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1.1 AMBRAEASIFCE T 2 ZRHEAT OKEKERE

AIFFETHERE LT D AMERAENSSE (UT “U7 72 —=" L5gik) 13KkFR

TIN5y i« ARSI ES ERHEN TR Y, 1 A 7 14720 OFERIAM 4 1 £~2 4L L T,
350 °C~450 °C DOIEHLIEE, 10 MPa~20 MPa O3EHLESIZ LV, Bk~ 1k R iZBW»
THEIREEKBRE F CEMEGEB@ SN TWD. U T 7 X —0RARHFHES & B~
OFRMAEZ K 1.1 IR T . MEEM & 2 OBEERTICE, KFRRE, KFEHEHNE
£ 9 K FEMNER L OBER LIk ~D3HIE &, IR, (RIRWMES 2 U — i~
P, BarOmE LI L OKRBICHE S T ~OE MG PN ER I TEBY, Znb
IZEAT D Cr-Mo Sl EICHWHINTWD ., ZD78, ResfiD 2 m~4m, XLt
23 10 MPa F2 & & C O Ll )/ MR TIRED b FIEDOFZROMEHTIE, HIED 50 mm~
150 mm F2 £ D 1.25Cr-0.5Mo SFR S FIRE S TWD . —F, Keaaffh 4m i %,
REHE 178 20 MPa B O KRS Tt E DB s OFEHT I, BIE A 200 mm Z#8 % 5 2.25Cr-
IMo <> V Z I L7 E58E Cr-Mo Sl D#E Y = VR EICREI N TND. £72, &

NI BN ER SN, A—ATFA NRAT VLRI L D7 T v RROA—
— LA (WOL : Weld Overlay) 2SHW 6T 5

FRHEGBE%O Y 77 4 —kemE THRILISN, 72, VT 74 —a—F =k
BIRAEDORGR E L CERINDARNLBEDO ST & RBET DAY (X 1.2) 1280
T, 1.25Cr-0.5Mo #flD R R DK FEHE 2 F 4, 2.25Cr-1Mo #il D KW DK R
BEZRA, £, RBNREOMETM CTHDIA—ATF A FRAT VL AT
BKRFEHRE OO LT TENLIR L. 1.25Cr-0.5Mo i DK FERAEEHRE,
THNOKEBREIZB O THIEEROE N & LU CTHEEL L, TES CIXRSO ZIRERE
O VR TR %ﬂfb\%fﬂt TR RAARETORMXMEELTDH
ORI TV D, 2D ORERTIZ T 2R, 1.25Cr-0.5Mo # TII/KF R AEEIL
2.25Cr-1Mo #iTIIKEI EE N uﬂiﬁéﬂf% 0, V77 % —OKFHASEICERN
T2EBZHNTWDEID, MEHHM OME, 372 b RHLE SRR R E S
IZE o THERR->TND.



Hydrocracking and
Hydro-Desulfurization Reactor

Heavy Oil + Hydrogen Long Term Continuous Operation in
g o High Temperature and High Pressure
N\, .~ Top Distributor Tray | Hydrogen Environment

A€ Inert Ball - Operating Temperature : 350 ~ 450°C
Upper - Operating Pressure : 10 ~ 20MPa
Cat. Bed - Hydrogen Partial Pressure : 10~ 15MPa
Themiloge“ l<— Cat. Support Grid Material Selection
Q[‘LZ?;]OWZTI |« Distributor Tray * Resistance of
- Hydrogen Attack
- Hydrogen Embrittlement with
Lower Hydrogen Assisted Cracking
Cat. Bed - Temper Embrittlement
* Suitable of
- Tensile Strength
Thermowell - Creep Exposure

#|<— Inert Ball + Corrosion Resistance

- aged Outlet (Austenitic Stainless Steel Weld Overlay
Light Oil (WOL) or Clad)
+ Hydrogen Sulfide - Sigma-phase Embrittlement

- Hydrogen Embrittlement
- Stress Corrosion Cracking (SCC)

Fig.1.1 Basic design structure of typical Hydro-Desulfurization (HDS) reactor
and required performance of materials

Attachment Weld of Nozzle
(Crack-like Flaws :

Creep Cracking,

Hydrogen Assisted Cracking,
Hydrogen Attack Cracking)

Cracks in Gasket Groove O

Attachment Weld of External

(Cracks due to
Stress Concentration)

Cracks in Attachment

|
[
[
% Weld of Internal o
Hydrogen & ]
Sigma-phase [ i Boundary between Base Metal
Embrittlement, SCC) : ')ﬁ'd Weld Overlay (WOL)
i ¥ (Hydrogen Induced Cracking
|
|
|
[
[

(Hydrogen &

Sigma-phase Embrittlement)

o

Main Weld Seam ,(;}_,-',,” - & Disbonding)

(Temper Embrittlement, | i Q Base Metal 4.
Crack-like Flaws : i (Temper Embrittlement, % |
Hydrogen Assisted Cracking, :

Hydrogen Attack)

Hydrogen Attack Cracking) !
Weld Overlay (WOL) or Clad
(Hydrogen & Sigma-phase

(Creep Cracking, Embrittlement, SCC)
Crack due to Each Component
Stress Concentration) (Fire Damage)

e

Attachment Weld of
kirt

Fig.1.2 Typical location and type of damage for oil refining reactors

after long term operation‘!-')



111 BE - PFERBRICBIT 5 KEZREBEORFE

KFER AL, Nelson FRX DG 5370035 K 9 ITKBIR B PEIL Cr, Mo, V2 RHE L
BRI OBNEETHEERNT S Z LI VIRET 2 2 &i%ﬂ@%%mfﬁb,%
BRI, KFREILEIC C-0.5Mo SRS & 2 DIEHFF OB AL (HAZ : Heat Affected
Zone) [ZFEAEL TWHID. LnL, 1997 FRIZTIAT S 4172 Nelson #RIXIE 5 iR TIIBR S
ICEFIT2WN D DD, 1.25Cr-0.5Mo #1722 4288 C DK E R BHREFEF Y 3 fildd S Tn
LW AR - RERER mw%nfwélmaoﬂmﬁ@m MR EPIEIE, C-0.5Mo
o & [RlERL HH%L&K@ﬁ BWTA—AT S A MEREND OBHEEE tl
L 7= & J@ #R% oo AR iE ;ofk%<%@%xﬂm,ﬁ TR O HEHE DR T I
Nh&ﬂrMW%ﬁO%%A~74bﬁﬁ®$&ﬂm HMREBMEZ K& LS Méﬁé
ZENHBNTNSISTD,

BARM A TR b IKRREBEGOL, ST RE & B O EERSE; &
ST [E R U T2 KSR & DORSIZ J:é%&/éﬁk ZPES, PR (Fi) Miikds L OVAER L -
AR TANRHA—AT FA MR > THRA REEH (A2 N\ T ) AL, &
BN = 0L — 35 KO - JIEE DMK T2 OB TH 5. B OKFRREH
HEOEITRREAZBRANCE Lo, K 1.3 (a), (b), ()D& 9 IZHEEOMEI T /:IZ A
ELTRTZENTES.

