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SCC Growth Behavior of Stainless Steel Weld Metals in Oxygenated High-Temperature Water

-Influence of Thermal Aging and Steel Type-
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Abstract Pressurized water reactor (PWR) primary water is normally controlled at a low corrosion potential
by hydrogen injection into the water. But primary water with a high corrosion potential exists outside the
pressure boundary, because there are pipelines filled with aerated water. To evaluate the stress corrosion
cracking (SCC) behavior in such high corrosion potential conditions in PWR plants, water chemistry should
also be considered because the B and Li concentrations in the water depend on its location in the plants. And
when the materials have been used at high temperature conditions, influence of thermal-aging on SCC should
also be considered. In our research program, the SCC growth behaviors of unaged and aged stainless steel
(SS) weld metals were investigated in oxygenated high-temperature water with 2900 ppm B water as an
example for the safety injection system line water. In our previous report, the effect of thermal-aging up to 10
kh at 400°C on the SCC growth rate of 316L weld metal was not significant, but the SCC growth rate after
aging for 20 kh at 400°C tended to increase compared to that of unaged material, suggesting the effect of
long-term thermal-aging. In this report, the effect of long-term thermal-aging on SCC growth of 308L weld
metal was investigated, and the effect of steel type was compared with that of 316L weld metal.

As a result, the SCC growth rate of the 308L weld metal did not change significantly after thermal-aging
at 400°C for up to 20kh, but rather it showed a decreasing trend. This trend was different from that of
316Lweld metal aged at 400°C for 20kh, where the SCC growth rate tended to increase compared to that of
the unaged material. It is suggested that the ferrite phase in SS welds under unaged conditions does not cause
SCC and rather acts as a factor to inhibit SCC growth. The SCC growth rate was considered to increase when
thermal age-hardening of the ferrite phase caused trans-granular (TG) SCC, while SCC growth did not
increase when TGSCC did not occur even after thermal-aging. It is suggested that the effect of steel type on
the thermal-aging conditions under which the ferrite phase undergoes TGSCC.

Keywords  stainless steel welds, stress corrosion cracking (SCC) in high-temperature water, SCC growth rate,
thermal-aging, pressurized water reactor (PWR)
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1. [FL&IZ

EAKFTORT L ZAYEHELS B D (stress

corrosion cracking, SCC) Ff] & LT, WK 1-4F

(boiling water reactor, BWR) DFEERALE T, IWEETUTES
TRV T 252 7= 25 o L A SRS T3 48 L= SCC
PG REICE L TO A EFRRE SN TWDEO. 20
%, ATV ASEREAERERO SCC HERAEEN R D
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—75, BMEARBYRTIF (pressurized water reactor, PWR)
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> U ASEIIIEN - SCC HERMEAE R L, F-Z Dl
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AIHENEDN B DENIFAE L, WO PWR 77 > kTl
Fx ) BE— v — VAR T (Inter-granular, IG) SCC 24451
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INR2, AT ARE 1 WRREFRITEE T SCC FH|1972 &,
FESEDHEE L2 LB 2 DNDELE 72 & DFHZESC, @VE
BB L LB D AT L AHD SCC F1H3
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2. REAE
2.1 HEH

#1 ATV AGEESROTHE (4 v 7f#H) (wt.%)

0.032 0.35 1.45 0.024

(308L)

C Si Mn P S Cr Ni Mo Fe
NC-36L
(16L) 0.024 0.42 1.56 0.025 0.002 19.26 12.11 2.20 Bal.
NC-38L

0.002 19.53 9.79 - Bal.
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| ’:'/
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2.2 SCCHEREHER & HERE D

