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In recent years, extending the operational lifetimes of nuclear power plants and constructing new facilities
have been conducted worldwide to achieve carbon neutrality. In Japan, following the Fukushima Daiichi
Nuclear Power Station accident on March 11, 2011, only light water reactors (LWRs) that meet newly
established safety standards have been permitted to restart, with most restarted plants being pressurized water
reactors (PWRs), which differ from the boiling water reactors (BWRs) that were utilized at the Fukushima
Daiichi Nuclear Power Station. Stress corrosion cracking (SCC) poses a serious safety concern in nuclear
power plants. In particular, stainless steels such as SUS304 and SUS316 are susceptible to crack initiation
due to oxide films and residual stresses. Countermeasures such as alloy composition modification and laser
peening, which imparts compressive residual stresses, have been attempted; however, it remains uncertain
whether compressive residual stresses can be retained for long periods under high-temperature conditions.
Therefore, this study focuses on grain refinement processing as a novel approach for SCC mitigation and
establishes a fabrication process for grain-refined stainless steels. The influence of grain refinement on SCC
crack initiation was systematically analyzed under simulated reactor environments, and the mechanisms of
SCC suppression were investigated. Furthermore, a surface-localized grain refinement technique was
proposed and its effectiveness in suppressing SCC was evaluated. These results indicate that this technology
can significantly contribute to SCC mitigation during long-term operation of nuclear power plants and is

expected to play an important role in extending the service life of structural components such as shrouds.
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B, R ) EPNERR B IC LA F RS S M ETHY | 7T MERFE ELA1T) BT, ki,
IS DBLEDHIT, BRI B9 (HAZ « Heat Affected Zone) U< Tl IAHEIC L DB LS b
JBOEEE | IR LDF RIS DM LS 7Ty 7 OEREETHLOHENRHD, ZOTe
HRIRELT, L= —=0 7% AV, BRIWICHEHIERER B IS N 2 58 D5 RS T
WA[1-12], LOLZO6HRIZE W TH, BWRT288 °C, PWRT325 °CEVV) EIREREE FICINSNZ 54,
R R ERR RIS 2R E L COBNDINE NI RBH TH D, LLEDZEND, WOk FE#D
Th. SCCRAZMEIT 2D LT A IR TEDLFEIIRIZ A>T,

1.4 fannnE R LI TE T O

ESRMEHZ B W TR, Mo FIEE LML b, FEEimib, At Hssfb, &5k bis b
DAFET DIENHBITOD[1-13], KT, i ARG LRI LTI, 3REE B O A2 Bk
U, RO ELHIFF &5, LU, ZOFEEZ W T, SRR %21 umfE L F TR AGH
b8 5 TEMRFIEZ, LIZOFESLIITWIRN T8 199798 10 . W B A B8 B 56 A%
(NIMS : National Institute for Material Science) =38 D | Frifc & EFSTX-21, £ L gk~ m
=R AZ—bL, Fig. 1-4lR a2 7 N OB LA LR T D 282X HERM D215 D 50 B 232
T DM B BHE ST [1-14], ZORR, B b S e BH 2 Al 9 5 T LSRRI T vt
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ADRRF DT, FITBMMEEZER T 5 BT N L7 ot R BB A (L A oW T B F A
B OFR A il A O B 7 B A0Sl &7, Zb O /AR BRFHZ I | IR R R Tl
IITIREES00 °CLA DM T C, FRYSIPE O H3.0LL EAMPEHIAT 530X, e S BBk El A
BONHZENRHBNEIRST2[1-15],

1.5 K XOBERLCHEY

INETOEFNS, SCCIEIRBHMNORAETHI L, F-RARDDOEREICEY, SCCOMIEFIEIT K
AT D EE IR AT, L35 T, ZOBIG A I B0 D RIS A T2 2 81%. SCCOD
FAEMHNC, REBZED®H D, £7o. NIMSIZ CTEROM ETE7BMG I T2 | 15750 g
A AE SV TOD AT L A~ B CX M EEMIC iR T 22 L1F, SCCIltLbr 7
VI H AN RAE TG AR L OB AR 5 5 Z L IZEIN DL BT, 7T 7 DI AT =K L% iRt
T5 LT REBETHD,

TG TIL, P ERREREE T CORARDDOIREIZIIT L7 Ty 7 3 e & RN
FTHEEBIT, v RAT UL A ARG SR | SR AT AR AR T e RO MESLE H R T, SHIZED
ARSI EE O T R ERER B T CO7 Ty 7 BT KIE T i R b DB o T
Bt 2, ZoBEE#ED S BT WTROEMIZE W T, 1IZD 200 kiR 2 &5
IMT7avAOBFERRAI K THD, E-AIHEN T BN L Th | R L EIR 720k SRR 25
D7D D FIEDOHESLNE Tl D, SHICZOM B - IFEERER B T CHERF I 5720120%, T
SEERER R A B CEX D EEB R EL L ThD, Iy 2T REO KRB LT | 1
A BEZR FR I D % i AR L3200 7 e ADRREI TV, RIENOD I T 7 R A Ty 178
it SR LTI CE DN OV T, T D A REMEA R T,

1.6 A SCOHERY,

ARG SLORERIZ DUV, Fig. 1-5127 9, H1E TR | Tix, R38BT c B o8 LA, R
F I FEEFTOFEFAL R, - S EFTCOSCCHLS:, i b AG LN THEAT O R | A

B OHMIZOW TR, F283 R EERER N CORINSCCERIFSCCO B TiX

SCCOEHZERESNDMEL, BREL, I D5 | BREAITHE B LTZBRORIN K DR T VT RED
BAVNZHOWT, RN B LT D, 535 A FHRG al & VO oI 2 7 L ASRAI ) Tl Bhiy
PSS EU DY MO A i ONR EE SR I A A > 72 27 L ZBR O S kB G N T 5 7E1C
DUWNT, BRFTLToRE RA IR ~D, 4T TE IR 2 O 7o ISR A 7 > L 2RI ) T, imEE
HEZ it L7 5 O BV ER | X 2 85 A0 B RG d 2F F L 7 e b B BRI N T 7 512D\ R L 72 4
IR D, FHSE DRINSCCIT BT T #E db b b DR 8 | Tl B2 I TGRS T S RINIZ
ERSHIZRINSCCIZ R DY Ty 212 R E T SR b DB DT B35, Hi6 T DRI SCC
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(AT T HE BRI L DR 2R ) Tl B28 T E 2 o T iR R A e R E LT R R SCCIz kb7 T

BT T b R L O B DWW T, BT 5, BRI EMMRRETY 7y 7 Ml FIEOR
RROFHM ) T, 27U R W o7 RBERA TR L T MRS Stz B AN 05 154 186
THZLIINEETHDZ MG RIGERD R PT IR 5E SR I LS FTRE S 72 DB T 7 FIEA TR AL,
ZDFIEERLT-AT L AN T 2SCCHIHI BRI OUWNT, MEET 2, FH8E T ) Tl HHH
i AT UL O AR R T EERER B T CA LD T v 71 RAE SR L O B DV T
BETLTZRE RERIEL . A% OREIC OV TIRARD,
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Fig. 1-1 General schematic diagrams of light water reactors (a) BWR (Boiling Water Reactor)
and (b) PWR (Pressurized Water Reactor).
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Maximum crack depth (measured by ultrasonic testing)
(Dabout 4 mm @about 12 mm @about 8 mm @ about 13 mm

®

@)

®

Shroud \//\U/\/\

_______________________________________________________________________ welding center

Crack condition (sketch based on visual inspection)

Fig. 1-2 Schematic diagram of the shroud overview, crack condition, and cross-sectional
observations around the crack of Unit 4 at the Fukushima Daiichi Nuclear Power Station.
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Fig. 1-3 Proposed SCC model for Fe-Cr-Ni alloy in high temperature aqueous solution.
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Fig. 1-4 Conceptual diagram of strength doubling through grain refinement.
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Fig. 1-5 Structure of this paper.
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2. AP EEREREE F CORINSCCERIARSCCOIAMEAL,

2.1 &S

BUED R 73 EATIZIL, PWR, BWRO2FEHNHY | IR 4R 4R A I R 1381 DR EE |
M AVED KD HNDEALITIE, y RAT LA NI S HWENTWS[2-1], LaL, b0k
BED AR ERRBR BT PSSV BR IS SEIC o Tk, BWROD Y 277 ROPWR O B R B & H2 e
HOVEBEERITEHAZIZ BN T, SCCHAMERSNTND, ZOBLEIT, MEHLSY . DO, BIIEFER IS A
FRFGEREEZLNTND, MERIZBEIL T, B1ETIR7-5512, SUS304 % USUS316(235
W, CEEZMNVEIR T HZEEY, #EEERLR DO CraCeE A M A R Z e T HCr R ZH O i E
PlT DLNIRERDBRF SN TND[1-5], BREEOBLR DI, WEHei TR OBEFIRAIZELY, DOEA
BN UT- AR HM 3 Z D% OJRFAFIEIRBREE N O @ IRMEAK Pl S 2356 | LR SCCAH
FEL, 7707 DM T HLOWE NG D, FT-DODRD TRWEE I, RINSCCH R AET HEDH
EHILBHDH[2-2], FEBRIC, T FIFEERTIIT D4 1R 0O E B A % O BRI 38U T, DO
TIRWEREEL R D2 LN Do TERY, W HERREE LR L T, ZORIER ST E | B RIEENELL
BN 2L DOWEFILBHD[2-3], ZDT= | BUTER 1A% @853 2881213, DOZ @Y HIET 5L -
To X R HES AU TUND[1-9, 1-10], it I OBLENDIT, FRICHAZIT TR\ T, IR BEREO 4 )8 D %ElE &
WHEIC L DBIRZETED, D% DR IFEIREREE T COSCCHRAEEK D—DLINTNDLIEND,
— P == VI RFTRCE IS A R IR RIS A A 5T DR R BSRFT S TV DT e,
BTz, L2AT, ZOHAZBAIZF 532 EREL T, BIRERIG UM, SIRER I
B O A FERH(DSA : Dynamic strain aging)3N AT HZEICED KINI T 7 BB ESNDE W) AL
B35 [2-4], ZODSAIL, RLASCCLIZFRRY | 5lHRIG I K DEE AN LR AR E R D [E A, i
& LOMEAERICEY MBI E LA T D8RS T1-OF BRI AR R O TR (L — v an) %R
AR, VTR AETDHEVIBG THD, 22T, 205G K DEEENL L2 AT TR
WCEDE A SO BE/ERICOWTIL, AT UL AHTE O MR M E L THBEIED 720
D5, T IREE  MAEMEICE ToFe-Mn-CA— A7 A M6 LTI, /NUBRZDFEMA RS L ThD, /)
LI, FEERICDSADFE AT, EBRNL O R R SR AR E 3R OEBMRNL ISR E T DO LR
LR S OFABABAR A EEE L L TD, 22 THIRFRBRRFIC A U EB AN OFRFHERER ¢, [s1iX. LA
T OIS E SN,

tw = pmbL/é€ (1)
ZZTCpm 2 NTERAL | b[m)I TS — T — AT ML LIm I XEAE B FEEE, é[s X O Al L7
STND, ZOZEND, OFT HREDPNBENEE | I ORI R <25, — T RARLHE
DIEBIANLIZEE S DO BRYLEIE Mt /g \ 2OV TE, BUF ORI BB S D,
teya = d/Va - Ssp pe (2)

710,
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ZZTA[mTILIRNE . vg [m/s|IXERAL O LS EANT BB R EE | Sqp (-1 RERALHE FE LEAAL O PR RIE DD FEHR
BNZFEHTE DT A—=H p [-1IZHHT XD E O EESH -V OEHR TR Mn O FEIZRFE D1
IYRENTTIZHDERSTND, 728, ZDpld, ATV ABOEG A B TREN Cr £72b, 22T,
Seok-Jae Lee Bl DSA FEAEAN=ALIZOWT, £T 5RO, 13, MWL NEITT 5L
(2 HENLDFE A GV DSIRL | R 2 (BB IR BN E D670 D, ZIUTFE, ¢, 1TR % ITRL2D, —
TiTC\ teyqlds BALHE EE DI S T, H<2D, 22Tty Dt q L0 R<R-TG G Zha it
OTHELT, DSA BRAETHESNTND[2-5], FHZOT HIHEENEWVGG A DSA BALRLTWER
BB b, MASHABREEICIiS NI A 121X, B ONEBIEAL S B EL IREEL 2B LT 1R
ANBRGEHEDOWAE D ELD, 2O —HOEFE | BAEBGIL, I )-O0F RO —Ta A S i
TWHLDEHEZRSND, — T, 20 DSA IZEKL T AR ATRITHRICEDRIN SCC HAEIZEDLETD
W DOWTIE, BIFEIZZR > TOZRWE 132\, LT23 > T, RE TR, JR FREIREREE Nk iT5
DO & &5 ZALIHTFED DSA ITEK LRI SCC TG LRI T 7ITRIK LRI SCC Bl
DIENE ISR T 522 HNET 5,

2.2 FEBGE
2.2.1 HEEHS

Table 2-1 |2 SUS304L DA A R T, ZHVETEREIC IR L7244 . 1050 °CT 2 h DEER(LAL
BAATV, K LTz, A ELO#E SRRIFR T JIS GOS11 12 FE-S<UIWHEIZ TRIE L2, ZDOFE R, 50 um+
5 um DY —7IRBRI Rk E TR0 CNDZEE MR LT, ZHVEHRIRICEIRIL, AL )7 MR- Chl R
VN LUz, 72 B ARG SR 137 — Vi 16 mm, J£& 2 mm, 18 2 mm, £& 44 mm O )7L
L., Zmfl B %, FmkS Ra 1.6 um EL72,

2.2.2 SCC #HiakiER

FPR PR REE & RO IR Sk TO 5 3RFF AR 3 << PWR IR T 325 °CT
5.2x10°0sT OOT HEETO R FUITIIT HIROT Al FE 5 | R EER(SSRT)Z Ffiti L 7=, AX SSRT Tid,
R OF =V H e — =% T L= B R W T, SR oM BRI T
DR OVEA EARE LT, ERFAEERREE FICBIT DRI SCC, RSt SCC AR AT~ &
IR EK L — 7 3B E A IV Ve, Fig, 2-1 ICASEE O 2773, A%E L, PWR X OV BWR O
FNAKERE SRR T 52D TEL/NUENFa(A— L —)THY | A — L —T7 Ol
PR K OV (i FH I 701 350 °C )2 (Y 18 MPa Thd, /-, BIEE RN T EREL, A —h/L—
TR EEAKREZ L EL TG TEARER L 2> TG, EBIT, =ML — 7 IR T BB K DK
B FRE T D, EBRIC, MEITGUTIEERAKPICEESE, KFE, EHR, ~ITVLEOHTRAEEAL,
fEER KD DO R¥A{7 7k 3 £(DH : Dissolved Hydrogen)Z filffl CEXDMREEZ A L C\\D, F7o, KEE—

,ll,
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TENHERF T~ MR K ZHE R T 2L 010, BRAERMEZRETEDIONC, 74NV Z—E N LT, #IC
TRER K Z KL TG, BT, A — ML —T oW T, Hl L S BRI TS S — B A 50/
JENARZRELUTREILTIRY, RBREEE A R ERL | B R HE IO 1.5 50K ERBRARE %1/ 20 °C,
J£77:27 MPa)ZAT\V, BRAF CoHZEARERL TWD, ARFEREY, — it iE N B ARR AT s~/ Vil
JEN B DRFEEATV, BRI EICEHE L TWD[2-6], FEICZDEEE L VT, PWR BREED 325 °C,
15 MPa |23 EL, O Al 1T SERRE FIRRD 5.2x106 51 LU, IEH-OF BRI O3 B2 H0R LIz, 5
[ZKEHD DONZDNWTIE, BEANATVT | R ATV IR, BAFRER IR G2 VTR
VY, <1 ppb 2BEEFEAAFNE72 % 20000 ppb £ TEXIIZ DO 22 LSH T, KN SCC K UHKLH SCC
MEEEEDRRED DO & THRAETLONEHIELIZ, 7232hb DO EOZELEFRIRFC, FERHIZI,
DH ORIEHIT o7, EOFER, DH 134 0.15 ppb LA F LW 410 DO B&5E T2V ThH | RV MEE 725
Tz, ZIHDMEIE, TERAKFMEAL N AT D THAD ppm A—4 —0 DH EIZHEA~DE TN
DH & THHI-80  AWFRIZIITHKEERSE T Cld, Db kEMIEIZESD SCCIFAETIZWEDE
#mIhD, — T, b DO EDOZELLSMI, DO &%< 1 ppb ICEHELZ LT, OF HHEE
5.2x10% §1~5.2x107 s FTLALSEDILITID KL SCC BIRIZE DI 725N L HDDIT-HOU
Th, BEE1T-o72,

2.2.3 FHASARHT

SSRT 1% DHEWrEBIZ DUV T, B A AR A A 7R 1 B BE(FE-SEM : Field Emission Scanning Electron
Microscope) 4 VT, ik & — R LifetEfk i OFI &4 3 L7z, Fio, BWHrEH 361 D 50057
iz fRiT 3 <, B 1% ALl 4T 32— (EBSD : Electron BackScatter Diffraction)i:% F\ =, &5
(2 TR O T I L L BB 1~ A 717 Z A (FE-EPMA : Field Emission
Electron Probe Micro Analyzer)Z HV >, fR (LI D JES0K AL O Je 8 A sl LTz, 72 X #EE
43 Y (XPS:X-Ray Photoelectron Spectroscopy)Z HV T, @ EC BT D& ST -7,

2.3 FERRER
23.1 RKF LR ORFIFIEIREREE TIZ31T5DOREEAITED IS 1-OT AR oD b

F7° 325 CCTORRHICIT D SSRT H DG SJ-OF HARK LY | PSR, L —F =73 Toff
OSSN 170 GPa SEH LTz, F72ZDFED 0.2 %It 11d 223 MPa, 513ETREIX 602 MPa L7e>
720 FT2A SUS304L DAEWTOT 713 0.53 L7220, — k7 SUS304 TEIRSNDEEIZIEFFEDO O
TMELTR > TNDZ LR LTZ[2-7], ZO%E FLISMT Fig. 2-2 (a)lTid, JR 7 EEEREE T C DO % B
FEEIIZ A LS EIZFRD SSRT £ DI J1-OF Hf AR L TUVD, 7235, DO < 1 ppb & TUF 8500 ppb (T
BIFHERRT — XX, Takeuchi HIZE> THSFENTZ D THAHZ L% LT 5[2-8], DO < 1 ppb Ti,
KEHFTOOT HEELLEL T, WM OT A3 LAK T L7223, DO 100 ppb & OF 8500 ppb Tidv 3

712,
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B R OOT AEITITV 0.44 L725> T, — 75T, DO 20000 ppb Tid, flErOd Z2% 0.23 &,
ftho> DO fETHO T A EE HHE L THE LKL, S1iRFRSE 453 MPa HEVMEA RLTZ, Fig. 2-2 (b)iX
Fig. 2-2 (a)DILKRETHY, DO < 1 ppb KT 100 ppb Tik, FHREFHRET/RT IO, FEM:REIED DR
WrETORTEL —Tar RS NTZ, —J7 DO 8500 ppb Tix, R ORI IFEALE L —

ANTBES IR T=DIZRL T, DO 20000 ppb (2725 &, FkFR TRENDIIIZ, FOEL —Tar R
BRINAHAER LT, — T, 2O —arOfEiEIZ, DO < 1 ppb &Y 100 ppb (281725 0~
0.0003 DOFTHEIAIZIUNTIL, 9 18 MPa D 1L 72> TV =A%, DO 20000 ppb TIZFT O
HEFHTOISSIHERIT/ NS, ) 9 MPa Tho7o, ZORERIT, S SIHEA K& ->72 DO < 1 ppb &
Y 100 ppb TiE, DSA MFAEL TS AIREMEDVRIE SIS, FEEE, M SHI%, SSRT REOD IR S & Y
O BB EOENICED | S NIRBIZZERNELLZEEHMELTEY, L — a0 AR HiT
DSA O L B HBIBIR AN D LR~ TV 5[2-5],

232 DO < 1ppb TORL—TaRAIZKITT OT Bl fE D 5

EROIET-OF BAR R ORI  RIN SCC A D EHK EZ415 DSA I8 HEL—r a3, DO
<1 ppb D&M T CHEFIZRD LN, ZOZEND, DO < 1 ppb DM FIZBW T, IRICOT A
Tl & AL R B O IR AR IEIRER BT T2 D08 71-0F A % Fig.2-3 (a)lo~, £7- Fig. 2-3
(b)iZ Fig. 2-3 (a)DIEKEK AR, 5.2x10% s, 5.2x10° s DOT AL T, BL—a i<l
BENIe 0Tz, ZHUTKL T, 5.2x100 57!, 5.2x107 571 Tl Bl —val BB IS, FFC,
52x107sT TOEL—Tar ORMEIX 20~25MPa &, 5.2x10°s! JOHIABNIIMLLAe> T, Zith
D RIS, OF B E TR RAUTRDITLE | BE L —al R ET DM SR> TERY, DSA
MZD DO BEEE T CTHILMNTAT CNDI LN R TET,

2.3.3 SSRT # DRI 3517 DAk 22

Fig. 2-4 |2, JRFIAEHREREE N 12\ T, DO &< 1 ppb. 8500 ppb. 20000 ppb &Z5 (L SH7-FE D SSRT
23T DTS A ) OMANE 72500 FE-SEM BLE3HE B e OERBIZSRE R A " Leb12, b4
DO B&5E N CORMEMrd M 1235155 EBSD (LD AL Z(MA : Misorientation Angle)~ =", #Wifii /[X]
(IPF : Inverse Pole Figure)~~7%7~9", DO < 1 ppb B 5 FIZI1F DAEMHRAE L ik, H A ol ik
PERR IR 2SBIZR S U727 | F S8 8 U, AR A OO 3 Ma Al i A3 B e | B 22 S 7= (Flig. 2-4 (2),
—7J7C, DO 8500 ppb Tix, Mtk X A< BlE SN 72h o 7=(Fig. 2-4 (). LML, EHICEVY DO
20000 ppb (Z725& ., K ERRLS OMETHLIZRY | BT 23U 241 OVC, i Sk B RS HIV RS D 85
IRRRIERE L2207, ZDZ &G, ZD1E DO BREE T Tid, RIS SCC 3 EUT-b D EHELR SN DH(Fig. 2-4
(K)o IZ# DO B 5L T COREWHRA B a2 A 1T o 7o . DO<1ppb Tl b Z WAL Ty
DEELS = (Fig. 2-4 (b)), 2K T, DO 8500 ppb K OF DO 20000 ppb Ti, 1E& A Wik

713,
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(20T 7 IRRBO BRI (Fig. 2-4 (). (1), MfFBIEORE R, —Hb T 0 r Ty 7 BEEESN
(Fig. 2-4 (h), (m)), ZNNETOFERMNS, BIOLTZ7 Ty oL —Ta AREEORICIL, BV HBIEEMR
DFTEL CWNDEW R D, R I D2 7w 7 83 ieb 73572 DO < 1 ppb T, i O A3
PEBZHRY MEZ R L CTEY, ZOJRRIIMIE 7 7> 7 I E DRI SCC HAIC L Db D LML SIS, IRIC
% DO BREE N COREMrRA I 12351 F AW EBSD #2234 7R3, 505 15°% A FEERLR(IR)., 15°LL
EEREARIR(E)ETDE IRA R FURIFEAETFEL TN EN DD (Fig. 2-4 (d). (i), (n)),
Okayasu 5%, SUS304 (IZBWT o' /LT A DAL EIO B ERE LIEM B A 5.2 7
LA L TE[2-9]. KT, 5o 5 15°D#FIPHD MA TZD o <~/ T A MENAER LT VWIS
ZIRANTND, L EDZENS, DO < 1 ppb T, 77y 7 DB <BHLTZB T, D7e<Eb o o
< NT P ANMIEAL D TII RN DEHELEIILD, £72 DO < 1 ppb IZEIF5 IPF v 7 0b, w77
ISR A2 ER L QDO T L, iR NZERL QDI bbb o7 (Fig. 2-4 (e)), — 7T\
DO 8500 ppb TixZ7 7w/ DHERITIFEA EBILEIILLN > T(Fig. 2-4 (§)), £ZA75, DO 20000 ppb Tid,
7797 IXAONTRE R R AR L BBAY7R R SCC MBIELSLT=(Fig. 2-4 (0))e ZORERNDE |
DO < 1 ppb THAELIMEZ T 21T ARABITTIZLDME A | BiAg L5 RIC N LA EE R E DO
HAEHNZED, KEARRIN T DSA 33 AEL, ZD % KiN SCC IR T2 Z8IZi Db D EHEREIND, —F
T DO 20000 ppb TlX, 7T v 713G MR 2R L CODIEME R ETILIC L DRI SCC 1354
LEbDEfEERESND, 22T, DO < 1 ppb TD DSA FAEZEMGET L, EhiL724 O § A ETO
SSRT &2 31T DM W ORI A5 D FE-SEM BlE3#E 5% Fig. 2-5 129, OF AR EDEWIZLD
Tl —varOfF BARER L Fig. 2-3 LRIERIC, O A 5.2x10% s, 5.2x107° s T, EL—v=a
ABIESNT, 5.2x10°0 s KBV Bl L7 56 | ikl O E A I KRE<BEH AL
e 0T I NELBEINTZ, UL EDOZ LD, 8D U Bl B TORMHRIC I DBl 22 41T -7
fEF. DO <1 ppb Tl BEL—2a il O Bl BEAR AR DN B I B 22 500, DSA ITEERIL 72 RN
SCC BN IFAL TWDH D EHELESI NS,