ATV 1 AXUNRTNAOFRE (K13 (a) : IR ALTEBELZAFE E A
VHEA NDOGIRI L DRFBIZED, R A X U NTARERTH. AT )L
WZCEDAEUTEARA RPBEMCHBIET 5.

-z?~92°9m747V¥~A®LF(ﬂlﬂW'%&Vﬂfw%@%L,%

TBIELR & > TNERICHEIT T 5. IEOIR Tk b K& BT 2 BEE
%T,i?m74yv¥~®ﬁki0%ﬁ®%é;iofi@%@%éﬁT%%k
59,

c AT =V 3 Y AKX —D3E (K 1.3 (c) : BN AME IS D IEE BN ER
B UHANERE L, REIEN L 72> THND. £ OJELE ;iﬂﬁém-m%%ﬂﬂ%
5. 74 vy —%& o THEHA~EITT 5.

@%ﬂifmz%fim MR RN DI O BN 2 &ﬂﬁ%ﬂf%@“w 5278
BWTHRINAI /oA —F—DA X U RTNVEERET, iAo 7=

?~7@%M®%m%£#5(ILM RGP B Tl HAZ HURDIk Ok it - 72

Rm Ty I RREL, TORABMOBREENY I 1T Ty IR L, EHERTFO
WIESm~HERT 57080, (KT - FIER S Z B TKF A T OE#ERORSMREICE
WCHBERIFMERAE DR G L 72 5.

ﬁM&@%W$¢mzwwfm%Tﬁ“é@ﬁ%f@ékm e Gisy) R
B S ARV R D HBEITET TS, LA, Nelson AR , IRIIZ R R D ER
BE L KBREEEHT S Z LT, KFBREOYH B T%élﬁ BUIBAZ L RT



NOFEERGIET 52 ENTE L. e, WHEMFICK L COIESRAER O H% 2L
P (PWHT : Post Weld Heat Treatment) Dz bl & V) il fafn 78l 1 R 38 & 228 72 IRAL 4D
WCE LS D Z ETCHAZOI 7 v 7 7y 72 #E T 509, 7272 L, Z @ Nelson
FREQODE, BB BER COM Bt O S ocF, BB X OB REERE T o
PWHT S L TV D DI TRV, LA -> T, ERICBWOKEREO EEK &
78 o T B & VR T: HAZ OZRERRRERE & ATHURILIZREIC L 0, (AT OKF#ER
B OFARHCEEOMEITIEBR 2 TR 5 720 O F 7= 2t HEME G FEALETH
D,

High-temperature and high-pressure ) @

hydrofe@virumu @ @ @

Dlssolved hydrogen
H )

Steel

Cementite
(Carbide)

@ Decomposition of carbtde Fe;C — 3Fe + C
(@Methane-generating reaction : C +4H — CH,

(a) Stage I : Generation of methane bubble

AAAA NIRRT
SARARAARRRANRY

(b) Stage II : Connecting to micro fisher



(c) Stage III : Generation of Blister

Fig.1.3 Progression of hydrogen attack damage in base metal!-?

Fig.1.4 Hydrogen attack damage in welded joint!!-?

(Microcracks along grain boundaries in the coarse-grained HAZ with bainite structure)

1.1.2 BEAFBIIE T 2 KRIREN DR

KREHEENTH D AN E O E SN TV A AR KRIL, 26 FERH%Z ) 21
7 L7z 2.25Cr-1Mo $BLFERE Y 77 7 X — OfFRFAECIONC LV, £ O FEERR ISV T
KD 70—k — L&A LT T 72 =Dy %y hF TP A 7 VI L TR
BORICHER L7cb 0 L HEER SN, TOMHEITHFEHZ 2L T\ D 2 & bRFEMEMEIC X
LZb0EEINTND (M1.5). —Fh, AI—DU 77 Z—NEAT LA WOLIZE
WC, EHEERFIN A & LTI RIS B OIRT » R4 Mk - TR
L7z L HEER SN B ZMR R TC, WOL &R OBERTERE L TV D OB HERS



M, BB ROERIZE Lo LHESZ (K 1.6). T DOFARRIC
KV, FEBHROBEXRM (HAO 7 v —FR—) &, Wl AT L X WOL & RE#f
DEFRTIER L TV RZRKME ZnEnfmR e LT, TEEER (FATT = 89 °C,
CVNus = 81 J as received) & FEAF (FATT = 59 °C, CVNus = 271 J as received) (ZH Tk
FOERNEROFENHERINT Z 00, KFREENERIUCKIEFT Y 77 2 —fit
M OEEESIR & RO 2 v L & — BRI OE T e b HEIMEO SR OB RE
INTWBH W20 = =4z - FATT (3% & R (Fracture Appearance Transition
Temperature) , CVNus | _EZEB# (Upper Shelf) TD 3 v /L & — LI = R /L % — (Charpy
V-notch impact energy) T& 5.

EREDFRRTAAEORLRER OB FEINZ I T, 2.25Cr-1Mo HiELY 77 # — DT
X, EFIEERFORE, KFBDELPHE LTI T 7 ¥ —BEFITIR AT 5% mass ppm A
— X —DIKFED, Vv v MU URFICERE CRIR L7RIE CREPIZER L, KFEBE
Fl o, Wil AT > LA WOL OFIEEEII 7 £ OKRAWarEREZ 5] &k 24 mTReE
BRI SN TS, 207, VT 74 —OREMRAETIO X 5 R BEMRK AR S
NG, FORFmaHE D 72912 API 579-1/ASME FFS-10-12, HPIS Z 101-10-13),
HPIS Z 10120972 X O H s MEFEAL  (FFS : Fitness-For-Service) FiA% % 1 H 921213,
KA EFINIEA (Initiation) D T RIS DILREREK, y D EBRIZMENLEE S D.
ZIT, HEROZETIE, ZOXHIRV T 72— vy MU URHTERE TRIE L7Z
R CREI IR 3 2 KB KB REEIN O FERK (NIEAKFEBEHIIL (IHAC : Internal
Hydrogen Assisted Cracking) (-1519) L35 2 5531, ASTM E1820 HIAZ-DZH#E U CERL L
TR &2, A — b7 L—7 OKFEH AMEE 99.99999 %) WTU T 7 4 —DiE
AR & A O S K RIS ERHRE TS 2L TRKEFr—200L, ZOE
BITKMT D2 LT T 7 2 —HEPITIREE ¥ % /K FE 2 FAN AR ~ B 5 L 72 1%,
KREHF CTKy ORBRNFER I TS, ZOKBHEENFARRIZIE, T4 70
— R Tz —v g AECOZEA L, FANIKET v — 2 U EEErEaE A 2 v
TeRAF T4V 7a— FEB TR O D ME-ZEA 2, FANCKkEF ¥ — LT
WZRUWMBERI MR 2 W RKF 74 V7 e — Rkl (2 (Reference) #5R)
T LIS ff -2 AL gl > H A BAA 3% 5L (DP : Deviation Point) & L CEHR S
TW5. ZODP TOMEZHWTHE L7z ASTM E1820 Bk IZ X D K& KRB EH
I D T IRFUSHIERBE K g & LTV 5.

