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Study on integrity of irradiated materials for light water reactors

HOJO Tomohiro, FUNADA Tatsuo, TAKAKURA Kenichi, and OZAWA Masayoshi
Division of Research for Reactor System Safety,

Regulatory Standard and Research Department,
Secretariat of Nuclear Regulation Authority (S/NRA/R)

Abstract

Neutron irradiation embrittlement progresses at the core beltline region of the reactor
pressure vessel (RPV), which is one of the most important components of nuclear power plants.
Therefore, utilities are required to evaluate and maintain the integrity of RPV during the operating
period according to the "NRA ordinance on technical standards for commercial power reactors". In
order for the NRA to make appropriate decisions regarding the soundness of RPVs, it is important
to continually review and improve the currently established technical standards with the latest
knowledge.

The core internals fabricated of stainless steel have potential of irradiation-assisted stress-
corrosion cracking (IASCC). Therefore, utilities are required to prevent fracture of core internals
due to IASCC. However, it has been reported that crack growth rate may increase depending on
conditions. The knowledge of CGR needs to be increased in order for the NRA to better confirm the
results of utility evaluations.

With due consideration of the above viewpoint, the Regulatory Standard and Research
Department, Secretariat of NRA conducted a research to confirm the evaluation method of the
soundness of RPVs and core internals, as the entrusted research program to the Japan Atomic Energy
Agency.

In the study on the integrity assessment of RPVs, bi-axial loaded tests were conducted
with cruciform specimens with a thickness of the actual size. Feasibility of the test method of thermal
shock to the biaxial load area where a semi-elliptical crack under the clad is located was confirmed.
In addition, the factors contributing to embrittlement, such as neutron irradiation conditions and
chemical composition, were evaluated based on the statistical analysis of reference temperature
shifts and the results of microstructure analysis of neutron-irradiated samples. These results are
useful for confirming validity of the methods for evaluation of fracture mechanics and prediction of

irradiation embrittlement in the assessment of RPV integrity.
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In the study on IASCC, crack growth tests were performed on the irradiated stainless steel,
and the microstructure of the crack tips after the test were observed. As the results, knowledge on

the propagation behavior of IASCC has increased.
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Fig. 2 Schematic diagram of residual stress measurement
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Fig. 4 Image of pressurized thermal shock simulation test
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Table 2 Cruciform specimen manufacturing procedure
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Table 3 Data range used for analysis
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Fig. 10 Results of atom probe analysis (3D atom map of low-Cu metal (20x20x50nm?))
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Table 4 Microstructure analysis sample
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51013 | 058 |10.014] 0.20 | 1.45 4.7 88

S 6 5.8 46
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MOMBEREEZREFIED & ORSTFHEPHERTX 2,

2. 2 [KEE&MOFEAR

MEFRERS  (Japan Materials Testing Reactor : LA F [IMTR] &9 ,) & HW KA 4
DRI Mt IZBI 3 250 2 51 E L. BUNBRICER 2 TR & LT, R ATOM B Ok
UM A REN 925 H B9 TR O BB & . IMTR TORSBRORR & ik 5
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H AT BT TR TR LIAMPB R O O RIS 2 W icilB e B 5 2 & & LT,
L2 L7273 5  JMTR T O MU RAUBR 7S Bl 28 4 BE IS Bl S 72 7 b ARBFFEIC B8 T,
AR BT OO SR PERRER K OBETEMTE TR L 7o kb W TR D 2 247 - 72,

2.2.1 EBEMHERR

AR T, Cu A REAEL X2 3B (& Cu A : LU TIRL A4 . 1 Cu bt : LLF TIRM
M1 . mCubf: LN DRHMI W9, ) | SIMEOTZOEER (LT IIRW #] &
Do ) DSME AR & LT, BAEM DL 2K 6 1TRT, IRW MITIEES R O
FrtEZ2ie 2 2 L2 HME LT JRH MEaY 7 ~—U 7 — 7 88 L CRUE S - s sEik
FTho,

76 MM oL FE Sy (Wt%)

Table 6 Chemical compositions of test materials (wt%)

HLEAS C Si Mn P S Cu Ni Cr Mo Fe

JRL 0.16 0.20 1.43 0.004 | 0.002 0.02 0.59 0.09 0.51 Bal.

JRM 0.17 0.24 1.46 0.010 | 0.009 0.09 0.59 0.09 0.51 Bal.

JRH 0.17 0.23 1.47 0.014 | 0.017 0.15 0.57 0.10 0.51 Bal.

S1 0.19 0.26 1.38 0.007 | 0.008 0.09 0.62 0.15 0.48 Bal.

JRW 0.062 0.30 1.35 0.016 | 0.018 0.20 1.15 0.10 0.55 Bal.