2.3.4 FEAb BT RE D AR R AEAT

Fig. 2-6 (. JR - JFiERER B2 F 12350 T, DO %< 1 ppb. 8500 ppb. 20000 ppb EZE (L SH7-F2> SSRT
BRI IS T DA i T TO> FE-EPMA 23477 2R 27737, DO < 1 ppb Tl 2L DI Ty 7 HBIEES
NIZHY, ZNBD 7Ty 7 JEIENCI, B b BRI — OBl S e > 72, —777C, DO 8500 ppb Tl
Fe & Cr O 5L I BlEgs vz, 512, DO 20000 ppb Tl Fe, Ni, & O Cr 23572 580 F2 5
DIFRBR T AR CIE RS AL TU e, FRICZNO ORI, FEF L ORICBRIHI MBI 2 S AL, i 135 5
LCWeinodz, BLEDOFEFNS, DO < 1 ppb TRAELIME YT 71%, ZiIVETOD SCC FHEADFIAE
SN TETBRAL BRI C K57 7o 7 RIZ LD O TIIR W O L HEEL S LD, — 7T, DO 2% 8500

ppb ETHINNL/=455% . Fe E£721% Cr 2R B IFEAME LTI S5 28T, Cr-C, Ni-C (1285

714,
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RPN D C [EEPIREESNAZE T, FERL LT, DSA IZHE KR LRI SCC 3 AEL SH7oTmh D e
HEER SIS,

2.3.5 SSRT #% DK & T3\ DA EMEAT LT R o

Fig. 2-7 12, DO < 1 ppb, 8500 ppb (233175 SSRT # D#k(Fe), 712 (Cr), =7 /L(Ni), RO
AUl m—2F v T XPS W oo3 oA R4 7”73, DO < 1 ppb TlE, Fe D430 Aminb,
Fe & Fe;04 020725 2 DD —INT 407 4 ZIZEoTRIESIZ, Cr D433 Ainbix, Cr OB —
I DIPBEZSHL, Cr L O — 71 IBEES e > T2, Ni D35BT, Ni OE—27 DA
BRI, Ni IR b O — 2138 SV 2Tz, O D Ainbld, O L& R bz Loy —2
DRSS, FRI, 2L — 2 50 bE SN DK LR O FE BENDH, Cr & Ni OJRET 17.8
mass% & O} 7.7 mass%l7e o7, ZHHOMEIE, 1EE SUS304 H RO A SIS ME TH-T-, S0
#az 1UX, DO < 1 ppb TlX, T 0372 Fes04 DRI NI D AT AFEA LAV BIIAFIEL 7277
HLOLHEERIND, —J7 T, DO 8500 ppb TlE, Fe DKo AfiZiH VT, Fe O —2LIFMI Fe;0a,
FeOOH DY —7PMBEES Tz, £z Cr D3 MICB N ThH, ARICHE VR TRL Cr B kD

v — 7 BEELS Iz, ZORFD Cr & Ni OFRFEIFZ N2 3.59 mass% & Of 4.11 mass%E72~> T, DO
<1 ppb T Cr, Ni BEIDHELLTH EHIRVMETH o7, 2L, DO OEINZ LR EEIC, Cr &
B RLS NI Z IR RFET O Cr MR F LI Z IR LIb D LHEZRR SN D,

24 B
2.4.1 AT UV READ RSy T DE N L DDSASE A TR O Lk

ZZ T, Fig. 2-61ZR LT O T Bl FEEAGICHEODSAR AR DO FE R L o AT L A THODSA

A BEIRE D LR AATH, M DI, Fell i@ AR R MRS DBROTE M L =0 L F — % O s
ERIRIRE LT L =27 my MZEY | BHEIL TV [2-4], TORERANTLL FE7e>TD,

¢ =A-exp(—Q/RT) 3)

§ [SNTOTHHE AITEE. Q [Jmol'|ixEL —TarNRBETH-OOIEM|L= xL¥— R
Umol "K' I AEE, T [KJIFIREL/e>TD, 22T, DX T oy heT 1L OB BFRIZI D3
XNH—Q/R% I MOAZE T HZENARETH S, Fig. 2-81ZSUS316L K UNSUS304LIZF 1T 5L
—2alrNRAETLHOTHEE LS R EOHBEREREZ ELD b DA7R$, SUS3I6LTIE, HH
D EBRFEFITLD, 350 °C(623 K)Té = 4.17x103 s1DHE, 300 °C(573 K)TEé = 4.17x10* s DI,
200 °C(473 K) Té=8.33x107 s I DRFIC B L —2 a b N THZENRIR AL TS, ZOHEFEL - T,
SUS316LTOQMEIZ. 7R A TRT LT, 150%10% Jmol ' L HEF, ZDflI, FelINAMEECT B D
TEMEAL =R LF —TdH5H157%10° Jmol'[2-10], £7-FelZON LT DERDIEMAL =R L F—Th 5
140x10° Jmol ' [2-11 iUV MEE 72> TV D, DEN OBV — a3 AT L5 [BRIREE & OO B
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BEREIR I, RABLCROE A | A L5 9RIS N LD @A & O BAEHIZ L DDSAFE AL T
WHEWZ D, — 7T, SUS304LIZ DWW T, 325 °C(598 K)DIRFEFEI D DT — XTI D8, é =
5.2x10°0 sTORFZBEL —2al M AET D, IIZSUS0ALAZ O 5| GRIBHE | O3 A CDSAZ R AL
TWNHELT, QEZEFellf@ AL R B ILE T HEROIE AL = % /L% — Toh HSUS316L & R kR D
150x10% Jmol' & L7=35G . SUS304LIE, & mARDEAMA1FD, ZOHRESD D, SUS304LODSAFS A= fitlisk
1%, SUS316LELLER LT, [AIERD S IRIRE CTLHEL L7356 O Al DN ELSR2 D138 LRI 2610

[ZHDENVZD, DEDZO2FEIAD G D ILERIZED  SUS316LOD J5 743, SUS304LEVE  DSAAYE
AL SBUWMERIEE 2 HILD,

2.42 DO BZALIZEESRIN SCC LRI SCC DFZALATT =K

ARBETOMRBOFER., DO < 1 ppb KT 100 ppb DS T2 T, DSA IZERIL7=KIN SCC 7314

IZFRHBIL, DO 8500 ppb Tl DSA IZELK LRI SCC A3 &41, DO 20000 ppb Tidhi A 55
{BIZ X DRI SCC MEEES T, Fig. 2-9 12, % DO T® DSA [ZHEE R L7ZHIN SCC K UKL SCC D
TERRAT = X DR L= D% 7Rk $, DO < 1 ppb &Y 100 ppb Tid. SSRT 412, Al 0l if

\ZZEDRING T 7 PBIEESIL, 2D 77y 7 ORENTIZIZE A EBALEEIZTE RS TORho
7o ZORERIL, mIREREE T L O RIS NEREL FIZIRW T, BEALAE B0, BR8N B & D578
HZET,C A Cr=° Ni LXVRHNTHEA L, 58495 DSA IZER LRI SCC IZEDb D ThHEHEES
SN, [AEOBIZIE, Peng HOHIE[2-12] THAERIILTEY, BL —al O34 K QAL OKED
IZED, DSA DBRAELILLOBRELHD, LREDIIeHELA IR T3, Jiok O LR mE ML R A H 1
WZIERLT HILRTHY, 7oLz DO EMRWEREL N Th-oTh  BL BT S, KD T it
BT DD EE KT THDEE X HND, 22T, Fig. 2-10 (2 SUS304 (231D T EEiRBR B T
290 °C TP Fe-H,0 SR HEN-pH K& 7~7, FEFHIL, KEREE T pH 5~7 OFE TiL, DO 10000 ppb
D Fe ITIEDOENZ LD, FerO3 DRALENEZ AL T 503, DO 100 ppb £TIK T3 5&, ZDENL
IZBEDIEE2Y, Fes04 DFRILEEA~EE{LT 5, SHIZ DO 2 ppb L7258 Fe (344 1kL, Fe(OH) &
RHTEEMEL TVD[2-13], ZOFERIL, DO EAMEV VKEREE T ClL, Fe ORLEENERINLD
DO, ZNOIT RN AT AL, #ERANCE L ST U TN #7252 e 2 E IR L T D, BLEDZE
25, DSA IZEERIL7ZKIN SCC 23385472 DO < 1ppb & TN 100 ppb D /KEREE FTi, — H. Fe;0s4
DA BTSN DS DD | Z DAL RN A A AbSNHZ LT, Ala b R Ml B 5
HIBE LD T 7 B AEITECIT WS O EHEZ SIS, £, N TOR ARLHEIZ OV T, Fig. 2-11
(DL TAEE R O 11)IZEITD DSA FAERFD, C IZBITHIEA B AN ORLEZKE R,
Seok-Jae Lee H[2-5]1DMatHE Rl L DE | Fe-Mn-C A — AT A MIIZF1F5 DSA TiL, 519EERE: FIZ
BT, FFTAINDOEFFIC—EATETHEBIICE DO Mn HRATIGLHED C B3R, Mg N E
FEE T D, D% MEBREE N T, C 1L —FReAITBiAE 37508, C O Mn ([ZIEW L EICB B L7
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R, W (IR ONLE THOKRHIZRY | [EE T D, ZIVLIE AT =X L06, DSA 1%, [ EHAE DA
IZAELDBIGTHY, F5IT SUS304L DA [EHTHED Cr & C LDOFE G =R F— 0N EH R K &
7o TWDAREMER B D, 22T, ALV THIN SCC DFEELT- DO < 1 ppb &Y 100 ppb DJ
TR T2 ETHE, C ICLDFEENETHHELTH, KEFD O IZIDFEFELIHETHILE
WNEZBND, EBRIT Cr-0 D& =3 /LX —X, El-Sayed M. El-Sayed SO & 1255E . 461 kl/mol &
725 THV[2-14]. D. Moncrieff (ZLVESNTZ Cr-C DFEA T R/VF—THD 72~107 kI/mol EELEL
TH[2-15], (XD EVMETH -T2, ZOFERNG, O 1%, C LEEL T, [EEMIIC Cr LEE LTV
FThHHENZD, LML, DSA BNEL—Ta AR UZ[EZE EME OEFGELE CThHLERZ 55
DO < 1 ppb & T} 100 ppb DEEEE FC, O EAHF T THY ., SHITPBFITHEVECIZKWEDEE S
b, ZDZEND, DO <1 ppb LT 100 ppb B5E T Tl C [ WAEDMELANICRM I EE 5 % |
BHEREL—ar B LS eBE X HTEL TESD, —77 DO 8500 ppb Tlk, Fe LT Cr 22b7e bl b
PR R JFIBIC RS DL, Fe KUY Cr DILESER L ERN BB . F-FETH O C EDEE DT E
0. 7773 ERMEISNTZHDEE ZHIVD, EHIZ O ZH ESH72 DO 20000 ppb Ti, (L EH
D O AR L7220 | WA B BT RAR D RIBEL 72 b D &E 2 D, E D%, O 1T FUTHILHR
Ui 52T, C B4 BE 13T RIS b3 T35 2L T, bt SCC BAIZE -7
DEHEZSND,

25 f55
ARETIL, JFiFEIREREE FIZB175 DO A EDOZE(LIZED DSA ITERKLIZKIA SCC Bige LR

St SCC B DIEWEIIEIZ T 22 8% YD, BETEIT o7/ R, LT OfEima 157z,

(1) REH LR EREREE T T SSRT #%ICHIT D5 SRAEZ el L=k B, SI5RFRES, Ak O-§
HEBIT, AP IEREREE T COMEIME LTV, 52 DO < 1 ppb TiX, flid DO AL HEL
T WO B LK FLTUZ23, DO 100 ppb K& TF 8500 ppb TIEW b KA F OO A
ISV OT AEA ST, — 77, DO 20000 ppb TiE, DO < 1 ppb EHH#EL TH, O A EIFE

KL 72572, F72 DO < 1 ppb J Y 100 ppb FEMEFEIR CTIX, B —Tar @lgEsh,

(2) DO < 1 ppb TOERL—ar FAEIKITTOT HEEDFEIZOWTHTHALIAER, OF Al
DR DIEE | BV —a O AITBAFEIT/20  DSA TR KR LIZRIN SCC XD 7Ty VIR A
CRoT M ote, — 5T AHFFETHZ SUS304L (2% LT, SUS316L i%, DSA 23R4T HHHIRE
B COOT R EOFFRFIH AL, OF Z s B3RO TH |, DSA 2REAELRLT o7z, 20
DSA FEAFEIRDBENT, TL =0 A7 By MNIIY, EHFTRETHY | B85 DE S DSA F4E
ICRER L RIFETZENHL)E o7z,

(3) SSRT # DM A #BIZ L7 f5F. DO < 1 ppb D56 FIEHHE LTI, Metkakim A Blagshnizn,
DO 8500 ppb T, Mathfk i T E-7-<BE SN2 o7z, LL, SHIZEV DO 20000 ppb 785
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ERLFRMETHEIZ LY | ARz s M 24 VT, HIVED LD KO T #E2 S2 L Tz, F7ohl
Wl 2B 22 L2/ 5, DO < 1 ppb TiX, Bl O LI=2Z v glgisivi-, —J7C, DO 8500 ppb
O 20000 ppb Tl AAIAEZEH 1 2779 71338 HAL TR o T, SOITHEErEBUT 5131 AW
EBSD BZ55 50°5 DO < 1 ppb (2B DM 7 771X, fEdakiNZHE R L T =02 LT, DO
20000 ppb TOZZv 7 i3fE ik AR L, #URIY72 R R SCC v Elgisingz,

(4) SSRT 1233155 Fe, Cr, Ni, O IZ331F5 XPS 53053475, DO < 1 ppb T, Cr & Ni OJREIE
12 SUS304 BIRDGEHAITTVME T o7z, ZOTEMB ZORME T TIE LA L BRI
IIAFEL Do T=b D EHEER S NS, —J7CL DO 8500 ppb Tl Fe (23U T, Fe;04. FEOOH DE
— M, F7- Cr TH, Cr L O — I PBIES -, SHIZZNHICHERE L, DO < 1 ppb TOfE
FJOLZE LUK TFL QDI END, DO OEANZEVEBENIZ, Cr LR S NI-ZE12d0,
FHFO CrifEMERTLIZZ &L Db D LHELRIND,

(5) DO <1 ppb K T 100 ppb DA FCld, SSRT &IZ, Wb \Z 2D RING T 7 3B S L
ORI EAE L AV ETERR S A2 o T2, ZDTEN D, SSRT OHEFTICLE, SEAL ARG A A U, 1
AL EDH/RHZET, C 23 Cr R° Ni LRV RIS THZETRAETD DSA ITER L
KIN SCC NAEUT=L O EHEEREIND, — 5, DO 8500 ppb T, Fe K& U Cr OILHSERL R BRI
BEhL, AT O C LOBEENITED, 77y 73 ER M S O L 5SS, SHIZ DO 20000
ppb Tl B b B oD Bl & e SR IR BE D ¥E NN LA RIS EgskIZ LD kL5t SCC AFEAELT-HDE
#egsnd,
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Table 2-1 Chemical composition of SUS304L used for test specimen (in mass%).

C Si Mn P S Ni Cr

0.05 0.48 0.98 0.034 0.004 8.07 18.12

,19,
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Pressure
regulator valve

Autoclave

Ion
exchange  [m—|

l resin

E.C.

4
I

Cooler

Water quality
control Tank

—

Heat

exchanger

Preheater

metering Pumps

> —I (E.C.: Conductivity meter)

[low pressure] -:::> [High pressure]

Fig. 2-1 Schematic diagram of a high-temperature high-pressure water
loop test apparatus [2-6].
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(a) 600 | DO <1 ppb under air
= 500+
% 400 / N\
& 7 DO 8500 ppb DO 100 ppb
b= pPp pp
= 300 i under air
2 200 \ ——DO<1ppb™
7 D0 20000 ppb |~ DO 100 ppb
100} ——— DO 8500 ppb™*
— DO 20000 ppb

0 . . 1 . 1 n T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Nominal strain (-)

(b) 500 DO <Tppb
DO 100 ppb "\

400 -

5 |

=

g —DO<1ppb*?

2 —— DO 100 ppb
——— DO 8500 ppb"**
— DO 20000 ppb

8.00 0.05 0.10 0.15

Nominal strain (-)

Fig. 2-2 (a) nominal stress—nominal strain curves of the SUS304 under
reactor operating conditions with stepwise changes in DO, and (b) enlarged
view of Fig. 2-2 (a).
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(a)
600 -
= 500
%’ 400
7 I
2 3001
ERNN £=52X10"s"
g 200 £=52X10°s"
2 100k g=52X 10—6 S_1
£=52%10"s"
0 . 1 . 1 . 1 . 1 . 1 .
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Nominal strain (-)
(b)
<
g
=
:
O . 1 . 1 .
0.00 0.05 0.10 0.15
Nominal strain (-)

Fig. 2-3 (a) nominal stress—nominal strain curves of the SUS304 under
reactor operating conditions with various strain rates, and (b) enlarged
view of Fig. 2-3 (a).
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DO 8500 ppb DO 20000 ppb

Fig. 2-4 SEM microstructure images and magnified images from directly above and from the side
of the crack after SSRT under reactor operating conditions, where DO was varied between less than
1 ppb, 8500 ppb, and 20000 ppb. Additionally, misorientation maps and inverse pole figures of
SUS304L under each DO condition: (a) directly above, (b) side view, (c) magnified side view, (d)
misorientation map, (e) IPF map under DO < 1 ppb, (f) directly above, (g) side view, (h) magnified
side view, (i) misorientation map, (j) IPF map under DO 8500 ppb, (k) directly above, (1) side view,
(m) magnified side view, (n) misorientation map, (o) IPF map under DO 20000 ppb.

,23,
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(a)

(©

Fig. 2-5 SEM microstructure images from the side of the fracture after SSRT conducted
at various strain rates under reactor operating conditions with DO < 1 ppb: (a) 5.2x10*
s, (b) 5.2x10° 571, (¢) 5.2x10°s7!, (d) 5.2x1077 s,

_24_
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ZOTm 20_pm 20_p.m 2OTm 7 ZO_p.m

20_urn 20 pm 20_pm

DO 20000 ppb

Fig. 2-6 EPMA analysis of each element at the surface in the side of the specimen after SSRT with
DO change under reactor operating conditions: (a) Microstructure, (b) Fe, (¢) Ni, (d) Cr, (e) O are
under DO < 1 ppb, (f) Microstructure, (g) Fe, (h) Ni, (i) Cr, (j) O are under DO 8500 ppb, (k)
Microstructure, (1) Fe, (m) Ni, (n) Cr, (0) O are under DO 20000 ppb.

,25,
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DO <1 ppb

Ovrall data
— Background
----Fe
Fe O,

Fe 53.8 wt%

Intensity (a.u.}

700 702 704 706 708 710 712 714 716 718 720

Binding Energy (eV)

—— Ovrall data

Cr 17.8 wt%

— Background
----Cr

Intensity (a.u.)

570 572 574 576 578 580 582
Binding Energy (eV)

Ovrall data Ni 7.7 wt%
Background )

- Ni N

Intensity (a.w.)

T S S R S U TR S
842 844 846 848 850 852 854 856 858 860 862 864
Binding Energy (eV)

—— Ovrall data
—— Background
----0

Metal oxide

0 20.7 wt%

Intensity (a.u.)

522 524 526 528 530 532 534 536 538 540

Binding Energy (eV)

Intensity (a.u.)

Intensity (a.u.)

570 572 574 576 578 580 582

Intensity (a.u.)

Intensity (a.u.)

I
522 524 526 528 530 532 534 536 538 540

842 844 846 848 850 852 854 856 858 860 862 864

DO 8500 ppb

— Ovrall data
Background)

Fe 51.2 wt%

I
700 702 704 706 708 710 712 714 716 718 720

Binding Energy (eV)

Ovrall data ‘ 0
—— Background Cr 3.59 wt%
----Cr

Cr oxide

Binding Energy (eV)

Ovrall data
Background
----Ni

Ni4.11 wt%

Binding Energy (eV)

Ovrall data
——— Background|
----0

Metal oxide

0 41.1 wt%

Binding Energy (eV)

Fig. 2-7 Spectral distribution of Fe, Cr, Ni, and O elements using XPS
analysis in surface layers after SSRT at DO < 1 ppb and 8500 ppb.
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100 g I I I
10 r O No serration in SUS316L
b A Serration occurrence in SUS316L
® No serration in SUS304L
OE A Serration occurrence in SUS304L
0.01 - 5
1E-4 .- .«
1E-5 - “a R
1E-7 r
IES |

1E-9 L . L L L L L . L L PR
0.0015 0.0016 0.0017 0.0018 0.0019 0.0020 0.0021 0.0022 0.0023 0.0024 0.0025
/T (1/K)

Fig. 2-8 Relationship between strain rate and tensile temperature
at which serrations occur in SUS316L and SUS304L.
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DO < 1~100 ppb

Crack Crack Crack

DO 20000 ppb

0, 0, O, o Ok
) Y Y ¥ ¥ Fe0,

Cr oxides

Fig. 2-9 Schematic illustration showing the formation mechanisms of
intragranular SCC and intergranular SCC caused by DSA at various DO
levels.
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Potential [V]

1
o

Fig. 2-10 The potential-pH diagram of the Fe-H-O system at 290 °C under reactor
operating conditions of SUS304.
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Fig. 2-11 schematic diagram illustrating the behavior of C atoms during DSA in the (111) plane of
a face-centered cubic structure.

