function of SSRT temperature [15][16]
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4.3 SUS316 A7 > L G| D BETH - R IRETFI a2 12 36 1T £ (- ME R R A

43.1 #E

JAEAIZIASCCHIZE D —8g & LT, IMTRIFNIZEIT D AT o L A0 & Stk
BB O FE 2 FE L T\ 5, YRR TR FNTREBEF o RHEXD
HI|7E % Potential Drop Method (PDM){%TAT 9 72, TASCCOD L = VMELL B T
FREF TN T2 R A & wing & FEIEN APDMIE D = v |k ZVEEEIC L 0 Bt
T HMEN D H[22][23], L L6, BB OBEHEIZE O TR
LD L 0 AERT DA~V 7 LT ZANREEL 72 5 WTREMEN & 5 [24], &K
M OVEBEZDONWTAY 7 AT A YN U T2 i by 26 L7280 /2 o3 [25].
FEBRNZ i IR A BE & R 2/ N2 LT 7 — 2 13 7y, 2 2 Tl
TASCCRBRIZ 35\ T 5 S 41 5 UM — RN IS O M 2 T 5720
IZIASCCRRER (2 F 3 2 3R i A4 BT & 5 SUS3 1680 D Bt b4 & R RS BT #E S
BT DM G 21T - 72, BBEAIZIMTREFNIC TA4ERIIRST L. TIASCC 2
PIFIEEAFNT 5 &5 2 B DHF4 L ~ULAEY (1 X 10% n/m?)[26]0 HE 1 B8 5 2547
bilz 2 ¥ 7B VO (A=) DLRkBR A 2 8UE LTz, BB & RIS O
R E NBVEZ T A —2 L LTEML, EEE— NEOSEBILE L O
B A FEhE L C b L7z,

432 FEBR

43.2.1 R

MBFRRBF NI TR 21T 9 % ¥ 72 /L O (SUS3 168 2 ~—44) L v i
SRR A 2 BE LT, MEAPBHI R 1495 H > bR 1848 A & T4 K
ARERFN TS Sz, A=Y ~DO MRS &, Table 43. 1R T H—F ¥ 7
LN OB IRERER PO B & 4R PN o T B 7 6 BRI O 23 A (Fig. 4.3.1) % 0 &
B LTo, A=Y M ORI E T LHLA B IEE S MIZ-303mmTH Y . £D
FRES B 1T6x107 n/m* (31 MeV) Tdh 5, TSN TV A IFNIASCCRAER T ] &
DR O T B F130.3~3.0x10° n/m* TH D Z LD AX—H k7 5 8
TE LT S5k 248 9 = & TIASCCRBRIC 3 2 7B o xt L TL M T
i3 ATRECdp 5, ARMRGFNIZISTA & [F USUS3166F & 0 BAEL 72,
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Table 4.3.1 Material values of reference specimens and position in the reactor

H
Vertical distance Neutron ¢
. ) Production
from reactor Material | fluence (n/m dpa
’ amount
center (mm) E> 1 MeV)
(appm)
Reference 1 -127 SUS316L| 7.98x10%° 13.37 26.77
Reference 2 -133 SUS316L| 8.15 x10% 13.51 26.67
Reference 3 -139 SUS316L| 7.98 x10%° 13.32 26.03
Reference 4 -145 SUS316L| 8.10 x10%° 13.43 26.19
Reference 5 -151 SUS316L| 7.99 x10%° 13.31 26.41
Reference 6 -157 SUS316L| 7.99 x10%° 13.4 26.42
Irradiation capsule
400 \ T T T
B N | .
o N
\\ |
NENEENRNEE
I I I I AN
wl || HERNE
e L\
£ T
@ I | | \
§ 0 Reactor center
% Ly \
.;j 100 Reference
2 | specimens
i Y, B
=200 | | /
-0 [ A | mm<}—_ Spacer
AT
a0 yd
0.0 0.2 0.4 0.6 0.8 1.0

Neutron irradiation ration ~ (—)

Fig. 4.3.1 Neutron irradiation ratio and position of materials in JMTR
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4322 RERGE

Fig. 43210 G B 2R3, BEMEERT2E#ETCH Y | RRIIA > b
BAWNIC T T2 70, ERBIERTIGEERBREIC LY . HFEEOx ¥ LA
— PRI, AR ORBKNM 2 S5 Ui, BHEARELZEIE L7720,
WREERER 2R, 3R, SEb. 1080, 1SHPOSHREE Lic, WHitk. AR 2 Bl
L. BEEOIAL, HEEZIT> T b, @MBlEB I v I — 2l SR R %
Tolz, MM AEFERT A RBRTHY . &2 TOTRITE~HIEFR Y ML
DHF T =T L— % W CTE L7z, i SRR 1 b B E R Ml B (7
71 v AAV-502(FF) D) &2 AW T2, TE PRI ASEE - CTh v . BRI E X
980.7 mN, BAfMKFEIZIS TH 5,

Manipulater

Welder

Specimen

Fig. 4.3.2 Photo of welding test
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433 fEiRB I OB

433.1 4FREIEE

SABIER DG R A Fig. 4.3.3~Fig. 43.712 -7, MBI LV IEEE— RNOMR
RN 28 OK@AN Aoz, ZORIIREMMORIZRONT-Z Enb,
WHERIAIE YT OBEBICE VAU RICHEKRT L EE 26N, T4t
R DA A L LTI Z D ~Y 7 AL (mp) Kt XD KBRS
LIMKFBIIM BRI H D RREIXEE L, @R TIXEST 20T~ U AL
Eﬁ%@ﬁﬁ%%@%ﬁ%%@m%mbﬁmk%z6h1wam]%m ZHRPL,
NY T NIFHHATHD Z L OEEME R ~OBEBEEIFIZEErTHY | IR
@ﬁiﬁaf«ﬂ?A@gﬁﬁﬁ%<ﬁék«U?Aﬁ@&bfﬁﬁ%ﬁm\
Hrit® i 7e ST T 5, ARBRAWNICAERRT 2~V 7 A13KI20 appmFREE &
EZ LN, EERNTEENICHE — 1254 L TR Y @ O e Rz
IV U AR R, ARRBR I/ NABIREECH D . ERENL, SREICE
BhHZDIFEORERLTIANERTDHZ LT FRL W oz, Ll
MDH, WHEOTZDICRERENIMZ ONTRETIE, BEE— FEIZB T 5~
U ADOGEEITIFFICRELS DT b, ik :/ﬁ(ﬂﬂdﬁmﬁiﬁﬁ L2 &
T. Fig.433~Fig. 4371 RN D5Ja AR LT Z 2 bbb, AHLIE, &
PRITH T 2 KIS DR OFMIT BT (B 04 72 50 O W i F O Fn o> 2= W 1
(ZxPT DR AR A VTV 5H[28], AW TIX, B — FHOKIAEDFEIE &
LTHWD A2, T ERO e — RETmfE R OV%EE E— R OXIE O Wi iE
DOfzZRDH, B— FNHOWEMHEIZHKIT 2 KO mEE 2R 2K 5, Fig. 4.3.8
IR T DI, WEE—RFBIOIERLIZKEOEE LY | IS %wtﬁ®
N EEZ 2 Ea— NI VEIR L, Y — FROYERGE THAT
HEIETOHMEZRE L7Z, Table 4321289210 L 0 Iz 72 ANBAE:, ww@m
ERE OO B — REafEIZ T 5 B8~V U LAKJamEEOEIR), R
JADORE &R T, T2 CABEITEERFOEN, B, WHRFH & O A

n—7WREOER, B, A —7REE I FTiRo@d3. DAL v iHHE L,

ANEE: = (12xE i< EEx A 17— 7)) + (B < & xR ) - (4.3.1)

R D B RWNE R PIC 81 2 [T ER OF & & Fig. 4391737 A
BEO EFICEN, ~U U ARIAOEEEIANE A LEZ, 2, B— REick
o~V U NI A OB A IEATBRIC I ) TARE4.67 KRR 108) &
LEVMEE LTHR L, — ARSI OREIC SN T, 7 e —h— (&)
FEERICAE U 7o g ORI K W IR AR 2569 2 ST O TR 1 40 5% & SR O BRI %t
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T 5HADGEIET D31 %LL T TR I3 L CRE BT 7e v & &
TUW5BH[28], Lo T, YFLIASCCHEER D R Af — KRB B A O VE B2 D AN B &I
467TKILLFETHZ EMNEE LU,

Welding point

|
200 pm

Fig. 4.3.3 Metallography of welding point (15 s)

Welding point

Fig. 4.3.4 Metallography of welding point (10 s)
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Welding point

200 4m

Fig. 4.3.5 Metallography of welding point (5 s)

Welding point

200 pm

Fig. 4.3.6 Metallography of welding point (3 s)
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Welding point

200 pm
Fig. 4.3.7 Metallography of welding point (2 s)

Fig. 4.3.8 Measurements of area
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Table 4.3.2 Relation between Heat input and Helium bubble

Weldine i Heat i ¢ He bubble area le;jmu,m
elding time (s) eat input (kJ) ration (%) ubble size
(Lm)
2 1.41 0.26 29
3 1.82 0.88 61
5 2.63 0.43 46
10 4.67 0.31 43
15 6.53 2.55 149
3
& 25
g
)
g
= 15
%]
=
s 1
= |
D
= 05
[ |
0 , ,
0 2 4 6 8
Heat input (kJ)

Fig. 4.3.9 Heat input and He bubble area ratio
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4332 SR

WEEE— FBXORMICH LTy b — A Sl a Fhn Uiz, i SlBRI
M DR — NEET 5 X 912 35S TIT o 72, Fig. 4.3.101Z A HEIREH]
15F> DFRER Ik 2 18 S 3R 27,