) SEATECE N AR T FEPHSE A TRk 23 A RSP AR S (e = R
BEHREE (—EEE) °

HEM O BN RHE A BT 5720 i 3B, 5IERBR, v v L ©—E BRI K O
HRBR A TG L7,

i SBR Tl By U — A SRBR ) A 29.4N & LT, 3mm [EIBE THRIE N34 & 1 E L
720 W 1/4 LB ~3/4 (B O & 1% 200HV FETIRIE—ETH Y . HitkoRim ik
ZIE Y L 20HV FREEME DS T2 1,

FliRaER 2 IR 226 100°CO R T HEHE L THEM Z &5 RFFME O IR BRI A 48
%L EBHIT, IRMMITHOWTITRIEN DG RFHED 5341 HIIE L7z, 0.2%i0 /] & TG iRIR
SR O R HE AL TIIBRENTE LY b@EVEZ R LA, MOEK D IO W TIREN
DTN S < BERH & R CHE R ZITBN R D o7 10,

¥y L BB & K B A TV S BRI & O EIYE O FEIE & 72 D RTwor &
HE Uiz, 7ok, ¥y b B — BB I 14T B Sk 0 #h R85 2mm o I1SO Y & B
BRIZHWSHNTWD 8mm O ASTM & iz, BERAM I OFER i3 2 & Rk
& T Cu, Niy P 232\ JRW A1, JRH #F & RIFREE I B3I = L F— MK < |
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JEMETER IR ORI H & BB E . RTaor bRV, o, S AX—H—TEIZLD T
ZiUET D700, v b B BIREEIVERER T (LT TPCCv) &5, ) | 0.16T-C(T)ak
B R, 04T-C(T)itBR A K OV IT-C(T)ikBR o 4 T ORBRA 2 W TRBR 21TV, T ik
ET B R - HEORBZ B LT,

To \Z R AE TS FRE & SR T OB Z X 11 128 T, Cu°Ni, P72 ERLWHMET
To @<, JRW MO Ty 3 bEiiCTholz, iz, Toxz v ¥y VE—HERRTHELNLL
JENEREMEBRRIE Ty & AHBI A B 12 12" T, To lTEMEMEMEERB IR Ty & FHBIBEMRICH 5
Z BV S T,

¥, To DWIENSA 2RO, ¥ v /L E—EBBIREE DS & R CHE R 2T
T EIRWE (FEIE) & o7z 10,

Material
(Cux100 wt %, Nix 100 wt %, P x 1000 wt % )
0
S1 JRH JRM JRL JRW
[ (10,65,9) (15,57,14) (9,59,10) (2,59,4) (20, 115,16)
25 | ; | |

-100 |

-125

T T S -
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PCCv 016T 04T 1T PCCv 016T 04T 1T PCCv 016T 04T 1T PCCv 016T 04T 1T PCCv 04T 1T
%(—/ %(—/

cr cT cT ct cT
HERFIESE + i o~ — v

HE)  BRSTATEOE N BRSSP IEBAJERERE TR 24 AR BERE KRB ) 3 A it 4
ARG F

W

11 SR To |2 RAF 3 ke & BB i R o 22 %

Fig. 11 Reference temperature 7y depending on test material and specimen type
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) MSEATEOE N BRI - /T JEPAFEAEAE SRR 26 4F BERRE KT IR RL R f A 1
mEE (—HELE)

12 ZHEREE T & EMENEMEERIREE Ty & OFHE
Fig. 12 Correlation between reference temperature 7y and ductility brittle transition temperature

Tary

BRERFF ERBR T, REHO JRH M LD JRM M 255 L LTE/T L & & bic
Ty &V O ABRFEE IR (LIF (K &0, ) | RUGHEY vy L E ~T“%
BN D BIURTEE LT E Fa & K OB OV CHER L7z, #Bk1X ASTM E1221 (Standard
Test Method for Determining Plane-Strain Crack-Arrest Fracture Toughness, Ki,, of Ferritic Steels)
RN, JREN 1A F RO 2 A o FDa "y MBRERHEE LR 2 0T K 231
E LT, ZOfR, 131237 X918, JRH MOV IRM M O Ki (ZIENFE 47 ) 5 4
FRF DT X OFPFANIC AT D Z EPHER ST, RIS Kie IS8T 5 To & Kia ISX
HZMURSE T & OMBIMEZBRET L7, ARIRTE L2 IRM A & JRHAM O To & T DRI
[Z. Wallin®” } 0" Ericksonkirk® O EAHBDO & 2 Z L 3 MR TE 72, ZHUT RV | B
KRB 225 0.16T-C(T) BB Z MW L T Th 2155 2 & T\ Ko ORI 2 3
TEOHREMNEDH D Z LRSI,

Ko \CHT 2~ 22 = —7ZHRE T, EHEDRH 2 EEDRLTVDEHEET vy L E—
ABUCEBT D37 A =4 Traw ICOWTHE Lc, ABAIE 2mmV /v FREBRFTH Y |
S1 M ORIE 1/4 MLiE ) HRER A RFIFMNELET A & EA & 2D K OITEHRR L, BT
< ASTM E2298 (Standard Test Method for Instrumented Impact Testing of Metallic Materials)
(A > T E-ZENAL TR D & BFURFRIF L Fa 200 L7z, FHEY v LB —BRIC
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5 Mol A HEAE 1L i B Fa=4kN & 72 D1E Traan & Tikia & ORENTIZAHBENGR D 7=,
ZHIC X EEERBR AT OB, Ly A —RBE A A T LT K DR EER AT
I CE ATREMOH L Z L RRENT 12,

400 1 ;
OBXRAHEMEHSTEESLT—4
OBAXZBERETSEELT—4 KBl R
DEEHEBRPTSTAS Y FF—4 (2/3RE—FKi%)