(a) An octahedral cell showing the C—Mn octahedral complex (red solid and dashed circles) and a
single C atom (red filled circle). The carbon atom is located between closely packed (111) planes.
(b) The C atom moves to a tetrahedral site. (¢) The C atom returns to a nearby octahedral site.
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3. B OB R A T L A S A1 B

3.1 #885

THETHM TICE> TR SR Z 1 pm FEEEICETBIHIME T 528 T, &B MBI OTREE | $U1E
Mt ] ESEHLVIRL R R CRETSIVTEIZ[3-1, 3-2], MHRET DM ENT, (KR FEHME
WD TAR=D LG, v 7 XU LGS, FEREIE S R BRI BRI T D, # Sk
HEDT=DITIE, BT T RO HZEATLERMBER R THD, JoT, 2O EFOHF
KT EFTROTHEEATELINLFEAZERL IRERLOT HRHEREDT T EANT A2 %
WEUNZHIE 352 LT Wik AT 5/ LM SRS N TE T, L, WTFRLOFIEBY IR
O T HEEEANTELONRHELIE T BB RAKAEL T led | o7 me R e D i Mt —ik
IATONTUEI 2D oz, — 5 TEBMMLIZIE, RSN L7 m e R BB S ORENHEE THD,
Z O FIEI T B RS 5L K OB A L 2 O - RS L 7 e 2O R AN A Th 5, BhAD
(X, IMEAL T BR8N LA 597228 CL B AR i A A LS E D HIETHDLDITKL T, #
BRI, T EINTICEY 30N Ta A 5 L7 oM EHS R LT, INBVLEL 2 Jiti 42 & C. #Y
ICHRS i a LS D HIETHD, RETIL, BIRYES I3 D8 d b e kil T 7 a2 1B
OB R 5, ZHET, ZOBRYFER BT oR sk R I L7 e A28 T,
FIZKERODMERFEIZH LT, 1 HOTUE NI D 1A E FiBns, EER7 v AR - Thd
FES PR O 2, O Bl BE DN LR EE S D BAtR & E AV BN L TET2[3-3, 3-4], £L T,
FNHOTE BB BAFRA D BEAFD FEHE AL FERR OB FEaR i & IV C L IR 28/ SR RIS Ko T
L7 = 7 AMEREIZ G T2 18 mm A DL 18 mm EOHREZAIFLT-, D%k, H ELIZRHELORER
ZRIAL, BUEMNTZ AV CEASNAF Y IBIEOT 2% TRIL, BRI CTHHRA T L A
Lo TR Z A 35 35 mm EROAIRUIKZHLTZ[3-5], SDIZ, H EOITEMEA#ETZ ¢
TR 257 S A o — U T SIER G\ ST A G BB O A o A & I BEAF O BAR A i e — U AE
B TH BRI 2 A TE AT LA R LIZ[3-6], £ LT, EBRTEO I & O S0 4y 4
D3 BAFEAT C P RSNIAR Y YO T B ORI — T DI ELER LTz, DD, Bix b Bl &t 4
2, ET EER T o AR/ 7 LEEOBIR AR TE AT, Rl il TFBA WA Z L7 HiH
HikZ A T N IMERITEDZENFRETH D, ST, Salvatori HIE v HAT UL AHilE FEIZ, K
RO EOR AW T 0t AR BB T U1 SAE FBD, 0~3.1 O LI Y L O 2t
TR LA RFILIZ[3-7], ZAUCKY | AR A AR T 270 DT R B ARG A—H <y T %
PRIz, ZZCTARZE T, Salvatori HOVRLIZZO~y 7 KaiE 5L L6120, IRMZ /A — /L E
SERS A PR B U U AR AT IS L0 B AR O MR 4 BB O i A 2 T 5, E D%, 2/ SAEIEIZ LD
Y RAT UL RSO AR dh A T DB ORIRAR D, SOICAIRIS I SV 78 O @i 2 E M
ZAR < BEBIA L7 BROTR SR R I 9 2 S OB LIZ W T AT,
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3.2 MR — VI SE BT (2 AR G MM O F 2 o0 AT
3.2.1 i — VIERERE D

KETHWHIED— VEE#IT, 1) 55 kW OF—X% AL, [EEM EIE max 1500 kN, 7—/LE
£ 368 mm, T—/L[EHEELIE 26 rpm TH D, FLAIL, Fig. 3-1 (IIRL7ZBIEAE 0=102~103°2H 75
TEARZFFD, 7ok | AL T BHIRLHH 2 AT 572 DRI G SN Teb O Tz | BAHFEIE T
FITE DWr I 2 Ff > A ez A2 B B TSI AL CH D, $HTES C = 7.9~40 mm, #13R r =
(0.26~0.34) C T, it 18 HOIENE— ML TEY, 1 /SR LR % 90°[RlHRSH | RO
(AL CTHEIEZATVY, VA0 IR 32 & TR E O Wi ~HEIZAE: BT 2, F72, Wk Bk E E IS
DT D101 It DI TIIREELEA & 2 BIlT, 22Tl BEER DMk S0 J5 TRl (FEAE J5 17))
Zex 70, FURTHE FESNL G MEMRIEAD T DI mMEZ ey Jnl., z 7 &3 D (Fig. 3-1 (b)Z M),
ZDREE Z AT B RS SR A LIS T B720120E, ROFHBME TH D, Salvatori Hi%, 24
MEONT 3.1 238 A3HUE, INTLIREE 750 °C, OV AaEEE 0.022 571 °C 2.5 um OB FHAS ki3 15
ONDHZEEHE L TVD[3-7], LarL., El BRI Z A 95/ L 7 28I 57201213, 288
B2/ RZNNLE72D | RAR CTORRAC LD b KRAGITRE T DR, L7edio T, 7oz ifin—
JVIEIERRIZ E - T 3.1 ORELIAR SO B2 Wrin 2RI B AT 2L TETH, 1 NAETT
DFERNOL T RINDMME — B LW EREZLND, L L, T CTH-ThH, Ikt R
OF BN A TEAUL, PIER RN & 2 B 72 /2RSSR R B3 12 36 AR Ly Y M O
DEIME EBIZHTRLO (53D D FIRANRARNTYLK T D AKIRT O B A5 b GHEAGE PG b do 2\ X B A [
BEHLE DI TOD)DRAET D AREMEL HD[3-8, 3-9], I T, AEIETIE, SAMTORE Ml LK
OFHEADOEEDS, N TIRE 2RO 750 °CIZRREL, o — VLR T AS A S ¥
O 08 3.1 BRI D SR BB ARAT TR LT,

3.2.2 BUEMEHT SR LA R

ATV, BARTEIC LD 3 IRTEA IRERIEEZ AWV, 11 BTV TITo7, A BHIT, 8 fis L A%
AL, B— WA ERE U, BRI 25 mm fAxFS 200 mm LU, B Hi80T
ZIEIL 34320, 37637 LLT=, TR M O — L m— L [RHEEI S, CREROHE — /L EAEE L [F]
UM TRNT U T, 72720 FEREFEBR TlI/ S AT BN A 90°[BIHASH TR ORI 575, B
HrCIlT AL D% 90°[alHiE T~ 52 EZ L THEMNT LT, ARFEERTHD SUS316L(3.3 T/RI)DAEHEE
PRI PR EREREBRD D IE LTz, 7o, AU AP B OHAIT, BRI S 0.3 D7 —m BEE S E M
W, Ze, RRBRTIEE L 750 °C—E L LT, Fig. 3-2 12, C =23.5 mm DIEND/EMELZBILAL . C=12.9
mm(8 /XA)E 8.7 mm(12 /XR)DIEAEAVE A 2 [FHEL CTHEASIVIAR Y B OT B oo D3 AT E R T,
ELLDOES AR AT AT S AL, Wi B AR C U ) — 1D g DEFEL TNDTIE
OO T2, LU, ZIHD g 1ZA TR D goq (ZHLARTHO20/INEVY, DFED | A — LIELER CA

,32,



JAEA-Review 2025-054

BT RS oD W T U O & 0 B L TR D ARE NS A BN D Z L3RR T 7=, Fig. 3-3 1. C =
8.7 mm % 2 [B|E CIEAESNI=H DOWTHEIRE Witk 03 (center), M (side). LAAHE (edgel). B4
B (edge2)|NLE L TWHEEFED FLOFES RIZBIT Dag DELABIBLIZEORL 1 IZxLTRL
b DThHD, 2 BIHT HIEIZE>T, BREBE RN KERDD | BASNDaq bRELALDN, C
= 19.3 LABEDIE THILEREAERD goq DFEP KR EL 725 T2, C = 12.9 BRI Wi LD geq 13
1.70 THY, I OT-DIZ[FE CIEZ BB ST TH 3.1 LWV ZEATERWIENTHITED, — 5T,
C = 8.7 tTITHF L LA D geq 1 3.16 THY, HEEDOOT HAEAIINTEY, EAFHEIRE SAD
W& LS 230 J7 R D AT 4.30, BEAES (A& SADIE T H MO AE) 1L 5.08 DROT HEEAIFL T
7o LEDZEND, C = 8.7 ETOL/ SRR — /VIEIERIZ K> T, AR Z BRI e = 3.16
DO GV OT REE AT LN TELZEN DTz, Z2 T, ZOMITRART Y 22—V T, y R A
T2 L AFH O IR A A R S oD 1 B A R A T

3.3 FEBREAF

PERAFIZIE, Table 3-1 (TR I FR I Z A T 5 v HAHD SUS316L OEEHiHRZ -, Bk
I, 25 mm fxFX 200 mmL (ZGIEFL, 1100 °CT 1 h fREFOIRMEILALEL. | B LTz, kbt ose
KA Fig. 3-4 13, MR RUCIE, v BILISMS 8 7 =T A MO LENT HOTFEE TR L 72, 2
[B] O FEHF D Ni A3 JIS DMK LT FIREIZE N o722 L2 L Db D EHELZ SIS, FldRIARIEA) 50
um THY, By — Al SHE T HV(4.9N) =149 Th-oTo, 728, 7= I A Aa—FIZXhfilEShZ §
7 2T ANDIRFEERITH) 4.0 %ok T ThH 7o, IIZZOME % Fig. 3-5 IR T LT, 750 °CITINER
LCLhfRFRE, AL, EHICHE ) - BEIEC C=23.5mm OIENLIELELZBHIAL, fefh O C=8.7
mm % 2 [EIEL7R, KmLTz, ZOLE | K/ AR Z 8 sec &—ELL, B—/LF vy T O EHIE
gap = 0.1 £L7=, ﬁéﬁ&éhﬁ:?ﬁ%ﬁﬁ@}j?@ﬁﬁﬂﬁﬁ%ﬁﬁ(c%ﬁﬁ)k}f@ﬁrﬂ%ﬁﬁ@ WriE )2 oW T ot
BB ) O FE-SEM #2308y I — A STRBRAA T o 70, F7o, JEIE S [ ESEATITZ JIS14A Sl (oF
T RS 24.5 mm, PATHRERE ¢3.5 mm)Z 810 L, EiR CREEO A e — 7 0.025 mm/s &L,
Gl 2 R LTz, Fo, FEIEM ORI Z AT 2720 | FERER A 600 °C7>5 1000 °COMT—
ERFRRFFE  ARB L, Ik, SSOZ(bATRELT,

3.4, EBRGEIREBL
3.4.1 FEYEBHEOT oA ERES oA

FAEFEAT TP RSN/ INT, [EIEM OB 21T geq D3 NAELD, ZOEREIINT g DA3 AN,
T EREXIC G- 2 DA -2 ClIMmad 5, Fig. 3-2 (b)) C/RL7ZIDIC, AifEn— VIEAERE CEASND
Eeq 1T FOEBIZEL A AT CRELDRD DM EFFO, FRTAH Y BT 72T TR O Bl
M LIRS 2 — VR BT N TOA 2 E > TOBZENE ZHNDHD, T2 L OF iz 4
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kI RS D e BB R - &35 2 AU, HL B & A U 5 C O EBE ST O A B BELR 2SR5 51
T Ch D, Fig. 3-6 |2, ER—/VIEIEH O ELD C Wit EIZ361T Deq ERES D534 A4 J7 I LT
BUTEbDE TR T, KE IR g DNEASHIC y F7 MDA EE DY R LEN H X THiReD THEL | FULE DD
yz FIDOBSIXIZEAE —E LR TNDHIENDND, £, JEIERTOMEE HV 149 (2~ F0ET
IXEOK 2 5. AEETIEZD 2.3 EOMENELITZ,

3.4.2 HHARBLESHE R

Fig. 3-7 |\, JEIEZ O ELO(@)C Wi 5 E & (b)Wr i H0HES ()l ., (d) A B R KR A 23D i),
(e)BRA (B E Tl DAL I HI7 afika R~ T, JEIEAM OB 2 RIE, Fig. 3-3 ()lZRL7Z
BAEFRNTHE R EAZIZ R UK &l TNDIER DT, TV B 0D, By T 7
SN ARBABR IR AR — AR DS < BE SN T, ZORE)— B ORI, q 23 3.16 L7025
Wik LR (b), M (C) & feoq DALV KEVY 420 J N 5.00 LAl AL E(d). (e)& TIXALINZ Rre o
T, EBICARYE) — AR 2 R 3R BIRRZRARR OB O ALER I H -~ 5L T <Blgk
NIZZEMD, ZNHOEWZ IVBE 272012, Wi F.0E A0 FE-SEM #B43L 72/ R4 Fig.
3-8 127”9, FE-SEM B2 10, HobEl CIEAs sbifk 6.7 um, Ml C 5~8 um &, W& 1T FRED
FEERRL BRI NTz, LnL, AT TGN iR E VTR D DIV, FRIZ, REITT/RLULEA
REBIZIE, M7 d b O L &b O MBS, 7eds . ZORYE)—EARMIT R L T A dhiet )
Oy F U TSN DRRR O & ZAKE SR 72 ODHRL R e DT DWW T, 4% EBSD &7 H
U CIEREISHIBIL COKLERSH DD, FHHE OT BN ERES i e — VIEIEM ClE, ZOfG fbkizH
ETDILFHLW AN DD, WL TH, LLEDZENE, SRIOM BRI LY | R —Z5
FRLR D B H LR & M OB AEAT TP ST 6eq DA ST EVVVHBIBIFR 2R L CONDZED DA -T2,
B S TD eq AN T DIV AR LIS DOBREELDO DL, g DIHIMELHITHESAEEIL | )
— AR DB NIAE L7272, — 7Ty 6eq = 3.16 AT 537 flARRIAE 2.5 um L7275 Salvatori
LOFERICESE | B R — )VEEE ENE L7278, £S5 D OMRKIT, O FHIE0E A
FhhiE 7o otz ZORKIE, ML O T HEEDIEL D& m— )L ~D P BV 12 P b AR
IZEDHbDEZE ZBILD,

3.4.3 #KfvZEH)

ZZCIRIR e — VIR Ko TN TSRO @R 2 et A -~ 2T
SRR T, Fig. 3-9 (2, BESLIR L (PREFIFR] 1 h)SAESEDRIRE R, Zeds HIE ALIE Wi 0
#5 (center), 77 geq L OBHSNRE N LA (edgel), HAED (edge2) LU7=, [EHEIRE D 750 °CLLTF
TIFHESOZAGITIZEA L B3, 800 CCERHEAIMRREAXTL, 850 °CTIE, AiBrLd [H
L AU ETHSBE FL TV, 2D, 1000 °CIZ/25 & EHERTOME S E[A % L7e D E v bnoT,
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800 °CIZ T, AFBOMES A HLEIZ AN TN 72 BE &L T, ROTHEASNZ% T, |
- AR AMEES N2 ZLIC L Db D EHERR S LD, Fig. 3-10 [ZELEIR EEITEE D 750 °C. 800 °C, 850 °C
TOREFMIZI1T D H0ER, M0 FE-SEM ARMRBLESRE R AR 77, 750 CCTIEA L LbITITER—
JVIEIER & R OB REZ 2L Qa8 800 °CIT7R b & FFLLERIZH FVEALIZ2WE DD | FERD
edgel. 2 Tl R — /VIEIEM TRRO LI — TR E L L, Kb R b L T, S5
(2 850 °CTIZ, HALASHIZHETTL . HLER, AN I 1T DHLARIZ BRI R EZE W DR B2
ST, ZNHDZEND, Fig. 3-9 OfEFRBIEEEZ T, 800 °CHEMHE DA TIE, KOTHEAIZID,
[E45 « B S AMIEHE SN Z 2 HIZIASTHY | 850 °CITA2bEZ BTN, A~ TRAfSh
7=b D EHEZRS LD, Fig. 3-11 12, JEAETREE D 750 °C, [E._E0> 800 °CHREHIA 1T 31T D BES FF R N2 1F
IMEEDEAZ R, 750 °CTIL 9h FTHREZIL Th, FOEOSZAMITIZLA LT TW NI LR D
1%, —Ji . H 0D 800 °CTI, 1 h THEDIESARMITIR TL, ZORIR 2 (2T X TOHNL TS
PR TFL T, 22805, A BRI S r — VIEIEM O LREE, EIEIRE D 750 °CTH
AUTRFRFHFFIL Th, SSIHE T LRV Th L2 e b oT,

3.4.4 RS RBUBRES R

PR JED 2 RN RO BRI TS IVD goq WEBUEARATIZ LY IZIE RS ThH -T2l b, lse”
THAEBIZTE —THDLIENED 342 TRENTZ, £2T, KOTHBEASN- AR EDZRRO -
T I DR BRI B IR EBR T CEATHB IR £293.5 mm)& R IR L7, Fig. 3-12 \JJELERTOEARAL F 544
EIEAERS DB IRFRERAE AR T, WML E I JELEA L 0.2 %t /1T 217 MPa—941 MPa &
4.3 ff%, BIIRTRET 543 MPa—971 MPa & 1.8 {51 ELCU iz, F-O% 22 %Y, 1R Mg — VIEE
B CRIRS A7 SUS316L [ B MHIRIRAF A OBALTZTRE — ([ ONTURAZFL T, LInLenib,
FEERIEE 6.7 um MOELNDIRE —HOVRT U AL LTI, BREL ~ULRD 72D EUMEEZ R CNDAZE
DB MEINIZIE AKIRE L TEIEIC LA B O T AR ELAFEL T ATREE S R S hvd, — T
Fig. 3-6 (OIZ/RULIZHEE D534 & Fig. 3-8 (/RUIZI 7 ik OFE RmD, HOE IS Mo~ 8 3508 0 LAl
AP —ZETHEN Z RO DTz, Ko T AEEIICEASNIZ IO 72 KD REZR O B4 F1LES
JERNE AT HIENTEIUL, SOIZEME(LSILZ SUS316L #fil4 It TR 352 LH Al RETH
5HEE 2 HIVH[3-10], £, A% OBBHIKIHI ORI BUZ T OT AT T | FEIERFO T — /L~
DPBN L DM EOIRE AR RO T HEED AL ML\ ST D 7 ae AT A—4 DR
bEETHIENMELRD, ZNOORTFE2BETHE, BB mE AW T, A7V A0 FE b4
A AE ARG LT 57-0121%, ZLOXREFFECHVLERHLHL D EHELEI NS,
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3.5 MiE
AFETIX, Salvatori HIZE> TSNz 1 ANAEMERABRICEE S~ 7 E BB 2 A5 221
FOIREE e — VEIERE A NS y SRAT L ZBAO RS SRR LI A TZ, BT, 2D
Bto#R b8 BT IC DWW TIREZ T 7ofE R LT ORE A 1572,
(1) BBt 2 22l —2a 2 X R e — VR SER 2 O GG R AR D3 5 DAL 20
TruaERZE LI,
(2) FABMRHTRE FAZHE IR T — VL B LD SR BB I LN T 7 a2 & EhE L7228, 4%
> FOLE IR E RS SRR 2.5 um KV HL RS AR 6.7 um AR,
(3) ZDFEM OACFFEZ A L7 R HEIERE LT Chiud, RFHEIRETL Th SO TI3E
ClanZ ootz
(4) FIRSIRREA L7245 5. 0.2 %I /1% 941 MPa, 5|3EFREIE 971 MPa, TR 22 %L, A
KIEE A DN IRE — ([ OVRT U AEA LTV, LLARAD, FERIEE 6.7 um 1 H155N 558
—fONTURELTE, D7D E W IREL ~ULZ R L T2 8D MBI, KSR EL TE
HEZ LR O T BB ELIFAEL T FTREMED RIBE LD,
(5) IR — VR IEREIZ 20 | BYRFEAE AR L7 RRL A T o L AR MG DAV hr > T B
LT, BMLICRD O T R HEDITHHE | m— /L~ DRENEFIZ LD PG fn RIEIC DB LS 2
LD,
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(a)

"QQ’QOQ@DQQ_;».,. ;

lower roller

(b)

0 =102 ~ 103°
r=(0.26 ~ 0.34) C

C=179 87 9.6, 10.6, 11.8, 12.9, 14.3
1! 158, 17.5, 19.3, 21.3, 23.5, 25.9

28.7, 31.7, 35.0, 38.6, 40.0 mm
\gap = 0.1 mm

Fig. 3-1 (a) Appearance of roll groove observed from exit side in grooved rolling
used and (b) Configuration of groove.
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(a) 14.7 mm

A
A\ 4

15.3 mm

+53.28e+00
E+3,nﬂe+ﬂﬂ

+2.89=+00
+2.78=+00
+2.67=+00
+2.56=+00
+2 .44 =+00
+2.33=+00

+2.22=+00
+2.11=+00
+2.00=+00

+1.81=+00

(b)

+5 .47 2+00
B cogci00
+5,00e+00
+4 .\ Tae+00
+4 ,52e+00
+4 ,20=+00
+4 ,05e+00
+3.8le+00

+3.57e+00
+3.34e+00
+3.10e+00

+2 . 8582+00

10.9 mm

Fig. 3-2 Contours of equivalent strain &, introduced in (a) 8-pass rolling (C23.5—C12.9) and
(b) 12-pass rolling (C23.5—C8.7).
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@ € q (edgel)
o
N eq(side)
(o
22K eq(edge?)
SSRGS '
SRR l
ERKSIRERE
K 0:0‘0.0.:’0’0‘0‘0.0 eq(center)
LIRS
(b)
5
g4
g I
S 3
= I
= |
2 L
g 2 e e b ™
= |
m L
1 H
: l' :
I ‘ eq(center) |
Om A R R R R

\\ P
2 3 4 5 6 7 8 9 1011 12

Groove No., i

Fig. 3-3 (a) Deformed mesh after 12-pass rolling, and (b) distributions of equivalent strain &q
with each pass at four sites shown in (a), on C-cross section in a workpiece.
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Table 3-1 Chemical compositions of SUS316L used for test specimen (in mass%).

C Si Mn P S Ni Cr Mo

0.013 0.46 0.75 0.027 0.001 12.13 17.20 2.82
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HV(4.9N) = 149

Fig. 3-4 Microstructure and vickers hardness after solution heat treatment (1100 °C for 1 h).
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8s 8s 8s
025.9—C23.5—-C21.3—-C19.3
—C17.5—C15.8—C14.3—C12.
9—C11.8—C10.6—C9.6—C8.7
—(C8.7

750 °C
A

W.Q.

