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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 interpretation of 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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Table 2 Cruciform specimen manufacturing procedure

T

fERT v 7

a. FMUIDHL

- ARERIES > & - REREBR R T R E O THEM OTIY H L
- ZTHRAFEMOGID 1L

b. SN L

I EY) 2 R 2T RSO T
A TREHEO TS, Z 7N K BRYen T

c. LAY v
KN

cUAY =Dy bEANT, BiF(LAY v MINL@ &7 9, —f&E

I3 E & 200mmxfE 10mm, AEIEE S 190mmxiE 10mm CTHl L,

d T&HEHARY
v ML

< BRI T A2 AWC, TR ER R TR i oo B E L R T AT
BDF»OAY > M

e. MEFIAHE

BB L 2 T O R Tl

« OB — 2 KO PDM i O B F

- TREMAY Y MES 9mm & HOET 12mm E S % HARL
HA

TGP

=

E

h. 77 v RE#EE | - +TPRERBEFRE~D 7 7 v NEEHE
j. BuVLe o I AKEMILER 2541 510°C X 4 BEfE]
HE L) [ESEAFZEBSEIE N B AR 1 I 0FFE B s M . SRk 30 AR B TR ) BT 22 R Ak AR R

Pa =y
G 10

b. 2 ilifif B A A L 7B T Ik

TN B B AR AR U3 B AR AU 2 T B A

BmAVK TR LTRSS 24 5 L CHIEMEMIE 2 A S5 K O IZEKIC

IERE R 2T 56D TH D, DD,
2 N ENETBE 2 AR D 7o)
AR 2[4 6

AR [ (3 I o Bl ExﬁT

B L CEIRL mﬁ%%L\%w

\miﬁm%%kM@M*@%%%ﬁ?éoﬁ%ﬁﬁé
2, RBREy FNOERZM 71277,

INEEE R AR D, 7 T v N M O +FREER K2 Wi SR A
MR E N Ty ROEEEZ T D720 7 7 v Rl T O+ FR 5B 2 H
VN7 SRR B AR B e R A S i L 72,

NN BB B AL R T U, 52

RO RN S 2 A L C

AR D DA~ K 0°CITImR S TR Z B SR BRAM A G A5 L L b

e T DEINTHY T 5 iR EIZ K 5087 &2 AfT L7l 4 520 L.

iRt L7z,

10

IREER) 290°CIZ N S -

H

ﬁ%@&ié




JAY V)
@i — <
_— IAY">A
ek
1 S st EHE. BEE v
|
@RKEEKT

OBHAKRTU—HA
my7

KPRV T

) ESZOFIERE FETE N BRI IR SRR SEARARE . TRk 20 AR LI T 0 B T R RE AR
mE (KR ¢

X 6 FABRE (i 4 (A Ak

Fig. 6 Overall configuration of test equipment

) [ESCAFSERR R IE N B AR OB FERE FEEARS . 1K 29 AR EE IR - ) BRI T R RERRR

7 WY Y FNORERK
Fig. 7 Configuration inside the test pit

11



@ ERAE R

7 7w K THM O+ TR Z AV - RIBHEFH AR 21T - 2R R, RRMTEIC
BT DRI DA B ILIEEFHE 5 DR S D, £ O% b REBRIR SN = 2 F Tl
REAINAT 75 DS RHI & AU 72 B 3 07 T B RSB SRR OB E T s B 42 C7owlRetk s & < |
R~ 8GR 2 B DR 7o, 3B O RBRIRAMER L O 6l % X 8 12777,

CT FRERST. EAERBR R S O FRIEER (R & F O 7o i B IBR 2 36 1 2 Al B P fiE
Kic DIRFERAFNEZ X 9 1T, Z ORBRAE R Tl BRRIES D K fEIX.JEAC4206-2016
DOREIVEER R 4 LAl > T2 &3l S 41, JEAC4206-2016 OOk EEN B R gh #j o>
PRSFHEDS R S 7o, 1T-C(T)ER T 0 24 O MHEERIMEAE K I3~ 2 & — T — 7 BITL
L THY, JEACA206-2016 DREEEIMER 2 K& < kRl> Tz,

12



) ESZOFZEREJEIE N BRI TR FEBH SEARAR . TRk 30 AR EE I ) B T 2 RE AR
HE ()

8  FBRTR DRER AR SMBLIR I

Fig. 8 Specimen appearance after test

13



250

£
= 200 |
al
2
ﬁ 150 }t ,’, JEAC4206-2016 D
= 4B HhAR
=
=
B 100
=
OC(T) K, (1T)
50 T WVIRY T RA. R EK
| O TR T o M. BRHEK,,
T=56°C | O® - FHIHBE Y T v FARERTES, BAHEK,
0 " | | L " | | | | | | | | | | | |
0 50 100 150 200
IELEET (°C)