FEHE 2.25Cr-1Mo $RELY 7 7 2 —BUEL A U < fEEBHITBEALL - BER L, 8 Ko
PWHT OBULE A L7-1%, BER LMeindEalie LTmon Tk, MERERZE

(CMTR : Certificate Material Test Report) (ZHBWTERINDH AT v 77— 7LD
ZuE U CRER LIt 2R L7255, 2 FRHO R 5 J-factor ) O HEEA OB M 13
FATT & L TR 98°C /e » 72020, Z Z(Z, J-factor (T 2.25Cr-1Mo SHiREES D M4 556
2 X DBER LI LESZ A2 /R /3T A — % C, J-factor = (%Si+%Mn)(%P+%Sn) X 10* T



b5, ZOX IR D 2 FEOYIVEZ B U730 b 2 B aEE MR i &
BEL, BB ~DKFEF ¥ —VICIV I T 72— vy MU URFICRIEE THRIEL
ToRRECRENI R T D KB H BT 5 L%, 20°C TOKRKT T4 V7 m— Rk
BR7)™ HAF B AT A HE-nf BRSO iR A 2 FEGRER O dh it & bR L 7 RERO20% X 1.7 1278
L7z, FANIKFEF ¥ — 2 LB R O E- A EAEM ML, Wih b SREBRO
HifR S Ol (DP) &L, —76°C @ FATT (2%t L CTK;yl% 42 MPay m, +22°C O
FATT (Z%F L CK;plE 30 MPay m &SRO OLNT WS, £z, VT 7 X —OEFEIL)ND
Y v AT UBMBRONE AT LA WOL & & T 2.25Cr-1Mo > = VA JE 51 D
IKBIRESAT OB 2 BETIC LD I 2L —b L, Yy MU UBRME 7.5
REfT s L O 15 B2 380 T 2.25Cr-1Mo #f o = /LN 1l Tl 2 mass ppm~3 mass ppm
BEOKZENEE L TV AFERNE L TR YY), FIRNIR Lz BRk Oz
LK BREDGHMELZIERGELE 2D L 2R LTS, 2D LI ,%xwﬁ
eI g, U7 7 Z—3 v v hE T D 2.25Cr-1Mo $lEEH O THAC J& A 4KHTIC K
TV L E—EHBEEOEEDHERIN TN D

—J7, $EFD 2.25Cr-1Mo #lIC V%ﬁMLtmﬁﬁQmmmf%ézxaqMovﬁ
DY T 7B — = VR T A i U 7o iR 1200 & A R A 2 B L
2.25Cr-1Mo S RIAF & [FIERIC, FRTOKFETF v — P HWIZL D 20°C TORKHF T AV
7a— RRBR DA OV E- 7 1 Ay REGLHIHRZ e L 72 fE R A2 X 1.8 1T L
7o Fi, FBIZIE, [Fl—{E TOSRRBROMEMREN & D72 & RER% Ok i D%
KBIRE D Z = LTc. BAERVERBR R 2 FANCKET ¥ —UT52 LIk o T,
R ORIRIE 2.25Cr-1Mo SR D56 (X 1.7) DI L% 3.5 500 EOFREE KRR E
272> TWBN, 20°C TOKRKT T4V 7 a— RRBROME-7 1 A~y RO HHR
B L OFE W ETOSBERBROMEMREN & DEITIZDP NRBDOLNT, VT 7 X —
?y%ﬁ&yﬁwnmcﬁim#ﬁbﬁgﬁw L7=M -, 225Cr-1Mo-V #f U 7
7 #—|Z FFS B ZEAT 51213, V7 7 ¥ —EiROSRfRICBIT 25N ERNEZH 5
ini:ﬁ‘%)%%bw}bé.

2mim
___._).....( — Propagated Crack

Original Defect

Fig.1.5 Crack in the reactor girth weld seam-!>10



Longitudinal Direction

Thickness Direction

Weld overlay

Base Metal

20pm
1

Fig.1.6 Cracks in the stainless steel WOL on inside of reactor(!->1?

2.25Cr-1Mo steel 2.25Cr-1Mo steel
Low toughness base metal High toughness base metal
(J-factor = 292) (J-factor = 95)
soot TS = 648 MPa TS =610 MPa
FATT =+22°C Lot Le**" FATT = —76°C
(After step cooling testsl." '." (After step cooling tests)
- *
500+ ‘r' "'
’ .
L ’
# *
" f‘
. 400 ’ g s None-hydrogen pre-charged specimen
2 " ¢
x i ." —— Hydrogen pre-charged specimen
E 300} ',' 2 (12 MPa X 420 °C X 96 h)
¢
-t s () : Final H, content, mass ppm
200}
K, =42MPay"m (2.1)
i
L
b K=0.0005MPay” m/s
N @) Slow rising load test
. K,.=30 Test Temp. 20°C

Load line displacement (mm) 1mm/56hr

Fig.1.7 Comparison of rising load test results at 20 °C in air with and without hydrogen

pre-charging for High and Low toughness 2.25Cr-1Mo steel base metal‘!-2?)
8



60 — — 0.12 £
K =0.013 MPavm/s i
Rising load test § 2.25Cr-1Mo-V steel welded joint
50 | Testtemp. 20 °C Jo.10 8 TS =701 MPa
. 5 FATT= —42°C
é Hydrogen pre-charge conditions:
L 25 MPax450 °CX48 h
40 -1 0.08 £ Reference test:
,g None-hydrogen pre-charged specimen
E E Hydrogen pre-charged specimen (12.1)
Q-: 30 | - 0.06 E Hydrogen pre-charged specimen (10.1)
= ) g
g j: = = = Difference in load line displacement from
— % reference test (12.1)
= . . -
L = o = = = Difference in load line displacement from
20 0.04 § reference test (10.1)
g () : Final Hz content, mass ppm
=]
10 | Nopp| 0.02 =
& Q
4 51
s =
______ No DP 2
0 e A 100 2
]

0 0.5 1 1.5 2 2.5
Crosshead displacement, J, mm
Fig.1.8 Comparison of rising load test results at 20 °C in air with and without hydrogen

pre-charging for 2.25Cr-1Mo-V steel welded joint

1.2 KJE - PEARICE T 5 KRERBEOHE AN OBRE

FMERT T OV Yy N AT F U ATERINTODRE - FIER SR Z
SR FM T OE ISR O KRR E OB EFHM L2224 X 1.9 1R Lo, BLH o
N COKRFREBEEGOFERFE T, KFREBEGOFEIEETEREGHBR (UT:
Ultrasonic testing) % & L2 FEIEMRAEIC L VRSN TV D, BMIZBIT D A X N
TIOVERR OB L, % AL 1A (Backscatter method) (2L VD HE LM TE 5
ZENERINTEBY, o, WEHMIZERT L Z LR TFRISN DEERFICEL T
X, 7 U —¥ 27 7 x=—71k (Creeping wave method) (Z K DEEENFTH L=, =
Nod UT FEZHH L, BEORENHESLTND. £, 2O XD kEREHR
HOH DM EIZ PAUT (Phased Array UT) <°> FMC (Full Matrix Capture) /TFM (Total
Focusing Method) & W\ o7z @ L L7 UT O H b ET S v Ccnsd. —F, 1587
HIFHAIZ BV TCIE, RES GO RBEm DL 7Y 17 4 /LA (Replica film) %,
1.9 (@A R T HIEIC LY, AF AT 1T — b THRERIC L > TRILY % 45
B - it 5. 20k, Cuz¥—% > MZ L7 X#REHT (X-ray diffraction) 125 ¥ FesC
SRAC) & MosCo IRAL D B & 5 WMTIRA LB B — 2 BRE S v . i o R
W = NI BRENED N LD T, IRE LT 258 3R S 28 Ak