AXNBRIBKIRBHET—4

300 [|eEHPWRLLEIZ &R (1TCCA1/4T)
A EINPWRELEAZHH (1TCCA 1/2T)
B ERPWRLLEBAZEH (2TCCA 1/4T)
AJRH# (1TCCA)

mJRM#1 (1TCCA)

200 [{eJrH# (2TCCA) /
& JRM#1(2TCCA) A

100 Ry T

FEURBELEHME K, [MPa Vm]

0
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100 150

T—RTypr [°C]
HE L) JRSTATBOE N B AR AR FCER 8 HASE SRR 264 BEEE /K JF AR B S0 (e = M R 2
2

13 JRM #4 X OF IRH #4 & [E R F-J7 FE F) 2 8884 O i O3 A 8RB fR 45 LRt
(Ka) O
Fig. 13 Comparison of plane-strain crack-arrest fracture toughness (K1), between JRM/JRH and

domestic RPV materials

R T D SRR T, IT-C(D)RBR A 2 AV, KR CTHINEZ S BHE L EE L TR
B FEii L7, MBRGMEEE 71087, Purs KON Kwes IZTPHEEKOZ O L & OISR
RETH Y P RO K X ARRE O BIAAT 8 & QUG IIERE A £ L T 5.

WO T b RIRFEO T AR H OIREE & IS IERKRE A R4 5w Tk,
L RAREL S~ A B — 1 — T IETRGE SN DI TR A EEl> T b Mtk ik
Zonole, o, Kwes DREWVFEDIT D Keracr bR E L 7e D0 & 7o 72 15,

LUCF et (B0 — BRAT— 70 Al kI & THAF) TIE0.16T-C(T)RlBR T K TF 0.4T-C(T)ik
B ABI L CRBR L, RBAHER OCEIR TR R ERRIEIEOEBELHR LT, 1T-
C(T)RBR A M OV 0.4T-C(T)akBr f Tl -160°CIZ 31T 5 A EEENE: 0 B YAl Kiemeay & D & i1 W
Ky THEEE U 7=, — 77, 0.16T-C(T)akBh i Clx, BREENRF OIS T ERAREN T Kicmea) & [FIFRE T
HY ., BIETHEOHFITEE CHN o B,
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KT R TR E AR B ZRAT

Table 7 Warm pre-stress test conditions

A faf BN X BRI A IR X BRI
ESEs Puwps Kwrs Twps P, K> TrrACT
(kN) |[(MPavm) | (°C) (kN) |(MPaVm) (°C)
1 44.7 80
-1
2 0 0 30
3
-50
4 61.5 110 55.9 100 160
5 14.0 25
6 324 58

HE)  MSEATEGEN AR T 0P JEBA S EAE 1 a2 54 BEBE AR AR R Al 42 M
BRI EF

-160°C T DO WIRF D Kye & Kwes & 2% & 0.4T-C(T)ik Bk T D (Kje-Kywes)/Krwes 73 0.16T-
qnﬁﬁﬁﬁwlnqnﬁﬁﬁm%ﬂ IZHARTE L R DB AFRD DA, IR 2R
(2% 9 DARIFVE LR O SR Mo T2, ARAFFE T 0.16T-C(T)~ 1 T-C(T)ikBR fr D Y+ X §iPH
DT —H Lﬁ%%%ﬁ”b’(b\fotb\f:&)\ RERY A ZNZONTEM L7 kT — & 30 & Hiig
L7228, BREASR D ARAEMEI AR IEER D S e dr > 7=, 0.16T-C(T)iRBR i & 1T-C(T)ik
B O P R OMBMEE I A LT AR D &L Kietimio AT O R EIC S 230 5,
0.16T-C(T)iRBR /i TIL TAFEKFIZ U A A > O KE BSIEMEZETE U 72 72 8 il T 17 B2 R
DHREIZAE Lo BZ b D, o, PWEDZELTNNDTZOIT, Kie D 85%F T
ﬁﬁbkﬁAwﬁ%%ﬁokﬁ\%ﬁ%m%%%@mw%m&#oko%HE@VNwﬁ

BYPMEDRICEETLIGELHDL RO LN B,

2. 2.2 REMHERR

AGRERCIX, BEAEWRZE O S 7o URB K OSRIRST IR E M & (1500 & LT Ak
AR K OV | RRABR 24T - 7o, BRI DWW T 0.16T-C(T)akBR i & 51 IRAER i & | R R £R
B OW T 1T-C(T)#kER 7, 0.16T-C(T)ik Bk T Kk V51 iERER i 2 2 2 akBric =,
REBRAE RN OLEONTZ Ty ORIV A XOFEEK 14 1TxT, BEMEZEOETOM
EHZ DWW T, 1T-C(T)ikBR <2 PCCv & 0.16T-C(T)ikBr i D To 1ZFHMREZE (o) OFPAN T
—E L7z, 1T-C(T)RBR kT 2 Z 0o o T, % ki35 & . PCCv IE 1T-C(T)ak
BRI L TR D Ty 23S H D03, 0.16T-C(T)akBi 712 L Tid 0.4T-C(T)
bR A & RIS IT-C(T)ikBr i & D =T/ E o T,