B X 5Bk O B & Fig. 4.3.11~Fig. 4.3.15 % O'Table 4.3.3~Table 4.3.7127~x3, #if
SHBRONMEILEE LA ORI O R OFTZIAEZ0LE LTz, Table
4.3.3~Table 4.3.7 b~y F o 7 O ITEHE Y — RN~OFTZATH D, L —
RIEIZOWTITIEHEAR I LV M L VEERELS > TWnDd, Lo LR
5, BE— RNTHENE LK HESNAMERBIFE LT, ZOME DK
TIXHERET 22y b LEJEROEREE FIZ~Y U7 ARIENGFEET S Z
LICEWRELTEEEZOND, o, BMESIZOWTIR, BEM ORI
RIBFM ORI AR THEN G RAEBICH o 7o, TiuE, FHETFRERIC
LI CEHLBERBIOBEERIZ L > TER LAY T AT AL D FPET
RE(L OB L Z 2 b5, WY — RNICEET A~ U AKIADOIFIE %
BETHE, BEMAOEEE — FOME I 2 EMEICKRDDIGE6, T /A4 T Y
Z— %R U7l S 3Bk 7 & CIE T OB A S L, EERICA~Y ¥
ARSI T D Al RetE 2 5 3 & e, HIERERZ 0 L, fatpoic et
THNEND D,

Fig. 4.3.10 Example of hardness test (Welding time:15 s)
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Table 4.3.3 Results of hardness test (15 s)

Position 0 288 576 855 1143 | 1283 | 1580 | 1720 | 2008 [(um)
1stline | 139.2 | 144.8 | 170.3 [ 168.2 | 175.0 | 178.4 [193.2 | 160.3 [ 156.0
2nd line | 135.8 [ 149.9 [174.0 | 186.5 | 183.5 | 194.5 | 163.6 [ 157.5 | 158.8
3rd line | 142.0 [ 137.3 | 165.2 [ 192.6 | 190.1 | 177.3 | 172.9 | 161.7 | 167.6 |(HV)
Unirradiated Irradiated

|:| :In weld bead

250.0

200.0

=o=—]st line
=o—2nd line

3rd line

Hardness (HV)
[S— [S—
W (e (9]
) () (] )
e S - e

0 500 1000 1500 2000
Unirradiated Irradiated

Position (pm)
Fig. 4.3.11 Results of hardness test (15 s)

Table 4.3.4 Results of hardness test (10 s)
Position 0 286 557 843 1122 | 1400 | 1672 | 1957 |(um)
1stline | 142.7 |171.3 | 174.6 | 165.2 | 194.5 | 181.2 | 172.4 | 155.6
2nd line | 138.8 [119.9 [184.1 [170.3 [205.8 [ 172.9 [ 165.2 [ 153.8
3rd line | 135.8 | 147.7 [187.6 [194.5 [195.1 | 62.9 [171.8 [ 170.7 [(HV)
Unirradiated Irradiated

:l :In weld bead

250.0
200.0
= =<\
T 150.0 r/ o—b
% —o— st line
[«
g 1000 —e—2nd line
= 50.0 3rd line
0.0
0 500 1000 1500 2000
Unirradiated Irradiated

Position (um)
Fig. 4.3.12 Results of hardness test (10 s)
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Table 4.3.5 Results of hardness test (5 s)

Position| 0 288 | 568 | 856 | 1137 | 1277 | 1404 | 1558 | 1691 | 1972 |(um)
1stline | 143.1 |160.7 | 181.8 | 204.4 | 216.6 [213.7 |211.4 | 209.3 166.2
2nd line | 132.9 [ 1481 [171.8 | 207.2 | 258.7 | 199.7 | 240.1 165.2 | 165.2
3rd line | 151.1 | 156.5 | 169.8 | 213.7 | 144.3 [ 197.8 165.2 | 157.0 | 154.3 |(HV)
Unirradiated Irradiated
:I :In weld bead
300.0
250.0
S
T 200.0 /
2 150.0 = —e—Ist line
=)
s —— .
= 100.0 2nd line
= 3rd line
50.0
0.0 :
0 500 1000 1500 2000
Unirradiated Irradiated
Position (um)
Fig. 4.3.13 Results of hardness test (5 s)
Table 4.3.6 Results of hardness test (3 s)
Position 0 293 579 865 1151 | 1439 | 1722 [ 2008 |(um)
1stline | 137.7 | 154.3 | 164.6 | 218.9 | 174.0 [ 178.9 | 167.6 | 168.2
2nd line | 136.2 | 145.6 | 162.2 [ 212.2 | 184.1 | 176.1 [ 167.6 | 186.5
3rd line | 140.8 | 146.8 | 163.1 | 217.4 [ 188.3 [ 165.2 | 162.6 | 185.9 |(HV)
Unirradiated Irradiated
I:l :In weld bead
250.0
200.0 /\/
> —
< 150.0 ///
w2
§ —o— | st line
< 100.0 .
cm‘e —e—2nd line
50.0 3rd line
0.0
0 500 1000 1500 2000
Unirradiated Irradiated

Position (pm)
Fig. 4.3.14 Results of hardness test (3 s)
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Table 4.3.7 Results of hardness test (2 s)

Position 0 285 563 841 1119 | 1391 | 1676 | 1947 [(um)

Ist line | 144.0 | 155.6 [ 174.6 | 172.9 | 216.6 | 130.7 | 160.3 | 176.1

2nd line | 143.1 | 158.8 [ 170.7 | 187.6 [211.4 | 159.8 | 162.2 | 182.4

3rd line | 136.2 [ 133.6 | 162.6 | 207.9 158.8 | 166.2 | 180.6 [(HV)

Unirradiated Irradiated

I:I :In weld bead

250.0

200.0 >
Z 1500 \7/ e— 15t line
& .
_§ 100.0 =o=2nd l.1ne
cmc 3rd line

50.0
0.0 :
0 500 1000 1500 2000

Unirradiated . Irradiate
Position (pm)

Fig. 4.3.15 Results of hardness test (2 s)
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4.3.4 HEEE

JFNIASCCRRURIZ I 1T D UM — RIS M IS OB 2 MR T 5720
%%H%%WT%%%%%%%LK&MWWm@>MMW@$$¥%%%HO
72SUS316M 0 HRRER T 2 BUE L, ABAE A /NT A —& b U C/NBIRE: &
L. WM — R OBIE AT o 72,

SUS31644 D FESHF — R IRFIR BB W T, /INABRE Th > TH BB EN
ﬁm_mwm@t~%m BT H RO~ 7 AFZEAREGERE 72D |
AU T LKA E BRI E S, e — NN ANCZ oKl Z T
5D LR ST,

PR R — RN MR E— RO S OREIZB W TIEL, 7 U X AFET D
NV T LRI R BB T DM END D, UEENLIZ DWW CTIERMEIZHE X 2 1]
ET 572 DI E SR 2 W CIEFoEmiE 2o L, R~
U o LKA BICHT LT 2 ATReME 20 6 3 & 4o, JIE R E B0 LRI AL
I DEONEPNLE LIRS,

ﬁWmarﬁ%%%*Z%@%%H—%%%H%%’%wf PR IR D A ZL

ICEVERET 2T T AKIAORE INRELT D, TIDNIEBEORE 5
%5z5$ﬁ%z%ﬂé RIADOEFEIIABEIIRT LT LEVWMEEZ LA L
oD G YELER SR O FRGTAT — RN OFEHEIZ BV TIEAZEL.67 kI
uTkﬁéz%#%ékM%Ltoﬁk WEACB W TV A 5 2 9

mﬂ®%@%%ﬁb WAL 2 L 72 I B W TR R O 8L %
%#ﬁ%@k?ét ZIIABVE ST Tl S EHERFE DA U CTh 5 T3 EE T
bHb, Lo TARE %é%%f%émxrﬁ%®%@%%ﬁ—ﬁﬁﬁﬁ®@
PRI AENGEA.67 KILL N D ABSAE 2 U B RE 08I L 72 ABG Ao
BRIGF OPR BRI &2 [AIRRICHE ) L TR 59 & LTz,
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44 L0
ARETIE, AT 2 L RAA~OBEHROERENC X 2 5{LB S DR b HHFFEIC
DN TR 7=,

4280 W TIAEAD A T DM BB IFIMTRIZ 38 T294E fIF NI TE L |
IASCCO I % F[R1%1.0-3.9x10% n/m? (E >1 Mev)D RS 252 1 7= 878 & 0 588k
Jr % SR U CHIREER  O'SSRT Z 1TV, TASCCIESZ 1M % & To by it 42 5 A 2
ToTm, RRBROFER LY . BH S v 72V ORESIRAIZE 2 /2D HEGR
N, RO AT IMTROBE X ¥ 72 1T 2 FFA M1 U &
O _ERIF2.0X 10 n/m* ~ & KIFIZHER SNz, TS X D JAEAR Efi 5 5K
TASCCRRBR I M 12 4B 721 X 10 n/m?® (B >1 MeV)D P IR 24T 5 FAN A e & 72
> 72,

F 72, A3FNITB W T, FFNIASCCRER 1T 35\ T T 72 B B — AR B ATIR
BEOREEVEZ RS D o OIS RBEH 2 AV OB 2 F20 L 72, 6107 n/m’
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High-temperature water inlet/outlet
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Reactor pool
regulator
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Specimens i s TN G IJ
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I | / 1 Feed
(&S | o o | Water
\ o5 0 | tank
VI

Reactor

vessel
Reactor Hﬁ
core
O/H/He
Gas supply

High-pressure pumps

Specification for Design
Max. Temperature: 325°C
Max. Pressure: 10 MPa
Flow Rate: 400 kg/h/capsule
DO: 0—10 ppm

DH: 02 ppm

Fig. A.1.1 Schematic drawing of the in-situ IASCC test
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Table A.2.1 Properties of SUS316L and NCF600 as collector materials

SUS316L NCF600
Maximus working 500°C 800°C
temperature
Corrosion resistance Good Good
Oxidation Good Very good
characteristic
Thermo-electromotive Very good Good
force
Cost Cheap Expensive
Productivity Very good Good

Table A.2.2 Properties of Alumina and Magnesia as Insulator materials.

