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(a) Constant strain test.

1 O !
Crack

v

Timet

(b) Constant loading test.

Crack

v

Time t

(c) SSRT.

Fig. 1-1 Test condition.
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(a) U-Bend test. (b) CBB test.

Fig. 1-2 Constant strain test.

(a) Through thickness crack.

(b) Surface crack.

Fig. 1-3 Shape of crack in simulation.
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°
(@) An incubation period (b) An initiation period
for corrosion pits
o —0—
o —0-
(c) A growth period (d) An initiation period
for corrosion pits for micro cracks

_‘_—o—_‘7—0—

(e) A growth (and dormant) (e) A coalescence period
period for micro cracks for micro cracks

Fig. 1-4 Crack initiation process.
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Fig. 1-5 SCC crack growth rate pattern da/dt-K,.
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Creation of steady-
propagation cracks

. ° +—0— _._/—0—

(1) Incubation period (1) Initiationand (1) Initiation and (V) Coalescence of
growth of growth of micro cracks

| corrosion pits micro cracks |

Crack initiation process

1L T

Initiation of grain-sized micro cracks + Coalescence of - Steady crack propagation

based on a cumulative probability micro cracks and coalescence

Fig. 2-1 A model of SCC behavior.

| Number of cracks to be initiated Nmﬁ Step 1

| Initiation time for each crack t; |<— pronential distributioD Step 2

| Crack initiation site (X;,Y;) |<— @niform distributioD

| Crack length & depth 2a;,b; |<— CNormaI distributiorD

Crack initiation Step 3

| Crack initiation interval Jt=t,—t,, | Step 4

Crack length & depth J Step 5
after coalescence

Crack length & depth Step 6
after growth

stop — END )  Step7

Fig. 2-2 Flow chart of SCC simulation.
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Fig. 2-4 Modeling of SCC cracks.
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No crack initiation

No crack growth

)

Crack initiation
(@) Crack initiation (b) Crack coalescence (c) Crack growth

Crack growth

Fig. 2-5 Circular region around a pre-existing crack.

No crack initiation

in this grain area
%% 4—_/// Crack can initiate

\ AN \\

“\\\\\

/ Crack initiation

No crack initiation No crack initiation

in this grain area

Fig. 2-6 Crack initiation rule.
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Fig. 2-7 Fa,Fg versus aspect ratio b/a.
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Fig. 2-8 Active region of crack.
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Fig. 2-9 Coalescence region between two cracks.
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Fig. 2-10 Coalescence between some cracks.
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Fig. 2-11 Coalescence of two surface cracks.
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Step6: Al kv ERERMHMETHEIICEL Z AT, &
2R R (da/dt-K B R)ICE S W T E R EREY BB T D
FmETHOEXRTGHFMToO X RHIERZITE®RS ORI
RFEEK A, S HFmToxHEREITRESTOIS NI
KKz HWTHESRLS.

TARBAEMMBHMMEANO ZHERER L AKX Step 5 & Step
6 MYV ERTZLICKRVEREADL. £, THOAENKL
EREEIBREICFETHIETRHRICID2IC Mo 2% %0 5
D T, Fig.2-5(b), (c)iIZ T L oI, ZoHEB O & H LT
ARES, ToEBOFRT ~0ERBLENE O ELE. EE
L, BBWwWREhFxmcHIIATTCETERATETCDL L, /NI
RMEBMETRICELLIN MBI OB ZHRST 220,22
TR, EFEHRIVL 2HBULEBEVERHIERFETHRIZL D
S RS o PR TE DL L 0L LT

Step 7 : Step 3 /> 5 Step 6 @ i R 2N H L WX RHIiTx L T
)R END. VI alb—ra ryriimREEEINEREL
THRMEBEBOBEBARE IICET 20N, BETR R ETHNL AT
FEAELELEZUCHEBRBICTE T 2 EHON0M, & & HORK
mrE, BB EHM AL KT T S

Ay I alb—varvzHhbriliox L iR STZ
LTk, BEINL SCCEKMH T ToO SCC ZEH @iy

Bz TPl T2 2 L2k D.