52 LIZXD, FesC BRI & MusCo RAE ZEEILL TS, 22T, V7 U DE
2R > TRIL 72 RAbIL, @ OEBMMLEE R URIEMIELNDLZ &% X
FEIHTIC L > THERE L CTWAED, N2 T, [FERICERIRRL7Z V7Y 17 4 )V LD SEM IZ &
% X 7 v AR ER T, AMORHRE BERE T O FRE IR 0O vy B EE O AHIE T ELIA] U 7o 28 RERE Ak
DIXLOENRROLI, T 72T A4 MNXATFA N, 7 =4 M= 4 FEBX
I 7 =4 NXATFA NN—F 4 MEGHEIRICODET 22N TES. IV =
TA N, AT A FBIOS—=F 4 MO mAEFRORIE 75T ASTM E-112 [ZHEHLL
7= #4315 (Intercept counting method) CTEELINTWD. £/, HAMEI RS TIE,
% 3 Wil Nelson #R[X % 20 J5 e[ OEGRRE & 5E L, Nelson #RXH D C-0.5Mo HilFFfH]
KAFDRIX % Larson-Miller B CHTfEl 42 Z & C, BanOEIREET, K, KESE

Py,, MPa I J ONEEERFHt, h BB LIZKRRRENT A—42P,z2X (1-1) 1T L9
IZIREL TND0, X512, K19 DA TOX (K 1.90b)B IO 1.9(c) 1F, KER
BIGUEE A Z AR TIVOERKBR & LT, ZHICKIETEREMM B L O OFEHE
DEBEIZONWTERD EEDEMETHD. ZNHDOKTIE, RAEMARERICE TS
R—F 4 MEEES L0 X BREPTZET 5 2RI TIZEHD D MxuCs IRALD O AT #R
BRIETENZNEH L TWD. LW o T, ARG OMERSEHMORER 7 Ch
%P,/ T A —H OFEAE AN, WS FHEEBN T THLILT I D7 4 v A% VT
R—=F A MERROEREEORERE FB L O X BREPTIZE D MxuCo IRAL O [RE RS R %
Bz znEn7ay hT5Z 8T, AXUANTIVEROEELHET L ZLNTE,
FIRABBR E DI ENE A X AR T VAERIRREE Z Tl 5 2 LN TED.

P, =10g(10.20Py,) + 3.09 X 107*T(14 + log ) = (1-1)

Loy L7e iy o, FEEEMRAE TR R4 FAETE 512 L O KERBRED
B HRECFR BRI+ 7 BN 72 <, Fi2, VT 7 X —WNREIZIZAT > LA WOL
HLLIEZ 7y RBESITWATD, InE&FRE TV T U 7 0 )V AR EREUATHE
YT A —EAICIRESND. — 05, VT U BT 4 VAPERENZHATH- T,
WINT 7 =74 NERS SN—F 4 MEOEIS L P,/3T A—2 OFBRK (X 1.9(0)) X
EIRALI T OBLIR MasCo IRAL DOEIG LB,/ 3T A —2 OFEBEREMR (X 1.9(c) &MV
KFREEGEDOFE TIE, A Z NI ADERPRETEHERE LTEY, ZhLE
DOEEOHEITIHFR IS U A RFE I D 2 ST, Z07d, A X N7
IV DAERLDE DFRAL DFEAHECH T &2 BT 2B ETHLINTHETE V. &6
12, WTFRICBWT OO NIRRT IC D HEERN S HIE AR T, /-, 8
S OMETIFR IS U 7o AR DR L 2 T T & 2272 8, EEAME 0 4 8T
DELEER L OO E R RFAMIITE > TWRW. T72bb, KBEATOES
FERR OHERFE BLO 72 O O A MR 217 5 £ T, #ER OREHEE & IEESMIC L v K
FIZEDPFEAET DAL, HERN L &@HE T 2720 0BEET I 2 —Ta b,
BEOHEITIRFRITIE U 7o IR D2 L & B 18 U 7 IR B 080 40 BT 0 B0 E
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Fig.1.9 Typical hydrogen attack damage evaluation method during reactor shutdown maintenanc

BXORHEZTHT D720 ORFEMTMENLETHD.

Microstructure|
observation

By replica film

@

* Operating conditions
! "W Py, : Hydrogen partial pressure, MPa
ey T : Operating temperature, K

t : Operating time, h

M 1 ultrasonic testing
(Backseatter method,

Creeping wave method) o = 5
TOED, PAUT, EMC/TEM [ (,a'lculalmg' Py param::t.t,r
Metallurgical Picking up \ fe= log(10.20Py,) + 3.09 x 10~*T'(14 + logt)
evaluation of precipitated =
ydrogen attacl l'“"b:d" “ - ; I-',valuatliolnl of hydrogen attack
i ] susceptibility
""""""" i Methane bubble generation limit

By X-ray diffraction

6.2

(a) Extracting **
method of the #
carbide  ©

ey
olz_
-3 kT
ok
al

- proentectoid

parameter

T M M
Area ratio of | {4 | & . gd’ &
microstructure [~ o, s o 8%a
45 oo L A, - o
5 Diverge Bog O
By intercept counting method ¥

v P g peadite (p) | ] b & R T T T
L o3, Mt

Percent Pearlitic vs. Bamitic, % Percent quasi-M.,C, vs. Fe,C. %

(b) Correlation between percent of pearlitic {c) Correlation between percent of

strueture except for pro-cutectoid ferrite and  massive M23C6 in all carbide and
Pv parameter in the collected sample Py parameter in the collected sample