Fig. 3-5 Thermomechanical treatment diagram.
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(a)
&
o
'
B
W
=
2
<
2 i
= I
=3
5% S U B y-axis | ]
O yz-axis
-6 -4 -2 0 2 4 6
(b)
350
300
—
Z
°°.
Q) 250 [ .
> ® j-axis
= A yz-axis
200 o o e e
s § As received | ]
BOf e, HVI49 e ]

-6 -4 -2 0 2 4 6
Distance from specimen center , mm

Fig. 3-6 Distributions of (a) accumulative equivalent strain €.q and (b) hardness with
each direction after 12-pass rolling (025.9—C8.7).
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Fig. 3-7 (a) C-cross section after 12-pass rolling ([ 125.9—C8.7) and (b)-(e) microstructures at
four sites.
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Fig. 3-8 (a) C-cross section after 12-pass rolling ( [125.9— C8.7) and (b)-(e¢) SEM
microstructures at four sites.
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edgel
center
’ . edge2
z
350 — : : : :
- n
L 4__\__._\_-.\‘ | _
R R v aEEREEEEE ---- As rolled:--
300 *—a q
Z
o0
o 250
| |[—®—center
200 |- Wedgel
--A--edge?
150 [ . As received

. . | .
600 700 800 900 1000
Annealing temperature, C

Fig. 3-9 Hardness evolution of center and edge on C-cross section in groove rolled bar as a
function of annealing temperature for 1h.
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edgel T= 600 °C, 700 °C, 750 °C.,
center 800 °C, 850 °C, 900 °C, 1000 °C
1h
Y edge2
z
As rolled 750 °C 800 °C 850 °C

Fig. 3-10 SEM microstructures at center and edge after annealing temperature for 1h.
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edgel
center

edge2

200 __ —@— center/ 750 °C —S— center/ 800°C |
L | --A--edge2/750°C - H— edge1/800°C _

- |- Wl edgel/750°C --A--edge2/800°C 1

150 As received - -

Asrolled 1 3 5 7 9

Time, h

Fig. 3-11 Hardness evolution of center and edge on C-cross section in groove rolled bar as a
function of annealing time for 700 °C, 750 °C.
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T T T T T 1 T 1 T
-r-’——"\ Asrolled .
\ “““ 1100 °Cx1h
\ i
J.-""'.'-'-'-‘I = FT-‘\-
r"*k " 1
‘)': LII
11l .
0 0.1 0.2 0.3 0.4 0.5 0.6

Strain, € [—]

Fig. 3-12 Stress-Strain relation in groove rolled bar.
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4. FRIOFRS A O BAGIRL A T L A S A1 B

4.1 5

5 3 BICTHRE LR M — VEERIZ LD v RAT UL ABIO SSRGS . RO 2
SAPEZS T F 9 5 R IR S LT, SUS304 Tk, I TIEEE 600 °C, 2AH SO 7 & 6.4
D LRGSR T CHLIRE R 0.3 pm OBMHIKLALIED /55N 7L OREFIHHD[4-1], LML
IRHD, ZAUEE DROT e RS E~E 322813, WEETHOEWO LT, F 3 EOMFS
FERNBIALNTHD, 72 SUS304 (2 TiE, Gavard B3, C, N Zi EUSMLIZAMEFCHIUE, &
NS EC . D OZE DR ORIR R EHIERDEO WA HZ R L TD[4-2], L, 2O
IR EEIZ K D7 T e —Fb | R AR IS SR S OB LA AR U S 7oA RIS 6 L

i F IR 7 5ek 3R Cdn D, 2 A TR I TSN TM B @IS 2 5 EDS | BT 1

BHEHLOD, D OfEIANAKR TED HIEEL TERESN TS, Ti 8420 HiEE#E AT L,
BHLL o/ y TATMMA DR OMARE7RY | SREE | 57 FpiE, 27U — 7 R PRI B AV *ﬁr&iﬁé[4-3]o
UL, ZoaisnEyEA A 3 5120%, I LEOFREE L FEEESHE T 2680385, R
TR B |2 LD Pt A L R IR O S R BE R e BRAR 9~ 2 Z 873 I 22 oAk 2 AL % B CIREFIC
HETHD, Ti B&IZBNTL, REINBVEDIER L ATHOI TS — T,y RAT UL AT
B DIERPEE 2 UM LD B o OB ORI BRZE B EIC OV T IFEAEHE
BIH 72N, EZTARETIL, y RAT ULV AHNIFEIRBEE 72 EUALPR A58 ] L7235 6 O R TRRS A L hL
RRR NI 2 SO E A BIREIC T 5 L L1 EBIRLAEL R 2315 5 402 Bl A N BSR4
8 R N = 19 P RN

4.2 FREOTFAE G KX ORLRCR 28BN B 32 Bl B
SEIRBEX L EUALEL T ORLAL R 2R B F51 ) 2 BURL ) 7 SO 8 U2 E, TEMEL=R L — Q. Ripk
Rfafm. R RHEK D 3 DO B2 (4D HVHL5,
D"-Dj =K -texp(—- %) )
ZZTD., DHEEIE IR R 14 ORGSR P S OWTHARS fhi e el XBES/eE USR], RIZVAEH. T
(TR 22, FFIC, BEESRELLBRRF O FAREE 0(=dT /dt) DN—EDHE . (@)L A-RH
FEDBIEE LT, RAUTR T B RIS A T2 LR TED[4-4],

pr—pg =K /QQ){[Tfexp( Q/RT;)] = [T?exp(—Q/RT)]} )

TIXENEI 2 DOREEERIEED DAY 32X 72 FUIRE , #IHTEE THho, Q2)EL. 3 2
@MHE%ZQ\ n, KZE 3R W72 o BRI L Chitli i Al iE T H[4-5], ZZC Kashyap Hi
y RAT LA SUS316L ORIFK R BN DUNT, (ANHEAD W ER T —F DREHEATV IHM(E
TRILE =73, 900 °C~1200 °CO I FEI T 50 ki/mol &/25Z L& R LT, %7 Kashyap Si%, 20
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TEHEAL =RV —DED ¢y RAT L AN 31T DU E TT 3R Ol dhL A~ DO ILHUR DT ML =L
F—52.7 kJ/mol IZIFIFITME THHZEL IR RTINS, LIZio Ty RAT UL AR AL R 253 345
T LV BRI LB KL TH D EN X H[4-6], — 7T Mizera HIT, BEX7e FUMBRZ SRR
T CD SUS316L (2B DRl R 2 E 2, RICANCIHAL T2, TORER, SUS316L DRIAL K ZEH X,
1050 °C CEIRMRFILIZG A 2 ITH KL T 22 8B HAE SN T D[4-7], F72 Mizera B, fiX7rE
UIREDIEVNZ L DRI R IE O AT AL | BESAREUIRE OV, nflE3 B 3528 &b
Rz, RBZOEAT/NEL 2.5~3.5 OFIPHTH -T2, ZOFERNG, K(S) TOIGHERZH WL L
IZEoTL RFETD v RAT ULV ASIZB I DR EEX R E LM FTOntQEDOM D BEfREFE/IZ
HETHZENTELENZ D, 22T, MUEERIZ BT AR SRS R R 2 ER T HLEN
HDHN, FDFHIEL2 SOHFET D, 1 DHOT Vu—F 3, @iRREEZINETHIE T, MO/ RTA—42%
BT 5L DB 2 J7 T, Semiatin Hid, Ti H&ITFHBNWTT, > T; +150 CCOREGAF T T, T,DH
EEETLH2E2E0, ROHEMALE K> TD[4-5], ZOHAD >> DREL, K(SIT, nkQ bbb H
MiZebied, I —DDT T R—FIETy, > THEL T TN NEARDPEXAREUIRE | fEfhiRe 5
BT 2HWETHD, ZOHE . Trld(S)DTy . T iTRG)DT, LU, Tix Ffi 235 T LTI EZOIRES
LT, D% S R HAE A SE T LTZRER OFE R R ETH 2N TED, RETIL, RBEDEX HxH
WC, y LD RED A U7euy SUS316L IZ3651F 5% FIEE | BEX7eE LI CTHELNOMELO E
BN Z L TENSDOERE S R R BN OV AL,

4.3 O EAERF OFH S P O Z3E

IRMZ A — VIR 3T 5 SV FE S BB OV 28 IS, B AT 2 s &
HEE 7 2B AT BSOS O 2 d, JEIE G O 20, JEMEONT A, EAMTOT D0
G THLT=0 LU ORERRAN HESx | BT 2 9" 26 AN AT RETHH[4-8],

£ = E(s,%x +ed,) = \/%”‘Syy” ~ 1.15||&y, || = 1.15/lIn(1 — )| (6)

Y13, FEREST MO 70 K CVERE T 0O F I LD ARSI O Tr | e [EEIEF I OT T2, g, 13 E
FEH IO I, rLEIELL R T B, T2 T £gp &y [ IEEE L7250 HER AN IS,

FERELE S B ISNA I OFAIC 115 I, e ITs S5, S6ic, FEIERFICIEL, B AN
FROBIEGEINDZENE, LT OHERANCED, HABTOF 2 LA SO 2b B SN S,

(vg—vp)-tay 1
el = (GT> 2 Q)

(59
eXZ 13 AT O T LA S VA O 7 ug I FEEA 1 FEREE | wp AT Y 1 SETRJEE | el E
PAPATHMIC, B B T IE S TR NG, Tt TS, % ST
%, ZOEENHEIHEND LT, HERER O R RICB DI SO Tre,g 13, 62 + 6520725,
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4.4 FEEITE

FBRIZHI- SUS316L DAL 45 % Table 4-1 (w3, 45 3 #THU = SUS316L LIEIF R DAL

Sy THDHIENDND, ATy NE, TIVT U FE RO E B S IMEYR CIARLZ, Zh4 1200 °Cx3
h THEALALE | [FREE T 20 mm JEx90 mm fEx500 mm RSO EHIEEL T2, ZOHERN D,
20 mm £ x100 mm £IOFEZTIVHL, 1050 °CTH ORI LILERZ KB LT, £ DM ZER T
90 %D EIHIEZE T, 2 mm EORMIZL7-% ., SHIZ 2 mm JEX10 mm #Ex10 mm £SO 712
DHIL. 800 °C~1100 °COEEHiFH CTHEX 70 FUMBRAAT 572, ZORFOFELE 5 18] OF A & JEAE 5 18] O
T AT Y IEIEO T ey 13, K(O)ITHTDr 0.9 £9H2L T, 2.65 LEHSND, AR
T IINCE A G INEOT ZrelZ 13, 0675 1.67x1074 mm/s, vp7S 1.65x107 mm/s, ta,e AR ES 3x107
mm/ FE)EIEEEE 1.66%10* mm/s KU 1.8s £720, £;4% 20 mm, t,7% 2 mm E725ZEM5, 0.27 LEHE
ND, ZOTEND, EIROA YIS Treeqld 2.92 720, 55 3 BT THEEE LTcgeq =3.16 (TITWO
T HENHREILE T 02 AL THA 5N TWD IR bioTe, ZOMY BT A 2.92 215
U7 EAEZ FEfE LT t% . FHREEZ 9.3, 3.1, 0.93, 0.093 °C/s THIAS® 72, ZNHOBEX/REUMEL
R T 22 E SR CE DRI ENF 2 IO CEM L 72, B AEIREBIER ORERREIL 60 s &L,
FOBEBIT, BIEBRZN AEZREAATEIRETRER AL, BTSN MBI ORI IX
EBSD Z MW\ T To7, ZIHOMMBILEAEIL, IIRHEIZHITHES | mm OIALELT, Fo@igR
EHE, T T E 21T o725, iBIEERE, 7 Vs ) — )b ) — WS DA TR

CEMMFEZ M § 528 T, EBSD BIEMHREIE L, By I — A SHIEIL, 3 N O EE EiEn—
JVIHNZFT AT 5281280, 4To72,

4.5 FBRRER
4.5.1 EBSD % V=l iR o vk

Fig. 4-1 |Z@MEIES I SUS316L A& F-RIEE T 850 CCE THEZ e F L7123 EHII51F D Image
Quality (IQ) &% /=, FIEIELL 9.3 °C/s THEX/pESNI=aBHTIE, FRfG SR E R FHs Sobr (SR AT
D 2 DOOFABIEZS I, RICHEE /R EUIRE CTHAIRIEEZ 3.1 °C/s 75 0.93 °C/s ETESTHIE
L0 FRAE T ORI R 2 (IS TULTZ, —J7 T Fig. 42 (R X912, 900 CTHEE AR ELALFRS L=
FUEHZ BV TIE, I/ P BEE R E LR N ZHBE SN D T2 T FHREE DR T B,
FE AR R LD A2 Tz, Fig 4-3 13RI (23, 29, 327) DFREMERLEFT 572 Orientation
Imaging Microscopy (OIM) fEHTZ FEhi 322 L&D | FHD U745 Slohi R PH PN C O i FE SR /3 4 C
DY, BT 1 SERT, AR IER A B E AW T T 4o T T LTk R T D, ZORERIE AR
BB, LLFORERANCED  SEHEN DL, F. Yin HIC8D, BEESHL TV H[4-9],
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. _G=w?

e 202 ®)

f - 2mo
OIIAEYENR 75, oI EL, WP SRR e > TRY, fE SRR A OIE L FRER O @S2 HE T 5
ZEIZEY T4 T A TEATO, SEEIRE SRR AT U, TORER, —FIEL T, 950 °CTHES/2EL
AVERS V7= 3R D A SRy A & O T2 S SR B8 1, FHEEE 9.3 °C/s C 0.84 pm, 3.1 °C/s T
1.96 um, 0.93 °C/s T 2.43 um &72o7=, Table 4-2 (245 FIRIEFE K OV BEX e F LIRS CRES/RELAL
BB )i R A~ 7, BEZ 2R ZUIRFE AMIEL | FHEEEEE 3 3G A ISR sE A P
FREZRDMETNCDY | Z DBRO RS RIT 80 %L T Th-o7c, £omMlERES NIz SUS316L (281T5
ki @A L0009 <3 572012, Table 4-2 (TR LIET — 2 &% @RI R LT-, Fig. 4-4 (TR
FTIOC, BEERFUIRED E5- | FIREE ORI EEBIT, R ITIR 2 I KAE L T2, ARBFTE T,
B REE7REUIRE | FEHE TO Image Quality (IQ) A L | Bk fhTe TRFDRE BRI L, D72
&t 80 %LL LRSS TE T LIzbD LT,

4.5.2 BESHIEICEDFAEALE T ORE

FEFIRPEE R E LIRS T TR M oE TIREARET DL AT D 2 DO HIERE 2 HILD,
—OITHRRBIEIC LY B 5 5 1ETHY | b9 — DTS FRER S AL W92 15 TH D, miig O
Ba X, s 78 TR CRRE I 2 B ORBRN NI LD, ZOTDARTETIE, S
BRIC L DAMEBROVERUC LY | B 58 TIREE A THIL 72, Fig. 4-5 (CRESX/R EUIRE L4 AR IS T
LNTE Yy I — ARSI A EEMK TR U DA R T, BEERELIM B OMSIE, BEERELIRED L
FATHED EFREE DR TS E, #Rx 12D Lz, —F TREEAREUIRE D EF G MIZHONT
X, FHRIEEE O EFITEN HV200 U065 CRIMRIES O EFRSFRBO OIS, SHICEEERELIREL
FRESETG AT S IR TES L, SR CREXZ2 UL 528 C HV350 /5 HV250 LL
TECTHEDME FLERBHZ B OIS % R E DS ETIED TNDHDEE X | Fig. 4-5 DG
R _EITR LT HV250 O fi#E TR S ot TIREE L CEFR LT, Fig. 4-6 1%, Fig. 4-5 T/RL7= HV250
DIAEREM LI DO THY, PEERFEUIRE LA IR E D PRZEARLL TIEIL TWD, B
Muljono HIIAR AR & A FIVN T FHRIEEE CO AL T TIREZE T 572D ISR 2212 15 Rt
DEFTN[4-10], ¥ FERES A= Sl IR SR IR e X7 FUALBRA M L 7= A4 B0 FEAS Al 58 1 IR & AL R
DX 1y FEDRNITEARBIRA AL LD ZEE2 AL TD, 22T 0.003 mass%C O RK 5
(ZIBWTHARE IR 90 %E/e D BEX 72 E UIRE LA IRIEE L OBIfR% Fig. 4-6 Iy b3 5L, SUS316L
DFFHEAHSE TIREIIRRFEMEVEH 60 CrVMEZ R LTz, & FAIRIEEIZOWVT, Fig. 44 1TRLE
BEX7pE LIRS LS kit & DR % Fig. 4-7 ()R, Fig. 4-7 (a) X O} Fig. 4-6 TR BRI
DD F-IR I A D TG b 5E T RFORE SRR A RO D & Fig. 4-7 (bR 180 E720 | TR SbkL
PRI F-TE T FE OB E LB 1AL T DM Z 7R LT, FRI, 1 °C/s A D - 1R FE S8 CIE i b

ol
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S8 TREORE SR T AR I C D RESEETHI 2.2 pm Z/RL7225 1 °C/s UL RO ECII AR
HEEDOFEME LB IR E LTz, ZOZEMD, Ffb b e TIRET, THRONORE BRI, Fig. 4-4
TRUIZAEERRIRE 1 pm ELCERTHILITTET, By —AEIOALHAGEH LT Fig. 4-7
(OIUT T, HERAYRE AR AR I R AFE T L EL TS 22 um ELTEFELT,

4.5.3 FEEBEEA T UM I DRI AR 2R B D Sk B

Semiatin HIE, KK IR 288 O KOG EE (5 TH D HFE D FIRHEE TDOR/Q - T? exp(—Q/RT)DIE
IZE S THEHTEHEVIZEEIBRRTND[4-5], HHIE. T =R/Q - T? exp(—Q/RT)EL T, (5%, #b
BERLEED ET D HBIRLBAEE L TUL F DI T E R LI

D" —Dg = (K/0)(Iz — ) )
W OMOFIREE IOV, BIE TR LT, Dy, nfEESHIT Fig. 4-7 (D HFLILD AL I 721E
SRFEUIREICBIT oG dmbift 2 o282, KO)DOFEEBZAT ST, IRBZOEEOIEMA L= /1F
—{%, Kashyap 5O EIZFE-SE | 50k)/mol EL7=, n=3 K N4 DEFEDOD™ — D} LI — [OEAtR% Fig.
4-8 |ZRT, WE ORNZIEARIFEMRBIRD LD o7, ZDOZEDD, RONCBITDHK /612>~ T
KLODBEBAENEERL ., FOSHERDOEHR 5 ML AR AT, Fig. 4-8 IR LIEFHERE RO,
D™ — D}/I; — 3R Zia1/0L DL C7ayhLizb D% Fig. 4-9 (I~ A%, & O EHRR
B ITHEY B2 h o7, ZZTl%E K - exp(8/0)EL T, 6% 0.5 D—EfEELI-#E F% Fig. 4-9 (b)IZ
RTE MEexp(0.5/0) DI, BWEMRBIRN GO, £ZC T = (D" - DM /(I — &N =K -
exp(0.5/0) L DEAEMNSLEHLIZK Enb DO RAMR% Fig. 4-10 (2777, B7RAIT Mizera Hid, ZRBES 7
FUMLERSGAF: FIZH1T5 SUS316L DK EntDERIZOWTIRE L TRBY[4-7]. 2% Fig. 4-10 (Zdhb
HORT, SRR FUAESME T TEbNn = 2.5~3.0 (TS DK EIE, Mizera DAL L7
KIEEIZIESE L METH -T2, ZOZEND, SUS316L DIELIRBEX /0 UL ZIS 1) 2kt il & 288
WOX(10)EHWTRTIENTELENZ D,
I = exp(1.28n — 1.5) - exp(0.5/6) (10)

4.6 BE

HFRPESARELALBIZ TS SUS316L DRIp R ZEEN B T2 SOl EE UL, F(4)DFIRBES72
FUALBIC I T DIREE LR O BRI DRI R AL FERAVIC R R D LB 2 6D, LnL, b LA IR
RS, Rk BB AT BIRE A L QDT U, FRIR RS2 EUABRRC B DRI RN B
W, N@NTE RGN U R DERDT2 A9, LNUBIE IS 2 — 13, BARR 72 I % — 2 C
B0, EEEROMBGAE T T, MBS —2 %% 2 D EN DD, — 17T BRI B0 A &
LT, 2 DOBEEREUIRE S FIT, LT ORI R 228 45 2 207 15655, ZHUTID . W DBEE7aE
UIREZEFRTEIUL, EOBEERELSM N OORRZEBOE NN AIREE 705, AFHTIE, T2 EAE
FHREDN FERITTH R LT BRO Wi da e TIREE LU TEFR LTS, Fig. 4-6 ITRULIZEIIT, T AR HEE DB
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MMEEBIZAZIFRRIBIC B3, ZORE, BAeD FREE SR T CHROND FE MR T T RO kAR
MEICHER L TR LN EE LD, Fig. 4-11 12, SR FEHE L T 800 °C, 850 CCETIHFHIMPES/nE
LIRSV RO 1Q BT, JVIKIROFEX e FUIRE TRz A U T A7-012i%, FiRiE
LT HUENRD D, ZOREOEAERIL, HDHFFE DO LM THEL, ZD%, Fig. 4-11 (a). (DI
RTENT, WL DD DFFEEERLD DRI R 2T D, W2 1 °C/s Lh EOFIREE D HAONG AT,
FOZL L DR A R ETEALRE T CorBL . TS abhL B AR R Za B E R 0 M &2 » TIFEL T2,
Fig. 4-12 |Z. Fig. 4-11 T/RUT- A AR C 351 D EAE 5 6] T H i Cd D Normal direction (ND)  [fi
TO IPF v 7 %, —f%IZ, SUS316L T OLIATFIEEGHRIL, 2 DDOX AT DEA MR TE
&5, 1 DX ND // <110>THY, ZhE, v ZRAT VLA T— RSO DD EIEE SR Th
%o I DIE ND // <111>THY, — RN AW ORI %59 5 EIEE GHLk CTh D[4-11, 4-
12], B FHREE TN DT LB ARV LB CTHREX e E UALBRI AU 30RFCld, — 30 it i L7k 1
Fig. 4-12 ()T D72 B IR Sk S Bl g2 s T, — 07 L K0V FHREEE O 512i%, ARk
(2T B DR A AR B S T e, 2D FHREEE SRS +r 7 BEE 72 £ LR 23
DAL ND // <I10>DOETBE AR TS OBAERPET L CGROOIL, RIREZELD,
DEEOEGHIRIL, TEIEE SRR E MR LTORIECTh o7, FlEL T, BEX72ELIRE 800 °C, H-RH
£ 0.031 °C/s DBEE7REL A (Fig. 4-12 (b)) TRILRS DL GHMRIL, W ILh s b Sk 1372
STELT NFEAENEIEE SO EETH T2, L, TOEAHGEII A, Fig. 4-12 ()2 1)
DF-RIEE 0.093 °C/s THEESRESNIMBIOE AR LT DL, RN T2 L ThD, —F7TH-
BN A AT 2T, [RIBFICAE L T, Fig. 4-11 (o) Tl AR BHDH E D
BT P CAECTODEE 23005, TOBIEDI- RS R 2RI, L QWD IDIc i
R %o ET-ZAVOFREabALAR I, BEZREL G R S BIEE ST, 2D D 3 BT R A hr & =
7REUMEL SR, Fig. 4-12 (NTRLTIETUH DA AT DRI KRESTFHETLHHDEEZLND, b
PRANT, SRR EE 3.1 °C/s TTEL LT Fig. 4-12 (d)DHE . BT, s 2 HRESL, Fig. 4-12
(o)&[Fkk, FEAHMMITT & 1727, Fig. 4-11 (b)& Fig. 4-11 (d)L:k‘Hé?X%ﬁ@@ﬁ%%&i\ zh
ZH3.08 %, 6.04 % ThHo7z, BVFIRIEE THRILESNIHE | KICRIZTMITHEITL | R AE
kTR O BT, BROFIREEE OGA T T, b AR iTREME 3B 5 [4-13], Fig. 4-7
ONTRT I, ENE D FIREE TIEOND TG A RLBE Do 13, FHELIH B OBV RESE
{b9°%, 1 °Cls JDH/INESWFIEREFF CII T —EDEE R T2, Z Ll EOFIEERE /DL,
BT DB 2R Uiz, ZOJRRIE, FRE e TR ETORIEEED 1 °Cls Jhba<7a-o
Te e A TR EORZ AR AR RIS N2 LI EDb D THH LN 2D, FEFRIT 9.3 °C/s
L EOFHIEIEFE T 900 °CTREX /2 FUALBLS V2354 | MR 42 0 (2 2805 SRS 1,12 um OB HSHIRL
FRED TSI, LILIRG, ZO 7 v A% I DER 21T, W< DD D FeiEi S F ORI B L
2%, FRHFHREE BV AR, R I IV RV Z LB L5, A IRIEE S ENGE T
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BIVE, P AR SRR AR TRA N AE LD S CRT AU D720, G RLIE X 70 E UM A 15
% BT, 20X E TR L TODNRIT IR b7y, — 5T i T, BEE7eF LA ABREEL
122 I T B RANR | AT UL ABD T MR R A e T 5 BT ARITh 0@ ELH
%o ZD IR L ViU, FEERBES R E UG FIch W T, FHREEZES T 528
72 AR A TE R T D LB ATREL 22 5 Z e IR S LD [4-14, 4-15],

4.7 #EE
AREETIL, ML D SUS316L AR BES /R EUMIR L2 BE D G dh | BIRCR 2B DTy

HEEToT2,

(1) E A1 — AR FERRER D HEE U7 P b o8 T IR (3 AR O )R BEIR L LW E MR BIR 2R LT,
FIFAE LTS TIREZ IS 2 RGBT, FHREEE S WA 23, £ 2.2 pm O —EffZ R
L. FHEIEEE A 1 °C/s JOBHEWEGAITIX, SHICHAIELTZ,

(2) FEFIRPEZRELBIIT DRIAR OB E R AT, SUS316L 1231 DRIpL & DTEME(L =1V
F —50 kl/mol ZH WD & T, B TE/, BSOS E R g T o b B =
(D™ = DY)/ (I} — L)X, 1/0 L EAREIRZ R 72", exp(0.5/0) LEARBIRBIEONTZ, F/=A EIDOIE
FRBES R E UL CTRIDAVZ KB, BRI Ry 2.5~3.0 O CHIRBES/RELLIL TS
DNAEE RV —EZR LT,

() FFFIRPESRELLBIT, v RAT UL AHOBMANRIAL A 155 BT AR RLBE 1k B 25
ALDDS, TG AL oE TIREE . FIREEE OHIHIN, EERNTGA—Z LD, KT X DA ES D, D>
O B RLBED S BUE R A1 2 b DY — B AE MR A 155720113, IEERPES R E LS T
T, 0.093 °C/s JOHBENFHREAE THLUERHDHLEEZHLND,
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Table 4-1 Chemical compositions of SUS316L used for test specimen (in mass%).