2.3 #&

Tl

AKETIE, REBEHROIRREZEE L T, SCC IZBIT D
MhEmMETRHROBEAEANPNLGK - ERIZIDD RETRHRDE KIS
ns>w@mEoOoE 7T e o I 2 b—va ryrERBELRE.
COETAERY, KB EROIRREZET L2 LI Lo
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3.1 #&

il

AR ICRBWT, FHEXBEDICBIT S5 SCCE2B L2 HHT D
o, FicxxmEeHOHREZZEL T, M/DhREETHD
KAEPLAEK-ERIZCLIYV REARNBR LD BREOE
THharma - vIalb—varyreEBELE ZO0OFETNANES
7 FD SCCOFmmFMIZHEM T 22Dl X, 7 VI
BWR &£ Ao xHRBEE, ERBRICHET LT — % % /87 R
— 2L LT ANTLIZRERNRD DH. K% TIE, 0§ &
LT, miEmMEKRKEE PR TF2L24— AT A
7 v b A8 SUS304 @ E O F A& d#h iF (Creviced Bent Beam,
CBBY B R 2 Ay —% L L vyl —3varvixir
VR R EEREROEBEEZITO L EBIT, VI 2L
—varYrilBITL2A0KFMH, T REEZTHFEOREIZOWNT
5= I O

=
=
ey

—
M
N

3.28US304ICB8IT DV alb—va Vv

3.2.1 CBB & B

BWR — & # Al K B B8 @ SCC & %t 9 5 5 B = /o 3 By &
LT, miE®&ME/KBRESERKIZEBIT S CBB AR 21T - 2.

ABRICHERHLEA—2TFT F 4 FKR AT L A SUS304
DAL F Mk B XY CBB R B O F5 4 % Table 3-1 8 L %,
Table 3-2 i3 . Z o & B T, b & L T 700C
[2hr+500°C /24hr @ B AL H % Jii L 72 SUS304 |2 xt L T 288°C,
WA B R IR E 8ppm O & IR & f B KR EICE W T, Fig.3-1
o 3k o BRI BT 10(W) X50(L) X2(T)(mm)®D ~F ¥
OEmMERBR S EBY AT T, F 1o EF (TR D)E

N
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B2 Tiroe. 72, B AsmeEABRIBERELOMICHE
ANEanhie 7777487744 2—7y =X ANLTF X
EFNRAMNG SN, 24 B[, 48 FF[, 96 FFM R L 7= R B
FiZoWw /& 25 ML 7. Fig.3-2 12 96 B M & L
TRBAOEFHFEZ AT KRB EmICAKSERICX
DK E LT RADPERAEET S22 N bMDH. Fig.3-3 (1
96 FF X W L7 B AT 2 & HHo AKX %73 .CBB
RBROMR, ZSOEHADBIFET D LR DL LML,
KB AFOEFFMOBMBIZEB O CERHNMNEAELICL LR
STWHH R D. 2ok, THOHMTARF O
i 5mm & B < 10mmX40mm @ HE 5 LTI o 2. = A
O G O R R, 24 W R R R % T 1254 8, 48 K A #% | & T
2975 fi# , 96 W [l #&X i % T 5572 ffl » = H N B L I .

Table 3-1 Chemical composition of test material.

0.05 0.64 1.03 0.033 | 0.011 9.15 18.45 Bal.

Table 3-2 Condition of CBB test.

Material Type 304 SS (C>0.05%)

Heat Treatment 700°C/2hr + 500°C/24hr

Test condition 288°C, DO= 8ppm, Graphite wool crevice
Testing Time 24hr, 48hr, 96hr

Strain 1%
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Specimen (50 x 10 % 2)

\

Graphite fiber wool

G¢

110
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Fig. 3-1 The CBB test fixture.

5

2
after 96hr CBB test.

Fig. 3-2 Microscope photograph of the specimen surface
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Fig. 3-3 Distribution of surface cracks in space
after 96hr CBB test (crack length over 100 x m).

3.22 Y alb—varvhik

B Y I ab—Ya i3 —BEESER DL D
20mm X 20mm ® E HF B #EEK & L T1i7vw,CBB B & R &
R E 2 AT o T2

CBBiR B ## & L T, ¥ I =2 L — ¥ 3 »[ZSUS304 1T 1%
O FERM TS D) AKIND L DL L, CBBHR B IC
M v 72SUS304 ® 288C T s 1 — O T ALK XY, BFER
J& /) & oys=162MPa, fE M & /1 & 0=200MPas L 7z . CBB&
BMITEOT ARABR2O T, E BRI ETHOALIC L > TIEH
ISR S, mMBEFRETT2b0EEbns. LL,
AWM EMER T2 T VICHARARAT Z L X HEMT
o, Ay I al—vary TRHREMEBESMECE T S X
HoXRmMEH ERIEFZTHEHRITL L.