) [ESCAFSERR R IE N B AR OB FERE FEEARS . 1K 30 AR LR - ) LI T R RERRR

HE (—EkkZE) 10
9 CT B, FAGRER M K O R R BR A 2 I T e AR U 36 1 2 AR S M i
Kic DI FERAFHE
Fig. 9 Temperature dependence of fracture toughness value Kjc as results of fracture toughness

test using CT specimen, flat specimen and cruciform specimen

+ TR (7T v NF) OFMEH O HESME O MERBR O R, iR o
To LV bmEmWMEZ R L TR | M TH 2 KBNS~ & 0 3R A OB A E I & D
EEDIT K0 AREEENE AR S o < ATREME DNV RIR ST 1S,

InEBEREEERBRICS VT BRI 5 F CWreng IR FHE 5235
WSz, BRI T TR OBRET b A U TR & <. R~ D8RR
MR 2 i T & . ARERIZ X0 I BE 2 B U 7o SR & 2 BRSO SE L 72 & fl
ST,

AAFZETIL, 2 B~ mEHMEICBE S 2 R 29558 U, BUR O R4 7 15 O R SF 1 & FRGE
T BT, INEEE R 2 8 L7 R L 2RO NI 2R L2, BUROJR IR
J£ )55 25 DAERMEFAR ORSFYEZ BRFET 2 72 DI, BICHiAED, | EifEIZ XD
R PEREAR > 2 il ff FIZ K 25 ~DOBEHMEICBE T 2 A 2R T L2MNERD D,

14



2 BT RNEIC AR DS

E%mrﬁ*“%®$$%%% RO BIEEE (LLF RTaor) &0V, ) O BiTHE
(LAF TARTnpr) &V 9, ) IZ2WTIE, #MEt O LR & ik B &7 2 kf L CH
TN 54T > CROB A2 ED HBEmAFIE 212 & RS O BB O E IR+
7 FARR~ N v I ZABEOE R ED A I = XA ESNTET AR E ST HHER
HITFE 20272 K Dl T it T %,

ARAFFE I3 B IR AT B R Al O PR FME 2 R T 5 72 80 . ARTwpr DS aHRAT M OFRBR
F D BB OB o T 2 F2fE U7, BEERERAT B O TR W TR ~ A
RHFHZ IS THE T BRI SO B DL 2 0y 72 E A IC T 53 5 IR 1 e OSFe Rt
B3R AT B AN I Y 15 2 HPHIC DWW CRERR Lz, BRBR T A O RE BB v OO Ak 53 A
IZOWTIE, ZRET b AT e —T W EIRF 7 7 A Z I R OF — 2 = EF 0t
%ﬁ%p%mwkﬂﬁ%ﬁﬁﬁ@Aﬁ%%mbto

(1) BEEREERBAT & O M et AR AT
Ot J7 1k

AHFFETIE, BB O FIEO =2 ThH D/ X T AN w7 XA XL (LT
BNP ] 2\ 9,) & Ry — L 285 U BN 710 E 12w i o ik 7
ST — & 2 T, A B RO B Db oy 72 Sk & 59 2 R
WO L7z,

BNP (BT R T — & BROMERN A 2 ZRBESAMOMTEILT 2 FIETH D | KRN
N iftﬁ/\?ﬁ%ﬁﬁb\f:ﬁﬁﬁﬁ U ARGET NV ERW, BT -2 OERLE LR ED
BHES 2 BB FE L TERSMOREZHEL, 7—F2OYTUIE Y E (CBE) 105
CTREGH, FHE, FERER EORGELZHET D, 7V —T ORI EOHES S
=T 3T DT A= Z OHETEIZ A ZOEHE VT2, T b OfERAMITEHMET
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Table 3 Data range used for analysis
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BWR ~ ~ 276 ~ < ~ ~ ~ ~
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N O~—vrEgtiHi TiIMAa—E, FLITEWEZ R L TE Y JEAC4201-2007
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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

: 'ﬂﬁ?ﬁk%(wt%) H\E%% H\E%JEE ARTnpr

$iiFE | No. %o 15 /o2 o

Cu Ni P Si Mn (><10 n/m ) (><10 n/m /S) ( C)