To b vy VE—BEBBIRE L OMBEZHZE Z A, & TORER T CTRIBE K OB S
EBBEEMIIE DT —Z DT Y X OHFBHNICHM L TEY . BHiERERIZERD biT
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Fig. 14 Effect of specimen size on 7o

2.3 AT L RAEOMERER

BWR % O PWR JF NS MIC LS F6 AL S L2 3561 1d THIF A YERIL AN 58 18 4= 127
WERVERHM 21T 5 R H D, £ OEE, TR & 5x10% v/m? 28 2 558121,
BHOMPRIZ LY . AR 72 [HEH RT3 MRS (2008 i) (JSMES
NA1-2008) | 0 X% H A2 TREM LT /aklifirs MERrRAE (2012 420K) (2013 48
IBAH M OV 2014 4EBAf &2 & e, ) (JSME S NA1-2012/2013/2014) | 41 (DL THERREIR ) &0
Do) O OB BIEREE T [HhPE R & 5.0X10%/m? 22 5856, RENHR
BUNE I B B e Rl B (e RF R 0 TR B2 S ZEREE ) o £ IRfF E-2-SA-
| A=A 7F A FRAT L AHO BWR IFFNKEREEH O SCC = &EREE (FhiE+ M
&N 5.0X10%n/m?* (E>1MeV) Z#x 5%56) ] OBEICE LT, RFAVISHERFBLIE O
TSt B-2 S REE ] @ X IRfF E-2-SA-2 &—AT7F A FRAT LA (Sl
SUS304 i, K/RFRAT > L A8H) ® BWR BEFIFNKEBREEH O SCC & ik R iE R
X | O SUS304 $i0 EERME (9.2X107mm/s (#9 30mm/4F)) Z#EM+ 52 &, &L
TW5,
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LorL. SHT 0 R CH b SUS304 #llo> FRRAE 4 # 2 5 H P+ FRETHE o 2R EE
NEESNTE WD I L 3, FEBIPFNER FTiFUW%@¢$?&Uyﬁ%% X
%K D RS iR THA LT iR b /K B O LRE O 2 CRIAGER D INE S L5 AlaetE
DS NTWDHZ L 2B 2EBET 5 L %W®Mﬁwéﬂ fEREEE LT LB RSP T
FRWATRMER B D, 207, X0 ERICTWVEREE CRILERZFEII T 2B R UK
BR ARG~ D MRS 0D 52 7 7 i @_&mﬁézgﬂ%é

ZDTD, AWFFETIE, PR T TOMB R OKREEIC RIET R ZEICER LR
FTFRANFEAS N EERNARERRR AT 2 L T, BMNERBRE BN THRBRTHEDL
- st %ﬁﬁ%ﬁﬁb N T2 OB RO B2 Wil U, FREFHERS B 2%
VBRI R RN O RSFIE A fERR T DFTEI & LTz, L2rL7Z23 5, IMTR To UK
ﬁ%#$&zwﬁ§:ﬁﬁéhkkb\ﬁﬁ%m%wrm\%%%ﬁ®%%%ﬁﬁ%&0%
I TS LB 2 VTR E1T ) L L b, A—ATF A FRAT VL A% T
DT, PWR KT BWR O BREHIEED 8 VI OV TR - 08T 247V, IR EE RS 6
BEINOBEERFAMIZ OV T, I HINAIRREIC O W TEE LT,

2.3.1 HEpEWRE &

C(T)akBi i A e O X 7 v fRBIEE & L T, SUS316L O R D 0.5T-C(T)ikBx f
Z VT BWR AR BR B2 7 C— E i B & ALl LR 7 P RAS IR e iin O b 2 Bl5% L7z,
Blepl & U CRAEEIEF oWt TEM BIEEHE (78 7kN, 224 FFRIZIE, 290°C. 17
ML 2ppm) & X 15 1R T, BREmDORTER (S DES) LicsEkombmNE
JE S RN Z LIS OFEIEIZ Il U CIE o 72, BRI AR & OV LG O VB ZE 1 X v ek
WD R DMEHE S D ZEO AT 4, £7o, BEEMF7E TR S e D REL -
SUS316L @ C(T)itBr i (RS : 12~14dpa) 1Z LD @AERRBREK OBRE MO I /0
FRRBLEE 21TV, JRTATE & B R HE R |25 5 Z E O MR A 1372 %

%ﬁﬁ%?%%éhkﬁﬂﬂ6%@Lkﬁ¢ﬁ%ﬁ%ﬁ(ﬁ%ﬁ:ﬂﬁﬂ&\%%%:
~11.6dpa, FATHS : 4mm, E X : 2mm) % AW TEEKKH T 0.5~2% OWEEOT A& FF
B L, BEIC X > TER S NEBATF v R XD 2T v 7 ROBALRBEOMS® (E&,
FHAR) ZEIZ L. B LN T Cr 3@ I Fe KUNNI O AR NUAEETHDH Z & K
JEZFXO0THEORNEOMIMMTEL 7205 2 L EOMR &2 1572 4047,

(15) # 8 0 [MAZLERIRERN O R KIS
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atomic ratio, %
H B x?‘/lxx%@%’”% BT D SR AK PRI KIE T AT 5 0 8
15 BZEasITeE O Wi TEM Bt EF 4 (fif 8 7kN, 224 FE[HIR{E, 290°C, 2ppm DO)