ALO; High purity MgO
AL O3
Radiation-induced )
High Low Low
Conductivity
Grade of insulating
. Under 95% 99.7%(Measured) -
material
Productivity Very good Very good Acceptable
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FIZAELD T VNV EEZET DI &T, WIREZHEHRSD9], 7T7=v
FRIEFED 7 VN EOREIT JEOL #HHE A B ILI(ESR) A2 hr X —
% (JES-FR30)Z I\ 7o, AIE 24T 2 e, HIE B IR HERE 2 VT ESR DR
E&#1T 9, HEEOKIEIZIEZ, 0.1, 0.2, 0.5, 0.7, 1 . 2, 5. 7% 10 kGy D y
Wi 2 AT U 7oA vERR & W e, BRBR AT AR MERURE 2 IV THERR L 7o B Efii &
SPGD HIFERFIZ SPGD UTfHIZHELE X iz T 7 = V&R O/R7 ESR v 7L &
» SPGD & COfEAFH T 5, Z Oft&EZ RINEHE T3 2% Z & T, SPGD
ICHRE S LD y R ER A RO T, MEMROFIZ Fig. A2.5 1ZR7, RfIIETE
BB SN ESR 70, ME TR IR ETH B,

- 112 -



JAEA-Review 2017-035

ARRICE T D SPGD &7 7 = EEI ORLE % Fig. A.2.6 [T~ 7, 3 ARKDT
T = UM EEHCHIE SN ERICRE BT, 2 H D% SPGD fif
EICBIT D ERE Uiz, KRBRIZI 1T 5 SR 70 BRI IREREIE 15 23 Th o 7273,
T 7E B AARE K O T RED R IZ ©Co BRIED FH TR 2SS 1 FIcH Y4
DMPNIFET D720, THEBEEFHICE T Z & CIEMARERHHEEZ{T-
oo Fio. T T =URERHE, B SN AENE L Z 100Gy LL N ORI
725 EEFHTOBENELE L X720, ZOZ LM HIRRERAME TORIEIC
DWTIL, 77 =V EFHCIRE SN A BEREREN 212 100Gy Z# 25 X9
ICREEM OB 21T o7, HIE LV RO -G O v SR BRI % Fig. A2.7
2T,

A.2.3.3 JFNEHH

BUYEL 7= SPGD 2FT-FN T ATRE T b 5 FAfERT D72 DI, FHEAF
I SEBRFTIC 35 W TR ISR A L, FNEHIIZAT 5.,
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Emitter Core wire  (Nj)
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Collector / Insulator _ _ MI cable /

Fig. A.2.1 Schematic of the SPGD

- /1

\l/

Table A.2.3 Material, dimensions and weight of emitter

Emitter Material Lead (Pb)

Purity 99.9+%

Emitter diameter (mm) ¢2 o3 o3 o3 b5
Emitter length (mm) 100 50 100 150 100
Emitter weight (g) 34 3.8 7.6 11.4 21.2
Number of production 3 3 3 3 3
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Fig.A.2.2 Relationship between atomic number and thermal neutron absorption

coefficient of metal materials
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Fig.A.2.3 Relationship between atomic number and melting point of metal

materials
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Gamma Cell
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Coaxial cable

GPIB Cable

Data collection and control PC

Fig. A.2.4 Schematic of the setup for the gamma-ray irradiation experiments
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0 L L L L L
0 20 40 60 80 100 120

ESR signal (—)

Fig. A.2.5  Calibration curve made from reference sample
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Alanine dosimeters

SPGDs

Fig. A.2.6 Photo showing the SPGDs, alanine dosimeters,

and thermocouple in the irradiation experiment
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Distance from gamma source (cm)

140

Fig. A.2.7 Gamma dose evaluation of irradiation field
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A2.4 FER KBS

T3 v X DOBIR(EERK O &)%& 2 272 SPGD Ik L y MR B3R A2 & 2 TR
ATV, v BRI D O 2 JIE L 72, Fig. A.2.8 12 v #f &= 1.5kGy/h
(28T %5 SPGD A DWRERZR~d, BT DORVIREE THIE 21TV, £ DD
HOEDFEE Ny 7 7T RiEE Uiz, =3 v & ROHIEROBPEM &
Ny 7 7T 0y MEZSIWEZ = I v X HEROEEREIEE L, =3
> & A8 2 A ERR N DB XL 0 AlifE L 72 i % SPGD HOfE & L7z,

TI X DOELEN3Imm T, E32050, 100 X150 mm ToH 5 SPGD D, vy
R BRIk B % Fig. A2.9 1073, $£7-. =3 v # K X7 100 mm T,
EAEEAY 2, 3 X ON5 mm D SPGD (Z351F % v #3332 SPGD Hi /JfE D B
%% Fig. A2.10 |27~ 7, Table A2.4 |[Z[A— D= v X ERCmMmE=AH L, =3I v
X &% 50,100 33 KOV 150 mm & L7z SPGD % & L7z & & OWE I NT-H T
b, = v 2 oEBLOMEMEEZRT, 2B, ZOHNBEEHEEIT=I v
ZEAA3IMmMm = v HEX 100 mm 2 HEHELE UTEHRE L7z, Fig. A29 06, =3
v ZEZEBFE LG mm)THLHRFOT I v ¥ ESIZxid 5 SPGD H1EOK A E
IZDOWT, T HEMAR G &3 e oz, TOHNIT=I v X ES
MNZENENRI 30 mm BN ERET D ETI v X REICHHIT D, Blz0Ey R
BRI 4.3kGy/h DG HOBRESZNENH 8X10"A BV ERET D L=
Iy ARSICHMILT., 202 EiE, Hi% SPGD [T I vy A R SITEIFEL AR
W TE DRI DM FEAET 220>, M ZFTHIET M &I —E DB CEER)
INFHET 2 2 L 2med 5, Lizhi- T, % SPGD B IZ35 T, SPGD /)
FTZI v A RIICL>THEINT L2, = v RIS LEAET, —EDOH
HEROWWD D DFHET DL 2EBETHLERD D,

RIZ, Table A25IZ[A—DTI v ZRI(100 mm)ZHF L, = v X EHLEL 2,
3L ONS5mm & L72 SPGD # Ml L= & 2ok, =3 v ¥ O FE &K ORFEEL
AN B

Fig. A2.10 LV, =3 v ¥ ERIZKT 2 SPGD HAEOKFM I, =3 v 2 H
232 mm & 3 mm @ SPGD TiE. 3 mm DHIMED HF N K E L 22508, HA S mm
® SPGD {Z DWW TIL, EA3mm @ SPGD X W & HMEA/NE < BHA 2 mm O
HE L IZIERETHLEN - T, ZiuE, =IvFICED, yRBID
a7 N UOHELE T OH CERRICL D b0 EEZ BN, “Co BEN DD
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yRROWEZ R VX —1X1.25MeV TH Y, AL D7 F U HELE T O K=
FNAF—IBLZ I MeV THD, ZORE, 1 COETORFEITHR 0.35 mm T
HV[10], ZDOEELFNIAR T 5 vy BROTF M % 0 L Lz & 21T 0~60 I
FR5A[11]. SPGD D AN EH G545 DL y BAS I & MO = 2 & Hh k%
DD, ToT, EESmMm DT v Z Tld, =3 v ZIZANT 5y #
DONFEIZELET D HIG IR Z &R G0 5, 61T, = v HAEEICBIT
a7 NUoBETFOBELMEB 2L & lFEEREOREIVERE S mm O I v
AT, LV =l v ARmMEWEFTTAELZa 7 N B FORNHIIICE
EFneE20ND, TNOOHERMSRICLY, I vy FNITREELLA
YT RUBELETO I L, I vy XNTHBL THAICHEE LW o0 A
IREAIZS U TN %, U722y > TXE% SPGD BHFSIC VT, SPGD i /11E=
v HXERBIZL o THFRENET, = v X AEICEET Dy REE=I v X
DB CHERNRDONT AL VRESND Z L EEBET HLEND D ENG
Mol

FRIC = X v ZMICZ 7 AT 2 LT ARIR — =i HISPGDIZ DWW T h ik
BRaAT -7, IKIEFHSPGD & K5 IR A SPGD D R Ll & Fig. A2 111/RT, & v
T AT (WHIHZEB W TRIEHPb= X v #BISPGD L ¥ H /11330%IZIK T35 6 D
D,y BRRERICHT HHIEDO Y =7 VT 4 2R LT[12],

F7o, BYELPb 2 v X BB L OWT 2w ZHDSPGDIZ OV T, FLELRE
JRFIF EBRATIZ B W TR PRI A L, FNEHIIZIT o 7285 5R. o=
vaYERNPHSND I L AR LTz, Fig. A2.12IcW= v ¥ HISPGD %
AWTHIE U725 LB O y #f & RO L(bZ =T,
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Table A.2.4 Output and emitter length

Length (mm) 50 100 150
Diameter (mm) o3 b3 o3
Weight (g) 3.8 7.6 11.4
Volume ratio 0.5 1 1.5
Output ratio

0.26 1 1.7
(Dose rate: 4.3kGy/h)