SCC HEEEFBRIE, 2900 ppm B Z ¥R L 7-/K & FAKE

L L, W%z (8 ppm DO) Hieiafrlsadel CEM L7z
(LIBE 2900B(DO)KE L 577, 735, Li OWMITAR0 .
FRBRIEE 1T 320°C L L7z, 2 COMESRMIFIT—EMEL L,
JEIYERAREL D BFEEIL K=30MPa - m'? & L7z aXBRIFH]
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SCC HERFABRAL T4, X 2 (TR L7 D X 51z,
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CT i % 3 mm /&S THIKr L7-. MBI 05
FIERE R Btk Chilik L, 7o v~ A rn A a—
7B L OERENE B4 (scanning electron microscopy,
SEM) THIZZL, fEmIFREL SCC MBS 23 L7-.
SCC I, WIEHANC 5~10 ASFHIILZ O FHfEE L
7. SCC #EEHE CGR (mm/sec)lE, SCC EREES a(mm)
% ARBRIFR £ (sec) TR LTk 7=, SCC AW IE, 3 mm
[ESTOWHEZ /N7 (aaAf XAy Bk b)) B,
SEM Bi£3° 8 1% J7 BUELIE T (electron back scattering
diffraction, EBSD) JIFEIZ LV, SCC HEREFRES 2 3 L
To. —8, BEEBHAETOBERAIZ OV TIE, 2O 3 mm KT
D SCCIES b SCC HEREIRE DFHMIZ AV =, IfbRi
BiET, REH AT (Focused ion beam, FIB/SEM N1 %
) ([CX DWIEINTH, SEM BZIC LY, ZOMIRHER
%Sk L7z
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—7" (LEAP4000XHR) %\ 7=, HIEE, L—F— 31
AE— R TITolc. BEEDORIESME, FEHEE 35K &
Lic WEE L7277 —21%, Y 7 by =7 LT ofE
EAREL, Fe, Cr, Ni, Si, Mn, Mo, P, C ® 3 &t
BRI GAIE LT=T — 2 0357 b b~y 7 % iS4
Lo a—A0) 21To7-. s, 3 WoTEIR L
WIZBWTIL, 7 b A~y 7O z SR S b 5720
|2, HEfEZ3Y (Evaporation Field) =30.0V/nm &7 kA<
v 7 OMfEFEEL (Image Compression Factor) =1.65 % Hu»
To. AY ) —HNGRORRE & E BN D201, 5B

(a) REFZN | wmmuwz | (b) EBE%h (400°C10kh)

KELIEIR

2 mm
M- 316Lweld ME:
SRERE: 320°Cx502h
OUQ
(d) kB T

308Lweld [ZECE

4
SHERZMF: 320°Cx495h
3 AT VL AHIEHEGRO SCC HERGRERL ORTE (I & BV L)
316L: (a) AMEZD, (b) FARFZ)) (400°C10kh), () FARFA) (400°C20kh)
308L: (d) AMFRD, (e) FURFR) (400°C10kh), (f) FURF) (400°C20kh)
SCC @RS : 320°C, 2900B(DO), K=30MPay' m

316Lweld

SRERS M 320°Cx520h

(e) ErEE3H (400°C10kh)

SRERS M 320°Cx519h

T ATIRNTIE 2 FIVN T Cr 5 D3 A fBAT 4 520 L
7. F£72, ARV TNL S, Mn D2 T A X 134 LT
FEBCHEM L7z, BT ARMATIE TIE, Cr 122\ T
TR R U CHE i & R, T v X ARE A
E LT & 7k b o fe. By T Cli o
Z2DFESTE T INN (Istnearestneighbor) /X7 A —& DfEN
EFSND. AE ) —FNSRNEITT D &, B &
TUHE DS DEPRKEL LY, INN NTA—FHRE
{RDHDT, THEAY ) —ZNOROFEELE L.