Fig. 15 Cross-sectional observation in the vicinity of the tip of the pre-crack (immersed for 224

hours with 7 kN load in 290°C, 2ppm DO water condition)

2. 3.2 BEMOMEIRER =0

BEAERRSTRT & LT, SUS316L D I AT =— L2 AFLE EHM D 0.5T-C(T)ikBr F (P11
B 1.73x10%0/m2(E>1 MeV)) 2O\ T, W% BLERRREIT- 7,

ABRBH AR b mIRKERER TRV IR LW EAMIC K S PARAE (LT IRER TR &
W) EEALL, REFRTRIEASMIE, IS 0.7, AEEE 0.01Hz—0.001Hz—
0.0001Hz, /K'Z 32ppm DO, #ZE S8 0.4mm & U7-, BREEH PRZLE AR, & 5
WCBAT L REA (LLF TECP) &9 .) ZEFEEHEIRED 32ppm (LK [1H ECP 421
VD) EAFIEFRIREE DS 10ppb LA (BLF MK ECP &&fh) &9 .) D2 KHEEL LT8R
BE F T SCC B E 2l Lz, B OEERI, AN TO0.1pS/em LT, HHTO0.2
uS/em LN CTh o 7=, A1 A (SO&, NOs, CI) 1TV d Sppb Kii T -7z,

HR 5 15 0, 2000 R B BR K T 1% DO FRBR AT lC ST Rl BR i L 7= 1% 1 A T BRI &
DU BIEE & F i L 7o, ABREREE P 1T D B RERE T iﬁﬁ”ﬁlmﬁs%ﬁéﬁséh% 1

MR B R E R BRIC I 1T 2 AR S ORFM A4 BREREE & 0T 16 1277,

(E6) # 8 » [IFAPMEIEY HAZ O BZERTMRICI T D B O CGR 7 — i H OPRFIEHERR ) 1T5his
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Fig. 16 Time history of crack length and crack growth rate in crack growth tests used
irradiated specimen (after modification of fracture surface observation, SUS316L,

1.73x10% n/m* (E>1 MeV))
BEfFT — & LHB LI R 2 B 17 1R T . WPROREIZRSWTH, & ECP &R

K ECP St CoBZMERELEIICE ¥ LR%E ThH o2, 2B, & ECP & Tlidimsl
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Fig. 17 Comparison of CGR between this study data and literature data for fluence
(1.73x10'7 n/m? (E>1 MeV))

2.3. 3%%MK%H5%%%@AW

200 Rl 2B B M R A LIS T 5 72 . PWR & BWR O BE B OG8RI IC DT
/\Fﬂﬁ’f“‘&é’ﬁﬁﬁ CHEPL TR Ly Ry—hcEeHs L bic, WELEMET—#

[ZFEDSN T T BN EEOM B ST 2 — & & ORIEMEIZ DN ToHT L7z 495,

PERG LT DT — X ORIHRE L, BAKFEORFIRE Th D 300°CHHra e L,
BB ELE 250~370°COFPFADT — X Zxt5 & Uiz, F£i=, REBRE X, RS mRE
F (i) CTHUETHLHI D, FEilRND 370°CE x4 L L,

ARG & DRI, SIRRAE, RN, BRATERE LS ) ARV e R
FHEAS B RERIEA, BEFEMG DB ERER, 7 ok &k ORI RITICR S
R/ uftEE L Lz, SHICPWROAZ V=T RORAZY U7 HFREEBIZE DT,

FRG B D FEFFMEDRIEMEDIX S D EDJRK L 72 0 5 HRFITHONT, R OMEE
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PRAFME, REEENME, MUNFEERUS O RRIN A, RKNFHERIS S &R & i1
M & OBIRIZ OV TR L7e, fRHEKEIZE T 2 BWR OB S0HE RIEEIZ B3 2 Mt
B % X 18 12T,
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Fig. 18 Neutron dose and K dependence of CGR on SUS 304, 304L, 316, and 316L (BWR,
288°C)