Table A.2.5 Output and emitter diameter

Diameter (mm) b2 o3 b5
Length (mm) 100 100 100
Weight (g) 34 7.6 21.2
Volume ratio 0.44 1 2.78
Output ratio

0.70 1 0.69
(Dose rate: 4.3kGy/h)
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Fig. A.2.8 The output current versus time at 1.5 kGy/h

(Emitter with dimensions: ¢2 %< 100 mm)
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Output (x10"°A)

3.0
95 | Emitter diameter : 3mm
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Dose rate (kGy/h)
Fig. A.2.9 The output current versus gamma dose rate for
SPDGs of 3 mm diameter, and three emitter lengths, 50, 100, and
150 mm obtained in the high dose rate cell.
1.8
Emitter length : 100mm
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Fig. A.2.10 The output current versus gamma dose rate for
SPDGs of 100 mm length, and three emitter diameters, 2, 3, and 5 mm,
obtained in the high dose rate cell.
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Fig. A.2.11 Output properties of lead emitter and tangustain emitter
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Fig. A.2.12 Measured gamma dose rate change over time after reactor stop
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A25 fEE

RO R(327.5°C) LV IRWERREE CREHT 2IRIEH & LTha = I v Z k&
5L 72/ VSPGD %, F/RIR—@IRAE LTH U I AT v ET I v Xk L
+ % /NRSPGD Z B L7z, BA%E L7ZSPGDIT K L TCo MR & fili 7% % VT HR &
ARBR SN U7, BA¥E L7-SPGDD M /1 ERIE, MU L7z vy ##10Gy/h~5kGy/hDf#]
TRWI =T U7 1 &mLTc, KR—mEHOWT I v ZHISPGDD v #R&EIZ X
LT, = v M E AW IRIEHSPGD & bl L TRV B oD, BLIRER
O ABRFHRE D600°CE TRIAETH 0, mildRFO BB CHEH AR CTH 5,
B L 72SPGDIZ DWW T U KPR 47 FEBRAT IZ 35\ TR P 2T Ll
EEATV, T REENEONRFIFN CEMATRER Z & M8 LT,

RN BIEREBR I IV T, FNBREO EfER s MR S%E L &b, TASCC %
FHIT S ETH .y BRIC K DKDBUNRR D E B BREE AT 5 K& 7R 2R
DI EEBETDHE, FARERICEB TS vy MOFHIZEE R 77 ¥ —
Th D, ARHFFEIZIBWTEIF L7z SPGD X 2015 42 K EREFF(US 9046611 B2)
ZHEAS Uiz, MEEFZEOREIT IMTR (280 2 EERBR (2361 2 BRE2IE D 2
726 BEE RIS T D EE BN FRERBE(1kGy/h BL ) CE I ATRE 72 v ARl
EE LT, REHMIERESS y SES ST 2 AR MRS TV D,

- 124 -



JAEA-Review 2017-035

A3 JFWN TASCC 7RBR D 7= D D H i BH 3¢

A3l =

BEIK I D22 4270 B I FF A& BRSO 1R D2 D 251205, RO B0 R
ZREOFMENEI L 725, JAEA 13X IMTR 2BV T, A& 2B O BHZ %3
LM AT CE T, T DR TR NEEFINIASCONZ T 25803 8 %,
IASCC TR IR N O EiR K & e 1B E OB A 72 B X DM RS E3
RThH D B Al i & 72 B % UBR(PIEsS)IZ KL W TASCC 2B 2 kR~
RARMZAAN ST SN TELN, EEORFEFEFIZBON TR, milmEKER
BEm DB T &0 5 ST TIASCC OFRAER HERNE Z %5, K- T, PIE T/
LI TIASCC ZFE) D FI . & | JRFIFDOIFN TS 5 TIASCC BRIZI 1T 5 % H)
& DB LEARF R T 5, JAEA [N TASCC iR & JFsMzE1F % PIE T
D SCC FRBR D Ll 0| R ENL(ECP)WI X7 5 & SR OB 23 2 F
ZHIE LTUIMTR WCART > L AHIRRER &2 V- X SRR, 372 b 6,
AN TASCC RABRZ 51 L T\ 5[13], &ERFRIT, SBA HEN /S0
ANV T P09 D 72 S TR RARE(K AE) D ERRMEL 72 %, KABEOH 2t
FIEEER i ~HETZ T T2 <L MBI OBRIRIG TR T D720, FriCHME+ U
(2 LB BERIS ST D L5230 20 MK B B Ak CIEEBR O KEUE AL TH 5,
JAEA DIFN TASCC fBREFHE TlL, LT AL 2 E TO JMTR THEH T &
SHERARBRICHON O N TE R B L0 KL 722 127 mm JE X D 0.5T-CT 5
B A& O C K EAK 30MPay m £ TO & 25ERABRA1TH 2 & T, EEH%
PINZE 272 IR TRBR T — X 2 BUS T2 2 L2 HMNE LTS, Zokd, JF
P IASCC BRI FV T 0.5T-CT #BR A 126 L T~TKkN(K ~30MPay m fH4) D faf
ERNAMT LAV E L SIND, £, TOM, &ZERITEN ETEPDM:
Potential Drop Method)IC CE=4 U > 7 I35 Z & 725, Ykl 3BT 5
7ol CZROMEAMI=y NOMFEEZIT-TE, TO2=y MIBWT,
MEII_NE—XONEEEAFEOKE L VK Lz Z2iET 2 2 2 H0T
WEIED, EiREEAKLV—TE2ZHNT, Y=y FOMERBREZIT- 12,
F72, PDMIC Lo EZERAZE=4 ) 735100 EIT -7,

F72. ECP |X IASCC D EZLERIEEITHET 5720, IV IASCC = ZdifE=
RERDOT-DIZ, ECP OWENERINTWD, DO, SIREEN O T
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BT ABEEMNMEZET H-DIC ECP B —0RR AT, A= T,
N TASCC RBR D EHLD 41217 > 72 C 2 ROffEAR~ =~ F[14]L PDM HIE
K ONECP o —DBHRICOWTIRR S,

A3.2 BB B ¥

A321 FN=ZLERMMELI= > F

Fig. A3.1 IZRgolzar w7 b ZERMME~L= Y FZ/7"d, IMTR T
LA — 8O EL=> MILVIEZ 5.6 mm ® 04T-CT BT (W=20 mm)
(2% LRI ek & I 0 L 7= FERE R B B [15], D=y MIBWT, Wbk
AR D EII e —XNONY T LT AET) ESMAIO KT & DZEIZ LD UL
T b2 & TRETSH, ZOFXNTITHRFF ¥ 7ELONEE (44 mm)DHIFED
5. 0.5T-CT O BRIk L CHaefiiBE A2 AT 5 FHN IR, —T7, /v
Tx—DNVT T Y7 b AZBOWTEL S mm E X 0.3T-CT  (W=16 mm)
EWVWIH NS CT BRI L UL A XA T OMEL=y PAFEH I TWH
5[16], T2 =y MINT—XWITMELIZA~Y U LT ADEI % TZOEM
IZEVIER L TRER N CTHBRAICET L Z L HkD, LL2Rns, 2
DT, ABRAICRERMEEZAMNT D72DIT, Ne— XD K& 72 M
HOWVIRERTIHDBREL R D, TxrORBTZO XN HWZHGAE, =
=2 FOT — LN IMTR OE % v 72 )L ONBEIZ BT 22N 03 H 5,

FoT, LTOERMZmI-T, Fiiceillia=y M EZITo T,

Na—2X %AW T AT, T 1:6, == M SUS630 (2 THUE,
N — PG U 7 BB m SRR A IS 2 A BT B -
n—XIx=y N7 —2DF FIZEET D,

xSt & % MI(mineral insulator)”—~7 /L% V72 PDM (2 X U HIET
Do

F 72 PDMBIED %D ML 7 —7 )b & IS AR %2 R v bV TiElE
BIEIC X VT D100 (U407 #HT 5,

ARERR DEHD B D HEIBA~DKDOWWNZ MRS DIDDIT A RR—/b
/T Do

—ODF ¥ SN OE, CODRBI=y FEREFRETHDL I &,

AREBRIZHB W TIE 127 mm EE D 0.5T-CT 3Bk A Eoo x 20zt LT kK
ZE K ~30MPay m AHS DK E B EZAM T H2ENERINLTWD, T
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BT D72 DITiE, 0.5T-CT 3B I1cxt LT 7kN OfFEAZ AR LT b
2, Fz, AR = M IMTR OFH IASCC iR % v 7 V22 AT RE 72
RKEZITHOI LR TCUTARLRY, £Z T, CIROMELI=y FERHAT S
L,

EEtasn- xR =y M, WE2=> & PDM JlIED T —7 NV E2H
THUA LTI RS CTRBAT LV IRIEE LA, Fig. A3.2 12 IMTR JFH
SHERRR Y v VO AR, B Fy eI o0 HER
= h&—DODECP LY —%2NETHTETHD,

Fig. A331Z7'm N A T D& R =y FOFHE LMK Z R, 2D
=y FTIE, Ra—XORMEIZ LV RET LR —XNO~NY 7 LT AE
R VRIS, REFICHNIIWETINe—XONNDENELE N —X
DOEIWEEL RN T ZHICEVRESN D, BIE, FHE IS4 TW 5 IASCC Rk
IZBWT, 0.5T-CT 3B F 1% L T~TKN(K ~30MPay m A4 D E 2 & fif L
T b0, B LB =y MIx L T e — A E COME &5
BR A I DT EOBMRZ T T B 7 O ERERBR 21T - 72, IR T
WATEA =y O —XLEIZAMN S, BB ~DORES e — FELic
THIEESNTZ, £7-. BESEKKLV—TZHANCHERERREZITo72, X1
— ANO T AERHHEdL, X —XNOH AL EXa— XA DKEE DZEIC
FOMENPBRET D, MBAEICRETIMELZE— RE/VICEVRE L,