3. EEREER
3.1 SCCHERZEEIZRIZTHHIE L #REHD

B
g

(c) EABE%h (400°C20kh)

2 mm

ME: 316Lweld
HERZH: 320°Cx230h

(f) E\BE3h (400°C20kh)

7 e RS TSR

2 mm 2 mm
308Lweld #E 308Lweld
SHERSME: 320°Cx503h
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T, BARFRHIFREIMEICR L7z, 308L 1ARE4 )R %)

(400°C20kh) #FLIAME, AEROTFBTH 5. X3 LB (a),
(b), ()& 316L EHEREM T, BUREhSt(a) AIF%D, (b)
EMRFZh (400°C10kh) #4, (c) MR (400°C20kh) #4Clt.
B9 5L, REFZhE 400°C10kh F TOEMELHT SCC EE
ICRERET RSNV, 400°C20kh T, FABREER]
230h THEIT L, & ViR SCC RN BIZR Sz, FEEIC
3 TE(d), (e)iE 308L AR JEM T, BAURFISAT(d) ARE
%h, (e) BNRFR) (400°C10kh) #4, (f) ZM#Zh (400°C20kh)
MCH#ed 2 &, BWpghic Lo snd, &Ls
BRI R 7R DI HONTRBIZERL R D TH - 7.

316L A4 B A 00 SEM 12 L % SCC RRIETZHED
REHIZ B 4R LTz, ISR Lz & ) IClimEREIE T

L C .

(a) 316Lweld ﬂeav*f&jﬁ 7
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v R4 MRS (inter-dendritic, ID) SCC & (trans-granular,
TG) SCC k&2 L, YERBIEMERNOIX, A—ATF
A & (y) #HO v -TGSCC kM BIgE s D & L b, 7
=74 MH (8) IOV TITHEMER 7R (K(a) 23B1Z2
SH7z. 316L iR AR (400°C20kh) #4> SCC K
HEEREDE B Z K 4b)T T, ZOBRIM CIE, 7=
T A MHTY 6 -TGSCC i MEIEL S, R OB
W2 X DT — R L LT 2 & AV S 7.

SCC R % E R T 5 72012, SCC S
53Rz SCC HEBHE 2K S 1R LTz, o=, BE
Ao 320°C TR 2 ErTe PWR FE%E (500 ppm B +2 ppm
Li+8ppmDO) K& (LI, FEHEDOYKE &7Cd.) TOfE
HA9L Kim 50 BWR O NWC TOFRSEOZH-8TRL
7. F7=, KFEEETe PWR (500 ppm B +2 ppm Li+30 cc

e — N o -_\"‘\‘
87 TCSOET )

(b) 316Lweld Z\HEF56(400°C20kh)

X 4 SCC ek D& B
BRI 3 D(a) & (TR
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DH) (LABE, PWRAZHAEKE L5097, ) OFERO{HBEITR
L7z, K5 316L 34248 D 2900B(DO)/KE H ¢ SCC
HEREREEIE, 400°C10kh £ CTOENELITIL, HE W ZEN
7R3, 400°C20kh OENEFZIAA TI SCC HERAHENT 5
A BTz, 308L B D 2900B(DOYKEH T
? SCC ML, 400°C20kh £ TORFELhTHREFNIC
HA_TEe LA SCC #ERENBT 2 THY, 7=F41
NG B OHRTR D S T BN LIS D RSN RIS S L
7. WD 7= R LTAZHEDOYKE TP 316L/308L {5HE
BT, Wi & HIZ 400°C10kh £ TOEENE, SCC i
BHEICHEVHELRWERTH -7, Kim 5D BWR
? NWC @ SCC HEREHE TlE, 400°CT Skh OERNT
SCC HERAENT 5 & DRI HRE SN TNDHD3, K
RUTE KD TR ERRE Ch o7z, HFRETRL
7okFE a2 G e PWR BEHEKE OFERTH, 316L/308L ¥4
SJEIE, RIEFNE KO 400°C10kh Ik Ofi#E ¢ SCC
HERDBIZL ST, 400°C10kh £ TORERhE, (K &E
AL PWR KEIZBWTH SCC HERICEBE LN L%
WEHTH D1, —HOFEREDD 400°C10kh F TOEURE
N & B SCC #RA~DFET, HiffE L USRS,
POLTRENEE X S, — T, 316L I§EEED
iftﬁ%éfiﬁ (400°C20kh) #FDOEFAETE, REFPIHIZHEART SCC

HERRHE OHIME R 23RS S 4L, BmEREICI VTS 6 -
TGSCC D3erl 415 7 CENRFh ORI S e, 72
721, 308L AHEJEOEURRN (400°C20kh) #4ClE, 2y
ZhZ &% SCC MR E DHIIFMER I T, Buior
BOELAT, 308L & 316L OHIFEAN GRSz, ZOE
eh & BRFE DR ST, 3.2 THO BSR4
T, BEOETHinT 5.