C Si Mn P S Ni Cr Mo Co

0.028 0.45 0.72 0.005 0.002 16.20 16.40 2.80 0.21
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Fig. 4-1 1Q images of cold-rolled SUS316L steel an isothermally annealed to 850 °C at
heating rates of (a) 9.3 °C/s (b) 3.1 °C/s, and (c) 0.93 °C/s, respectively.
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Fig. 4-2 1Q images of cold-rolled SUS316L steel an isothermally annealed to 900 °C at

heating rates (a) 9.3 °C/s (b) 3.1 °C/s, and (c) 0.93 °C/s.
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Fig. 4-3 Area-weighted grain size distribution of the samples by heating to 950 °C for annealing
at 9.3, 3.1, and 0.93 °C/s obtained by OIM analysis after twin boundary deletion treatment. The

curves are fitted by lognormal function.
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Table 4-2 Measured average grain size of SUS316L steel an isothermally annealed

under different conditions.

\ 9.3°C/s | 3.1°C/s | 0.93 °C/s | 0.093 °C/s
850 °C - 1.33 1.26 1.23
900 °C 0.84 1.96 243 2.46
950 °C 1.43 2.87 3.73 4.61
1050 °C 6.84 6.76 7.72 12.07
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Fig. 4-4 Contour map showing the average grain size variation with the annealing

temperature and heating rate.
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Fig. 4-5 Contour map showing the Vickers hardness variation with the annealing temperature

and heating rate.
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Fig. 4-6 Plots of the average temperature in the HV250 (shown in Fig. 4-5), and linearly fitted

results (recrystallization finish temperature) of the plots varying with the increase in the heating
rate.
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Fig. 4-7 (a) Increase in grain size with increase in the annealing temperature at different heating
rates deduced from Fig. 4-4, and (b) decrease in grain size with the increase in the heating rate upon

completion of recrystallization obtained from Fig. 4-7 (a).
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Fig. 4-8 Plots of D"-D; versus [I;-1I, derived from the final annealing temperature

dependent grain size variation curves of Fig.4-7 (a) at (a) n= 3 and (b) n=4.
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Fig. 4-9 I7obtained from the linear plots of D" - Dy versus [;—1; for different values of n
as a function of (a) 1/8and (b) exp(0.5/6) .
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Fig. 4-10 Comparison of K obtained by applying the /7= K- exp(0.5/6) function to fit the
results in Fig. 4-9 and K derived from Mizera et al.
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Fig. 4-11 IQ images of microstructures of the samples an isothermally annealed to 800 °C at
heating rates (a) 0.093 °C/s and (b) 0.031 °C/s, and to 850 °C at heating rates (c) 9.3 °C/s and
(d) 3.1 °C/s.
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Fig. 4-12 IPFs of ND in the recrystallized microstructure of Fig. 4-11.
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51 #85
ZNFETBWRIZEIT DY 277 ROIEEERUTEE T, SCCOE L MRSV TEIZ[5-1], ZDZEND,

[ 138 BT OASHANE D723 | ZOSCCHRAZMHI T, ZNETELORRBMRF SN T2,
LIAT, ZOSCCHAITRER A KT T EZRNT MOBHE 7| BREER IS IIRF 3 FEEL, £
NEIUZOWT, RERBFECHITOD I8, 2RI TR 72, FrIC, BREEA 7IZBIL T, DO EE
DIFEZLY DSAFEAEITE K L7ZRINSCC, FLFRSCCL, EARDHE—RDOFINBRNEL Tz, 2D
BIGT, 2 IS TPWRIEREE F CRH I ICBISRINDZ LD RS, BWREREE T IRV T | [FERD
T — RN AECDZENEETHIZLY, IRENTUVD[5-2, 5-3], L2A T, Shimadabid, SUS304D FifL
{LALERA% DG B B 2 BB A PRI B A LR EVE IS TR L7246 2R L 35 0 g i T, o4 A
IRt R UL I RO TR EL 2> Tl LB IEL CD[5-4], LIZAA-> T, b ULAMENE K
DOffdmhiz LORGI L TEIIT, ZOME R m OB EZ N TE JFEOE T2 CE LA RetErd
%o AT T, SUBILDETIZNSUS304LE VT, K& H TO S IEREIZ KT 3R kb o
WA T 5012, BWRIEIREREE T C, BINSCCOS AT 254 T To 5 [BRRFFEL O el
EATHZELE HINET D, 2D LT #E RIS L2 B R AFAE R A DAL KINSCCIZ 52
HEIIZONWT, BET 5,

5.2 EEGIE
5.2.1 fEr

HEEAM THHSUSI0AL DL FHL kA Table 5-11Z~ 325, CEIX, UL AW IO KRS
TWBIEMDND, ZEET 1100 °CICTEBEBLELZITH)Z LT, fEdhi %20 umbl I Kb
L7z, D, 90 %D FRTHGREILEZTV, BB4EITTHBELTZ900 °CTORGIRLL P &b
JVERZEHE L 7=, 723 ZOBEO FIREEE 13, SUS316, SUS3040 [ #2331 590 Y%ois [l 4E t% 0> ELF
M EFICHEOE AR SZERIC LY SRR AR E LIRS O G B IS & EHL[5-5],
BEARMIZIL, BH4TEICTHER M E L THIV/ZSUS316LE AR THVZSUS304LE T, By 1 — ARHEZE
{EDZEE G| 5T SUS304L D Pk SR EE MRS D L HEER SIS, £ 2 CL ARBFZE T O FIE 3 X
SUS316L CHHIRIAR AR 2GS HLD1 °ClsinD3.1 °Cls~EZEH LTz, ZOBULIRSAEDZEF 2L | Al
SHT=SUS304LIX, #Edki20.59 um? y HAHOBEHGHIKISUS304L(0.59 um#f)E72-> TNz, SHIZ
ZOMEE VT, 600 °CBZILL EDOIR IR TH 51000 °C & U050 °CTHAREHIRFF ., KinT5
ZET, A AL SRR ICIRIE LT, Fig. S-S ERAM O JEAE 5 N FEE 72 5 HINDIZ %L C, EBSD%
TS SR 0 A 2 i AL LTZIPF~ » 7 2~ 97, OIMFRHTY 7 M AW T, 260 > 15°0 KAH
PRI T OREBRAAT STl A . BVLBIR E D b5 K& OVREFRFRE O BN A dibz i H R L T
WHZEN DD T, Fig. 5-2120.59 umtf &k O D% BSLERS7-A BHZ 38T, EBSDIZ XD Affif ks
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VT AR B GEIR O ol SR B8 O AT 2 A A EE IS KB BE L= (M AR, BRICA BB S 55 S
PAE 3L RITY 7 M LA GBS RE A F N C L MBI ER D BT B i (23, 29,
227) & HIBRL | 1557 &G AR AR /3 AT CO R R 2 R EUE R M7y T4 7 LT [5-6), Z
TUZED, ZDT 40T 4 7 LT BB A O B EIRE R AR 28 HH U7 5 5L 0.59 um~68.6 um
DFEERINFFOI TNAZEN DD -T2,

5.2.2 #{R., BWR HHIR T SSRT Ak & ) BWR ISR T CTORIN SCC aFAMfiaER

B AR BRI FE ST AR L% L C L R AE J7 M) (Rolling Direction : RD)IZ# > T, FATHIEX16
mm, J£Z0.6 mm, K44 mmOFHGERER A 200 L7z, 2, RIS T3.0x1070 s TR O B
TSSRT#E N L7-, F7- [ FHEEA 122V T, BWRIEERTE 288 °CCT3.1x10°0 s DK O A
HEETOSSRTH E L7z, DR, BIRMER R COYATIIC~— I —Zf 5L, L—F —ZEArE2 H
WT, BRI TOOT HEEARE LT, — 5T, b —20OiBREL T, BWRIEIR R A T&5
R AL — T BRI CL Jaffré D S RIE [FIREOIREE288 °C, J£ 7110 MPad KB BE 4 FFHLL
7o BT, O A3 11070 s T OSSRTEER A S i L 7-[5-7], SHIZEER 1T 2K H DODOJR L,
EHRNTVTHBL T, RINSCCN R AT H5:4:£725DO 10 ppbE L7z,

5.2.3 HHARARAT

SSRT# DL L7=5kBk 7 12k L Cid, FE-SEMICE DI 7 ikl 224170 L b 10, T — R L
PERN T SR A B U7z, AR T2 36 1T 2 W i AL AR 221213, FE-EPMAZ W2 e R s K1k
BN DA M 53 BT LTz, SOITRER O SR SRIN SCCH8 A= D FH B BE£R A 3 A& 9~<<| EBSDIZ L%
il i 7 LA AT 2 SR L7

53, MR
5.3.1 =i, BWRIEHAIRE | BWRIEHAEREL T COSSRTHE DIt J)- U Frfi X Hog:

Fig. 5-3124&HE R EICFRIE L7=SUS304LD E I TOSSRTH D Jis 1 OT AR A 7797, 0.2 %l 7,
SIORTREE 1T, BVLERIR B | BVLEE R R OB N A A R ARAIZ VY, 0.59 umAf 23Dk & 1T
K95 07T, MO A3k 2 (BN LU 7=, Fig. 5-412 [R5 SR 20 HE 4 0288 cC KRR H T
SSRT# D) J]-OF B %/~ 3, SRR TOF BRI IZ AT DT O IR R B I T LT
WHEEBIZ, BETOT A Z DN TH R FL TV, RFI20.59 pmbd TUE, BT O 030 1 FREE L L
URNMETH o7z, ZOMWBIOT AL, — BT D8, BLARVEEDZ LW BRI TE 503, 4
[B]5%f G2 & L7=SUS304LIE, JR 1 ) S M O 2T R ThDH, 2OV aFURIE, JERLY ., k1
FEBRE TIClSN ST, FLEMOT HPME T T 528 THBILD, EBRIZ, C. Albertininb D
T, K90.5~0.6 DRI O 71 A 7R 3" SUS304L7N M- FRATIE L IC LD L 02 EICETIR T 9757 —
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FHRSITVD[5-8], LLEDTEMNE | B 2T AFFETHRLT DT 2TTRITH LT, 2O SRk
F LA #3528 T, T2 BT OT AR FE LR FLI2E L Th | (272 JE MR 235 DT
U, HEEEA LU, SRR RO O A ME Chob D LS D, E2A T, —MRAITHE kL
AR, B P E 2 1) B S DR 7L L TEIDAIV TS, FEIZ, 0.2 %Il 7] OfG s b B A7
X, ROB— Ry FHNC IV ERHEIND,
oy = oyo + kd™1/? (11)

ZOE, ay[MPa]iZ 0.2 %I 71, oyo[MPa]iTEHO FREE (T 2 T~ DFE#E ) | d[um]i3fs S kiES k[MPa-
m2]1% 0.2 %l 71 R AE TG SRR AR A E 2 7R 3R — Lo TR B E 72> T D[5-9], Fig. 5-5 1245 fE
ARL PR D oy ZAEIRIT . d™ Y2 AR T my MU A R T, R E LT A TRL R EIR
TD 0.2 %lit /1O FEEREIL, MMOBFFEE HIZKVME SN IR T —# L LT RS/ Cuz,
ZIUT A TOOT HIRED, fhOWFFEE HOBIIRRFO OF 2 THHH) 103! LIk LT, 3
LBWZET, MR OB OB E-CHELHI 2N E L, MEBRE BSFES N Z 8 Db DL HER S
%, BARBIIZIE, Satheesh Kumar S0 53R 132 K 17.8 mm, ¥ —VE 4.0 mm, X 0.5 mm T
o 72[5-10], Al R EHEL 1T 0.0167 mm/s T, OF il EITHK 4.2x103%1 [IZHYE L7z, £
Odnobokova HIFE7 —V & 12mm, JES 1.5 mm D5 iRABR A 2L, 5l RABEE X 0.033 mm/s
T, OFT AT 2.8x103 s [T L72[5-11], 512, Mine HO 5 IERER 71X, &K 20 um, 7' —
VRIIAH, JEE 30 pm Tho7o[5-12], SRR 0.1 pm/s T, FIHIOT 2RI 2x103 s
' CHEMESI, EARITEC BT LRI T Doy, kid 178 MPa, 395 MPa-m™'? ThH-7278, ZOfEIT,
Satheesh Kumar 50 C &4 # 0.034 mass%?> SUS304L TPoy,=261 MPa, k=398 MPa-m™?[5-10],
Odnobokova 50 C &4 £ 0.04 mass%?> SUS304L TDayy=160 MPa, k=470MPa-m'[5-11], Z&5HD
C & AT B 0.06 mass%® SUS304L TDay,=176 MPa, k=445MPa-m"2[5-12]EHHRL T, £/ KL Ml L
2o TN, ZOZEND, KMEIXOT R ENELS/RDIET, Wb T o0 DEHERESND, — T, 02 %
it 73 DWW 1%, 288 CITMERSIVT=Seth T CL EBIAR T L7z, ZORFD ARG SRR 4+ % 288 °ClC
IEAL 72355 Doy ki 146 MPa, 322 MPa-m'? SKfEIZZEIROT AT, SHITIK F L, ZOkfE
DMK T U7-H 1, #00RE SUS304L Cid, MNEMZ K248 d R ST B3 O SR AR S HLARIAA 12 b C
EHESNI=Z LI LD D LHEZRS NS, Fig. 5-6 |2 BWR JEHEEREE N THIN SCC 2349 55EF DO
10 ppb T? SSRT #% DIt O X & 753, 0.59 um 44, 600 °CC 3.6x105 s BAILELS 7=l ki B8
1.52 um @ SUS304L (1.52 um #1), 1000 °C T 120 s ZVLERZ L7555 SRt 28.4 um @ SUS304L (28.4
um FHOWTHE | BIN SCC 34T H50F FTOD SSRT (231755 HEIRE X, Fig. 5-4 T?O BWR
AR E T SSRT AR EEEL T, KEZREMNFIAET Qe o7z, —J77T, 1000 °CT 300 s 4L
PRS- AE SERIER 39.5 um @ SUS304L (39.5 um #4), 1050 °CT 300 s ZVLEEX L7 Abbi R 68.6 um
@ SUS304L(68.6 um #IZIIT DRI SCC 23 4E T DM T TOMIMr O3 21X, Fig. 5-4 LR T,
BMEZRLTZ, —HZNBDIEF-OFTHREITIT, 5 2 BTROLNIZEL—Ta idb E0HEIC
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BIERSNoT ZOJRIKIL, 45 2 FECTHWSBILZ SSRT &R 7 DIEEA 2 mm THh-o7=DIZKL T,
ARETH- SSRT #BR 728 0.6 mm SR Tho7-ZE 0, BL— a0 WAL SHL o202 k5
HOLHEEIND,

532 RRH K OKINSCCELHBREE T TSSRTZ FE i L 7= 1% O i Bl 42

Fig. 5-7 (a)~(h){Z, 0.59 um#4 | 28.4 um#4 | 39.5 um#bf | 68.6 umtF 123517 H K5 H1288 °C T, SSRTHE
T WA T U 7= BB OO TEL 50 R OMRll T 5 O SEMABL 835 2 /i3, R COM B EE T, 42
IEVEREE L A > TNz, IR T ORI TH, TN TOMET, FoX o 7 BEESNT
B0, BEERME Y 7y 7 TSN -T2, Fig. 5-8 (a)~ (W24t i b i #EA TORINSCCHVRE
AT D5 TIZIIT HSSRTHE DR i B -5 DI 7 Ak 22 M QML RBLESHRE AT, 28.4 umbd
T ORI A A4 HSUS304LIZH W T, Fig. 5-8 (a). (b). (¢). (IZRTXIT, IEMERR RIS
Wi D87 %Lh EL7po>TED, KN T 4 7 /W Cho7z. — T, 39.5 umbh EORE kiR Z A3
%HSUS304LCl, Fig. 5-8 (e). (D). (g). (WA LT, JRHTom IRk i -4 U T HLMIZ2 SSRTH D
Wi CIERRD LIV WSO 7 7 7 N ST, FFI268.6 umb Tl W E_EBEigE LTz
ERIEEF OIS | Wt =R 2336 %IZET EFL Tz, Fig. 5-9 (a)~(H)IZ. 0.59 um#t, 28.4 pmbt,
39.5 pum#t, 68.6 umAf (245 R FHEEAS CORINSCCHNFE LT 550 FIZHIT HSSRTHE DL
ITEF O F61T D7 AR5 K OMERBLER A R A3, 0.59 umbt K UN28.4 pm#4 i, Fig. 5-9
(@), ONTRTIDNT, 7T 7IRFIEAEBIEES NIRRT, 39.5 pmbfF 2725 & Fig. 5-9 ()T 89
(2, R ENZ M AERES AL, Fig. 5-9 (D ARENTRT A LI T7y 73 2B BI5E STz, S51268.6
umAf TlE, RIS SR AT B R 7 7> 7 Al A RIZ S BB 2 S D L1272 572 (Fig. 5-9 (e),
(D)o ZNHDOBIERERIL, Fig. 5-6123517%39.5 umbL EOM IR CHER SN WT O T A DK T &
FWFHBAREMR A AL Tz, Fig. 5-101CFig. 5-9 TR SN &ifG Sbi BRI I BT A 7 7> 7 D
BAFBE LI 0%, 0.59 pmAf, 1.52 pm#AS, 28.4 umbt D77y 7801% ., 20~3 1E LD 72 METH -
7228, 39.5 umA IR B L AEITHE AL . E51268.6 pmAf Tk, 1I8SEETHMLT-, 22T, 77y 7%
DI o7228.4 umbt L7 T 7 BDMEIN LI 7239.5 umM (231 DREWTIC B D FCTICEL7- I %
g3 58, MEEH17000 sFEE LIFIZRIZE CThHoTz, TIUTLDOL T BRI RBICITRE /2203 4
LTz, ZOZENG, KINSCCOFEAE, B2 B LR R I M O BN X | FEAE LT EIR Tl
T R LR R E DA DD 7 T 7 ] C & D Bl i R DMFAE T Db D EHELE IS,
Fig. 5-111Z, 0.59 um#4. 28.4 um, 68.6 um#bf 123317 HBWRIEHRER ST FC, RINSCCH AT DM T
SSRT L 7= %% O Wb i OO EBSD W i 8 2355 R n 77, 7o I ABLEE hI L, JEAE 7 ) IS HE (B 72 7 1)

BT 5Bk 1 R I8T i (Transverse Direction : TD)2>H OB R B ThHHZ L& FFFLT 5, Fig. 5-11 (a). (d)
(RTEIIZ, 0.59 pmbf&28.4 pmbH I35 1T MR E L COIPF~ Y7 0b, 77y 713 Blggsnds
Mote, —71768.6 umbFTiE, Fig. 5-11 (DR T XS, FEARINIZZ T 7 HER L TODER 1238122
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Sz, FINHT RTOMEHZIB W T, R NICRERRE A FEL TWDZEb ot 22T
Fig. 5-11 (b). (c). (e). (g)iZ. Fig. 5-11 (a). (d), (HDPIQERITHKIL T, M F 1 D — > Th ORISR D
{111} / 23 BT DGR RS A 2 ER-b O %7~ 0.59 umbt Cl, Fig. 5-11 (b)DIL K TH
DFig. 5-11 (NIRRT EDNT, LD {111} / DIDFHFENITAFTEL TODZEN D072, ZORERD 2R
BT 5 {111} / 23D HHDLEIE 1, 13 %E7/2o T2, — . 28.4 umbF OBE | FfFRTO {111} /
TIDFNEIFL.9 %ETHA LIz, SHI268.6 umbf TiX, {111} / Z3OEIETE2 %A LIz, FRlZ, 20
68.6 umA D {111} / SIOFIEFIKIX, 7707 Fi0TIREALBIESN T, BT NEIZFTEL T
7o LA EDZEND | ARWFSETOMMIKISUS304L THINSCCH A 23 il A7z B & LTI, 5 SR
AEIZED {111} / 3RO RITED , RGO DJE BTN EL IR ST 2N T B R EHELLX
N,

54 B

ZIVETOFERRFE RS KR 126 LT, BWRIEHRER B T CRINSCCOM AT 55 TDO 10
ppb COSSRTAE T 5L 7T 73 FAEL IR T A3 5| L ZE Tz, — T, [FEBRE TOM
ARISUS304L Tl Ml 7 7o 71 TF LA CBIEE SN TEH T, 28.4 umbL T O b FREEA DT
O T HBiE, KKHF TOSSRTIZHEITAEEIFEA L ENBET TN RD T, Z2TlE, =i & U288 °C
BRI T CD0.2 %t /1D 7% E AN HE LT DL LT BIHIRLAT L L AD RN SCCHIHI A =K 2
[ZDWT, BET D,

5.4.1 288 °CT?D0.2 %ifit 7198i» DEL

288 °CTOR—/L~ "y FHNZIIT50.2 %I /1%, [ ARERIZ I H IR COR—/L~_y T H| L
LT, WTILBIRWE THLZENR TN ETORE RNBHALNEe T, 22T, Z2TI0.2 %l /i
DJFEKNZDNTHEEET S, 9. Odnobokovah 2l - T, IROERN R E BIZ AN HERIZL D
— Ly FRIOFEB N T4 7Z[5-11, 5-13],

oy = aGbp'/? + g, + kd™/2 (12)

ZZ T, aGbp2IFERN B SO LT 5 AR L, of - NLEEME, GIMPa] 1A WM blnm]i%
IN—T] = ATV p[m 2 PNIHENEE L ThD, ZNHDIBa, G, b, gyl dpE RV TR THEHEA O
ECTHD, 22T, EHLDOJRWFIFH TOFIRIZIST5H0.2 %ifif /) £288 CCTDOARETI0.2 %liit /1% L
THE, REEITS52~169 MPaDFHIZH D, IHIT, IREZIZLDHpDi#E Vi, OdnobokovahiZ &b
SUS304LIZHE W TRENTZa=0.73, G=81x10° MPa, b=2.5x10"" m& H\\H5Z &2 &), EH T 5203 A
RE T D, i & LT I A IDHRNIE EZE 1T, 1.34x103m 2~ 1.77x10M m2E 7252 LMool
ZHHDMEIE, Odnobokovah (2 &> THE SN2 [ ELEZR L OSUS304L THEH41722.0x1012 m2 L0
KREL WFIERE O /N OT 0,502 645 541722.5%10° m2 XKV ME Ch o7, 22T, RFETO
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28.4 umlk E O AR A FEPH D SUS304L Tl il TD0.2 %It /1 & D =M/ To D3 FRAIRL
SUS304LIZEWTIE, ZDZEIIREL > T, ZOZEND, HRISUS304L Tl, SSRTIZL D FHF
[f0288 CLRFFIZLY, MMM LZITHOTNITIRAFL TR LB E RSN 52 LT, EiRke
288 CHF00.2 %l I KRERZENECIZb D EHELZE SN D,