1 34 72

) 0.16 | 0.61 | 0.010 ] 0.29 | 1.41 56 99

3 6.3 32

4 0.03 | 0.57 | 0.007 ] 0.23 | 1.39 9.0 51

51013 [ 0.58 10.014] 0.20 | 1.45 4.7 88

S 6 5.8 46

7 0.068 [ 0.59 |1 0.009 | 0.25 | 1.35 99 61

8 10.037 [ 0.62 |0.003] 0.31 | 1.50 9.5 61

9 4.0 1 55

10 0.05 | 0.62 | 0.007 | 0.23 | 1.38 75 70

11 34 77

vk | 12 0.14 | 0.80 | 0.012 ] 0.38 | 1.22 56 106

&g | 13 3.5 64

14 0.13 [ 0.85 | 0.011 | 0.28 | 1.37 6.5 77

15 10.0 94

| : ;

e 0.09 | 0.62 | 0.007 | 0.26 | 1.38 '

i 18 3.2 45

19 5.9 50 79

20 11.7 128

) [ESCAFSERR R IE N B AR O FERE FEEARS . 1K 30 AR LR - ) BRI T R RERR R
-

EE (R

18



@A — v = BA kT

M THIC D ERIL7-3BR & L A4 — 2 = % 150 e/ Wit & PHI710 (ULVAC PHI)
DF % U /N—PIZ I W TIRIREE B CREWT U 7o, T E ik &2 Bl52 L. R 5k
HWCHR L CA =Y 2 BN &2 E Lz, 4— Y = AT MUIZEBW TR IZ D
HA—T 2 BF TR F =3 120eV ITHUNR P OB — 7 SR S Tz, 15 b v A
X7 RIS BIRROEEORKEE R/MEDESZFF L, P & Fe OfE5DORKIHE
ER/MEDZEF DN S P OfFATEEZFH L7z 34,

BMENCR LT, BBEENSHENT 5 Z LI RIMFEOELITR SN/ o i’ R
FRGIHS & e 32 E BRI K A RATEOHMA R oNnT-, £, MO P EHEENZ
MENT & PRI RN 28 M A R bz, FRREOBRK &R —OME T, i
HENIRR > TODMEIORE R A T 5 & RIBGEEORER O, P R &2
TR R EmAR SNz, LML, P RITEOEHEITEEREZOFHEAANTHY . £
DT TIE R0 > 72 16,

RS D ST MK 28 R D P ARHT & OIS A2 R L. BKF HE T 52550
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i U7z, AREEEIIEAE O A P E O DI KB & e D BRSO R T,
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x5 HHWT T MEEM OILTERCG & AR B 2R B R
Table 5 Chemical composition and typical mechanical properties of initial

plant simulation materials

1Lk oy (), wi% =i o, T,
C Si Mn P S Ni Cr Mo Cu Fe MPa °C
1=y %)
(SQV2A) 0.19 | 0.25 | 1.43 |10.013(0.014| 0.58 | 0.10 | 0.48 | 0.13 | Bal. 464 -28
77 R*
(SUS309L) 0.052] 047 | 1.37 10.019(0.003|10.54{19.91| 0.06 | 0.09 | Bal.

Sk VRPET% 1T SUS308 FH4
HE L) ESEAFZEBHSSIE N B AR - JIF 90 Bl S B A . 2Rk 30 AR U1 00 LI T 22 RE Ak R

mE (k)

BERNLE TO Tol3HRE 14 It LT, 77 v FF 10mmL-S TR 7 v FE
T L-T S OBERE &N -T2, 77y FEELTWRWHMEORE LIV &7 7 v NE
T OEERVETS < . HAZ OIZARIZ X DR T IZ R b ien o 7o, AR Ko J5 10
ToH5d7 7 KT 10mmL-S Hf, L-T Fl &b, RKE 1/4 fLE I U CTEEEIPE LS < |
RSBV T, BB ORI E DS RIENES 1/4 (iETh D Z & T, B Ok
BEOIMEAZRERIE DL 2 L ORSTFHEDPIER TE 7,

2. 2 [KEE&MOFEAR

MEFRERS  (Japan Materials Testing Reactor : LA F [IMTR) &9 ,) ZHW 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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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.
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Fig. 11 Reference temperature 7y depending on test material and specimen type
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Table 7 Warm pre-stress test conditions

A faf BN X BRI A IR X BRI
ESEs Puwps Kwprs 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
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Fig. 14 Effect of specimen size on 7o

2.3 RF UL REIDOMEIEER

BWR X U' PWR JF N EIC BRI L S 23581203 THIREERLI 55 18 &) (124t
WSV 21T 5 BENR D 5, LD Pk %EE%TE# 5x10% n/m? Z 2 55 A 1213,
MEMFEE MR RO O BRI T DEZ 5 & i 2 T RRE OO XD