LES05" s o KREOTHEERE
K=30MPavm
)
§ 1606 4
P A L]
£
£ A ©316L weld 29008 8ppmDO
o A wel ppmi } i
g 1.E=07 A 6 A308L weld 29008 8ppmDO | P12
o @ - O316L weld 500B2Li 8ppmDO }
A308L weld 5008+2Li 8ppmDO -~ BE$R(10)
ﬁ ©316L weld 500B+2Li 30ccDH
) 1.E-08 [ A308L weld 500B+2Li 30ccDH
8 O316L weld BWR(Low-ferrite) 288°C)_ - ~1)
7] i ©316L weld BWR(High-ferrite) 288°C
1E6-09 ] L
0 10,000 20,000 30,000 40,000

400°C D ERBFZNEER, £ (h)

X5 SCC ks EE ORI e

32 RESDhERE

6 12 316L(a) & 308L(b)IAHE4: & E7h (400°C20kh)

31 2024 NT-5 48

Fe Cr Ni Si

(72x72x174nm? )
G212-uS2-AP3

(a) 316L FNRF%) (400°C20kh) #4

Fe Cr Ni Si

( 64x68x206nm* )
G311-pS1-AP3

(b) 308L EMif%) (400°C20kh) #4

K6 Z7=FA MAOT bi~v7 ((RFEHF)
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MOT kb~ y 7OREHIZR L, W& HIZCr o~
YT MHITA Y ) — XV RRTER T 5 IR AT R
S, NG S, Mn 2FEEKELEZGHERDNS Y T
A DOERL S Wi & HICHERR SV, 2 OFRZhOHEI T
ZEEIHMET 572012, INN 35 A —& O34 FhE L,
X7 R LTz D=9, 316 ZAT L AFHHTH D
SCS14A (F8, 8% 7 =7 A k) OFMEBIFEIRHZ T 1 F L
72. SCS14A @ INN /37 A —X# %, 400°C10kh ZAREShkS
TIE 0.3 BT, = SCS14A DOEWFHFAHTA Y ) —
SIVRDNEDOIAEE THITL, 7= 7 A MEOIEIS
HV(0.25)=600 FREEIZEIE L- A TRECTH 5 AP | LR
~7T, 308L/316L ¥4 E 7 400°C20kh @ INN /35 #
—XL, TNEIR 03 &£ 025 THY, WHEEbIC
J = E NSRRI RSOV TE L ZE 2 B b,
212, 316L(a) & 308L(b)FkE4 B #R%h (400°C20kh)
MOy T AR BYTHERZR UTZ. 77 A2 ORI
308L DB WEHITH -2, 316 FD
SCS14A OENEZI & AV -l 2 Etemiik o SCC
HEJRIZ KA 9- B 20Tl I, 400°C40kh DEARER) T
SCC MERNEANMZ MR L TV AED DT, ARFZE0 SCC
HEREHRE 2500 C, R IR D MO A HEZ DT
LRI L.