1.3 BEAIRITEIT 2 KRR OML AT O RE

U7 7 & —0MELE LT 225C-1Mo-V #ll2MEH S5 L 51872 > T B 25 4RI
72%. 2.25Cr-1Mo-V #illE V OREIRINC & 0 B ZE IR TV 0 A RAC O H %
flRde U, FRFMSIRIME & @R 7 U — 7 9REE, MR AR EBREREOm BRI b Tk
DD 454 °C DY 7 7 X —FHREICXI LT, 7V —7RKFREORIK L7225 &k
FEHHEHF DR DOEAL (FesC BLRAL DB MasCo BUR LI ~DZEAL) DL T 5
AIREPE AR D TIRW Y. FE 72, 2.25Cr-1Mo-V #HL Y 77 7 Z — O fgtrizt T, MPC (Material
Properties Council) Omega 77 V — 77— Z (125202 5% | HHFicbiz b B TOm
IRIEROERR 2 AE Lz 7 U — 7 a2 Tk v, (&R H RS (UDS : User’s
Design Specification) THiE S 415 425 °C 15 OIEHREEE 35 K O 30 4F D% 57 Fm 12 %f
L CHa Rt E R o 502D, — 5, VT 72—k - BAERI CTdh 5 AP1934-AU1)
TIE, BT ORKEEH4EIRE (MDMT : Minimum Design Metal Temperature) %
—29 °C ITHIET D720, WHEGRICHT 5 v v /L E—EERIN T x/LF— (CVN:
Charpy V-notch impact energy) DERAE% —29 °C T 55T/ fe/hv48 T LI L& LT
D, LL2RRE, ZOHEREE 2.25Cr-1Mo-V S8 Y 7 7 &2 — Ik T o K EB R
NWHRARTI~OBEIIA O NI TE LT, RIERFOBEHESE D CVN OEREDS,
VT o8 —24— K7 v7 ORFMAGELE) FHKFREFNZ D132 720 O AR
JEIRE  (MPT : Minimum Pressurization Temperature) (29O ffEHT<°, EHEIRH 3 L OV
¥ v MU ORFMAGIRIE) DK RBIRFIN A BT 5 72 DR MER % % & Tolsts
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s DESE ORI EICEEM T S Db Tidewn. &5, fHHYO U 77 X =Ko
IS, RS, KBRS DOIBIENEMET, MAKBBREIUVIEL TN T 2 720
ik - BREE L UfEIC SR, 32bb, RO U T 7 X —OHERFE DT
HD MPT SRR FM DN 21T 95 LT, ED KD itz & o X 5 ekt
T RENEYRICTDOLERDD.

1.4 ABFFED B LR

ATETE T2, AIEAEARRICBOT, KE - PE, BLXOEECCTEMEAT
@%ﬁﬁﬂﬁ%ﬁoif@ﬁﬁ%ﬁﬁbt IKE - FEAZR T, T OKRBERED
FAERFOREOETIRRZ THT 2 FIEL ML T 2 LBEEIN RSN, £, BER
ZRCIE, BEHSMET COKBEEFINIESL 2 3H 3~ 2 RERIE O ML AT T, il
DN RFMAFHIFE BT 2 LEMED R S

AW T, F IR - PIERZRICI T 2K FR B O M B ML O FFE 2 fif ik
T 572, 1.25Cr-0.5Mo $lifd Y 7 7 Z —Zxf5e & L C, KFREIC L DGR DHE
GIZPE D SIIRFHE DRI 2 M LS b, IREHHEI O BT OERHERL L O
R 2 T3 572 O ORFMFMEEZHELT 22 E 2L Lz, 612, RIER#IC
%f LTI 2.25Cr-1Mo-V $fifisE Ry 77 ¥ —Z&xtge b L, fHFIcA T WD Y 7o 4
—BEROIRE, IG5, L ONEBIEKRIRE O 21T 9 2 & TRKBBREZINER % ¥
el L, ST CoAEEBNEROTERRIELZ LT 52 L2 L L.
K%&%Lmbfﬁ%htm#m%mwé &T, VT o 2 —RUEB T ORISR O
NP3, ﬁ%¢@mf%ﬁﬁh%$ﬁ#&%@&@%w ERIEEE, 7o O NSk~
DOBATOFREMEICRIF T B OV TH O NI T 5. LEoREREZEE 2, K - FE
ﬁ;wﬁr@aﬁﬁimrﬁzﬁwmﬁ§¢hﬂkiU&%L R R B~ S
% 120 ORRIE S % O 7o ik it B L OREMIIT It 2 BRIEDIRE AT 2
EERmEEE LTz,

A L DORERL IS L OMIFSE @ﬁﬂ%ﬂlw:%?.

B EEIARRLOES THY, V774 —ZB T2 EMEHTPOKEEREE LT, K
J£ - RIERZRICBIT 2 KB REERE, &F E% BT oKRFEHRENEZET, b0
FEBIZ DWW TR TW D, AT, Zivd OREHEMEFHT O EZ 5 L, RiF5Eow
FPE & B &Gk LT\ 5.

92 ETIE, KT - FIERAAEIEH B OKFR BRI L AWM OB ERRS T 5
SRR E DS L A, R 1.25Cr-0.5Mo SIS & Z DA T 2 xR KF R A
HERER A T L TREEL TV 5. AT, &I - FIERSORFHERKE TH 2 oD
REHG T LB T, KRFRBOBEEITICE O SR OB Z T 5 720D
KRFRENMHERER TIE, SIS 2 AT D&M L AR LRWEEDONT U T H I
FIRRRR DR G RIZRICHIINT 5 Z L &f ik L T\ 5.
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93 ETIE, BRHIUKFMH FOIRIE « RIER S EM B ORI & taEEk T O RFmAT
i~ KR EFIEDTE ] 2 MEE L T 5. EBRAICETN S 1 7= AR AR o485 o 1
DCEE D BIRFE O RS L E KBRROTHEHE & L CHRESHEE (FEM : Finite
Element Method) ¥ = L—3 g U~ L, BasOiXetidE & EIRRMITn U251 8E
FEORRFHIT 7o BKFRBORFFmIT, HAREF OIRE LIS TREZ O 4 L 45
15D RFEIZ %ﬁﬁf?ﬁ%%@%%ﬁ%#é ETfTENS Z LA LTV 5.

94 ETIE, BERIIHR LT 2.25C-1Mo-V FiggiER Y 7 7 ¥ — xR b LI-/KkHE
ESNERNZWARKICT D720, A4 — T v, EFEEBIOY ¥ v hF T 25
HENDY T 74 —TEEROF/ AT — DICBWCEERICAE L HIRE, 67, Tﬁém%%
EREEMATIC L > T2 b— L, T OKRFZESNEER 24 L.
LC, M T ToKEEEFRHLOFMRER 2 Ehid 2 729, %mbt%@l%
TR 5 5 RBRE L T ORBRE AR LTV D,

B 5T, EEAICR LT 2.25C-1Mo-V #7272 — %ﬂ%&bf P&

VEEE [ T@%ﬁé@@ﬁiﬂfﬁ%¢®m%%ﬁﬁh%$m#a%@%®%w I,
72 5 N 2UHEAEE~ DT O ATHENE 1#%@%,£%%@%Ltzﬁﬁwﬁiwﬂ

@5%%%%&uﬁ%*@?f®%$%§%ﬂﬁﬁ@ﬂﬁﬁ%%%%LT@%LTD
5.

%6 TECIL, FEE T LB T O KFEIBEE M 5 72 O R FH it & %
i UC, RE - FIERSS RS & LT RAS 1.25Cr-0.5Mo SRS & & Ok T DO /KE R
BN T b N AR AR OGO HINI A © 5l RFrMEDORRES (L, EER# %
%Gl Uiz 2.25Cr-1Mo-V SiEGERL Y 7 7 X — VRt I S0 F CokFEE R
R ORHE R E 2B L CE LN IBPEZ ZNEIUREEL T 5.