A322 EIEEZRAWEESEESE=X) T

TR SPEOA MR D%, PDM HIE & Fhi L 7=, B A FIRIE PDM
WEZBE L CRE STz, Fig. A3.4 13PN & ZHERERBRICHIT 2 PDM O %
ORERFT, vA TR E Y — FROMEZ7T, CA DS CBIZIXEBIRI
SR, VIA & VIBHEOEE VI & V2A BL V2B BIOEE V2 NAlE S5,
P2 57 B 2 VT, PDM D 5 &R 97 & RERIC L 2 2 HE S OBBROAIE
AR L7 R BRg ERHESEZNET 22010, ERHE SHEN 05 mm Z &2,
TEYA 7 NVOREPEKEEZ TR F~—7 A LTz, &5 RBEE -
AR ES . BB I S & RAE O I XIS BRI L D iERR S T,

A323ECP ¥ —DBI%E

ECP X IASCC D Z ZMERMEL I ZES 5728, N TASCC & AR D
72912, ECP DHENER SN TWD, LML, FRIZBWTECP ZHIET S
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BTN S VTV RV, BCP & U — 3R N O @il s E Kb T H 2T 2 42
X722 59, —J5. JAEA 2MEEEH LTz ECP & o — 34N Cf 4
DX AME D TEENR B - 72[17],

ECP oV —DOFREEWIILE( NV a=TEE 2 Tuflos/E A
— T IO SN TR, 8 BILBHESMARNLZELY LV a=TICNE S
TW5, ZEDNVa=T7 E&RA Y — 7 EmiEEEKRESRFICH 25 L 9
IZE&eeE W TAIfTiT TR SN D,

PERD JAEA O BECP £ —Tidk, JRFIFENTHER LI 2 A, BELT IV
a=7 EBBEHOERIZBWN T, ZE/AT LA =T OB A JIEAEE
72 o7, Fig. A3S5I2AH DT Lo & Wamd, Milk#lsRic L e
JBE & A DT LTI B W TREN TV a =T RIZEZ O S /PR S
Nle, TNOHOEERNVa=THOEHNBEETHERKE LT, BEI L
=7 LBRBAY =T OEREICBWNT, ZOOWE ORI 5B IRRIZER
THRMISTIORENRE 2 bID, BEMDVa=TEE 2T/ 82 —7
FEEEBIZED AT EINTNDD, TNENDOMEIOBWIRRIZRR S,

EoT, ZNODIEHEREREMT D X o Ic#EE 2 b L2 T e 572
W, ZEAD IV a =T HONEFEZENT 272012, MGt 2 FEhi L7, 4
AATOIRZRIRL, ZOMEOELZZET L=, Fig. A3.6 IZfENTHER %R
T AT LT BEke il 5 OIS 1 A 1A TREFZ TR L 0 FEm L7,
ALY 7 hv =71 ANSYS Workbench 11.0SP1 [Residual stress mode] T 5,
AT SRFIZ, Yva=7TiE 42 7TaA 82 —TNIETOBEN LR VIREET
1000°CTA 9 i Sdu, FREIGINTRIEE 300C TRAETH LD E Lin, £,
RSN CTH DR FIFIFNEZIEE L, IMPa ODAIEI RN DL LT,

Flo. T OENTHER % ouICHEE & A fb L7238 LUV ECP &2 o —208 8 UEL |
PEREFRBR AN FhE L 7=, PERERRBRIZEIR (230-288°C) B L WNEIE (OMPa)S:ff T
ML, MAMED FERE R O o — ) OIR AR PO MR 21T - 72,

- 128 -



JAEA-Review 2017-035

A33 fER LB

A331FNESER2=v |

TZAMELT=y MR L., ®EKEE T e —XPWE O T A % fil4#H
L. ZERHIC TR EIERREZI T 7o, WMERHERBROMBR L, “n—XDK
N E B UM EOHRM%Z Fig. A3.7 1277, RBRAICAMSNAMEIT 1
—ADNRRIZEDBRINCE VDT D, LoT A TIHIT 16 LV/hEL 7
%o EgA37@ﬁEMmﬁ%@#% BWT, AW SN DT BN —X
DENERI VYT EEICHRE IR TS, £, KMFPOER TN —X
@N*Kiéﬁﬁ%%ﬁbf\ﬂiﬁ%%Ebk%@?%éoﬂiﬁib\ﬁ
HIXTKN L EZR L, B L7z=2=y NI, KMEIZHBVT 30MPay m Z 306k A
WCHN T DMEREZ AT D L AR LTz, LA S, MESNI-mEIL, mE
%&k%%@&_ D, EXT UL RA&ERLTE, BERAT U 3FICHE & JEW
DEEES L OO CivemiFICERT s EE 26D,

ZORBFERIT, Ne—XZE UATRAENEHTTEH, RTINS E
DINERRIZH 2 0 BRBERICH 500, BEICK VR LA RL TS,
FoT, MBRICBWTHB A ICHELZ AN T DIl > TdmEREAZ ST
A NG O e 7o I S LB & 72 %, RGP ORI v 72 LN CT 3
BRI DM EZFMT 2072010, HHT 22 TORE —XONSKEFHHD
HE, BEO, HMEI=y MIx L CEAR AR E L RBRF#DfiEH
DOEAtR, Bkx 72 L U TOME BRI Z RO TBMLERZH 5,

A332 ENEECLDIETAEIET=XT T

Fig. A3.8 |Z PDM 155 LT EHMREIC L D ERESOBMKRERT, Fig.
A34I1TRT LI FVMWAkxmﬁ%kﬁrvzamA&VHﬁ%i EERTI S
BOEIOEWNS, B EV2>V)Z2RT, L, BEE(LAVI & AV2

ZIEFE UMEZE R Lz, Ziud, EEELAVIE & AV2 (Z X & FEO BRSO
ORI EZS>THEL TS Z EE2RLTWD, ZOMBELY . Ykl bk
B, HFCBET HFOHKLWFRNEHEROE=4 Y 7O HFEL LW
BHTHDHZ EERINT,

A333ECP &> ¥ —
BRIV 3 =0 LEA~HD ISR Z By & U CREEf#NT 217 - 7=, Fig.
A3.9 (A IREBEMRMT 2 NI A0 Ol 2 R4, SBIR L7-HEER oW, AR
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BRMITICBWTREY Va7 A EEB R — 7 O CREY L a
ST LASNDIETNETREL/NSBRIBRIE, 7—XX—%2FT D547
A(x=5.0,y=0.50) D~ {EDHEE T o Tc, T OfE R A HIT Fe/Fe;04 M D P L 2
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Fig. A.3.1 Types of loading units for in-pile crack growth tests
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Fig. A.3.2 Schematic drawing of the in-pile test capsule which is under irradiation

crack growth test.
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Fig. A.3.3 Schematic drawing and photo of a prototype in-pile crack growth test unit
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Fig. A.3.4 Shape of a CT specimen with non-separate “Wing” and positions of lead wire
for PDM measurement
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Fig. A.3.5 Observation of the crack in conventional ECP sensor
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Fig. A.3.6 Detail dimensions of analyzed figures of ECP sensor
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Fig. A.3.7 Result of the load measurement test
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Fig.A.3.8 Relationship between PDM singnals and crack length during fatigue

crack growth tests at room temperature
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Fig. A.3.9 Stress distribution near the brazing juncture and maximum principal

stress on stabilized zirconia

Fig. A.3.10 Schematic of the optimized figure of ECP sensor
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Fig. A.3.11 High temperature and high pressure water test loop for ECP sensor

performance tests
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Fig. A.3.12 Potentials of ECP sensors versus SHE as a function of temperature
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Table B.1 Remaining diameter of anchor bolts

In
No. Eggzrpﬂ]ig wrapper | Minimum
tube
Outer 1 20.90 9.00 9.00
Outer 2 16. 40 12.00 12.00
Outer 3 21.00 20. 30 20. 30
Outer 4 18. 80 20. 30 18.80
Outer 5 23. 80 9.75 9.75
Outer 6 25.50 21. 30 21. 30
Outer 7 25.20 20. 00 20. 00
Outer 8 25. 30 1.50 1.50
Outer 9 25.50 14.50 14.50
Outer 10 24. 30 11.80 11.80
Outer 11 25.30 13.00 13.00
Outer 12 25.10 21.50 21.50
Outer 13 21.30 18. 50 18.50
Outer 14 24. 60 21.00 21.00
Outer 15 24. 80 20. 00 20. 00
Outer 16 24. 40 20. 30 20. 30
Inner 1 9.46 21.80 9.46
Inner 2 12.70 22.80 12.70
Inner 3 11.90 14.00 11.90
Inner 4 15. 60 17.00 15. 60
Inner 5 16. 60 14.50 14.50
Inner 6 18. 60 19. 30 18. 60
Inner 7 19. 40 15.00 15.00
Inner 8 19. 80 6. 75 6. 75
Inner 9 17. 40 15.00 15.00
Inner 10 16. 50 18.00 16.50
Inner 11 9.79 19.00 9.79
Inner 12 15.70 18. 50 15.70
Inner 13 9.85 20. 00 9.85
Inner 14 10. 00 21.00 10. 00
Inner 15 13.00 19.00 13.00
Inner 16 10. 60 20. 50 10. 60
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Table B.2 Gaps between flange plate and nuts