5.4.2 BIHIRLAT L A L ADSATS AN D AT =K L
ARETHROLAZRERFESIZEY, DO 10 ppbllii#E S 72 BWRIEHABRBE T 24505 L 7 Frik 5o T
BT, HRKISUS304LTlL, KiNI Ty 7 &3 A SHEHIENRB BN EIeoTc, L, BURITKISUS304L
T KNI T 21 REE A EBEES IR > T, FTMAIRISUS304ALDO N EFIARIZIZZ 5D {111} / 23
B FEL TNz, ZRDHOXHRIUZBIL T, GertsmanHIZPWREREE FTSUS316DKL VT FE TD
U7 7Rk EDOBEBRMEATIAL, {111} / L3RANAET DEAL T, 77 7 DM LIS ME A 23
HZEEME L TND[5-14], 2O EMD, SUSI0ALIZISIT DA ISR, B R 7T 7 OBl % K
TR B 5.2 DH DO EREELS D, Fig. 5-1212, FIRKISUS304LDRING 7 77 F I B DIFE 2 OV
KSUS304LDKLN 7 T 7 AN B BRI T2IBFRIZ DWW TE R LT 2R 77, 1€k D ¥R KL
SUS304LClE, —RHRAL AR N DFANLIRD D ARSI, BN — IR T 023111} EOTEENIZ L > THA
T 5, BMEHINT, ZOENLITR FUCERIND, SO, KL FUCBIZE L2 8a0TI3S P &) R
TOIRNEFRHH—EDRELEZ DL, FILWERALARIANS ARSIV, ZIRTNORRAET D, 2
DFEFE | HIRISUSI04LTIE, Z<D—K TR, KT RO L, KINSCCIZE ~7-b D L
BEND, — 5 AR H28.4 pmEL T OPGHPRISUS304L Tl KNSRI ~Dlinr % B PR X
IEDNTHEL, ZAUSTY BRI B D TR — %895, ##I2, Fig. 5-11 (b), ()T
DIQBIZ/RT LT, FHIBISUS304LCld, 24D {111} / =3 KIA D FESBLNICFTET 52 EI12ED
FEERLN D —R T RD | ZIRT NIRRT 22878 NI LD OEEIT . ISR
T B — bt KINSCCHRAIZELRN->Teb D EHERIND, FEBRITHKHEOIX, AT L AT # e
D DT 7RG B A SR N T, S ARL N O REAL S HERE L7 BR1C, 24800 R s 2036 L F T /K
BEFRUIRMG, e~ O L, MR T HZE T A 2 0 iE L QWD -2 B L TV B [5-15],
ZDZENE | ABHPRISUS304LIZEB T, {111} / 23 KIFUITBW T, [FREDERNL D/ iR S AED
TWDRTEEMEDR DD, £z, 2O {111}/ ZIRL LS T S S D % 0 2 < fE g b NI i S E 5
BEEL TG B, ABFZE TIRVALA TODiE AR L AL B TIN5 FIEDRREEIT> T
%o FEBRTZDTEIL, S%DEMOT Azl H L ZD#%, 1027°C Tk K72hOBULE A it -2 & T,
(T SR IO G S A B BN CED LWV D THH[5-16], LorL, ZOBMLE T 1t
AV RN N E TORE SR L7 1 2R T, SUWETHHZ LT Z T, BULERRR
B, ZOZEND, ZOMEREHE LA BHIFE SR 2 LS, oM BRI FHAELSETL
FAVRINH D, UL EDZENS, {111} / 23 KIROARITIE, FEARZRESNG, ARFZE CTEROIA T
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WAFR NN TA+900°C VLI DN i i 7 B A TH D EHEER S LD,

55 ft5
AREETIEL, S E DA TIZWOSUS304L 2 VT, 2R K U288 ‘C T 5 BRRFEIC KA 3fE S bl

AL DR BE AT HEEHIT, KINSCCOHET HDO 10 ppbOBWRIEIREREE N CTO 5| RFFH:L D

A AT o7, E7- A ARSI IZ K2 B R AAE S & D23 KINSCCIZ G- 2 D EIZ DN T

EBREIToT R LT O E 157,

(1) FESRIAE0.59 pm75H68.6 umlZFHFEL7-SUS304L% T, OV Bl B O3 K O | 5RIRE D%
WIZED0.2 %lfit 7D LB AAT ST R, OF B EEDEREVEE , SIRIBEREVNEE 0.2 %iiit /)
IR T L,

(2) 0.2 %I SN RAFE G SR L OB LTI, SIIRIREE D BRI Bk 1T BIEE
HLARRIAIZHERT, 0.2 %Il IS DI T3 2@ dh o7,

(3) BINSCCOFAE T D 5MF FITHEI7-#E Shr£E28.4 umlL T DOSUS304LIZ331F 5 SSRT# DO KT
O 403, BWRIEIRIRE T COMBr O A LFETHo7z, — T, fhiaehif39.5 umLLl Lo
SUS304LIZ 3311 ASSRTH% DK O3 A1 d . BWRIEHRIR L N COMEIZH~T, RV MEZ R LTz,

(4) KINSCCOIEAT DM FITHESHLTZSUS304L DR K % DORRRBLER AT > 706 B, b iki£828.4
umpl FOSUS304LTIE, 1T EAE MBIEVERH Tl o7, — 7T, fEaehifE39.5 umbl EdOSUS304L
TiL. MarEmkm o Blazsiniz,

(5) FEERRIFR0.59 umDSUS304LIZ I T, KINSCCOFEAE T B N COREMRE IR T, {111} /
SIXFIRL AN S EAFAEL Te, — 5T LRI ZOEIE TR L, # sk %68.6
um®DSUS304LTlE, KEFHITIZEA LFRO LIV oT,

(6) FEABRISUS304LIZI3U T, KL NSCCHNHI ST B RIZ DUV TE L L7 5L b anhi o ko &
Z{111} / 3RO KIZEY | RIENO D BIHEITHERDEEHIT, FESRINO—R T
TR AR T HAEFET R IDIRALOEFEN | B —AbSN T ENRR LS D,
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Table 5-1 Chemical composition of the SUS304L (in mass%).

C Si Mn P S Ni Cr

0.017 0.44 0.80 0.031 0.004 8.14 18.09
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Fig. 5-1 IPF maps on the ND surface of each material: (a) Ultrafine-Grained SUS304L (UFGS),
(b) UFGS aged at 600 °C for 3.6x10°s, (¢) UFGS aged at 1000 °C for 120 s, (d) UFGS aged at
1000 °C for 300 s, (¢) UFGS aged at 1050 °C for 300 s.
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0.20
o UFGS (0.59 pm)
- O UFGS+600 °C for 3.6x 10° s (1.52 um)
A UFGS + 1000 °C for 120's (28.4 pm)
0.15 - v UFGS + 1000 °C for 300 s (39.5 pm)
O & UFGS + 1050 °C for 300 s (68.6 pm)
8
8 0.10
(&
S
<
0.05
0.00

Grain Size (um)

Fig. 5-2 Area-weighted grain size distributions fitted with a lognormal function in the UFGS and
heat-treated materials were obtained by OIM analysis after the twin boundary deletion treatment.
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1000
900 |-
800 |
700 |
600 [
500
400

Nominal stress (MPa)

300 ——UFGS (0.59 pm)

200 I —— UFGS + 600 °C for 3.6x10° s (1.52 pm)
I —— UFGS + 1000 °C for 120 s (28.4 um)

100 b —— UFGS + 1000 °C for 300 s (39.5 um)
I —— UFGS + 1050 °C for 300 s (68.6 um)

0 1 | 1 | 1 | 1 1 1
00 01 02 03 04 05 06 07 08 09 1.0
Nominal strain (-)

Fig. 5-3 Nominal stress-nominal strain curves by SSRT under room temperature, using SUS304L
adjusted to each grain size.
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1000
i ———UFGS (0.59 um)
20T — UFGS +600 °C for 3.6x10° s (1.52 m),
800 L —— UFGS + 1000 C for 120 s (28.4 ym)
— [ ——— UFGS + 1000 C for 300's (39.5 pm)
S 200l —— UFGS + 1050 °C for 300 s (68.6 m)
=
2 600
O
£ 500
g 400
S 300}
200
100 |-

O PR AN T NN TN (NN SN (NN SN NN SR N SR N T N T R
00 01 02 03 04 05 06 0.7 08 09 1.0
Nominal strain (-)

Fig. 5-4 Nominal stress-nominal strain curves by SSRT at 288 °C in air using SUS304L adjusted
to each grain size.
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100.020.010.0 5.0 d%%l) 1.0 0.6
1200 (PRP8000 S, i ; '\
A Present study (Test temperature: room temperature)
®  Present study (Test temperature: 288 °C)
1000 - f----- Satheesh Kumar et al™""’ (Test temperature: room)
. I Odnobokova et """ (Test temperature: room)
N R : 15-121 .
% 300 Mine et al.” ' (Test temperature: room) L
£ 600
=
=
& 400
N
(e
200

0 PR NP IO [T NAU N NI EUNU B I R R N
0.10203040506070809101.1121314
dl/2 (“In—l/z)

Fig. 5-5 Effect of grain size on the 0.2 % yield stress of SUS304L based on the Hall-Petch
relationship.
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1000
o000l ~ UFGS (0.59 um)
i ——— UFGS +600°C for 3.6x10” s (1.52 pm)
00 L ——— UFGS + 1000 °C for 120 s (28.4 um)
~ UFGS +1000°C for 300 s (39.5 m)
= 700 ——— UFGS + 1050 °C for 300 s (68.6 um)
% 600
g s00
T 400
E 300
200
100 |

O 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
00 01 02 03 04 05 06 07 08 09 1.0
Nominal strain (-)

Fig. 5-6 Nominal stress-nominal strain curves by SSRT under DO 10 ppb conditions, where
intragranular SCC occurs in BWR operating conditions.
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100 pim

100 pm

100 pm

100 pum 100 pm

Fig. 5-7 Microstructural observation of fractured specimens directly above and on the side
surfaces after SSRT at 288 °C in air for (a) and (b) 0.59 um materials, (c¢) and (d) 28.4 um
materials, (e) and (f) 39.5 pm materials, (g) and (h) 68.6 um materials.
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100 pm 100 pm

Fig. 5-8 Microstructural observation and enlarged views of the top surface fractured specimens
after SSRT under conditions inducing intragranular SCC for (a), (b) 0.59 um materials, (c), (d)
28.4 um materials, (), (f) 39.5 um materials, (g), (h) 68.6 pm materials.
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100 pm 10 pm

Fig. 5-9 Microstructural observation and enlarged views of the side surface fractured specimens after
SSRT under conditions inducing intragranular SCC for (a) 0.59 um materials, (b) 28.4 um materials, (c),
(d) 39.5 um materials, (e), (f) 68.6 um materials.
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Fig. 5-10 Summary of the number of side surface cracks occurring in each grain size-adjusted
material in Fig. 5-9.
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Fig. 5-11 EBSD cross-sectional observations of the fractured surfaces under conditions promoting
intragranular SCC in a BWR operating environment for (a), (b), (¢) 0.59 um materials, (d), (¢) 28.4 um
materials, and (f), (g) 68.6 um materials.
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Fig. 5-12 A schematic diagram illustrating the process leading to intragranular SCC in coarse-grained
SUS304L and the process in fine-grained SUS304L where intragranular SCC did not occur.
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Fig. 6-1 (a) Nominal stress-nominal strain curves during the SSRT in air at the BWR operating

temperature for materials with varying grain sizes and (b) during SSRT with the DO concentration

adjusted to 20000 ppb, where SCC occurs under BWR operating conditions.
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Fig. 6-2 Microstructural observations of the area directly on top and on the sides of the fracture surface
of the specimen after conducting the SSRT under a BWR operating environment with SCC occurring at

an adjusted DO concentration of 20000 ppb: (a)-(c) 0.59 um material, (d)-(f) 1.52 pm material, (g)-(i)
28.4 um material, and (j)-(1) 68.6 um material.
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Fig. 6-3 EPMA elemental mapping results of the cross-section of the side portion near the surface

in fractured materials shown in Fig. 6-2.
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Fig. 6-4 Raman spectroscopy results of the specimen’s side portion after the SSRT under SCC-

inducing conditions for materials with varying grain sizes.
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Fig. 6-5 IPF maps of the TD of the fractured specimen’s side cross-sections after SSRT under
SCC-inducing conditions for materials with varying grain sizes: (a) 0.59 um material, (b) 1.52

pm material, (c) 28.4 um material, (d) 39.5 pum material, and (e) 68.6 um material.
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Table 6-1 Comparison of average diffusion distances due to O lattice diffusion in
materials with varying grain sizes using Eq. (14).

Time of SSRT Average diffusion distance  Grain size

Grain size implementation  due to lattice diffusion  divided by 0.8
d (m) t (s) VDt d/0.8
5.90 x 107 77060 1.27x 10° 7.38% 107
1.52 x 10°° 85280 1.34x 10° 1.90x 10
2.84 x 107 157560 1.82x 107 3.55x 107
3.95 x 107 164880 1.86x 10° 4.94x 107
6.86 x 10” 171000 1.89% 107 8.58x 107
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Fig. 6-6 A diagram showing (a) the process leading to SCC in coarse-grained materials and (b) the

process preventing SCC in fine-grained materials.
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Fig. 6-7 A schematic diagram of steam oxidation scales for 18-8 stainless steel: (a)

coarse-grained material and (b) fine-grained material.
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—=U T (1-12], vay e — =0 7 EO FHER ZOER S B SRR L A T &5 2 BI85,
INBIEOTREZNECIEMBERIS 2 532040 B TRMNAZ2ENTETRY, REIICH
HIRIFRFR A TED 2T bWV o7 B 2 TORBHIFEAEITTHOI TR, BT, ZOEMER IS
DT R IR A A Vo 72 RIS IS AL DB BRI R L i, RFR ORI R R
DIIMRFLES D AN F 535720 RIS OIZ0, MHIOEAEE IS T IR AR CEHD0E
IMIARFBIAIRI TN Z N, T TARETIX, SNETOMBEEEX T, BRI fl e/ 2 e
EROD BNHHIRARR A T K T HZEN TED Y ay z— = VI L a AT 5L 010, DN
THORINSCC, KL ASCCIZ M IE T R BRI OB OV G222 HIOE T2,

7.2 vay e —=0 7 R EBUNERRATIC Z DA 2 B O3 0 40 T

FPARETIE, A EUET RO T —7 FAMEEEZ W a2 EL T, 35, H4EIC TR
HIRLAT L A EATD L TUHIEEIRST A G B O Freeq=3.16% HEFLIDIN L7 0 AD kG2
BABREMTIZROIT o7, MATIR, BAREIC LD ZROC A IRERIEZHWT, VIET LV TITo7, FEHR
(X, 8EIRNL IR ER AT L, vay ML IE, MR E R L L, vay e —=0 7 SAORIRWIE, 1.3
mmifEx1.3 mm/Ex1.3 mmRSOSEHGREL BRE Fimud, £Z11403200, 14425738 L7, 22
Tyay bR, E£20.143 mm, 0.094 mm, 0.0795 mm, 0.060 mm&Z (LS, TNENDO R L)L
Tay PR DMEZ2 T D880 Deeq @ BUBMNTIZID | BH Uz, SBT3, HE3 5, F4FLFERD
SUS304LD HIRIZ BT D B E W, SHIZT ay ML T- xR E O BERERALIL, BEERLR L
0307 —r BRIV Vz, et ay NI B-SNDEIE, 225)E£0.6 MPa, K5UE0.1 MPakifi
—FHZL T, /ANINBD T RRORRERAIZ FWC, vay MR 2R ELZ[7-1],

V=K D% (P+Py) (16)

ZIZTK. a, ylIRBAEERL, D [mm]iXsay M EE, P [MPallZ2E5KUE, P, [MPa]ld KXUE
T, ARETCIE, EEES A V228N, K=50.7, a=-0.38, y=0.57& L, FZEITHOWTIL,
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P=0.6, P,=0.11L7-, #&FLL T, Tav i FE££0.143 mmT86.6 m/s, P = MR- H£50.094 mm T
101.6 my/s, 2= PRI FEAR0.0795 mmT115.2 m/s, T3y MRLFEF0.060 mmT120.5 m/sk7g>72, 2
BEEEFEZ T, Fig. 7-UZEUEMATIC LY S 2y MR F- D E££%0.143 mm, 0.094 mm, 0.00795 mm, 0.060
mm& LS TR T ZIE2 BHH A GH SN LTI~ EN A [ARFICSUS304L % S| 2 B 28 S 17 i
Deeg FAAEETRT, 123 Reoq DAL, ay NRL - LHEART D GMIN Deoq 5347 3 L0 B L AR C
LI, AR E 12Ty R LT BT R NE D3 A& rI AL LT Z L2 AR 32, R EL
T, Tay M EA0.143 mmTlieeq D i RMEIF2.76, vy PRI ELF£0.094 mm Tldeeq D KAFIE
3.14, Ty ML EFE0.0795 mm Tideeq DI AMEIF3.45, 2=y ML F£0.060 mm Tideeq D i Al
133.35L720 Tray MRS EEDOHULICHED 1R % (Zeeq T m <D A 2R LIz, FFIZ, Tay MR+
[EL£0.0795 mm, 0.060 mm Tl oy PRIF-E R EDEEMETIZ N T, —HRICEWESFFLL T
LZEMAT—arZ—Knbbholz, IRICFig. 7-212, Fig. 7-1IZB W CTEAEMNT 21T > 72 % D
SUS304LIZE I DK E N TDe WIS A1 227 7 7L LIcb D& 7R, ay M- ££0.143 mmD Y5
A IME DRI N E 2o TR RN ZET DEED T 2y ML BE LIRS Deeg i LIV MEZ R 3773,
ZOBHAFIET 52 2y ML FIC L DeeqlE IEEAL OV eeg DT L7250 TNBZEN DN, —H T,
Ty MR EAE0.094 mmODG 5 HULEDee (SR LT, TOBRINLE 5 3y M- T130.26&, =
> MRLFEFE0.143 mmODSGGE EHEEL T gq DIEDMR X ITHINL TODERF B ST, SHIZ, Ta
v MRLFELA20.0795 mmé7adl, L Deeq DIE3.451256 LT, L EIEBED BRI T DRIIZIE, geq??
AR T T2 E A BIESN L2 IIRVIERED o TURIEFE Deeq 03D 2y MRLFNIZB
Th, BOLN T, Fo, ay ML EA0.060 mmTh, HULERDeq DAE3.35L 1R Ueeq 3 D
2V MLV T BBILTWDIEN DD, RBABIDET V7 —ATIL, BRiIkE—EMIRIZ &2
SR ETOEETHLH-, EBED ay e —=0 7 TR TIThN A8k 2 E 2S5 7 nt
ADGETIE, ZOWZRDTEIR DeeqlT, HOREMIHESNDbDEHEREND, LU EDFE RN, Tavh
RiFEAE20.0795 mm~0.060 mmE THHAMESEIUT, ay MEFEEITINEL, F5510e.q 1 3
HIRLAT L A8 24525 ECEEZR3 16128 ET DI LN bh o7z,

7.3 FEEITIE
73.1 vayMIFEEE ST ay e —=0 7R R

LRRBAEARAT IS LY | BRI T L A A 15D LT B e g1, Ay MRLT-ER0.0795 mm~
0.060 mmEL7=3A | MR TEHZENDI -T2, ZOFE RN, vay e —=0 7RIS 3y
MRLFEAEEL T, 0.143 mm, 0.094 mm, 0.0795 mm, 0.060 mmZ HE L. 525 THU/-SUS304L kA
My ay e —=0 7 2 LTk O R BEIZ T DHOMA AR O A B2 AL, 2B AR ay e
— =27 TR AR TITONDT20 | A SN O AR L CH SR Z A S, RIS
BRI DN DD, £ TARIETIE, AT THLN LR T R IR SR ALk 2155 -
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TOFREHBVLE S CHH A RS 1 °C/s, FHiEAEIRAEI00 °Cx60 sz E T HIEELTZ[7-2], 1+
ST BHI L Tik. EBSDIC LS it AT 2 a7~

7.3.2 I N &R ETAT R

7.3.1 I TRBRE AR LU 72 SUS304L %, 2 5 %, 2 6 FIZ TNl 72 BWR HEHIREREE T CHl
FIOT AEREENIZ AL R L7-RIN SCC, RSt SCC DA UA M FIZHHFEL . SSRT 2 FfiiL7-, ZDOFEDK
B, RN SCC DAEUD LT, 288 °C, J£ 7] 10 MPa, DO 10 ppb &L, Kift SCC DAL LS L
LC, 288 °C, J£7) 10 MPa, DO 20000 ppb &L7-, F7oh|fEaBR#HE L T, 3.1x10° st DR O 7
B2 C SSRT &% faL72[7-3],

7.3.3 A G AT

SSRT# DR Wi L 7= 3k 5 v D S8 K OVl W 1L 1 | i3 4 . FE-SEMIC THIZE L 7=, $£72DO% 10
ppb. 20000 ppblZFHEE L 7= Z 2 LD SSRTRAER fi DAL BT O TDENZ 38V VT, aBR i 2 i D f i
KiPEESCCIZ LD Ty 738 E DR & Fi A9 ~~< . EBSDIZ LD di i (gt 2 FE i L 72,

7.4 RER
7.4.1 #ay MR Tlay e —=u V&N DR BERIZ I A5 SR AT

Fig. 7-3 \Z3 2y MR- ELFE 0.143 mm, 0.094 mm, 0.0795 mm, 0.060 mm D¥7§% SUS304L {2255
J£ 0.6 MPa, KT 0.1 MPa THEZESH, Z D% 900 °Cx60 s O Ffil i LB A i L 7= A BHZ 31T 52K 8
D IPF ~> 7% md, ay MR EAR 0.143 mm ZE 283 721%, 900 °CTELFEL 7= SUS304L T
%, Tay bRTEIEEAEZE DLW SRS 30 pm UL EOM R 7ok dbinsBlggsini-, — 5T, Tavh
BT EAE 0.094 mm ZEZ2ESE 7214, 900 °CTEVLEEL 72 SUS304L Tl, —#5 10 wm F2 8 ORI
KB IH SN, &DHIT, vay MR FEA 0.0795 mm ZEZESH 7214, 900 °CTEVILELL 7= SUS304L
TIE, AEERRIAR 5 um LU OFGHIZRE SR RGN CBIZZ SN, il ay MR EAE 0.060 mm
ZEZESHET-# ., 900 °CTEULFLL 7= SUS304L Tid, filf SWRiEE 3 um LU ORG24 Stohz 73 22 Jeg 1 —
I — B S T,

7.4.2 Tayhe—=2 T ERIN SCC 234 U5 BWR IEHRERBE FIZHEL7- 50> SSRT % D
- O BRI ZEAL
Fig. 7-4 |23 2 MR f-EAR 0.143 mm, 0.0795 mm, 0.060 mm % SUS304L |ZfEZESH72#4, 900 °Cx60 s
TG A LB L 72 SSRT 7R F 4, BWR JEHREREE N THIN SCC 23349 554 T SSRT L7=1%
DIEI-OF BRI AR T, R G IBRIRS 1L, Wb vay BRI ERIZED XA T TR o723,
W O DN TR, KA ay MR E R 0.143 mm 222 S 721%, 900 °C CEVLERL 7=
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SUS304L (23T, Tray PRI EAE 0.0795 mm, 0.060 mm ZEZESH 7%, 900 °C TEHULHL /-
SUS304L &t T, BIDDNTAR MEZ /R LT, FRIZ, Tay PRLFERAE 0.143 mm 2 2SS W724%
900 ‘CTHULPEL 7= SUS304L Tl Jis /J-OF HHRIXIZ DSA OFHE THOFRA TRT EL—ar i
AL T,

743 Tayhe—=2 T ERIN SCC 234 U% BWR IEHREBREE T IZHE L7250 SUS304L |2
¥31F% SSRT ki DA i 42

Fig. 7-5 (2875 ay M FERATYay  z—=0 7B 2 fii L7-1% . 900 °C CEULEL A 1T > 7=
SUS304L (Zxf LT, KZN SCC 234 L% BWR JEHAEREL T SSRT & % fiti L 7= SSRT 7RBR 1 1Z351T D
Wi (B 1 J OMAIE B> FE-SEM AHARBLEHE Sa T, Say PRI EAE 0.143 mm A H2ESHE 714,
900 °CTEMLHL 72 SUS304L T, M EBIZ R E<BH B LIl EIn 28 AL Tz, — 7T, vavh
$IF-EAE 0.0795 mm ZEFZESE 7214, 900 °CTEVLELL 7= SUS304L Tk, Ml EINITEZ < bR
5500, B OMEN /NS T TODEE T MBI E S Tz, EDIZvay MR EAE 0.060 mm A 2217
#%. 900 °CTHMLHEL 7= SU304L Tl MIHFIZLOBH AR IZSHIT/NELZ20 | SN IO HE R
ZHNTCODEE NSRS =, Fig. 7-6 IZ38 72D ay MR - EA TYlay b —=0 ZALE A fiE LT= 4 |
900 °C CEMULEEZ1T 7= SUS304L (23 LT, I SCC 234 U5 BWR HEHEAEREE N C SSRT Z 3L 7=
#% D SSRT BRI DI Es M £ > EBSD Bl A /RT, Saybhi B 0.143 mm,
0.0795 mm ZE 227214, 900 °C TEULELZAT 572 SUS304L ([T TIE, KIBHIZ 50 um BL EDTE
SEFFOI TR S BRI TEY, ZROITR AL TRT IO, Wb iNICERL T (Fig.
7-6 (a). (), — 7T, Tray MR FEAE 0.060 mm ZEZESH 7%, 900 °C TEVULEEZ{T 572 SUS304L (2
BT, REDD 10 wm B OFEBICHE SRS 3 um LA T ORGHIZekE Skins . IPF ~ 7 I KD HERR
T&7-(Fig. 7-6 (e))o FHIZDOMEHI BT 225 ZHERIESIT, AL TR T IV H0b AR fE sk
NTHEES TWDERFIBLEESIL, 7Ty 7 DBERIRINDZNETINE KL 2> TODERF MBS TZ,
UL EDRERD S, vay e —=0 7250 SISO 2 3.16 LU EOERES /1% B KR EHI
15U, F D% ik AL A R AP Bk ki B A 3 um LR ICHE SR L TE B2 EN
HODEIR ST ZEITINZ  ZNORHMIRL SIS, 7T 7 OERZINH TE D ARt RSz, — T,
FRY MO 3.16 ICEBZELZRV Y ay e — =0 OB A MBSO JERG IS I RARTZFRAFL
TOIRRE T, RFAS Ak L2 > TVDH D EHELR S I, ZAUZIVEET OT A IRV M L Ao 7o D L HESS
&b, Fig. 7-6 (b), (d), (HIZ. Fig. 7-6 (a). (c). (e)® 1Q BT LT, S D —> ThDH Rk At
D111} / 3 IZBT DfE SR A i ERTcb Oz /RS, vay ML ER 0.143 mm, 0.0795 mm
ZAEZE ST 900 °C TEVLERZ1T>72 SUS304L (2R W TIE, <D {111} / 23 SHERNICTFEL T
WHZER DT, — T, ay M- EL 0.060 mm ZEZES /7214, 900 °C TR AT 7=
SUS304L (23T, {111} / £3 OFFEFAIIE, BRI E 72> TWDRIEERO AITEF L TEY, RAF
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WENIZIE IZEAEBESNR ) o7, LEDZEG | vay e —=0 T BRI KO RS = 2R g5
PHRIGEIR 21X, 7T 7 DIRIEEIHIT 5 {111} / 23 DNEFL T, ZNHDFERMNS, vay ki
EAE 0.060 mm ZEZESH7=1% . 900 °CTELERL 72 SU304L Tl REHBIZ{111} / 23 B Z LT
SNT2ZET, RIFEDOENL DL — LaMEtES v, MIEFIFLOBE A/ NSIRoTo ATREME NS A B
o