2.3.4 AT UV AGMEIZE D4 % DR

AT 2 L AN B 5 RERETENE IMTR OB EIZ L il L7272, AkD HEY %
BT ENTERNST,

PR RS D BB O BELE RIS W TR Sh - HIFRRREIC O W TEE L
FERZRSICEL DT,

31



K8 AFETHLNIHRESED

PR

Table 8 Achievements in this project and future issues

BREER DEH BEMRICE 3 EiEE ABELTHONERE SHOEE
DEAZRTUL |EETFEEKHE |- HaldenfFCOEME M5 BEBHMOPIET—4(E5%, & |-BHTFCGRT—4
ZMOBBE | HERARICLY, 9§&§<®%§1T%§"£E§ﬁ%ﬁ§%§ FERIBEICRIFT RS KED ‘f SFEICES
BIRIETE |#HHEBE~OR EHORBSHMEFE S 1-PIEL BE | BEIMIHE L - HEREHOBRE SHEREED
BHROKDK |HHROEREE ‘F%ﬁ%ﬁo)‘lﬂ&ttiib‘ﬁ&)r/}‘ﬁb\ >EHTRREEABY LY S R EH ﬁé—rm&
FENROE | BLEZRETE | IMTRCOZE a8 HFRETE1 X 1025 n/m LI T ORBK |« LBEDF-HDIE
2 S FEFRAISUSI04BH ALV | ERLEHICERIE ECPZ&#CGRT—
SFREBEME 2 PIBO#FE
QBHERITE | FIEEMHAZD |- IASCCEE, ENIEETEONFME |- SUS316L HAZ(H4B E4EEE: FHETIR |- HAZO BBEEET
EMBPEIC | SREREIMICS | D PEFBRHELX 105 n/m2TEE | S85x 102 n/m)0EKIE, EECPEE | HI=xT 2BHO
HAZ)BS 218 | 1+ 5@BHDCGR # EHAZDCGRIZIEERZ(IASCC | TOEBMSHEEAR BIEREEHE
OEFRIFE | T2 (Fld ) >HAZ~DECPIERIC & % BB RIS | M rEResR
R)ERA DR MESRRDEMN LME. #IBH | DREBHMAOHRITEAThE L
QBHNNIREL |HER MHEEFORS T4 M+ THE |.SUS316LEHM (i FREET7 X 105 - BEH OB
NI E 0] WEDHIKIHY /M) DIEECPIRS REFRIBIE B | ML THRELIMA
REUVERE -)M;?EEE-TESXIOZ%n/]méu{EGé 4t 8 4815 T DECPIE; @( L2328 I"J‘t’&FHL\ ax
RIZE~DF MBETIS& > THAZO & RERZHE %'lﬁgggﬁu})]g(;uguegf sam Izt | EREEICRDM
B (ENIZE %) RTpEN HEBSR D RM
FEOMOBET—5 SRERRER | mapBEOLHARE Micgnicy | R
B 5 DR + B RERE o
DHAZERZR & LI MEHERE S EEEOERICEET DHRADD 'E‘Eiﬁ}éiﬁﬁg
+ P
BLERELER - HEEHDHREOES %%ﬁﬁf’ﬁ%gﬁ)ﬁ‘?%t&é L& | 55 ¢
DRH(AN=R | SESEL, BRmEEnsomyg| WRIHE 100 /mAE)ORR | T e
LE25) §7—4 LIASCCOREE Rfray | ~3IRBECSTOMIBILEEER | mir e
(45 L1 BlIZABH TH R *;::f:ﬁ;ﬁ';fﬁ; *
REENDROTS it L ot e | BRATRET TO
> BECPE# TOCCRIFEH AT E | ~ASCCHIELMOBA T2 DBR | 5554102
BICRRNBS L Lo kOER | SRORBI-BROREISET DBBERRE
s R EE~DBZEONT | BREEAREOCTHBRABRANKOD | REFIEEss
DEH L B AL B IR O BE MR S A
SRS L SO REIIH - F
) ESEWFZEER s IE N B ARIR - ST FE B RS A . SRRk 28 AR EE R A A A B R e A

A AR

32




3. b
3.1 EDOES

JR TIPS R DR MERIN AR D AFFRIC RN T, R )3 AR 2 BR Tld. s
PEREAT FVE O IRSFEZ iR T D 72 . EMBURORIE % A3 2 KA O+ FRIBER K 2 v
T2 EAMBEKDO AT LAY Ty RIS ARE MG L, BVE R 2 5 2 5 W6
DRI Z R LTz, b TRREICR DR TIE, /2 XT X b U v 7 R R3ES %
TN — BB U BN AR E )R e O PR T — 2 A LT HE T B
FAERMBE DAL By 72 EMBIC T BT 2R F IOV T LICER, SiD % 503"
ENde, T, AR EEEORR T — 2L D72, ZRET b AT — T BIEORER,
RCubf D 7 Z 2 ZRIC B W TSI EBEREFIZH > TV D ATREMERS R iz,

JR A4 JE ) 2 80 O R EEEN M ORI U T, BEIERFZE4E TS U 720 BH e OV O R R
SR % O TR & 20 L, BRIE S NS Tk d 528, Tl RIE TR B Ik -
STEORBERER L, £io. REFMZHWERBRICL Y, IR PATERO MR % B
BLiz, ST, RIEBFME OB O Y v L & —BEBRIRE & R EEEIE 2 FRIEEE O FH B 23
D L EMER LT,

AT v L AMERRBRIC BV T, ARG R G 0RO I 7 n ERBIR 21T,

JEICHEBY D 2 L EOMAERT-,

3.2 BHHOZERRI

AWFZETIE, RFFEEDEZROPHEFREMLIZ OV T, BEn - GE R m R i
fTREA Ko OV A 1] ) SE = 38 mT 1) B2 LB 2 5 LR L R Aih oD 58 A5 7 OV BT BLARS O Bl aAlh 12
EHTE 2 L9 @Rl FIEO RS IEMRICKNE R T — % 2 BiG7 2 72O OB 7 1k
RESL L, FHEEB 0 RERE E Lo, RBRCHREonT —F L0 BUROREAVEFL T
ERRSTHI T D rREME R ST, 72, BIENFHERIS B ERINIZ OV T, REH
T =X ORE - S EITV, BRERT 2R EOMAEZILT L, AT L AR ERR
DA ORIz OWTHIE L7,