No. Gap (mm) No. Gap (mm)
Inner 1 8.35 | Outer 1 10
Inner 2 7.85 | Outer 2 10
Inner 3 8.70 | Outer 3 10
Inner 4 7.30 | OQuter 4 10
Inner 5 7.25 | Outer 5 8
Inner 6 6.40 | Outer 6 8
Inner 7 7.15 | Outer 7 7
Inner 8 7.05 | Outer 8 8
Inner 9 6.65 | Outer 9 8
Inner 10 6.25 | OQuter 10 8
Inner 11 6.30 | OQuter 11 7
Inner 12 6.15 | Quter 12 5
Inner 13 6.80 | OQuter 13 5
Inner 14 6.95 | Outer 14 5
Inner 15 6.55 | Outer 15 5
Inner 16 7.90 | Quter 16 7
Table B.3 Result of XRD analysis
Fe;0,|FeO |FeOOH|SiO, |CaCO;|TiO,
Outer anchor
(@) O O (@)
bolt (No.2)
Outer anchor
(@) (@) O
bolt(No.11)
Inner anchor
(@) O O
bolt (No.1)
Inner anchor
(@) O O
bolt (No.8)
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Table B.4 Results of chemical composition analysis

Cc Si Mn P S Ni Cr

$5400 1 T
JIS @ 3101 <0.05(=<0.05

Anchor bolt|0.21(0.06({0.49|0.011|0.021(0.02|0.02

(Wt?o)

Table B.5 Results of Hardness test

No. Hardness (Hv) Remarks
1 113.0
1124 Hardness of SS400 is
3 112.9 equivalent to 122.9 Hv.
Ave. 112.8
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Fig. B.1 Exhaust stack of IMTR Hot laboratory
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Cracks of mortar

et R k.

Fig. B.2 Cracks of mortar around anchor bolts

Fig. B.3 Thinning of outer anchor bolt
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Fig. B.4 Thinning of inner anchor bolt

BV . T
Fig. B.5 Photo of under base plate condition
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Fig. B.6 Thinning of anchor bolts in remain of wrapper tube
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F

Fig. B.7 Gap between flange plate and nut

Tank Water

Outside stack Inside stack

Fig. B.8 Water infiltration test
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Inside  of Stack cylinder Outside of
exhaust exhaust
stack Anchor bolt
e ey M stack
| [
-0 |
Flange plate ... Rain
Deposit i
Base ''Mortar

Concrete
Wrapper

tube

Rubble

Fig. B.9 Schematic drawning of water path

Fig. B.10 Result of SEM-EDX (Inner anchor bolt [No. 2])
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Fig. B.11 Result of SEM-EDX (Outer anchor bolt [No. 11])

Unpainted 3 i_‘- '

Fig. B.12 Photo of flange plate and anchor bolt hole
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Outer  anchor
bolt (No.13) Outer anchor [ Outer anchor

bolt (No.14) bolt (No.15)

Fig. B.13 Photo of outer anchor bolts in 2009

Anchor bolt

M25 AL b

Fig. B.14 Photo of the outer anchor bolt No. 13 in 2012
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Anchor bolt

Fig. B.15 Photo of the outer anchor bolt No. 13 in 2015

Outer anchor bolt East Inner anchor bolt

Fig. B.16 Support of heavy mortar and metal plate
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Fig. B.18 Evaluation of stress applied on anchor bolt by horizontal acceleration
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B.17 Comparison of the grain size ratio of ferrite crystal
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Code: General-purpose structure analysis program FINAS Ver.20.1
Element type: 8-node hexahedral element solid element

Flange plate (t19)

1000

Stack
cylinder
(t12)

% ~ Rib plate (t6)

a0

Unit:mm

Fig.B.19 Elastic-Plastic analysis of the Stack cylinder flange plate (Analysis model)

Amount of displacement in
Z direction: -0.36mm

- 3
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-
) ]
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]

-0.16

-025

Z direction maximum

displacement: -0.35mm -034
X Amount of displacement is
indicated as five times of real -038
scale

FigB20 Results of Elastic-Plastic analysis of the Stack cylinder flange plate (Plastic displacement)
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Table C.2 Number and type of specimens

Type of specimens Number
Tensile specimen Irrac.hateq 10
Un-irradiated 4
Charpy specimen Irradiated 6

Table C.3 Irradiation condition

Irradtion . Irradiation | Total irradiation Maximum neutron
Capsule ID hole Operation cycle eriod eriod fluence
p p (>1 MeV)
J-9-2 No. 42cy. 1 cy.
76M-12J 0. 255y Al 17 cy (*¥1,%2) 6.2x10% n/m?
J-7-2 No. 47~63cy. 16 cy.
76M-13] J-9-4 No. 47~75cy. 28 cy. 28 cy. (*2) 1.0x10 n/m’
*1 : No. 43~46 cy. : The capsule was loaded out of core center area.
*2 : Operation of No. 62 cy. was stopped a few hours later from
the start of operation.
Table C.4 Mechanical properties of unirradiated specimens
. Neutron Test Yield Fracture Ultlmate Total
Specimen Fluence tensile .
2 Temperature Stress strength Elongation
ID [n/m?] [°C] [MPa] [MPa] strength [%]
(E>1MeV) [MPa] °
_ 141 - 20 - - 581 62.8
?Le‘g:g?nce 142 - 20 - - 583 62.3
OWL-2 [2] 143 - 20 - - 586 65.2
144 - 20 - - 583 65.3
145 - 12 313 379 590 64.5
146 - 12 342 371 597 62.0
149 - 12 304 354 586 66.0
Additional 103 - 20 287 353 546 65.8
Surveillance 104 - 20 263 357 545 67.0
Tests of 93 - 20 257 345 536 65.3
OWL-2 94 - 20 256 345 535 67.3

Strain rate : 2.00 mm/min, G.L. =40 mm
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Table C.5 Mechanical properties of irradiated specimens

Specimen Neutron ) Test Yield Fracture Utletll]g?;e Total.
D Fluence [n/m"] Tem[:erature Stress strength strength Elonogatlon

(E>1 MeV) [°C] [MPa] | [MPa] IMPA) [%]

141 0.03 x 10% 12 645 457 724 412

142 0.06 x 10°° 12 625 472 727 40.4

146 0.08 x 10%° 12 686 476 738 40.5

148 0.08 x 10%° 12 679 482 741 39.8

151 0.09 x 10% 12 674 478 735 40.4

143 0.10 x 10% 12 680 480 731 40.2

Surveillance 145 0.11 x 10% 12 675 468 736 40.9
s of 17| 01x0" 12 681 | 490 743 40.1
2] 144 0.12x 10 12 678 461 743 42.1
152 0.17 x 10°° 12 684 488 736 40.4

150 022x10% 12 694 500 739 40.2

156 0.22x 10% 12 700 484 743 37.9

153 0.28 x 10%° 12 712 485 746 40.2

149 031x10% 12 720 510 751 39.6

155 0.31x10% 12 709 483 743 39.3

154 0.34x 10°° 12 698 486 739 38.6

TS65 0.53x10% 20 674 484 715 38.3

TS66 0.53x10% 20 680 485 717 38.8

TS69 0.55x 10% 20 692 490 723 36.8

26

Additional TS70 0.55x 1026 20 685 482 719 37.0
surveillance | TS71 0.55x 10 20 696 490 725 39.8
Tests of TS68 0.62x 10% 20 693 481 727 39.3
OWL-2 TS81 0.88 x 107 20 725 495 735 388
TS82 0.88 x 10%° 20 715 483 733 37.0

TS83 0.88 x 10°° 20 698 504 734 35.3

TS80 1.00 x 10% 20 723 510 731 373

Strain rate : 2.00 mm/min, G.L. =40 mm

Table C.6  Charpy impact value of unirradiated specimens

Specimen ID Test Tefnperature FluI:ne:e:,[r((I)lr;mz, Charpy impazct
O] E> 1 MeV) value (J/mm®)

9 19 - 2.02

10 19 - 2.02

11 19 - 2.15

12 19 - 2.12

17 19 - 2.24

18 19 - 2.08

19 19 - 2.12

20 19 - 227
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Table C.7  Charpy impact value of irradiated specimens
Specimen | Test Temperature Neutron Fluence Charpy impact value

ID [°C] [n/m’] (E > 1 MeV) (J/mm?)
| 19 0.10x 107 1.28
2 19 0.38 x 107 1.41
3 19 0.52x 10” 1.26
13 19 0.62x 107 1.41
4 19 0.67 x 10 1.35
12 19 0.69 x 107 1.31
11 19 0.87 x 107 1.44
5 19 0.93 x 107 141
10 19 1.02 x 10” 1.31
6 19 1.05 x 107 1.35
14 19 1.05 x 107 1.28
9 19 1.13x 10” 1.28
7 19 1.14 x 10® 1.35
8 19 1.20 x 10% 1.41
15 19 1.45 x 107 1.31
16 19 1.90 x 107 1.28
Surveillance 24 19 1.95x 105 1.38
giwﬁi?zf[z] 23 19 240x 107 1.26
17 19 2.65x 107 1.41
20 19 2.85x 107 1.23
18 19 3.00 x 107 1.44
21 19 3.20x 107 1.23
19 19 3.28x 107 1.41
20 19 3.40x 107 1.26
CH5 25 533x 107 1.23
Additional CH6 25 533 % IOZ 1.23
Surveillance CH9 25 546x 10 1.28
Tests of CH10 5 5.46 x 10° 131
OWL-2 CH7 25 621 x 107 123
CHS 25 6.21x 107 1.28
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Fig.C.2 Leaky type capsule for irradiation tests at 4 holes reflector section in JIMTR
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Fig. C.3 Geometry of irradiation capsule (76M-12J)
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Fig. C.4 Relationship with irradiation position and fast neutron fluence
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Fig. C.5 Effect of fast neutron fluence on ultimate tensile strength
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Fig. C.6 Effect of fast neutron fluence on yield strength
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Fig. C.7 Effect of fast neutron fluence on fracture strength
100 l l I
® SUS 316(UMTR Test Temp. 12°C) [1]
B SUS 316 (This study, JMTR, Test Temp. 20°C)
80
80 l
A0 L ] o.pull- ......‘ ...................
O
[]
20
0 ‘f{’J
0 1 024 1 025 1 025