7.4.4 vay ' —=U 7 MERIR SCC 3L BWR HEHEREREE FIZIHL 72 R0 SSRT %0
S 1-OF B AR 2L

Fig. 7-7 |23 2 MR- 0.143 mm, 0.0795 mm, 0.060 mm % SUS304L |ZffifZ2SH72# . 900 °Cx60 s
TR AL L7 5 [ RAER i & . BWR JEERER BT T T SCC 2338 £ 2414 T SSRT L7 D
IS -OF B E R T, ay MR ER 0.143 mm ZEZES W 7%, 900 °C CELE A 1T -7
SUS304L (L Tl e RIS MBI LT RIS . RIS I 0ME T 972 SR TR L 722> L5700
Wr g Al 7e o7z, —J77C, vay ML FERR 0.0795 mm, 0.060 mm A fE 22X 7214, 900 °C TEALER
AT o7z SUS304L (T L TUE, MR O A 2N E T TR EWEA R LI, ZHLHOMEIT, 5§ 2 =
Fig. 2-2 THROIVERKF TOMMOT AEL R CThoTe, Flom R IIRMSIZB W TImE LS, &
2 MR B 0.143 mm 2 2ESH 7214, 900 °CTRMLIRAT 7= SUS304L &bk LT, Z/0 @\ Ml
LT,

7.4.5 vay e —=U 7 AR R SCC 34U BWR EEREREE FICIIL 720> SUS304L (2
$31F% SSRT Ak % ook ihi 22

Fig. 7-8 (23 2y MRL F-EAE 0.143 mm Z1EZESH 7244, 900 °CCEVMLEEL 7= SUS304L (233 C BWR

HEHRERBE N ORI SCC MBAEUD A FC SSRT Lt DIEMERIMAL G B2 7R, il E O 53R F
(X, PATERASE C— AT 9228, AR 1T, D BB CTHHR T DI AT CNDZ e
DD (Fig. 7-8 (). R, BEWHERIE 2852958, 2D M A H OV IR CTHEEL THnDHIEN D

7>%(Fig. 7-8 (b)), ZAULES 2 T D Fig. 2-4 (k) DA i B 2345 R L RO RE T | HURIF 7RI
SCC (X DHHER G N AL QDL D EHEER SIS, Fig. 7-9 I8 2 5 ay Ml FEAE TYay e —=2
T ALER A Jii 7= % . 900 °CCEVILEEA1T -7 SUS304L (2% L T, Kift SCC AA4L D BWR JEELERBE T
C SSRT %% L7= SSRT a5k (2351 DAl i 1B _E M OV 8D FE-SEM AR BLES RS RAam 47,
= MR- E AR 0.143 mm ZE 2SS W 7214, 900 °CTEMLERL 7= SUS304L Ti, Fig. 7-8 LIFERIC, &M
P3HhZ 4 O TR &7 o TR0 TS Tl — 8B 0 L7 Ty 78 Blais iz (R f), — 7T vay
MR- EAE 0.0795 mm, 0.060 mm ZFEZESH7-1%, 900 °CTEMLEL AT 72 SUS304L Tk, Ak ifi B
(M2 i OV R R — OBl S L T I MIEE W Th, 7Ty 768D biehoTz, Fio
RER BB O TR, IEMER A AEIZREE LW, L EDOZEND | vay MR FEE 0.143
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mm ZEZES W72 | 900 °C TEVILELZ1T>7- SUS304L Tl MEMEAEENEL TRY, ay M B
0.0795 mm, 0.060 mm Z{EZEI 72, 900 °CTHULHLZIT 572 SUS304L Tl MEMRIEN LTI
DEHEZRS D, Fig. 7-10 (2825 ay N FEZ Tray e —= 0 FALBRZfE L 72, 900 °C CEIL
BEAAT o7 SUS304L (3L C, K ft SCC 234:U% BWR EHAERBE T C SSRT %3 L7-1% ? SSRT
B R I F 1 DA % ORI 1 0O IPF <~ KON Q A7~ T, ay MR AR 0.143 mm 255X
7%, 900 °CTEMLIE 24T 572 SUS304L Tl RIBH LKL U > T 77y 7R ERL TWD
BRTFDMBESNTZ(R AL, ZOBGIT, 55 2 T Fig. 2-4 (n) DR EBIELH: B LR O R THY ., S
IR SCC DAL TWDEDEHELRSND, — 7T ay M FER 0.0795 mm ZHEEIE/1%,
900 °CCEVLIRATT 572 SUSU304L Tl RKIEHITHE RIS 5 um BLT OGS ffohz 23— iERE
T/, £t ay PRI EAL 0.060 mm ZE2ESH7-% ., 900 °C TEVLEL A1 T>7- SUS304L TiE. 3 um
LUF OFARLAS A G I T, RETBICANURIRICE RSN TOD I LR TE T, FRlcZnbk
J& R I A SRR IR 727 T VTR S QR o T, L EDOFRERNG | AR B FIV T,
SCC 1T KT AR b D 52 B 2 A LT 2R RIE AR SUS304L & Fv Ui, Kily SCC &
OISt SCC IZRAKRBNOD 7Ty IV HERAINH TEDMEIL 720 2 2 ATREMED R ST, FFIT, ZIVE
TR ELZHIET52LT SCC BALME L CTER 177 Ml XL T, A ayhe—=
VAR AU ESIR TR B B EAREFIEREREE T ChoTh, SCC O
IO NS S & BIRL 52 LS ATREL A2 Db D LTSN D,

75 f55
AREE T, SR 2508 F v REZ2 38 5 O 2 AR A T T 2 2 e M TE DV ay e —=0

TN L7 RAEREEE T HEEH1T, Z DI T ORINSCC, R FSCCIZ K IFE TR HOHPRLREL R D 5228

[ZOWTCHHI L 72, £ OFER, LU T Ofsiws 3o/,

(1) vay PRI EREZALSE IO Y YO T B fic | BRI IC L0 T o7z, ZDORER, va
> MRLFEAE0.0795 mm, 0.060 mm T, Tray MR &G & DEEAIERIZ IV T, —ARIZE W
WIAME O B MDA, R AT L A A 155 T/ 3. 1645 2 LTz,

(2) TavMRIF-EAL 0.143 mm., 0.094 mm. 0.0795 mm ZEESE 7214, 900 °CTELLELL 7= SUS304L
Tl R —HHRLIIERD DD DO H KRR AL K Th-o7, — 5T, Tav L
FIEAE 0.060 mm ZTEZESE721%, 900 °CTEVILERL 7= SUS304L T, fkdthifk 3 um LA ORI
PRAE AR SR TR — M ) — IR S LTz,

(3) Yavhe™ == 7 EkiN SCC 734U % BWR IELERET FIZHHL . SSRT skl Z i L7- 55 5. i
D1-OF BRI ORI O BB CLO LR 72 2y MR- EAE 0.143 mm & 1B 22517214, 900 °C
THEMLHRL 7= SUS304L T, T2 MR F-EAE 0.0795 mm, 0.060 mm Z 245724, 900 °CTHL
RUERL 7= SUS304L EHHEL T, BFABDNIRVMEZ /R LT, Fi2, D OREWHEMAIE 2B 52 L 7=/ 5
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Tay MR EAS 0.143 mm ZEZES W 7244, 900 °CCEVLEEL 7= SUS304L Tl i iz K E<BH
O L7 EALAFEAE L Tz, — 5T, vay MR ERR 0.060 mm Z 22 SH7-1% , 900 °C TEML
FEL7= SU304L Tl MIEHIOB NEIT/ NS<720, 7Ty 7 OERITIMZ Hiv T,

(4) vayh e —=2 T M ERIN SCC 234 U5 BWR IEHAERBE TIZAL . SSRT iR 3<fE L 7= 1% D SSRT
BRI DT 2 O K 70D EBSD BIAR 21T o7l . RIFIBICHARLAL kA AL 72
Tay MR EA 0.060 mm ZEZESHT21% . 900 °CTEMLEEL 7= SU304L (28T, ZEH O
HRRLAER PN IZ 2L D {111} [ 23 KSR TFAEL QU e, ZORIRIA DS, AL OB O g2z /]
ST DEEBIT, 7Ty ERIENC & 5- LT FTREMEDNE 2 Hid,

(5) BWRIEHLERBE T TR SCCH R AT D5 FCSSRT L7214 D it 771-OF AR X O R O Ffiff
(ZOWT, HLRZR Y gy PRI A20.143 mmA 2287214, 900 °CTHUL I 21T > 72SUS304L1Z 5%t
L, RIS EICEELTZBR IS, RIS I AME T 372 B B L 7= D K72 BRSO 5
iz, — 5T, vay MR 7 E£20.0795 mm, 0.060 mmZE 22X H 7%, 900 °C CEMLH AT -7
SUS304LIZf LTk, mWMEWT O Bz iR U, 722 O N 2B g2 L7zl &, Savh
L EAR0.143 mmA T ZESH 7214, 900 °CTHVLFLL 7-SUS304LIZHB N TiE, DA E THHIRIT
PADRRWT 2N C TN, R, BT IE B85 308 A 23 M & O AR CRIE L Tl b,
R 7R R SCCIC LA MIE RE N AU T Db D L iSRS D, —J7 T, vay M1 E££0.0795
mm, 0.060 mm&fEZESH7-1% . 900 °C CEVLI AT 57-SUS304L T, JEVEMIEL 22> T,

(6) Tavh e —=2 7 MR R SCCA UHBWRIERAER BT ML . SSRTHER A SEhE L 7=tk DR A
(2T DIk 1% ORI T T O EBSDBL R A AT o 7o i L Sy MR- E£20.143 mmAflfZESH 7
. 900 °CTEMLIL 24T -72SUS304L T, KIEERLVAE AR TR > T, 77y 7 BERL TS
B oBlgandz, ZoBigE, AR 2R RSCCIC LA RE N EL THDL D EHEEREND,
— 75T, ay M EA0.060 mmZ 2 S 72 1% . 900 °CTEVLELAAT -7-SUS304L T, kL
DRFFIZIE > T, RIEHIASURRITIE ARSIV TIRY, 2RO R EDIIIAE SR U h -7
IT oI IBERS IR o T,
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PEEQ

(FH: 75%)
+2.758e+00
+2,5288+00
+2.2992+00
+2,069s+00
+1.8308+00
+1.6092+00
+1,3798+00
+1,1492+00
+3.194e-01
+6.8968-01
+4,5972-01
+2,2998-01
+0.0008+00

(a) €¢q at aparticle size of 0.143 mm

PEEQ

(P 75%)
+3.141e+00
+2,8808+00
+2.618e+00
+2,356+00
+2,0948+00
+1.832e+00
+1,571e+00
+1.305e+00
+1.047e+00
+7.853e-01
+5.2362-01
+2.618e-01
+0,0008+00

(b) €¢q at a particle size of 0.094 mm

PEEQ

(FH: 75%)
+3,452e+00
+3,164e+00
+2,8768+00
+2,589e+00
+2,301e+00
+2,013e+00
+1.726e+00
+1,435e+00
+1.151e+00
+8.620e-01
+5,753e-01
+2,876e-01
+0,000e+00

(€) €eq at aparticle size of 0.0795 mm

PEEQ

(g 75%)
+3.354e+00
+3,074e+00
+2,795e+00
+2,515e+00
+2,236e+00
+1,956+00
+1.677e+00
+1,397e+00
+1,118e+00
+8,385e-01
+5,590e-01
+2,795e-01
+0,000e+00

(d) €¢q at a particle size of 0.060 mm

Fig. 7-1 ggqdistribution diagram obtained through numerical analysis when 18 shot particles, with
diameters varying as (a) 0.143 mm, (b) 0.094 mm, (c) 0.0795 mm and (d) 0.060 mm, are arranged

in two rows of 9 particles each and simultaneously impacted on the SUS304L.
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—— Particle diameter : 0.143 mm
Particle diameter : 0.094 mm

al Particle diameter : 0.0795 mm
—— Particle diameter : 0.060 mm
£
S wn
72 3
25
R
o=
= 'O 2—
ER:
g5
5 g
Szl
| _ AL | N |

0 L 1 L » L
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Distance around the contact area

when a particle collides with the object (mm)

Fig. 7-2 &¢q distribution in the outermost surface layer of SUS304L after numerical analysis

in Fig. 7-1.
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Fig. 7-3 IPF maps of the surface layer of SUS304L after recrystallization treatment at 900 °C
for 1 min following the impact of shot particles with diameters of (a) 0.143 mm, (b) 0.094
mm, (¢) 0.0795 mm, and (d) 0.060 mm on SUS304L at an air pressure of 0.6 MPa and

atmospheric pressure of 0.1 MPa.
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Fig. 7-4 Stress-strain curve after SSRT under conditions where intragranular SCC occurs in a
BWR operating environment, for tensile test specimens subjected to recrystallization
treatment at 900 °C for 1 min following the impact of shot particles with diameters of 0.143
mm, 0.0795 mm, and 0.060 mm on the SUS304L.
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Fig. 7-5 Fracture surface observation of the area directly above and on the side of the fracture
surface of tensile test specimens after SSRT, conducted in a BWR operating condition where
intragranular SCC occurs, following shot peening with different shot particle diameters and
subsequent heat treatment at 900 °C on SUS304L: (a) directly above and (b) side view after
shot peening with a particle diameter of 0.143 mm, (c) directly above and (d) side view after
shot peening with a particle diameter of 0.0795 mm, (e) directly above and (f) side view after

shot peening with a particle diameter of 0.060 mm.
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10 pm

Fig. 7-6 IPF maps of the side surface of fracture specimens after SSRT under BWR operating
condition where intragranular SCC occurred, treated with shot peening using different shot
particle diameters and heat-treated at 900 °C on SUS304L, and IQ images showing the
distribution of {111} / X3 along the twin boundaries: (a) IPF map and (b) distribution of
{111} / Z3 for shot diameter 0.143 mm, (c) IPF map and (d) distribution of {111} / X3 for
shot diameter 0.0795 mm, (e) [PF map and (f) distribution of {111} / X3 for shot diameter
0.060 mm.
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Fig. 7-7 Stress-strain curve after SSRT under conditions where intergranular SCC occurs in a
BWR operating environment, for tensile test specimens subjected to recrystallization
treatment at 900 °C for 1 min following the impact of shot particles with diameters of 0.143
mm, 0.0795 mm, and 0.060 mm on the SUS304L.
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(b)

Fig. 7-8 Fracture surface images of SUS304L subjected to shot peening with a shot particle
diameter of 0.143 mm, followed by heat treatment at 900 °C, after SSRT under BWR
operating environment where intergranular SCC occurs: (a) Overall view, (b) Area directly

above the fracture surface.
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Fig. 7-9 Fracture surface observation of the area directly above and on the side of the fracture

surface of tensile test specimens after SSRT, conducted in a BWR operating condition where

intergranular SCC occurs, following shot peening with different shot particle diameters and

subsequent heat treatment at 900 °C on SUS304L: (a) directly above and (b) side view after

shot peening with a particle diameter of 0.143 mm, (c) directly above and (d) side view after

shot peening with a particle diameter of 0.0795 mm, (e) directly above and (f) side view after

shot peening with a particle diameter of 0.060 mm.
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10 pm

Fig. 7-10 IPF maps and IQ images of the side surface of fracture specimens after SSRT under
BWR operating conditions where intergranular SCC occurred, treated with shot peening using
different shot particle diameters and heat-treated at 900 °C on SUS304L: (a) IPF map and (b)
1Q image for shot diameter 0.143 mm, (c) IPF map and (d) IQ image for shot diameter 0.0795
mm, (e) IPF map and (f) IQ image for shot diameter 0.060 mm.

- 121 -



JAEA-Review 2025-054

8.1 #&fh

ARG SCTIEL B SIS B U D EHEE 2 53 2 7T RIZEB O T, L Q2SR EIN
(SCONTHRIL T, il ARIN B Ol Bbr U BT 57 T o 7 3 AR IR DOEWVE R R L=, $-2h
57Ty M5 DX REL T, AT U L AHO A SRR IS B L. Z ORI F LD
FIAE BRI LIZ LD 7 T 7 BN R OMRREEZAT o7, ZNHOH RIZE-SE EHMIZT 2TUR
NOFE B2 i LET D728 DA T 7 m ZDHEZR K UG 76 BB LN 0 AT REPEIZ SV T,
RUTE, RS, SENLIERIIL TV D, LA FICANFSE CRo- AR5,
M. f&7m) Clx, R /138, COy HIRC R E 72 BRI F 5L, R E CiEis i oIt &
KRB PRSI TND— T, RIERF ISR ThHDHY 277 REIZBWT, SCC B3 RALTE
D, 27Ty 7 MR, RARRE IS TNDIEEIR AT BT fE SR M L i A M 528
OEEMEZIERIL . A COBZRLOH W, MERE =L,

[2. 7P EERERBE F CORIN SCC LRI SCC DAL I TIE, R FIF SRR A i L= EC,
VAR R (DOYIR EE DALY SCC T H-Z DRI HOWT, A LTZ, TORER, O3 713 DO i
FE DM ARG AL IR IS m WIS S IR N 522 BN LT, FFEIZ, DO 100 ppb LA~ DA
DO RE TG N-OF BB R OT RN R Lo B L — s a MBUER S, O Il N
BDIFE | ZOMMITIE BN L LB, T OB O REIL, IURAY7Z2RIN SCC £72>TWD
ZEEALNZLIZ, — 5T, DO 8500 ppb (233 Tid, MatEflim @£ 37, DO 20000 ppb 725 &,
BRI SCC MBEES Tz, DDV IE REZ A L 72/ 5. DO 20000 ppb T, Fe, Cr %
PR ST ES IV CRY | 2B RED FIBEAVRL T SCC HAEDER L7p> TN EfimL T,

(3. BhAY G A IO 7O R A T L GBI T, B gt & Salvatori 50 1 /X A EAERAERIZ
AT BEANRTA=S <y TG AL IR — VEIE#EZ T y RAT U AH OB
it i S RO A L RIS T IR A TR A LT, £ ORE R BAEAFATIZ LD FEIBIE O 7 3.16 L7081
MR A 20 T ae 228 LT, 07 mb 2% VT, EREE 0 — LB T ORER % i
U755 BRI H0Es CIRHLR 22 4 SR SR S T3, R CId, AR 2SR b T,
— 7T AMBHIRIL T, BIRTOBIERERA Fhi L7 5, TALL D@ WS BRIRE 2R L | JEAE
(Z LD O B FRATF O FIREMEAVRIB S NIz, ZOTEND | MBI C OB AL A3 R #E & 7p > 7 BR
(T, FALIZL DO T R E DTS DE | B— /b ~DEEFIZ LD FE R ARIZEIC L Db D EE ZBND,

(4. FFEOFRE S 2 WO A T L A GBI | Tk, iR T IER O AT L A% 35 IE%
IREEX 7 FUALER | Z LD B A P Bh SRk B 2B DWW G L 72, £ O E, Ffs s TIREIX R

- 122 -



JAEA-Review 2025-054

TR P AR AT L, DR L 1270 D1EE, F AR IO b Lo, SO B SO 3 EE A%, SUS316L
(2T DRLALR DIEHEAL =L —50 kl/mol ZFEITE I FRETHY | DR BT, 2.5~3.0
EIRBZENRHAGI LIRS T-, ZHUCEKY | BIHIRL LR D AU IR BEX e E LB WA Z L3 A
NTHHZENREN, FHRIHEE 0.093 °C/s KO HFIREEE &3 4UE BATRLHE A o5 L
fEm LT,

[5. KIPN SCC (T KIF Tl A RI il oD 52788 | Tld, SUS304L D kil BWR JEHAEREE T CohkL
N SCC #4:A D BIfR%Z SSRT IZXVFAA LT, ZDfER:, BIN SCC HAE S FCld, #dlhifk 28.4
um LU R ORGHIRL SU304AL D356 R TO 5 RFFEL R % OB O Z 4 R L7278, 39.5 um LA
> SUS304L Tl ettt i S 7 77 H33 A LTz, £z, FEahi 28.4 um LLF OGAL SUS304L
TUE VR =R 3 m <, {111}/ 23 RO EIE S L o> T3 f R hDELRABIZEED, £hb
DEIETIR AP LTz, BLEDOZEND | b A LI X O AR E R Lz L — v av %
M9 2L LI IR OAFAEIZEY | SEALITHE SRR A L3 <A n 2L T L0 — (kA
TRHESAL, BIN SCC IZRDIEMEAR F 2Nl 32 5 mic % 5- Uizt i im LTz,

(6. LSt SCC (T KIF T #EhIicii oD 52248 | CTld, SUS304L D kil BWR JEHREREE T COHRL
it SCC HADHEDFIRZ SSRT (ZXVFHAE LT, ZORER, HIAKL SUS304L TILHEM: D3 KMF I8
DU BTS2 T 7 DN AE LT, BRI, FEARRIEE 28.4 um LU 0> SUS304L TIEBR L RN EL |
BEC7 T BB S LT, — 07, BOHIRL SUS304L Tl V) CrOs O ARSI, 7771
FEAETRD BN 0Tz, LLEDOT NG HRRL SUS304L Tl LA AL LD | RKIEHIC
JEWERL R A AT D Eb I R ESILANEEST L7223, HIRL SUS304L i, #& 4ty Sfid
&2 HZ T, BB LR ITESEE b D L7020 RISt SCC R AN IHIS oL imL T,

7. EMARRIEE 7y 7l FIEORRR M OFH ) TiX, Tay e —=7128% SUS304L ~DF
JE BRI RRIE A B H8 9~ < BUEAEHT IR FY B O 2 3.16 LLEERDIN L vt A0
R OZEDOIEIORIN SCC, KLFL SCC IZMITT BT HOWTHAE L=, ZDRER, ay PRI FERE
WAL T DIEE | B G-I LB OT ZIFTIEINL , ay PRI EAEE 0.060 mm &340,
KL MO LI O B — R @ WO T B iz s T 2D BINE R 5T, 22T, 2O v ay ML
FEETOVay ' —=0 7B E T 2L 412, 5 4 ETHILN L7 900 °CTOFHI RS ib
WA Z DH%ITHE T ZEIZED | AR 3 um LA ORIk A R g I — OB &5 2L
ERERLTZ, — 7T O BHZBITARIN SCC IZKITTHRBIZ OV TE, LK e 2y MR B
0.143 mm Z > ay b —=71%, 900 °CTHHRS An LR L7z SUS304L Tk, RO 2 AMEL | A 1
b ZGROOLIVTEN, THI7e s 2y MR 1AL 0.060 mm Z FH V72 SUS304L Tl 777 H3 il S,