0.50
@ 1NN (308Lweld) 400°C BABF %)
@ INN (316Lweld) 400°C ZABEZ)
@ INN (SCS14A F8)400°C B3
0.40
[
ﬁ'\ 030 L
RS
n )
2020
S
0.10
0.00 ?
0 10,000 20,000 30,000 40,000 50,000

BSSNBSRA, ¢ (h)
7 INN /R A — X OB A

#£2 TxTA MEDT T AR AT

e 2052 9528 | 9524 CGR®
S EEm) | HEE 1t
308LiF#E 2 E*1 | 400°C20kh 7.1 1.8E+23 | #7075
316Li5#E & M2 | 400°C20kh 5.6 36E+23 | s
400°C10kh 6.6 44E+23 | —
SCS14A(F8) !
400°C40kh 7.6 6.8E+23 | #7811

W10 2 PIEDTE, %2 : 1 MEDRER

49

4 EE
4.1 SCCEREIZRIZTHEHOTE

MSIR L= L 918, AT v L A4 R OSCCiE R
LI, 316L/308LIARERE & H12400°C10kh F TOER)
i, BRERBEIMNE 20N> 72, 316LIARE A8 OB

(400°C20kh) 44T ASCCHEREDMEINT DA 2 e
A, BREIC 0 BUREN DS ENN BT 2 FTREMED RIS S 4L7e.
% Z T OSCCHERSEE (2D T, BIHE R OB
TELET 5.

B CORMBEBIZ THL/R LIZ@ Y 3I6LIEHES R
RN O R E A B AFERRIR L, A— AT A MED
TGSCCE 7 =7 A ME/A—ATFA MAOHERTH D,
7 =74 MEDOTGSCCITBIE SN2k o 7. K8IZ308LIA
PR BBWFR) (400°C20kh) A O RBEIMTHBIZERE R A R L
7=, B OMRIE, A —AT T A MEORIN THESEH

WAL, RIFPFRIITRLIEZ =T 4 MEE, VLS
P, EEARRZMERRIKIL, A —2T A MHOTGSCC
L7274 MEA—AT A MEOHER CThHo72. =
DEWZNGATTH 7 = 74 MHEOTGSCCILIZIFBIZE S
T, O DSCCHEHEE BN L e -T2 b o L fBbh
2. 788, 316LIEHERJE ORI OV T, AWRET
TSR E R 2 R L= & 2 AK4@IcRr LZ &
N, 7= T4 METIEERRELZ L TRBY, A7
L ASHEBEGIR T O 7 = T A4 ML, ABREETICHWT

8 SCC BB DB I BIEHE R
308L IR BB (400°C20kh) 1
FRBRSIFIEE 3 D(DIZxbhi
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SCCHEEDIHIA 1L LTEH D B2 LN, ZD X
D727 =T A MENSSCCHEREMHIE -1 & LT/ < B,
Tz OBFZEHASE CH HIEHEDO)KE H TAT v L AHE
BeREs LR T L AT O BZE R O Wi 6l
O LIFPTH -T2, £z, BWRONWCKEFIZIWT
t, BB SII31I6LAT v L AEHES BT D7 =54 k
FHZSSCCHER I Z% L CTHIBIRICE < EHmEOLTEY, %
D X 9 7RI Wang B D308V B DSCCEE AT
RCTHHEBDIINTEY, BRE ST mEmRKTOSCCH
FELTHEBEBL WD LD EEZBND. —FHT, K4(b)
IR L2k 91Z, 316LiEHAmER) (400°C20kh) A4
7 =74 MHIZTGSCCE L TEY, ZOERhEIET
1$7 = 74 MEOSCCHERIMBIZIFITERL, £07®
SCCHERHE & RN I AT L2 b D L EZ 5
na.

42 754 MEABEREZESLEBRKPT
TGSCC% 4 L S8 &H

41HTIE, 7= T4 MEPEWNC L Y TGSCCZEA L
DRI D T L3 SCCHEREFE AN AR Z b~ CTHY
M55 THHbDOEELRE LI, ZZTlE, 7274 ©
FHSTGSCCZ A U % £ D72 DB EAFICONT, K
WFIEOBREIREMRE R & B EO G2 & TBET 5.

EHEDOYKE T TDI16%2D AT L Al (SCS14A)
BURFA OSCCHEIERR IS OBIZERE R TI, 400°C30khD
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