Fast neutron fluence (n/ mQ, =1 MeV)

Fig. C.8 Effect of fast neutron fluence on Total elongation
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Fig. C.9 Effect of fast neutron fluence on Charpy impact value
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Photo 1 Fractograph of impact specimens
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Photo 2 SEM image of impact specimen
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Sample No. CH1O0
Image 5 E 1
Magnification x 190
Photo No. 121025

Sample No. CHY O
Image SEI
Magnification X 1450
Photo No. 121026

Photo 3 SEM image of impact specimen
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Photo 4 SEM image of impact specimen
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Photo No. 121030

Photo 5 SEM image of impact specimen
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Photo 6 SEM image of impact specimen
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Magnification X 190
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Sample No. CH10
Image SEI
Magnification X 1450
Photo No. 121034

Photo 7 SEM image of impact specimen
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Photo 8 SEM image of impact specimen
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Photo 9 SEM image of impact specimen

- 179 -




JAEA-Review 2017-035

235 3CHR

[1]  H. Nakata, I. Tanaka, Y. ICHIHASHI, H. ITAMI and H. ITHO, ‘Irradiation facilities in
IMTR’, JAERI-M-82-119, 1982, 87p.

[2] YRHR, ITILIES, ARFIE, KHE, FILAER], B, A A LKLV—T725
(OWL-2) HSUS3 168 7 f i 14 7k, JAEA-Testing, vol. 003, 2010, 22p.

- 180 -



[1]

JAEA-Review 2017-035

ARG ST B L 72w, R

A. Shibata, Y. Kato, T. Taguchi, M. Futakaw and K. Maekawa,
“Corrosion Properties of Zircaloy-4 and M5 under Simulated PWR
Water Conditions,” Nuclear Technology, vol. 196, no. 1, pp. 89-99,
2016.

A. Shibata, J. Nakano, M. Ohmi, K. Kawamata, T. Nakagawa and T.
Tsukada, “Development of remote welding techniques for in-pile
IASCC capsules and evaluation of material integrity on capsules for
long irradiation period,” Journal of Nuclear Materials, vol. 422, no. 1-3,
pp. 14-19, 2012.

SRH SR, ImHERE, AR, JIIER, BN, ARENEAR, “BERRETF %
AW HUNE STBRIC L D PRI EEM v o £ 4L MbD
PWRERET T ERIL B D ReE D Leik,” M ERABRALIN, vol. 62, no. 1, pp. 41—
47, 2017.

SRS, ATEAL, )INER, #i)lZEEE, “SUS316 AT o L AHH o FUT#4-
RIS 1230 2 @i l,” A BB B, vol. 62, no. 1, pp.
35—40, 2017.

A. Shibata, T. Taguchi, T. Aoyagi, M. Ito, Y. Kato, M. Yonekawa and K.
Kawamata, “Current status and developments of post irradiation
examination techniques in JMTR Hot laboratory”, Proceedings of 7th
International Symposium on Material Testing Reactors, 2014, no.
October, (Otwock-Swierk, Poland).

A. Shibata, S. Kitagishi, N. Kimura, T. Saito, J. Nakamura, M. Ohmi,
H. Izumo and K. Tsuchiya, “DEVELOPMENT OF IN-PILE
INSTRUMENTS FOR FUEL AND MATERIAL IRRADIATION
TESTS,” Proceedings of 4th International Symposium on Material
Testing Reactor, 2011.

A. Shibata, J. Nakamura, Y. Chimi, S. Hanawa, M. Ohmi and K.
Tsuchiya, “Technical development for in-pile TASCC irradiation
experiments,” in the Nuclear Materials conference (Poster session),
2012.

Sem S, NPER, KRB, makle, DEFEA, RBR, LRAZ, “4h
v X E WA Oy #ER HER(SPGD) DS, JAEA-Technology
2013-043, 2014, 24p.

T. Takeuchi, N. Ohtsuka, A. Shibata and K. Tsuchiya, “Development of

- 181 -



[10]

JAEA-Review 2017-035

a self-powered gamma detector,” Journal of Nuclear Science and
Technology, vol. 51, no. 7-8, pp. 939-943, 2014.

T. Takeuchi, H. Nagata, N. Ohtsuka, A. Shibata, K. Tsuchiya, K.
Miura and H. Yamamoto, “Self-powered gamma detector,” (Patent) US
20140110578 A1, 2015.

- 182 -



JAEA-Review 2017-035

e

KO ITEA, TIRE LRV THEEZ 15D £ U7 L5 /i)l 505
FHEZRRICREO#EZR LET, o, EoBHICE - TITHEE, IRBexl
D E L7z BAJR - HIFFEBR IS J-PARC £ o 2 — ZJIEHEIE > &% —RioD
IVEHOEELZRLET, KGXOFEEICHIZVHIME L WIZ/EE E LK
RFPLE Gk E- A%, W EEHE, HeHEEER ., IR 2R 2R
IGEHELL 97, AWFZED EERILEIC A AR F SRR FEHEME IV TIT i
TebDTHY , KWFE~D T & T H 2 THE £ Ul B AR D72 F6 0%
M REERBRP AR > b 7 AR IRBNAA R R I ONZ AR Y P T RRETD R -
—ICHEEZRLET, AUEO—EICREEEE LT L4 - IREBE DT H
¥O—RELTEMINTZLOEEHLET, FAFEEITBWTHELEELZH
KB ZEBR TR Jn AR ERI o B 2 K LE T, o, Aamic
EHEREHE EHB A2 T SWE L BARR O %M J-PARC &%
— JRHFERIZBILH L RTFE T,

RIS LR AR T 2 H 7 0 #HEE L CTIEW - B AR 478 B i A
RYATFERRFE & o ¥ — AIFIEMREIFTR., I ONIHIZE & IOV TR 72 T
BZTEW PR — K, REEBRBHZH TEHZRRICEA THLH L LT E
T o WHOAWITFREATEWZEAMEREK, P C K BHEROAIFIC
A AR LET, RO —EIE~L ¥ —ESLE - /WF5EET SCK « CEN O i} 7]
D FToivE L7z, SCK + CEN TOMEDHES % T S E L 72 Eric van Walle PiF
. WTNZ SCK » CEN ([ZTHIZED ZHEZ Y £ L7z Marc Verwerft K,
Rik-Wouter Bosch [, F72, AFMTE D IRNAWEEDZ 150 £ L7 Frédéric Jutier
EG. Niclolas Castin X, Alexander Bakaev i, Yevhen Zayachuk FXLL T LHMA O
A= ZLT, RERZOLEIVEH#HZRLET, &ERIZ, L2 ETHE
ol 74T REON L X =D ABIITHHGF LT TIFINEL
72 Ville Jansson X, Giovani Bonny [, Marlies Lambrecht 1257 A CHALH L &
FET,

- 183 -



JAEA-Review 2017-035

Acknowledgements

I am deeply grateful to Professor Katsuhiro Mackawa of the Faculty of Engineering, Ibaraki
University for his kind guidance and warm encouragements. In addition, I would like to express my
sincere gratitude to Dr. Masatoshi Maekawa, deputy director of J-PARC Center, Japan Atomic
Energy Agency, for his guidance and suggestions in various fields. I greatly appreciated Prof. Goro
Itoh, Prof. Tadashi Horibe, Associate Prof. Akira Kurumada and Associate Prof. Kazuhiko Yamazaki,
of Ibaraki University Faculty of Engineering, for their valuable advice during the review of this
thesis. Since parts of this research were implemented under a project funded by the Nuclear and
Industrial Safety Agency of the Ministry of Economy, Trade and Industry, I would like to express my
gratitude for supporting of the project. I also would like to express my appreciation to the research
leader, Dr. Yasuhiro Chimi of Japan Atomic Energy Agency (JAEA), who led the development in
this project. Experiments in this research were carried out mainly at the JAEA. I would also like to
extend my special thanks to Mr. Michihiro Naka, the general manager and all of fellow members of
the Hot Laboratory Section, Department of JMTR, JAEA. I also would like to thank Dr. Takashi
Wakui of J-PARC Center of JAEA for his valuable advice and cooperation in this study.

I would like to express my sincere gratitude to Dr. Masahiro Ishihara, the deputy director general
of Oarai Research and Development Center, for recommending me to study in the Doctoral Program
at Ibaraki University, and Dr. Junichi Nakano and Dr. Kunihiko Tsuchiya for their guidance during
my study. In addition, I would also like to extend my appreciation to Dr. Tomoaki Takeuchi,
Dr. Jinichi Nakamura, and Dr. Takashi Tsukada for their warm friendship and encouragements.
Furthermore, parts of this research were performed under a collaboration with the Belgian Nuclear
Research Centre SCK-CEN. I would like to express my gratitude to the director of the institute, Prof.
Eric van Walle, for giving me an opportunity to perform the research at the SCK-CEN, and to those
who have provided research guidance during my staying, Dr. Marc Verwerft and Dr. Rik-Wouter
Bosch. Furthermore, my sincere appreciation also goes to Dr. Frédéric Jutier, Dr. Niclolas Castin, Dr.
Alexander Bakaev, Dr. Yevhen Zayachuk and all members of LHMA for their abundant kindness at
work and in daily life. A special thanks to my family. Words cannot express how grateful I am to my
parents. Last but not least, I would like to thank Dr. Ville Jansson, Dr. Giovani Bonny and Dr.
Marlies Lambrecht for inviting me to their PhD defences in Finland and Belgium, which motivated

me to start this PhD study.