¥, FNIRS T CHRUREE RS DS BN B RE REBR ATV BEERFE O B %R
B & B TR O O - BALE RSB A bl U, BN ER R RIS 70 8 A B S e
FEAG O RSFYE A FERR T 25 & LT a2y, IMTR T O B 5RBR 23 S R 2 847 B2 12 RS S 4
etz FEhiTXenolz,

3.3 BMRADIEA%E

AR TR ONTZHAO—MATEH S [—RIEENEAN A RERHS BT OBKEER
2 R IPREEM OB 5L JEAC4201-2007 [20134584# ] | D B Al 23 2Rk 27
EEIATDIL, EMERERRIA G ES N, $2, BEfTbRLT05 [—AEEANR AR
BRI BR324 W O i O fERE 515 JEAC4206-2016

33



RO T—itHEAN A ARER WS R OBEERS 7= 74 MIOBIE S IR E
TR ED T2 OFERFTIE JEACA216-2015] OHAMTFFMIZ I\ T H | ABFIETH Sz H b
O—HMEA SN TND, S HIZ, A% O KRB OBATEEG O SN HFRL e LT
ARSI D,

Flo. KFFEDOREIT DN TIE, @R BT M ONE S I e R 7R AT 2R 2 5
ARG DR AT BT D H AR & L IR TE 2,

34



B2EN—E

1
2

10

11

12

13

14

15

16

17

ABFEM, TR AR g O BUASHLRRZE (K. INSS MONOGRAPHS No.1, 2001.
—ALEEAN B ARERAH S R AOBRERES RFPEARRISE TS MM
W P OEREIVE O ERRTT 15 JEAC 4206-2016, 20164,

K. Takakura, et al., “Crack growth behavior of neutron irradiated L-grade austenitic
stainless steels in simulated BWR conditions”, Proc. 14th Int. Conf. on Environmental
Degradation of Materials in Nuclear Power Systems — Water Reactors, ANS, 2009.
MSEATEOEN BRI - I FE PR FEASAE | ST-pl 1 847 LIS A P IR AABE R A A PR A A
Wi E R Re - REBREEEFEFE) . TRRI19FE3 .

MNAATBOEN BRI I WFFE PR FE A | ST-Bl 1 94F L8 A P R AL BE R A A PR A A
W E URFrse - REBREEFEZE) . TR204E3 .

MSLATBUEN B AR JI0FFE B8 FEHEARE | TRl 2045 BEEE AR PR BLEE Al i A E A A
W E URFIre - REREEFESRE) . TRRIE3A.

MSEATBOEN BRI - I FE PR FE A | SRl 2 147 LIS A P IR ALRE R A A PR A A
wiE R re - REBREEFRFE) . TRR234F3 .

MSIATBOEN BRI - I FE PR FE A | ST Bl 2247 L8 A P R AABE R A A PR A A
WwEE U re - REREEFZE) . TR24F3 1.

MSLATBUEN B AR T FEBR FEHEARS | - Rl 2345 BEEE AP R BLEE Al i 2 E R A
WwEE URFIre - RERELEFEZE) . TR26E3 .

MNAATBOEN BRI S WFFE PR FEASAE | ST pl 2448 L8 A P IR AL BE R A A PR A A
wirE R Re - REBREEEFEFE) . TRR264F3 .

MNIATEOEN BRI IR FE PR FEARAE | SRl 2547 L8 A P IR AL BE R A 4 PR i A
et d R BT RRERE) . 2643 1.

MSLATBUEN B AR JI0FFE B8 FEHEARS | TRl 2647 BEEE AR PRB LR Al i A E B A
Wt d R OBHITRRERE) . 2743 1.

[ENZAFZERR FE 15 N A AT F) 0T 52 B TR | 212 R 27 4F B K P BARA 0 5 e
e E (R T RERERE) . FR284E3 .

[ENZAFFEBR FE 15 N F A - FI 0TS B R | 212 R 284F FE RS /K AP BAAA 1 5 i
A E R HRETRREREHE) . FR294E3 .

FEISZAFFERH 36 15 N R AR SR T2 B JE R AR | 1Rl 294F BE R - 71 Bl T e RE Rl R
RS E B R EHE MR AT e U UM TRREE ) | T304
3H.
[ESZATTERH 3615 N B AR 1T 2 B SR | 1R 304F BE 7 71 BT Ze RE Rl R
HEREE B R EME R ATIE U5 BT RFEFE) | RS 14E
3H.

MSEATBUENIR A 2 RN I L2t Jert iz B FH s E—F

35



18
19

20

21

22

23

24

25

26

27

28

29

30
31

32

33

34

35

36

37

38

39

B2 FE L R PR R DV T —, SER244F4 H

N. Taylor et al, NESC-IV Project Final Report, EUR 21846 EN, 2005.

David Lidbury, et al., “Validation of Constraint Based Methodology in Structural
Integrity — VOCALIST: Project Overview”, 1176, PVP2002.

Elisabeth Keim, et al., “Validation of Constraint Based Methodology in Structural
Integrity — VOCALIST: Analytical Programme”, 1179, PVP2002.