B ) (JRAELEL R 55 1408063 75 (Iﬁm 6$8H 6 AR DEMZERRRE)) (BT T
KO L H,) Ik D, BARBM S T3EMIRT B #ERHRE (2008 4hK)
(JSME S NA1-2008) | 0 X3 A A= [FE MR 7 T s i ik AHERFBRS (2012 4RR0)
(2013 4B 4#H & 10 2014 Ed@%zaﬁr ) (JSME S NA1-2012/2013/2014) | *' (LLF T#ERHR
1 LW H,) O OB RIEREE T [hE TR R 5.0X10%/m? 282554,
FRS 35 1B I ) B R B f 2t J%JET“ IHERFBUS O IR B2 S ZEREE) o [£ &
£ E-2-SA-1 A — A7 F A FRAT L A BWR JFFNAKEEREEH O SCC & 4tk Jr i i
(FHE TR EY 5.0X10%/m? (E>1MeV) ZHE 2 5%5) ] OBEICLHT . RFIC
MERFHLAE O [HfT E-2 & RMEREEL ) o [ I E-2-SA2 A—ATF A FRAT LA
8 (Bt SUS304 8, (KIRFEFRAT L AH) O BWR 7N KE BRSSO SCC & 4

26



HE R AR ) oSk SUS304 #D EFRME (9.2X10"mm/s (9 30mm/4F) ) Z@EH 32 2
ol ELTWS,

LosU. S o /L CHil SUS304 80> b BRI 2 18 2 5 7 BRET BT 0> 23t Jie ok i
DEFENTETND 2L 3, EFRERFRNRECTIZF LI ORI y #REUIC X
% K D RS 3 TR U T2 iR b K 3655 0 BRAL R 0 8220 TR A R S IR S B AT REME
PRI TWDLZ L 28 2EET 5L, BROMROBREREEITLT LHRTHT
IR WA B D, Z D7, L0 ERIST W BREE CRIER IR 2 M 0K
R~ DO MU O R Z HUNGHN T 2 L ER D D,

ZOTH AFFETIE, PN T TOME R OUKEREIC KT A EICER L]
S TFRANFEAS I E e ARERRRAITS 2 L T, MNERBRE BN THRBRTHEDL
Ni-BRERZEZ L, BN TZORMROREZYIRA L, RETHERS)E &5
AU R R R O PRSP A R D E & LTz, LxL72H, IMTR To MUK
FRBR DN Tk 28 AFFEIZBAE S L7272 8, RBFFEIZ BV TIE, RIBKH O FpE W a5 & OBE
ERFFE TS LM B E VR AT ) L L bic, A—ATF A FRAT > L A% F
DMZ. PWR LT BWR O BBEAEOFEREIZ SOW T « 0 217V, BRETFE ARSI
BENOBIGERFANIZ OV T, EEINHINEREIC O W TER LTz,

2oL 1 YRR Y

C(T)akBr i 2D 2 7 ok BIZ2 & LT, SUS316L O ARME D 0.5T-C(T)ikBr i % H
WC, BWR BLEEBREEH C— M E &AM LIE T ROy 2852 Lo, Blasl
& L CRAIITEOWH TEM BIEHMS (fFE 7kN, 224 REfHIR{E, 290°C. WEAFmEH# R
& 2ppm) AKX 15127, BEEHORTAR (EES) LIZEBRoOB Iy NEE S 3
LS OFERZ L U CED o T, R Ve O IC L 0 BB {EH DT
FROMEHE S AU D D L 2 1572 4, F 7o BEAEWFZE TR S 7o Bk & BUE L 72 SUS316L
O C(TiERA (S & : 12~14dpa) 12 X 2 BELERRBRZ OB D I 7 v ffkE4E
ATV, JRPTAETE & b B R I BT 5 2 L H DM R AT %,

BEAERFZE THRGT S 7=k S RLE L 7o s laRaER i+ (RRUBR A - SUS316L. eSS &
~11.6dpa, AT : 4mm, £ : 2mm) %AV THEEKKH T0.5~2% 0BT H % fF
B L., BEICE > TERSNWIZEBALTF v XM XD AT v T ROBALEREO MR (E&,
FARK) ZEIE L. AL ENIE T Cr 3N 8 1E Fe KONNI O AR S CTH D 2 & KK
JEESTOT A K OMUF EOINTIEL 725 2 L HEOH W& %72 4647,

(15) # 8 0 [MAZLERIRERN O R KIS

27



0 20 40 60 80 100
atomic ratio, %
H) AT o L A O BRI IR T D miRAK T RIS KX AT BTG O ¢
15 BRI ;O Wi TEM Eﬁfﬁ%ﬂ% (17 B KN, 224 B354, 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)
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1.73x10% n/m? (E>1 MeV))
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Table 8 Achievements in this project and future research issues
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