BTEIIMRTHY, AETHEONEREZRIEL WD
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E£3IE BE-DEBRICSIIKEREDEEETOIIIL -3
O KRS BRI 2MAARMIEMDIEECL 50T HREDEHEET )L
O HUES 1L -2 NDIKRREBIFHEDER
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£ 4E SESHROUAEHAT TOKEBEREINENFMER
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© SHRDFIEMFICHIDHAPOKFREREINFELEIRR
A= NPYTRET KRB REINFEA ST
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- RIENERE DFREDHDKRI R EINIKHFAMEKER
BUFESBE T DI v)LE - BT AP OK R RENFEEIRTORR
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Fig.1.10 Structure of this research works
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%2 E KR - TEFFEGHEIORM L BT ICRT 5 KRREBEORHIKT
P & 5I5RAFE D BESR

2.1 WS

FEHUKFMA T ORE - FERSREEMBHI B W TRESE O KB R B HEHUIE O T T,
AR UNTIVOERBRE TExG L LTEY, ZNLBEOBEOEITIRRIZIS U
BAVRFEIZI DM STV RN I ERHETH D . AETIE, KIE - FIERSHEEM
BEOKFIZ BT X AR OB GBI T 5 5 REEEORIELL 2 LT 2
ZLAEHME LTZ. 22T, B 1.25Cr-0.5Mo S8R & Z OIRBEET 2 R ICKER R
DN ERER D & FEh L 7=

2.2 KFERIMERR
2.2.1  HEAE

FEF 1.25Cr-0.5Mo SRS & & OEEHEE T 123 1T 5 KBRBEE O TR & 519RR:
PED LA BT T M ELER O R TR OB L GET 522 L & LTz,

Gooch HEZ LV EELEINZHX (2-1) TH X HMD Cr-Mo-V #ld 7 U — 7 54tk
JEHR 2 RAE T A e 36 D 28K 7~ (CEF : Creep Embrittlement Factor) & 7 U — 7'
Wi D BEIFRED 2 [ 2.1 12R9723, 1960 AFARICRGE S 7u7z 1.25Cr-0.5Mo #i#iik O CEF
EIERBEZ 0SS BEICHD LB LN TS, FEADLCIL 1.25Cr-0.5Mo FFH B4
5 (HAZ : Heat Affected Zone) O 727 YV —7HBEICKIFTHFEMEITLE OB ZRHAEL,
PR U bick L Tl b AERP N7 U —T7HEICH LTI EREL 2T, hao
TSOhDOHFMAEETHDHZEEHALMNILTWS., 22T, 3 M oO— L LT,
2. IHEM B O 2 R & 9 12, Sb IS & CEF i & LT 0.15 24> 7= 1960 4
RAEEESAAR (LLT “15Sb #47 L GFak) @ 50 kg fRUEMIE 2 Ry iE L. £/, Fal
DFIR OREBEAF O1R)_EIC X D @i Z B LT, CEFfEL LT 0.0l LT~ 7-
1990 AR (LLT “FSb#47 & Feak) @ 50 kg A4S 4 FEHR == i UALEpr Bt
L7

CEF (Creep Embrittlement Factor) = P + 2.4As + 3.65n + 8.2Sb = (2-1)

2, 7 V=T, IHA— AT A MRIICAMB R DMENT T 5 Z Ll ko T
A U D RIFEREE DR T2, @RV LI iRE B2 RITTHETHY, SbD
R FURAT OIIFNC LV 7 U =T WAL BB SN D Z ERNHE STV HE,

B D 50 kg BRIGHBEZ E S 20 mm OHIRICEAFELE L, ASME BPVC.ILA®YDH}
BHRIEUE 205 72 7 BVLBR S (X 2.2) 25272, 22T, #EMIIkERAEEBED
AT KT TS BMAM O BLZIET 5720, Jex 720 LOWEEE % 1 °C/min &
LTCT7=TA4 b"—=T4 MR E Lo, F72, BRI (K 2.3) 13HEE ¢4.0mm O
BT — 7 Vs (SMAW) A L 2 SRR 7 CREL 7. 2 21C, ZoBERRk
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VR T AR 24 ER 22 ICENENR LT
Heat Treatment) [ZinfEE FI1Z

BIREMEEZ RS E L0V LBMBN TN DD,

R PE% BMLEE (PWHT : Post Weld
BT pidafzE@iE C 2 ZE R IRACICEAL SHKFER
BUEIE 20 mm & ER O DEEE £

ETHT LT, EEMTICLD SWKBRBRES AR 5T 522, 22T,
IRJE « TERZRORFEWEHIMICHZ Y 5 ASME BPVC.VIILI®)TiX, HRED 16 mm LA

T P-No.4 OEE O JE J5 28R EEC

19905~ 19605~
NEW REACTOR‘ ‘ OLD REACTOR

1.0 (s

Normalized rupture elongation
(550°C, 1000h)
=
=)

0.4
0.2 .
00 Ll | il L 1 J
0.0 0.1 02 03 0.4
CEF =P + 2.4As + 3.6Sn + 8.2Sb (mass.%)

X LCTPWHT Z 0 ZH E L TUvRu.

| @ 1.25Cr-0.5Mo steel
1O C-0.5Mo steel

Fig.2.1 Relationship between creep embrittlement factor CEF and normalized rupture elongation®?

Table 2.1 Chemical composition in 1990s simulated (FSb) steel and 1960s simulated (15Sb) steel

(mass%) (N, O : ppm)
c Si Mn P S Ni Cr Cu Mo Al Sb N [5) CEF
FSb | 016 074 061 0009 0006 001 140 010 056 0025 0001 52 7 0.01
15b | 016 074 060 0009 0006 001 141 010 055 0025 0016 55 12 0.14
920 °C
50 °C 50 °
50 °C/h F.C. 50 °C/h 650 °C
EBiE — F.C.
500 °C
3h 5h
<N> <T>

Fig.2.2 Heat treatment conditions of FSb and 15Sb steels
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500 mm

20 mm \ /
Thickness Rolling 120 mm
Z’ Width

Fig.2.3 Schematic illustration of welding test plate

23mm

BM Weld metal BM “

wupz

16mm

ot \;; Back plate (%}

65mm

wwg

120mm

Fig.2.4 Schematic illustration of groove configuration of welding test plate

Table 2.2 Welding conditions for welding test plate

Specified welding conditions

Welding process Shielded Metal Arc Welding (SMAW)
Pass 1-12

Preheat temp./Interpass temp. 153-215 °C

Amperage 165-170 A

Voltage 24-26 V

Speed 120-200 mm/min

Position Flat

Post Weld Heat Treatment (PWHT) None

2.2.2 KREENMERABRTT 1L

IKFREREGOEITIRFE & 51 FRFFIE DB I KT $ 50 0 K 1 M d iR AR K E 4L
FFIC LD BRI L OB ZREE LT,

— i, 7V —THE LKBFREBREONTNOLEIZENTYH, BEOETIERT
(TARA RAR L W D WELRHREG D HERE S N 5 LIRS AL D EESE < LR & > T & 8
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RARZ LA L 2D, K 2.5 121, FEH 1.25Cr-0.5Mo SR BRI V) 7 2 4 — D
R EER % O R A O ZE b & iRl R O X BREIFTIC L0 A Lo R eV %
U7z BRENX Y 7 7 2 — oOEERRE L R A2 T 1Y X T —/3F A —4 (LMP: Larson
Miller Parameter) THEEEL, #Elhix X BRIEHTIC L D MasCo BUERAEA D FesC B ERALIIZ
k3258 v — 7 O MR (J-parameter) & LT/ LT 2. LMP O\ J-parameter
(IHGRIZHIN L, 500 °C Zif# 2 2 IR C O REEERIZ & 0 AT H ALY 13 FesC T» 6
My Co BI~ER (k) LTWHZ LB TE 5.