CBB B ic B W TN X2 IT 10mmX40mm TH Y, A
MEICE W CEY S REIT 0.08mm TH - 7= @ T X (4)
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LV, CBB B A2k W THE N LR8BSR AETRRE
¥ & 62500 8 & L. .M/ xRABEEORBEMRESME L
THEE»ML)XZEZLL T o X H>ICREL L.

CBBR B O B L v, 20mmXxX20mmH4 v o & & H 2 #H &
T 5 L, 24 W[ T 1254 {H, 48 FEf T 2972 {H, 96 FFf T
5572 fil & 7 5 O CTHRHBEMEIXT N ERAE TR EAK
62500 8l T+ 5 Z L2 LK Y, 0.0201, 0.0476, 0.0892 &
7 RBKEHENSELS 223 EEARLEESARIEGEEN D O
T, T EWVWEEKFEMAToOKEREZzEMAL T, ()X B W
T, a;j=0.0258Ms, 6;=2.97Ms& L 7= .

¥ 4 Al HE k62500 fH o X AT x L T & HIEARFMEE
Bomlic ik S5<EKIC LI VH VYT, KFHOE WS O L
BEIE L. THBAEME (X, VIZXHE 0~20mm ® — £k &L
Lok s HEI ald ,  ELELRBEEO R X S L L T,
HRAMBOKE DM EEBMLEERSA LD EY xHE
X 0.08mm, fEY¥F AE 0.03mm O EMHEH i X v, #EL
. ¥/, 7 A7 KLk bla=1 & L 7=.

THAKICHE LTI, RXR(MTES N 5 A KEKOBER
o Xl W T, k=05 & L. sHERICEL T,
MhEHIEGEHRICETD Z@mEID 0.3mmEl LTk -k
TEHRERERBIDLILO L L, FI, S E LT DMK
jﬂ%iﬁc@?ﬁﬁdﬁK.scczszafk Lo, & ARl E A
BB AC Lk 5 288°CIC B 1T B Type30d X 7 v L X il O B %
THELNLTEXZH VW, KisccxHE L TKH(@B)L L T¥ I o

L' — > g v &I o 7.

%@ %1072
dt 4.4%x10"

=1.1x1077 [2.5 x 10 exp[—

351079 ~15x10 P (K — Koo )5 )|
: Iscc (8)
7.74x107%
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T, daldto BHALEm/isTH VY, & X HE WO T Al
, K e HEWM oIS Wit KB ThH 5. ()X X 5 v
= L — v oa 0 x &R KM (da/dt-K, B8 £ )% Fig.3-4 |
ER
UEog&EtFTeEYy S « I 2 —3 3 v % 15
B 4T > 7. ¥ =2 b — a3 >k, Bt 24 FF R, 48 K
M, 96 Bl IC R o R TT — X200, FRRKRETHAES
A 10mmIiIcELEZ XY a2 b —Y g 2T LE. £,
fR T E I b EHEWMDPDITAHLESEEGIC DWW T EN
LTV hEODERSLERIBEINLZ VD, T 08 ENHAR
WEOILT DI EHEISMmIZx %5 SCC FH @ i D
WO Rk e L T2

Ky I alb—va ryrTliE, B 2mm O ¥ K O i F A 5
ThHhDH CBBABMMPEIVM DI THEAESHELREL, —
HHlRIE ) FCTo SCCEBAMBF L TWD. LR o T,
HEICEM DT RAEEZO S HER - AR ETICEH L T,
YIial—va ryiERLE CBBRARBREREZLET D LT
BHEND 2D, AR F@EEATCEBEZIToL. ¥ 2L — ¥
9 DO EE ORI, KRB BEBIE N T TOERMER L O
bW s BT H D
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Kiscc = 2MPa\/E Stress intensity factor log K