- 184 -



EBREAL R (SI)

# 1. ST FEAHL F 2. FARHAL A FV TR S5 SIS BT O ] # 5. SI BEuzE
R T = P SIFHSTERfT T | 4% | s | m& | 4w | s
i T = ﬁ% ol 0 2 2 Y | 0 |7 ] a
E &[x =+ A m L BFHA— b m 102 [ | z 102 |& v F ¢
o - o % B|SL G A — R v mi P a lls .
21 BlF¥n s T L kg WX, E E|A— M AER -~ 10% |= 7 #| E 10. N Ul m
53 ] i s o H JE| A — N AR R m/s? 10% |2 %l P 108 |=A2znm|[ u
H w7 =7 A i | A — b o 102 |5 sl T 10° |+ A .
BAEEE s L E | K O, WRE EYesIAEIA— MY | kg/m® 100 [¥ # ¢ [w02|g = p
W OE EE 2| mol WO E EFRZTARELA—-MV | kegim® 108 [#  # M | 108 |7=ar| ¢
* gy v 7 5| od K * Ml A= rrfExr s 70 | mikeg wlx = x |welr 1 a
EOWR B ETUTEEFA-NV | A/m? 102 |~27 K n 102 |2 7 1| 2
e R o W S|TUTEA— L A/m 0 |= s 0% |2 2 ¢
BB E @, 9 EAETA— R mol/m® 2 z
B R’ E[xerssamilii—ba | kgm®
i BE|h o F 5 mEHA— v | cd/m? ) . "
B = O &FEo) 1 1 #6. SUCES 7223, STEPFH & 5 Hifr
% B ok ® GFEo) 1 1 5B o SI Hifizic L % i
(a) i (amount concentration) (ERFRFRALAED 5 CTIIETHEEE b min |1 min=60 s
(substance concentration) & & Lifh 5, — P
(b) 2 SElitd B VHYGE 1 & bR Tl B8, 20T & B b [1h =60 min=3600 s
B THHEFO 1 ILEFITRE LR, H d |1 d=24 h=86 400 s
. . B °  |1°=(#/180) rad
%3, [FHOAH L B TR SN DS N I
SI FHSZ AL 43 1’=(1/60)°=(=/10 800) rad
HANZ L o o | MOSTEALIC K5 [ STEABLIC X 5 i ? |17=(1/60)=(=/648 000) rad
' e #LK #L) ~J B ha |1 ha=1 hm?=10*m?
¥ i 2 797 ® | rad o wm Uy b | L 11171151 dmP=10%em?=10"m’
b AT ZIT sr¢ 1 m“/m L —103
= % =Nt s o ko t |1t=10°kg
Val —a—hv N m kg s
E A, s Hszan Pa N/m? m’kgs® ) y X ”
T RAF =, A, BB J Nm mPkg 5 £7. SICBERVAS, ST A SAS HIC, STHALT
HE®, TR, ks r W Ils mkg s RENDBEHPEBHI/EOND L O
1 5 & Blr—ny C SA Eis S ST Hifr TH S5 Hil
EhrE (|IE) , & & AR R v WI/A m’kg s3AT # o A L B eV |1eV=1.602 176 53(14)x10'%J
ﬁ% = i 7 o Cv m’kg's'A® % A b | Da |1Da=1.660538 86(28)x10%"kg
& £ # Hi|A— L Q VIA m?kg 9 A% AT EEEM u |1u=1Da
ERIN N A S DA 7S S ANV mZkg's®A? K X H 7] ua [1ua=1.495978 706 91(6)x10"'m
73 H == Wb Vs m’kg s?A’
73 H b i1 b T Wh/m? kg s?A?
A4 v Xy H v A~rU— H Whb/A m?kg s2A?
t AL v oy 2 R EeryemzEe| C K #£8. SITESZVA, SIEJHH Sh 2O AL
U A
b/ F— R Im cd sr® cd R A SI BN CH Sh 55l
- ( f))E o (d) x i mf cd N - Wl bar |1bar=0.1MPa=100 kPa=10°Pa
} ; Fl i 8 = -
TR PR AR O JA e g Vi 15iy s AKGHES U A — R mmHg| 1 mmHg~133.322Pa
TR, b= x ¥ —50 5. |, 2 2 . .
it g Gy Jikg m?s? Arv 7% hu—24 A |1A=0.1nm=100pm=10""m
2 i, 2 (o) ) o S s
iR A, AR~ T | SV Wiz m’s K= Y| b |1b=100fm’=(10%em)?=10%m?
i * {63 | 52— kat s mol J v K kn [1kn=(1852/3600)m/s
(SHEFFRAEA O & F & 785 & F ML L AR DETHATE 5, Lo UEIEZ L7z 0T 1350 R = 23| Np y -
SkE—L b TEAL, . STHAZ & DELAE A 722 BIFRIZ,
BT VT v AT T VT T O LISk 5 BALORBIAR4 T T, RICOWTONE S 2 5 diciibiu s, - & KPR D TE R AE
FEBKCIE, AT DRHCIFREBradk Vst VG D A28, B & L THSIEAL L L TORE Th 450 1135 > ¥ X ] dB
TRENRY,
@WHFETIIAT FTVT v VD AL i FsrZ PLOE LT OHIC, TOEEHREL TS,
@A~V IEHBRIC DN TR, X7 LB O EIBRIC DWW TORMER Sh 5,
@ BNV T REZFVE L OFRNRLTHT, EAVTRAREEZRT ZOIEAShS, BAVTIRELILEYD . . s e e
HEOKE SRFA—ThB, LitioT, MEACRENRELZEZTKINLE S ORI TELTHLRLTHS, D 03%.%&%099%’%1%%”‘ r—
ORFHEZREOHUHRE (activity referred to a radionuclide) (%, LIE LiEi - 7= 5k Tradioactivity” & i2 S5, 45 s SI Bifir T S 5 HE
(QHf > —~L b (PV,2002,70,205) 22\ TiXCIPMAE2 (CI-2002) % &M, ES v | erg |1 erg:10'7J
" - N , 4 A dyn |1 dyn=10'5N
A g R L Bl P ST B AL O 15 9 ;
K4 WEOBICHFTOMH L 7B % & LS B O] # 7 P |1 P=1dyn s cm®=0.1Pa s

ST AHZ Hif7

7
v
x
F — 27 %[ St |1St=lem’®s'=10"m?s’
7
k

HAST R o s | SIEARMIZED A i i
E% A F sb |1 sb=1cd cm?=10*d m™
picl 4 A % Pas m? kg st 7 * ph |1 ph=lcd sr em? =10%1x
h o ' — A v MM=a—brr—tn Nm m’kg s> bl V| Gal |1 Gal=lcm s?=10?ms?
* i} & Hl==z—bhofgEA— L N/m kg s ~ 7 A U = JU| Mx [1Mx=1Gcem’=10°Wb
14 ; S }f% T R rad/sq m m'i s'i:s'; H 74 Zl G |1 G=1Mxcm?=10"T
£ i i 7 o7 v ERED rad/s” mm’s?=s" - = o 1 (a) 3 -1
B om B, M B ED MEEEA— L Wi [kes® R
g ) > . a) 37ERDCGSHALR & SITHIEHEBE TE AV, H5 [ & )
ARE, = br b —|Pa— Iy JIK m’kg s2K! FEHISBIRE T b DO TH B,
HEER, oy hr E—|va—rmxarsamires (Jikg K)  |m?s?K?
b = x L ¥ —|Pa—nrEXursIs Jlkg m?s?
# I b H|U o MEA— ESAEY (W(mK)  |m kg s?K? #10. STZJE S 72 Z DAt AL D ]
M = x L X —|Ya—nAmilA— ML [Jm? m'kg s? EAa %3 SI HLAZLTF S5 HE
& R o B EEArEA-bL Vim mkgs®Al ¥ = U~ Ci |1Ci=3.7x10"Bg
& i # ey —w o fmszi A — 4 |Cm? m?®s A v v b 7 ¥ R [1R=2.58x10"Clke
?'f - %ﬁj fé,_ " ?’j Z’“ = /Eulgj - ;ﬂ/ C/mz m'z sA 7 K| rad |1 rad=1cGy=107°Gy
HOREE, XXM — kv |C/m m-sA _ 02
% & |77 5 1A= P F/m mP kg5 A2 ; 5 i o 1 reinl_l,rc_slv(ﬁg Sv
% 53 B~ Y —fFEA— Vv H/m m kg s?A? > - < ! 1 ;;/::__1 fm=10"m
E L T %X L F —(Pa—n@mEL J/mol m?kg s mol™ CMABHT ; _ \; ,T _ _ -4,
EATY h B E—, EABER| Y2 A e EY [Jmol B) [m?keg s K mol™ ARRC 1 A=MERTD S PElRgSEITis
WS (XERO, ) [7—nvmrnrsa Clkg T A . . U Torr |1 Torr = (101 325/760) Pa
W 0 P 5 =l it st Eo# Kk &K JE|[ atm |1 atm =101 325 Pa
58 & bzt BTy MEAT VT Vv Wisr m*m?kg s?=m’kg s” Vil =1 J || @ ||P A (L5Cy = V=), 4.1868]
& i i FE|7 o b A= iz 7 o7 |Wim2sy) [m? m?kg sP=kg s (MMsa Y =), 4.184d (BL2E B a Y —)
B 6 M S mr S A— b |katim®  m®s!mol S 7 2 v op | 1p=1um=10"m

(FH8HR, 20064F)