—J7, BAMEF 2 TIL, 5 3 I Nelson #[X1 % 20 J5 [ O EEARE[#] & {RE L, Nelson
HRIXH D C-0.5Mo FFRFRIK 77D 5BI[X] % Larson-Miller ! CiTftl 92 Z & T, HasDiElx
T, °C, /KFES5EPy,, MPa 35 X ONERRFHE, h 2 B8 LI KRRENT A —2P,%
X (222) WRTEITRBLTWDHEO. —J5, AARENEEIIEZE JPVRC) KH#E
Wefb HFIZ BT, P. G. Shewmon MR L72 A X L /NT L DAERIZIS T D IR &
KON Z K FRE/NNT A —HP, 2 (2-3) ITRTEIITRREL TNHEY,

P, =10g(10.20Py,) + 3.09 X 107*(T + 273)(14 + log ) A (2-2)

B, = 310g(10.20P,,) — 9.92 x 107*/(T + 273) + logt X (2-3)

IKFRBNHFABR (2 X 0 ARBFIE TxiZ & Lz FSb #4 & 15Sb #4 D42 7Lz FesC %l
225 MasCe BRAL ~DHT IR DRERFZE S L <ITARA ROBAENLI 7 r 7 ¢
v U —~ORRE E WS T KBRBOFRAESCHEEITEHEL L, £, £ D ORFRFIK
FEEEET 5729, [X2.4 O LMP f XU API 941 Table B.1 (275 &1 5 Nelson ##[X]
DFFREFIAN TKRFBREDTRD BT FHTOERSECO) B HE L 7-P, il & B, fEIC
EOXRBRGME ROz (32 23). T72bb, KFREEMERBRE;E 5D LMP
it L<IIPMHE, P, Ml ERSICT 5 2 & C, EROREEMEHII W T HHRILY) D FEHE
Abh L IIKFERBBEENEBRICHAE L EYR S RKEKRF©-A S E 7
5252 EEEE L.

UL EORED S, KEEEIFERBRSEL, A — b7 L—7 OKFEH ZHEE 99.99999 %)
2B DIRE % 550°C B L UOVKFEES % 20MPa & LT, 96h(Exp.96h), 168 h (Exp.168h) ,
240 h (Exp.240h) O 3 {0 ZFERH & L7z,
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T T T v ——

No.4
O FeC 6k S30°C x 161000hr |
(
| Mg_‘;Cs No.6 g
2 $27°C % 144000hr ¢ |
-y $ No.5
] f r 532°C X 144000ht]
3 2 ,
L]
R= | =
| 5 2f : 1
g a No.2
j ¥ iogplll | S15°C % 128000k
BA \ n 2 No3 |
=) . S0 e
i | W ok = $20°C % 105000hr ]
- - A 5 %12
20 440 46.0 R s YR p : . _J
26 (Cuk a) 19.6 19.8 20.0 20.2

AT (Fe;C (53))

. e : 3
B 11 (Fe,C (56)) + I(My:Cy (100)) Larson Miller Parameter, (T+273)(20+logt) X 10

Fig.2.5 Changes in carbide in the base metal after long-term operation of actual catalytic
. 2-1
reforming reactors

. . .. 2-1,9
Table 2.3 Comparison of hydrogen attack parameters between actual operating conditions "

and accelerated hydrogen attack test conditions

Case 7:%€ Py . MPa t.h LMP Py Pw
Rx.No.1 510 3.5 120000 19.64 6.169 -2.929
Rx.No.2 515 3.5 128000 19.78 6.205 -2.821
Rx.No.3 520 3.5 105000 19.84 6.214 -2.828
Rx.No.4 530 3.5 161000 20.24 6.318 -2.486
Rx.No.5 532 35 144000 20.25 6.318 -2.504
Rx.No.6 527 3.3 144000 20.13 6.289 -2.581

API A 516 2.28 227760 20.01 6.086 -3.113

API B 525 2.44 122640 20.02 6.103 -3.152

API Cyyrrer 514 2.03 140160 19.79 5.972 -3.507
API Coppn 528 2.81 140160 20.14 6.196 -2.863

Exp.96h 550 20 96 18.09 6.374 -3.140
Exp.168h 550 20 168 18.29 6.436 -2.897
Exp.240h 550 20 240 18.42 6.475 -2.742

Notes : The hydrogen partial pressure Py, in the catalytic reforming reactors made of 1.25Cr-
0.5Mo steel plate (Case Rx.No.1 through Rx.No.6) as shown in Fig.2.5 was converted

to P, and P, values assuming a value of 3.5 MPa.
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223 4 S#IFAKRERRINERBR G E

KRFREBRGOETIHRIC RIET IS DR ELRFT 2720, FSb#F& 15Sb M DRk
MAaxtgel LT 4 ST AN X RN 2 550 L7-. 1.25Cr-0.5Mo Sl#itx /K
T RY 7 7 H— (GEEHET] 10.93 MPa, s%aHEE 427 °C) BEDOHEH HIE 71 % FEAm %
B L LTA, WPERR EOVERR,NENZEIL 11462 mm & 12597 mm DY T 7 X —
fEEs (WD 128V T, WEPZRFHES 1093 MPa & L 72 FfERIE 113.5 mm (2
7= B JE GG o i%, 2 (2-4) @ Lame D10 X ) NEMIT 116.1 MPa, #hiEff] <
1052 MPa & ENEIRD HND.
0. = L{1 - (R7)2} 3 (2-4)
ZIT, rlISHREE ISR TOAMEOMEN O T AR mm Th 5.

VT o H— IR & RO ME & KRR EIERBR IS o T A RTT S
72, X 2.6 12”7 4 T n,\%:ﬂﬂu\t B AL, £ S L=120mm, f§ W=20mm T
WIE t=1.5mm OEHEH R E L, sCHIFTR RS K0 SREIZENL 2 A L7IRRECA — b
7 L—TWN (KFHE T AHE 99.99999 %) ICRETHI L L L. 7od, REIENEIT
27T L 90T, FAMISEN L7 AFRESR7% (FEM : Finite Element Method) Jit~ /1%
Hrick v, 7o RN 6EFFHMIC 20 mm OFPHIZNTTY 77 Z—fd
JEH EFESEOMTIS BT 5EEN5 KD Imm ICRE L-, KEREIMERRRIL, 4—
N7 =728 2 BRIRE % 550 °C, KFEJET]% 20 MPa 35 L OV ZFEREH % 96 h &
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Fig.2.6 4-point bending jig and forced displacement procedure for test sample
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Fig.2.7 Bending stress distribution on test sample surface under forced displacement loading
and unloading

2.3 KERFEBEIMEREAE R
2.3.1 AKREFRRBEOEITEBICKIT T M ORMP TR ORE

FSb #4 & 15Sb M ORI X ONAEE K T HAZ I2B 1) 2 KB RAEMBFARBRZLOI 7 0
Ffk D SEM 5% X 2.8 B LUK 2.9 IZZNEFNART. WTHOME THRAM TIL7 =
TANN=FA MNERELITI AT A bao=—fICRA RPEMB LT 4 v v—
BOBENHER S NTZ., —F, BERTTIROWTR LS o MRk & 72 2 HAZ HLRL
WOKRI 7 v s Ty 7 ROBERHERIN. 72721, WESE (Depo: Deposited
metal) TIETWTHOEELBD LN T2,