Fig. 3-4 Crack growth rate of simulation.
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323 YIial—variEREER
Fig.3-5 I HFMICE T 2ERm T xHDMmMERT.
20mm X 20mm fEHIK » 6 Kk K& A %2 &5 10mmXxX10mm @ 8
W AEZ R L7 DO THDH. Fig.3-5(d)id &k kK & HE & 2 & &
WE O NE IO bmmIZELEEETOXTHSMATH 5.
24 WF B X OV 48 FF I AR L 2 KA TIE, EHOE K ITIZ
A E R, M E RN RIS HAMAL T WD 96 K
g D5 E, HEANDODITEAEICEAHINEAEL, THFR L O
AR BLOERIZCEIYVHRELEEZARDDIZLS o T WD
MbnsD. 230 s ERBoORKERICR D E, KELEETRHD
BRIz, RREAREIDREKKERER IO 5mm
EL, KRR RDPIEEKTZEHSML TWDIETFNDLND.
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(d) 230hr
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Fig. 3-5 The variation of crack distribution with time.
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Fig.3-6 K LHEMOBEEEZRLELDO TH D.
HlcErEE s fCcE SV ERXMoFEERE LT £ 72,
M o7F7e vy i CBBEBRMARXLTHL. MNP o 1 Ao
M 1O YyIalr—vyaryrigHindT s, T nERDLE,
48 KM EFC R BFE R E AL L2BEKEICH> TWDH Z L
NH,ZORBTFEICEBWWTEERRLETARWVE NS Z &R
dOMB xDH. 48 WHEBMET L LA LT OB ESMAMIT LD
M EoENRELS TS, Zhix, HE LD AR
OWMM AR - ERBICEYD KT ANIA L, D ME KO
W, THRBAEARAARERLERICEHY Y TN, BAETER
Mo EHMPME X xRl A2 3T, £ L T, 96 F %
WmEDL L, TEAKITACHIEVWE RS TS, ZT I, E
KN E2EKWITHTHLTWDL LD, R H#ERT D EH N H
mL, REeEhh AP EENIZIEZL DD, 1T AL OHE
WIS R XD BAEARTRER RIS KR > T WD L
MEZ LS. £, 96 KM &Fi £ T% CBB R R &
kT 2L, vy a2 b —va ryERITITIEFEEALEOHE AT
HEICEH LTI W —FHAEZ "L TWDEWoTEW.
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Fig. 3-6  Number of cracks as a function of time.
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Fig3-7 iR KEAHESLLHMoEFKERLE L O THh
L. 2 HEIEF,ERBEEFRICEIDVHRAICRKRELS R > TW
L2 EMOND BEREHREIOE I 2 b —3va O
o> X, K@ KERH 0.75Ms 2 B £ TIX A 722 v ,0.75Ms
U cixd R&EL< 5. it Fig.3-5(d)ic "+ X 912,
0.75Ms # il 7 2 & K& & H b & O THK 8000 » & &
fFEL, #HoxE, B, &K B4ETIC< W HEE N H
LMEOCEITNEHOSMRUICIKET 2 XL 5I2%2 25
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DS HFMICE, GRS EHEREZYG T D EFEELREL
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T o TS DT, #HROILD2EITAH V.
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O ThHDH . WA ERHRITIEERKRICT A7 ik 1oHIRKSR
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Fig. 3-7 Maximum crack length as a function of time.
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Fig. 3-8 Maximum crack depth as a function of time.

Time t (hr)
0 150 300 450 600

Aspect ratio b/a

0 0.5 1 1.5 2 2.5
Time t (Ms)

Fig. 3-9 Aspect ratio as a function of time.
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TRHREITEARRALECLDZE DG OLEALSETH O W IMICEI L
R ENELLTWVWD. 0D, K a2l —3v 3 v
ETT MR ABALTHEMTRMICKEN TDHICE, EHHK
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EfRE L, 15 Mo Yy I a2 b —varyxiZgbBnwTHbnd
SCC Hm T 3w T, SCC #Hm O B Ffif 3 % 8 & o i
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MR E2 T 256 SUS3MBICB T EBmETREHO Y I 2L
— Y a YO RAEIICET DL ETO SCCHa b X (9)T X
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Fr(t) =1—exp{—(tg—af)}:l—exp{— Hi(t)} (9)

ozt F,EERBRAFOEMBERXBR THE S N HSCCHE
Wr FEm N EE oM TcRRIND EWVI) EZEBRER2HBH L C
W % M5

N 4500

g 4000

S 3500 mm 24hr

< 1 48hr

g 3000 == 96hr

o 2500 - CBB test 24hr

S - CBB test 48hr

£ 2000 = CBB test 96hr

s 1500

g 1000

£ 500

Z ol
o N M < 10 ©~ 0o o o @
» O O O 0 © 0 0o o «H
[<}) l l 1 1 l l l 1 l -
T A4 N o< n 9o~ oo £
5 © © © o © © ©o o o (O

Crack length 2a (mm)