U. S. Nuclear Regulatory Commission Regulatory Guide 1.99 Revision 2, 1988.

C. Brillaud, et al., ASTM STP 956, PA, 420-447, 1987.

M. Erickson, Proceedings of Fontevraud 7, A105-T01, 2010.

P. Todeschini, et al., Proceedings of Fontevraud 7, A084-T01, 2010.

M. Kirk, ASTM STP-1547, PA, 20-51, 2012.

E. D. Eason, et al., ORNL/TM-2006/530, TN, 2007.

N. Soneda, et al., Journal of ASTM International, 7 (2010) pp. 1-20.

FRE KM, “Bf oA XEGmOER EICHI]: /> /XT A U v 7 XA X7 E
TFE BB 28 93(1), 73-79, 2010.

D. A. Armstrong, et al., Analyzing spatial models of choice and judgment with R. CRC
Press, 2014.

HDETR, A Xt OB & 51k, 2 n T4k, 201248,

—ALEEAN B ARERH S RFAORBRERS RSN OB ik
JEAC 4201-2007 [20134=iB4#hR]. 20134F.

G. R. Odette, et al., Radiation Effects and Defects in Solids, 141:1-4, 189-231, 1998.
J.M. Hyde, et al., Ultramicroscopy, 111, 440, 2011.

D. Briggs and M.P. Seah (Eds.), Practical Surface Analysis by Auger and X-ray
Photoelectron Spectroscopy, John Wiley and Sons Ltd, Chichester, 1983.

—ALEEAN B ARERAH S RFOBRERES 7 =T A4 MHOBIERES R
REETORED 7o OFRERTTE  JEACA216-2015, 20154

— R ARFE N B AR BE 2 WES1108-1995 “@ 245 1 28 (7.(CTOD) & Bk /7 1% |
19954

K.Wallin, et al., “Master Curve based Correlation between Static Initiation Toughness
Klc and Crack Arrest Toughness Ki,”, 24th MPA-Seminar, 1998.

M. EricksonKirk, et al., “THE INTERRELATIONSHIPS OF Kja, Kic, AND Ji, AND THE
IMPLICATIONS OF THESE RELATIONSHIPS ON USE OF FRACTURE MODELS
OVER THE RANGES OF HARDENING OBSERVED IN FERRITIC STEELS”,
PVP2006-ICPVT-11-93651, 2006.

S. Chapuliot et al., “WPS criterion proposition based on experimental database

36



40

41

42

43

44

45

46

47

48

49

50

51

interpretation”, Fontevraud 7, paper A141, 2010.

AAREI S FEEH R R lm e MR (20084-4) (JSME S NA1-2008) .
20084

A BRI HERrBRE (20124R8R) (20134184 & OF
20144FiBHfi &2 5 1e,) (JSME S NA1-2012/2013/2014) . 20124F, 20134, 20144
G.S. Was, P.L. Andresen, Stress Corrosion Cracking Behavior of Alloys in Aggressive
Nuclear Reactor Core Environments, Corrosion 63 (1), 19-45, 2007.

S. Hanawa, et al., “Determination of electrochemical corrosion potential along the JMTR
in-pile loop - II: Validation of ECP electrodes and the extrapolation of measured ECP
data”, Nuclear Technology 183, 136-148, 2013.

SETRSERT N RLEESL . S, SR, R T v L Ao BRI BT D iR AR T
R LI R X T AT 5 D8, Mk & BRER, wm%;mM0M7zm%mﬂ
Yasuhiro Chimi, et al., “Evaluation of crack growth rates and microstructures near the
crack tip of neutron-irradiated austenitec stainless steels in simulated BWR environmenr”,
Proc. 18th Int. Conf. on Environmental Degradation of Materials in Nuclear Power
Systems - Water Reactors, The Minerals, Metal & Materials Series.

Yasuhiro Chimi, et al., “Effects of locally deformed structure on oxide film properties in
neutron-irradiated austenitic stainless steel”, Proc. 17th Int. Conf. on Environmental
Degradation of Materials in Nuclear Power Systems - Water Reactors, ANS, 2015..
Yasuhiro Chimi, et al., “Correlation between locally deformed structure and oxide film
properties in austenitic stainless steel irradiated with neutrons”, Journal of Nuclear
Materials 475, 71-80, 2016.

0. K. Chopra, E. E. Gruber, W. J. Shack, “Crack Growth Behavior of Irradiated Austenitic
Stainless Steels in High-Purity Water at 289”, Proceedings of 11th International
Symposium on Environmental Degradation of Materials in Nuclear Power System-Water
Reactors, August 2003

JAEA-Review 2018-012, S J5USM . AP =], BUAIEA BIFILZ, AR,
oIS KB ARSI N ED I A — AT F A FRAT LV AEORS T — 2 1T
I 5 A & T — 2 B OAERL (BZREHFSE) . 20184F11 4.

JAEA-Review 2018-013, S5, mAaBEa]l, BEATE . BEHFZ . ARG,
IEKRBEE AP IFNEEM A — AT F A FRAT L A ORS7— 212 H
T AE & 7 — 2 EOMERR (BZFEHFFE) . 20194F 17

ASTM E399-12%3, Standard Test Method for Linear-Elastic Plane-Strain Fracture
Toughness Klc of Metallic Materials, December 2013

37



PEE R

JEF- 7 BT
e
firs
A
NEE

EEBEEE ik nv—7r

<+ of
A &

it
|

1E#%

BT e A
iz 5

iz 5
EEHAT TR A E

38

AT A

73

s

w7e

L.
hyA
H

1155