- 123 -



JAEA-Review 2025-054

R SR 2 7R LT, -2 USBARISERE Tl {111} / 23 SHSKER NS LAFAEL, 77w o R
HNCFTF G LI ATREMEA VRIS T, SHIT, ZROMBHIIS T KIS SCCIZ KIFTRBIT OV TIE,
K7pzay PRLFEAE 0.143 mm 28 L7 SUS304L Tl S RIS I BER RIS K T2 AL,
K SCC &2 RIS R S ALz, — 77, ay PRI FEAE 0.060 mm <° 0.0795 mm ZfEH L7
SUS304L Tl SEMERER L2 > TRY, THOMBOREIZIZZ 7y 7bBIE SRR SCC I3l s
LT,

8. jdam) Tl A3 CIZ A AZIRIEL ., AR OMEZ R~

8.2 SHROBRE

AR I 7= 2B B R T BB R I 2 S o R — =0 7 7 B 2

cTay e == FRVERE IR SCC L USRI SCC & UT-M B OVETIT D > 7o M BHZ 381 Dl
LRI RE D

JERV T NV E AW TOY ay b — = A LD BRI O RERR

S U111 7 O PR 8 BT 12 SR BB D R L B

Sy N IFLE RS R HE L7 BT 2R BWR RSB FICR I ., SN
HERIC LD SCC FFAM M OV

- 124 -



JAEA-Review 2025-054

e

ARWFFED AT M OAGR L ORI HT=Y  THE, THFETHE L7 H R AR /MR RBEL
FRAEALR L BT ET, 7o, RIFFRICKL T, SHREE NC T FETELEH T, BV OB
SRATHXELZ R ART: IR T MR, AR BBLTES WO B S HEATHSEL
TEHCRRME RS Pril R FHTBERIEEAL L BIFEd, b, AU ERERIER. &
PURBTAE LI R AR Y ZHF RER HEEIRICEHIFLR L P E7,

ABFFEIE, FHH DTN B AT T RGBS - CTIT o TR T, S8V EL T, ARFZERATICH
720, BARIFEFOCBI R BREEENBITEE T FZ MREAIILD LT HEOERICTE
B NIZ RKRDT XV ELTZ, ZOHEEVEL T, JESEILBAL BT ET, Fr2, Z2ITICHE
bod | R A TS5 T SERBEEE O AL T 2 RRH5T ETEEELIZA AR
JRFTIRFFEBRFE RS BREEEANBAZE BRILEHEERR T Aok BRRICEHEILARL i Ed,

F7-02. JR T EEREREE T CORIN SCC LR SCC DRl | D SCEAERLT 5 ECid, BTk
RPN CHEEE7 20— 2 S TRV ET ELF R FE AR - MOEHIF 0B TS A HEZ S5
RIS RBHTHEHRTAETEL, TP 20 UE, SSUGERICITE DR ol L ET, Zoh%
EVEL T, LA L P&,

F7213. BRFRS S A O BRI AT L ASRAIRL L, T4, RO RS T2 O 7B R A T
L AN ) OFGSCEAME R T 5 LTI, ESCAFTEBR I N - MBI R BR A | S 1
AT Bk EC BRI A R TEE D, EBSD BlE I ETEOEIROT R TEZHUREE £
L7z, ZOBEEVEL T, JBEHILHBL BT ET,

F715. KIP SCC T KIT T b Ahr b o8 1| T6. RISt SCC T KT b Ahr i oo 5228 |
WA TD TR, BRI RE R A N — e A — TR AR L B HE B
i, @i & OV IR KKER SR T SSRT iliA: Z EhETHX E L7z, 0.2 %I /1 & bR o BfR & IE
IR E LR — Ay FAICEHECEOE, —EHIZB ZADB N7 bIZEIEEESTE
VET, ZOHEEVEL T, BHEILRL LT ET,

F7207. EREREEI Y 7 7B FIEORE K ORI ) O ay b — = 7 KD R B HHTRIE
IR, RS = vy bk 15— dRR MR B SBLORITHRAR LIS, EHT LT
CIIREECUI, HEEB DT 2 LT WHITEW-ZE ZOBEEDEL T, ELHEILBL R ET,
FHAEL T, EWITEIELD V., ELICUIRERBE WL ELI A A HIREO e 8k E&IC
AN LET, £oE BENS FAAETEOBURRFAETFIZOW T, KURICHEL TIE S>30 R
FRF PR K RIEFOZLET,

{1

- 125 -



JAEA-Review 2025-054

7eds. BARDUMCY . B0 4 DB EMIRETER | AR OSERICE D E LT, RSO TER~
LN TS S12F = TOF 2 \ZJELEALHL £,

Fetelo, MR AP LT A DD, WOb A S CRIB AN T4 5| X210 TR E ST M
REHWEERHLIITRT M RE K. EbAr b O LA ER TEBE, BICHIEL TS
IEEoTFE, P, T UTHEL, MRk # /R Brr RIZESEHPL BITFET,

- 126 -



[1-1]

[1-2]

[1-3]

[1-4]

[1-5]

[1-6]

[1-7]

[1-8]

[1-9]

[1-10]

[1-11]

[1-12]

[1-13]
[1-14]

JAEA-Review 2025-054

235 3k

PP PERAE, A NBORIZE T 5 R OMEIFHEIZOWT, F44E11H28H
https://www.meti.go.jp/shingikai/enecho/denryoku_gas/genshiryoku/pdf/034 03 00.pdf (ZF# :
202410 H25H).

H AR 1 3UEME, R E/37L v WEB hR(20244 1)),

https://www jaero.or.jp/sogo/detail/cat-02-04.html (& : 20254E9 H 15H).

T aZUR - BERECRELE Y TVIHET — 4, R T I ERA S 2T R T
(1F4-HA)Z B9 2l A 5 (3 FEF9E), JAERI-Tech 2004-004, (2004), 74p.

BIPIEE ), mikFEEHT4TH EHRAIRDLUCSWT,

https://www kepco.co.jp/corporate/pr/2008/ _icsFiles/afieldfile/2008/10/14/1010 1j_01.pdf (%

M 220244212 H250).

bR ZfE, S PR, el SRR, AR A, @K ISR T S8 ESUS 3048 DF
BB OPER LIS T BEIFVRS LD BIR, BhRHI, 38, (1989), pp.203-210.

Donghai Du, Kai Chen, Lun Yu, Hui lu, Lefu Zhang, Xiugiang Shi, Xuelian Xu, SCC crack growth
rate of cold worked 316L stainless steel in PWR environment, J. Nucl. Mater. 456, (2015), pp.228-
234,

Koji Arioka, Takuyo Yamada, Tomoki Miyamoto and Masanori Aoki, Intergranular Stress Corrosion
Cracking Growth Behavior of Ni-Cr-Fe Alloys in Pressurized Water Reactor Primary Water,
Corrosion 70, No.7, (2014), pp.695-707.

Peter L. Andresen, Martin M. Morra, IGSCC of non-sensitized stainless steels in high temperature
water, J. Nucl. Mater. 383, (2008), pp.97-111.

Y. S. Kim, W. Y. Maeng and S. S. Kim, Effect of short-range ordering on stress corrosion cracking

susceptibility of Alloy 600 studied by electron and neutron diffraction, Acta Mater. 83, (2015),

pp.-507-515.
A IETE, BWRERELIZ BT DB AT L ABHO RIS TG BRI, BT, 29, (1980),
pp-142-151.

JEIE g, DU ORRED, R IESE, BWR BRERICBUIDHBULAT VL ASHORL IS T I R E
., BHEEAR, 39, (1990), pp.669-673.

EBF HEZ, R R, M OBR, R RTE, LR BR, L—HFE = ZIC LR T
EYDISNIEEFNRR, WHETFREE, H75%, H75, (2006), pp.33-36.

A HikE, BROIRIEREL IR REE, £Td, H36%, 55775, (1997), pp.675-679.

VEpl 52, SRS EHFIE 7 0 = 7 MZHOWT, TV, 5374, 55105, (1998), pp.880-885.

- 127 -


https://www.meti.go.jp/shingikai/enecho/denryoku_gas/genshiryoku/pdf/034_03_00.pdf
https://www.jaero.or.jp/sogo/detail/cat-02-04.html
https://www.kepco.co.jp/corporate/pr/2008/__icsFiles/afieldfile/2008/10/14/1010_1j_01.pdf

JAEA-Review 2025-054

[1-15] KA Tk, & SRS, & 77, (E B, mtk Rk, RREMOSZIE KBTI

[2-1]

[2-2]

[2-3]

[2-4]

(2-5]

[2-6]

[2-7]

[2-8]

(2-9]

BT HHMGIRE RO, $8E8, vol. 88, No. 12, (2002), pp.857-864.

WH &I, BARIFZZhoKRIET: 1R 8K 7T M ITHKROEE| L AR HIEH,

H ARJF - 71274358, Vol. 51, No.2, (2009), pp.106-111.

R A, B OEC, BIR R, SIRKICBITDAT UV AHHD G S BRI RAE A
Fese DR, BRI, 31, (1982), pp.517-525.

B JEE, R N, KE U, KA wl, TEENDRASHERE 7R EFTRAK
ARIRSEENCEL DI BRI OB, H LEFa, 21 7, (1976), pp.13-18.

It #eE], B B, 5 OBF—ER, & IEC, SUS3I6LAT VL AFIOEBEBGE BRI 1517 %
BT AIFNORIU KT TEEL O T HAREOLE, HAREFREE, B128, B35,
(2008), pp.206-210.

S.J .Lee, J. Kim, S. N. Kane, B. C. D. Cooman, On the origin of dynamic strain aging in twinning-
induced plasticity steels, Acta Materialia, 59, (2011), pp.6809-6819.

hlif T, BIEOBRE, R MR, SRl #ew], A o, R R, B O, ks
1R FE AL — 7 B LS & O MERERER (52 FEHFSE), JAEA-Technology, 2015-049, (2015), 61p.
Kig Fez, T 2ER, i 28, A —AT7 FANRAT LV AHD FEIR ) — 7 58 L FRIR
SOBAR, #kEHH, Vol. 80, No. 2, (1994), pp.61-66.

T. Takeuchi, H. Nakano, T. Uehara, K. Tsuchiya, Effect of dissolved gas on mechanical property of
sheath material of mineral insulated cables under high temperature and pressure water, Nucl. Mater.
Energy, 9, (2016), pp.451-454.

M. Okayasu and S. Tomida, Phase transformation system of austenitic stainless steels obtained by

permanent compressive strain, Mater. Sci. Eng. A, 684, (2017), pp.712-725.

[2-10] BAR®EYS, @B7 —%7>7,(1993), p.22.
[2-11] W. Cyril, B. Walter and M. Robert F, Diffusion coefficient of carbon in austenite, JOM, Vol. 2, Issue

3, (1950), pp.553-560.

[2-12] K. Peng K, K. Qian and W. Chen, Effect of dynamic strain aging on high temperature properties of

austenitic stainless steel, Mater. Sci. Eng. A, 379, (2004), pp.372-377.

[2-13] FBF FHEE, BIR JRHE SUS 304 27 L A4 K DA vk X-750 &40 mEiak SCC HgL

Ffr-pH ORI, R, 34, (1985), pp.92-98.

[2-14] El-Sayed M. El-Sayed, Y. D. Yuan, D. Zhao, D. Yuan, Zirconium Metal-Organic Cages: Synthesis

and Applications, Acc. Chem. Res, 55, (2022), pp.1546-1560.

[2-15] D. Moncrieff, Peter C. Ford, Ian H. Hillier, Victor R. Saunders, Correlation Effects and the Bonding

and Cr-C Bond Strength in Cr(CO)s, J. Chem soc., Chem. Commun., 19, (1983), pp.1108-1109.

- 128 -



[3-1]

[3-2]

[3-3]

[3-4]

[3-3]

[3-6]

[3-7]

[3-8]

[3-9]
[3-10]

[4-1]

[4-2]

[4-3]

[4-4]

[4-5]

[4-6]

[4-7]

JAEA-Review 2025-054

E. Werner, Solid Solution and Grain Size Hardening of Nitrogen-alloyed Austenitic Steels, Mater.
Sci. Eng. A., 101, (1988), pp.93-98.

M. Nystro m, U. Lindstedt, B. Karlsson and J. O. Nilson, Influence of nitrogen and grain size on
deformation behavior of austenitic stainless steels, Mater. Sci. Technol., 13, (1997), pp.560-567.
REe BR, BB HER, &I 77, UM B, W% fREE, (RRBEHOmZIN S REM TSR
D HEMAIRI AR O TR, $kEHH, 88, (2002), pp.857-864.

RFx R, B B, BRI 75, /B WsE, mtk Oek, JEHEEIC S TREE L 7@ o
7 =T A M= A S A NERRER O FEME, $RE5H, 89, (2003), pp.781-788.

T. Inoue, S. Torizuka, and K. Nagai, Formation of uniformly fine grained ferrite structure through
multidirectional deformation, Mater. Sci. and Technol., 17, (2001), pp.1329-1338.

b ORE, B R, AN Bk, BRI &, o —/VEREIC I DB O O3 LA
fik, BEAN, HAGRFREE, H69%, #1177, (2005), pp.943-952.

L. Salvatori, T. Inoue and K. Nagai, Ultrafine Grain Structure through Dynamic Recrystallization
for Type 304 Stainless Steel, ISIJ Int., vol. 42-7, (2002), pp.744-750.

Bt &, KAk Bk, BB LRE, JE L M5, KSR b oEAR, 55177+ 178819411
FLANER MRS, BARBKE 2, U, (2002), pp.111-128.

IIF ¥, SREMOOENE FHR T SBPRAL AR, 52 5Te, 8-8, (2003), pp.571-574.

b BME, R RS, R A, BUEMAT I K DB R S D 7260 D E =N L
DB ADIE, HASIRFEEE, & 69 24, &% 11 7, (2005), pp.934-942.

A. Belyakov, T. Sakai and H. Miura, Fine-Grained Structure Formation in Austenitic Stainless
Steel under Multiple Deformation at 0.5T,, Mater Trans., JIM, Vol. 41, No. 4, (2000), pp.476-484.
L. Gavard, F. Montheillet and J. Le Coze, Recrystallization and grain growth in high purity
austenitic stainless steels, Scr. Mater., Vol. 39, No. 8, (1998), pp.1095-1099.

O. M. Ivasishin, S. L. Semiatin, P. E. Markovsky, S. V. Shevchenko and S. V. Ulshin, Grain growth
and texture evolution in Ti-6Al-4V during beta annealing under continuous heating conditions,
Mater. Sci. Eng. A, A337, (2002), pp.88-96.

D. L. Bourell and W. Kaysser, Effect of nonisothermal heating or cooling on grain growth, Acta
Mater., 41, (1993), pp.2933-2937.

S. L. Semiatin, J. C. Soper and 1. M. Sukonniks, Grain growth in a conventional titanium alloy
during rapid, continuous heat treatment, Scr. Metall. Mater., Vol. 30, No. 7, (1994), pp.951-955.
B. P. Kashyap and K. Tangri, Grain growth behavior of type 316L stainless steel, Mater. Sci. Eng. A.,
Vol. 149, Issue 2, (1992), pp.L13-L16.

J. Mizera, J. W. Wyrzykowski and K. Kurzydlowski, Description of the kinetics of normal and

- 129 -



JAEA-Review 2025-054

abnormal grain growth in austenitic stainless steel, Mater. Sci. Eng. A., 104, (1988), pp.157-162.

[4-8] W. Polkowski, Progress in Metallic Alloys Edited by Vadim Glebovsky, INTECH, Chapter 5, (2016),
pp.111-126.

[4-9] F.Yin, A. Sakurai and X. Song, Determination of spatial grain size with the area-weighted grain area
distribution of the planar sections in polycrystalline materials, Metall. Mater. Trans. A, 37A, (2006),
pp-3707-3714.

[4-10] D. Muljono, M. Ferry and D. P. Dunne, Influence of heating rate on anisothermal recrystallization in
low and ultra-low carbon steels, Mater. Sci. Eng. A, A303, (2001), pp.90-99.

[4-11] S. G. Chowdhury, S. Das and P. K. De, Cold rolling behavior and textural evolution in AISI 316L
austenitic stainless steel, Acta Mater., 53, (2005), pp.3951-3959.

[4-12] S. G. Chowdhury, S. Datta, B. Ravi Kumar, P. K. De and R. N. Ghosh, Randomization of texture
during recrystallization of austenite in a cold rolled metastable austenitic stainless steel, Mater. Sci.
Eng. A. A443, (2007), pp.114-119.

[4-13] F. Caleyo, T. Baudin, R. Penelle and V. Venegas, Orientation correlations in primary recrystallized
Fe-50%Ni, Mater. Sci. Eng. A, A298, (2001), pp.227-234.

[4-14] M. Shimada, H. Kokawa, Z. J. Wang, Y. S. Sato and 1. Karibe, Optimization of grain boundary
character distribution for intergranular corrosion resistant 304 stainless steel by twin-induced grain
boundary engineering, Acta Mater., 50, (2002), pp.2331-2341.

[4-15] S. Y. Lee, Y. B. Chun, J. W. Han and S. K. Hwang, Effect of thermomechanical processing on grain
boundary characteristics in two-phase brass, Mater. Sci. Eng. A. A363, (2003), pp.307-315.

[5-1] Y. Okamura, A. Sakashita, T. Fukuda, H. Yamashita and T. Futami, Latest SCC Issues of Core
Shroud and Recirculation Piping in Japanese BWRs, SMiRT 17, Prague, Czech Republic, (2003),
pp-1-10.

[5-2] “FiF FHH, FA ER, BR RE, BKRFETFICRBTAT L AMOBREEIN(ED 2)
—SUS304 A7 L AFHD G I JE BEIIUS I KT TIEAFIE R LR A A4 DR —, Bk
WFZEHTHR A, 279014, (1979), pp.1-19.

[5-3] B FHHH, BIR JREE, SUS 304 A7 L AFH K O /b X-750 &40 EiiK SCC Biges
FENZ-pH X OMHBANE, BBy, 34, (1985), pp.92-98.

[5-4] M. Shimada, H. Kokawa, Z. J. Wang, Y. S. Sato and I. Karibe, Optimization of grain boundary
character distribution for intergranular corrosion resistant 304 stainless steel by twin-induced grain
boundary engineering, Acta Mater., 50, 9, (2002), pp.2331-2341.

[5-5] Jngk 1B, ek B, AR BIE, K FEF, BRSO — AT T ANRAT UL RO
JEHEESIRE OIX T, $8EHM, Vol.102, No. 1, (2016), pp.34-39.

- 130 -



JAEA-Review 2025-054

[5-6] F.Yin, A. Sakurai and X. Song, Determination of spatial grain size with the area-weighted grain area
distribution of the planar sections in polycrystalline materials, Metall. Mater. Trans. A, Vol.37A,
(2006), pp.3707-3713.

[5-7] K. Jaffré, H. Abe, B. Ter-Ovanessian, N. Mary, B. Normand and Y. Watanabe, Influence of
mechanical surface treatments on oxide properties formed on 304L stainless steel in simulated BWR
and PWR primary water, J. Nucl. Mater., 556, 153258, (2021), pp.1-14.

[5-8] C. Albertini, A. Del Grande, M. Montagnani, Dynamic Mechanical Properties of AISI 304L
Irradiated to 2.2 dpa, Effects of Radiation on Materials: tenth International Symposium ASTM STP
725 American Society for Testing and Materials, (1981), pp.431-442.

[5-9] E.O. Hall, The Deformation and Ageing of Mild Steel: III Discussion of Results, Proceedings of the
Physical Society. Section B, 64, 9, (1951), pp.747-753.

[5-10] S. S. Satheesh Kumar, M. Vasanth, V. Singh, P. Ghosal and T. Raghu, An investigation of
microstructural evolution in 304L austenitic stainless steel warm deformed by cyclic channel die
compression, J. Alloys Compounds, 699, (2017), pp.1036-1048.

[5-11] M. Odnobokova, A. Belyakov, N. Enikeev, D. A. Molodov and R. Kaibyshev, Annealing behavior of
a 304L stainless steel processed by large strain cold and warm rolling, Mater. Sci. & Eng. A, 689,
(2017), pp.370-383.

[5-12] Y. Mine, N. Horita, Z. Horita and K. Takashima, Effect of ultrafine grain refinement on hydrogen
embrittlement of metastable austenitic stainless steel, International J. Hydro. Ener., 42, 22, (2017),
pp.15415-15425.

[5-13] M. Odnobokova, A. Belyakov and R. Kaibyshev, Development of Nanocrystalline 304L Stainless
Steel by Large Strain Cold Working, metals, 5, (2015), pp.656-668.

[5-14] V. Y. Gertsman and S. M. Bruemmer, Study of grain boundary character along intergranular stress
corrosion crack paths in austenitic alloys, Acta Materialia, Vol.49, Issue9, (2001), pp.1589-1598.

[5-15] BH &%, &F-B&ICBILNRER, AASRYRSW 55 24 &, 5 12 5, (1985),
pp.984-992.

[5-16] M. Shimada, H. Kokawa, Z. J. Wang, Y. S. Sato, 1. Karibe, Optimization of grain boundary character
distribution for intergranular corrosion resistant 304 stainless steel by twin-induced grain boundary
engineering, Acta Materialia 50, (2002), pp.2331-2341.

[6-1]1. Qin, Z. Li, M.-y. Ma, D.-q. Yi, B. Wang, Diversity of intergranular corrosion and stress corrosion
cracking for 5083 Al alloy with different grain sizes, Nonferrous Met. Soc. China, 32, (2022),
pp.765-7717.

- 131 -



[6-2]

[6-3]

[6-4]

[6-5]

[6-6]

[6-7]

[6-8]

[6-9]

[7-1]

[7-2]

[7-3]

JAEA-Review 2025-054

HE R/, HE OEM, Za— B EE T HEL D CIEIC LD AT L AS R R L R
PEDREIERE 2D E B, $kEH, Vol. 85, No. 2, (1999), pp.143-148.

C. S. Kumai and T. M. Devine, Influence of Oxygen Concentration of 288°C Water and Alloy
Composition on the Films Formed on Fe-Ni-Cr Alloys, Corrosion Science, Vol. 63, No. 12, (2007),
pp.1101-1113.

Y. Soma, C. Kato and F. Ueno, Intergranular oxidation within crevice of austenitic stainless steel in
high temperature water, Proc. 23rd International Conference on Nuclear Engineering (ICONE-23),
May 2015, 1-8.

L. G. Harrison, Influence of dislocations on diffusion kinetics in solids with particular reference to
the alkali halides, Trans. Faraday Soc., (1961), pp.1191-1199.

J. Takada, Determination of Diffusion Coefficient of Oxygen in y-Iron from Measurements of
Internal Oxidation in Fe-Al Alloys, Metall. Trans. A, Vol. 17A, (1986), pp.221-229.

R. V. Patil, B. D. Sharma, Lattice and grain-boundary diffusion of °Fe in 316 stainless steel, Metal
Science, Vol. 16, (1982), pp.389-392.

J. X. Li, W. Y. Chu, Y. B. Wang, L. J. Qiao, In situ TEM study of stress corrosion cracking of
austenitic stainless steel, Corrosion Science, 45, (2003), pp.1355-1365.

KRB K, RATHAT LV REOKRKIRAL, FEK AR, Vol. 44-3, (1992), pp.30-41.

I —28, &I &, ek BRI, IR 16, KU Sl MR B, e ayh
B == TSR DRI EE O JUTE AT, AR S50 SCHR(C ), 60 &, 571 7, (1994-
3), pp. 392-397.

N. Hirota, F. Yin, T. Inoue, T. Azuma, Recrystallization and Grain Growth Behavior in Severe
Cold-rolling Deformed SUS316L Steel under Anisothermal Annealing Condition, ISI1J
International, vol.48, No.4, (2008), pp.475-482.

JKH e, PR R, W R, R L, B O, /MK BEIEL, BWR T SUS304L
P TAEC DRGSR FIFUZ BT 3R SR L OS2 2, APEtOFHL T2, Vol. 61, No.
6, (2024), pp.248-252.

- 132 -