Fig. 3-10 Histogram of crack length.
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Fig. 3-11 Exponential distribution plots for SCC lifetime.
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Fig. 3-12 An example of crack distribution (63hr).
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Fig. 3-13  Number of cracks as a function of time.
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Fig. 3-14 Maximum crack length as a function of time.
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Fig. 3-15 Exponential distribution plots for SCC lifetime.
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Fig. 3-16 The variation of crack distribution with time.
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Fig. 3-17 Number of cracks as a function of time.
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Fig. 3-18 Maximum crack length as a function of time.
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Fig. 3-19 Maximum crack depth as a function of time.
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Fig. 3-21 Exponential distribution plots for SCC lifetime.
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Fig. 3-22 The variation of crack distribution with time.
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Fig. 3-23 Number of cracks as a function of time.
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Fig. 3-24 Maximum crack length as a function of time.
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Fig. 3-25 Maximum crack depth as a function of time.
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Fig. 3-27 Exponential distribution plots for SCC lifetime.
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Fig. 4-1 SCC on residual stress field.
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Fig. 4-2 Simulation area under non-uniform stress condition.
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Fig. 4-5 Simulation area under non-uniform stress condition.
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Fig. 4-6 Exponential distribution of each region.
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Fig. 4-10 Maximum crack length as a function of time.
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Fig. 4-11 Maximum crack depth as a function of time.
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Fig. 4-12 Aspect ratio of the longest crack as a function of time.
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Fig. 4-13 The variation of crack distribution with time
under the stress distribution of Fig. 4-5.
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Fig. 4.14 Number of cracks for each region as a function of time.
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Fig. 4-15 Maximum crack length as a function of time.
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Fig. 4-16 Maximum crack depth as a function of time.
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Fig. 4-17 Aspect ratio of the longest crack as a function of time.
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OS: Linux SUSE Enterprise Server 9 kernel ver.2.6

Compiler: Intel FORTRAN 10.1
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Fig. 5-1 Hierarchical modeling.
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Fig. 5-2 Crack distribution of real size simulation.
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Fig. 5-3 Histogram of crack length.
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Fig. 5-4 Aspect ratio when crack length reached 1mm.
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Fig. 5-7 Crack distribution from real size and hierarchical simulations at 1.0Ms.
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Fig. 5-8 Number of over 1mm cracks as a function of time.

Time t (hr)

0 150 300 450 600
€ 24 . .
£ — Real size simulation
©
= 18 |~ Hierarchical simulation
(o)
ks
X
g 1 T 1
o
S
>
E ¢ /—1;
3 : =
=

0 L : . .

0 0.5 l 1.5 2 25

Time t (Ms)

Fig. 5-9 Maximum crack length as a function of time.
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Fig. 5-10 Maximum crack depth as a function of time.
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Fig. 5-11 Aspect ratio of the longest crack as a function of time.

-81-



10°

A @® Real size simulation
10" || @ Hierarchical simulation

Computing time T (hr)
2,

_ Apax=2.9mm
| ¢
107 Apax=0mMm Ama=25Mm
10" Ama=4mm
o] Apa=3mm
10 20 30 40 50 607080 100

Width of simulation area L (mm)

Fig. 5-12 Comparison of Computing time.
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Table 6-1 Chemical composition of the welds.

C Si Mn S Ni Cr Fe Cu
0.05 0.58 6.98 | 0.011 | 68.27 | 15.03 | 7.00 0.02
10°8
s 1Y /
°
'§ 10710
>
=)
= 107!
&
o
10-13 j[
3 100

Fig. 6-2 Crack growth rate of simulation
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Fig. 6-4 Maximum crack length as a function of time.
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Fig.7-1 Predicted results.
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Fig.7-2 Constitution of test machine.
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Load direction

(b) Detail of A. (c) Detail of B.

Fig. 7-4 SEM images of specimen surface (250MPa, 96hr).

-101 -



UOI19341p PeoT]

(b) 48hr

(a) 24hr

(d) 120hr

(c) 96hr

Fig. 7

5 SEM images of specimen surface (250MPa).
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(c) 96hr (d) 120hr

Fig. 7-6  SEM images of specimen surface (210MPa).
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(a) 24hr ” (b) 48hr

(c) 96hr | (d) 120hr

Fig. 7-7 SEM images of specimen surface (175MPa).
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Fig. 7-8 Number of cracks as a function of time.
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Fig. 7-9 Maximum crack length as a function of time.
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