Mo 7 274 M= 4 FNERETIFINN—T A barv=—RoORA NEFHERD
BEOETIHRZ T 5720, I 7 aflfko SEM B LHEELZ 1 DDO/X—F A |k
FINR—T A Fan=—DHEIZHT RS FLT7 4 v Y —OHBOLREZHEE
HRERA, & L, KEREIMERBROP I L TFay b LS DEK 2.10 1R
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FRARA I 707 Ty VAL, ZORDHEA, 15Sb MTITRAI 7 v s T v 7
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ANTWD, —TJ7, PAIFFEDORE T CHRONTZANFT — X 2RI L TWHDT,
ERRXUIZIESOEITEFEN TR, Lo T, MEORSMEZ @B E Y #5
\ZIXR, D IMEHNTH 5,
« HAZ BB A 7 KT B PRFEZ M L C, IRE-/KFESERFRZERT 5
&7J<ﬂ<\§a\r@tﬁﬂbu ZHEVY, TREEDSHLGRIE L, Nelson MRXIREM LD X HIZK T
ﬁﬂ[ﬁﬁﬁl X, SR A X RGO TIRIBE L EZ 55D T, BOU
u iwkm%: Sy AR CIEEE B TidZe v,
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15.0kV LED 5 WD 8. 1, 15.0KV LED

(c) Exp.240h
Fig.2.8 Progress status by SEM images of damage in the base metals of FSb steel (Left photo)
and 15Sb steel (Right photo) after accelerated hydrogen attack test
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WD

(a) Exp.96h

(b) Exp.168h

(c) Exp.240h

Fig.2.9 Progress status by SEM images of damage in the HAZs of FSb steel (Left photo) and
15Sb steel (Right photo) after accelerated hydrogen attack test
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Fig.2.10 Damage progression in base metal with B, parameter
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Fig.2.11 Intergranular crack initiation and growth in HAZ with P, parameter (FSb steel)
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HAZ : 15Sb steel
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Exp.168h §
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Intergranular cracking length, ¢, mm

& O
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&
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B2 81 3O 29 D8 27
P,, parameter, B, = 3log(10.20Py,) — 9.92 x 10~*/(T + 273) + log ¢

Fig.2.12 Intergranular crack initiation and growth in HAZ with B, parameter (15Sb steel)
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2.3.2 AREFRBPEOEITIERR & AT H R DR BEFR
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bz XHEpric L vEEL, X (2-5) THZ LD J-parameter®), 3725 MaCs
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WX FesC U5 MasCo BU~IER (k) LTWD Z EDER I, 2D MyCe iR
L TFES DTN T D AL/~ N U > 7 AR O ZEFR R FEIZ A 2 VR AE LT
NI ENH B, BAICBT DT R ORI L (K2.13) 1%, 7=TA ~/3—
TA MEREIZI =T ban=—[ORA ROBEL T 1+ v v —~OHEfE LN
S TKRFRBOBE#EIT (X2.10) OERIZR T EHERIND.
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(20 2 TR & W o ToRFR B OBREHEIT (FSh A I3 LT 2.11, 15Sb #4125 L T
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ZIT, K213 ORM LK 2.14 DEEHET HAZ OWFHIZE N TS 96 h T,
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HRE 2 S TeRERS Tl, 240 h T J-parameter (% 3~4 ~LHIML7-. —F, A4+ A1 Ml
fik & 72 5 HAZ MRS TIlEZ ORINIZ AL AT L CTH Y, 240 h £ TIT J-parameter
X1 BIEEAEEIL LTV, 2 OR & EERT HAZ (281 DATH RIED OF%
RFZLDFEIL, 7= T4 b/ X—=F 4 MEREKE A T4 MHERIZI W T FesC A k1E
W7 5 MasCo B IRALI ~DER (Z51k) \ZAHN & H D TIE/R <, MEIZIBWT FesC
RACI) DAFATEBEE DSE > TN D 728D C DILHL/ S AN 720 | RFERREIZFE 9 J-parameter
DO EFEHMFFE LTERENBIN LRSS, 1, TS CIEEEET HAZ SR
ELCTHRALMELZE V7 ) B 7 4 v BECTIERERICHEGR T 5 DI FEM L LW 2o
FEBRITIIARA FERSI 7 v 7 v 7347 CBnEE L2 BT 5 %/ztﬂbﬂ%fﬁfzb
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P, parameter, P, = 310g(10.20Py,) —9.92 X 10~*/(T + 273) + log t

Fig.2.13 Time-dependent change in carbide in basc mctal with P, paramecter
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Fig.2.14 Time-dependent change in carbide in HAZ with P, paramcter
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2.3.3 BRI 2 KEERBEOEITIRRE L 5 EREDOHILOEF
IREREMEGRERE OB o 7 i 51K 215 (2R3 EHEH TEAS 6mm O FLAES | 3R
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R el U722 X 2.17, X218, K219 B XK 2.2012" L, ZOiEMiA2 3 2.4
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Fig.2.15 Schematic procedure for taking tensile test specimens from base metal samples
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Fig.2.16 Changes in stress-strain curve at 550 °C under accelerated hydrogen attack test for
base metals (Left Fig.: FSb steel & Right Fig.: 15Sb steel)
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Fig.2.17 Time-dependent change in 0.2 % vield strength, S, at 550 °C with B, parameter

for base metal
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Fig.2.18 Time-dependent change in ultimate tensile strength, UTS at 550 °C with B,
parameter for base metal
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Fig.2.19 Time-dependent change in elongation. El at 550 °C with B, parameter for base
mctal
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Fig.2.20 Time-dependent change in reduction of area. RA at 550 °C with B, parameter for

basc metal

Table 2.4 Comparison between FSb and 15Sb base metals for tensile properties at 550 °C
under accelerated hydrogen attack test

Case Sy Ave. UTS  Ave. El Ave. RA Ave.
(Temperature: 550°C) | (MPa) (MPa) (MPa) (MPa) (%) (%) (%) (%)

FSb_ BM Exp.0h-N1 176 356 32 83
174 352 32 83

FSb_BM_Exp.0h-N2 173 348 32 83

FSb_BM_Exp.96h-N1 183 347 30 77
184 346 30 76

FSb_BM_Exp.96h-N2 185 346 29 76

FSb_BM_Exp.168h-N1 184 341 30 75
184 340 29 74

FSb_BM Exp.168h-N2 185 340 29 74

FSb_BM_Exp.240h-N1 183 344 32 74
183 343 32 74

FSb_BM_Exp.240h-N2 183 342 31 74

15Sb BM_Exp.0h-N1 176 348 32 81
175 348 31 81

15Sb_BM_Exp.0h-N2 174 347 31 81

15Sb BM_Exp.96h-N1 184 344 26 57
185 343 26 57

15Sb_BM_Exp.96h-N2 183 341 25 58

15Sb_ BM_Exp.168h-N1 | 192 336 12 18
192 336 12 18

15Sb_ BM_Exp.168h-N2 | 192 336 13 18

15Sb BM_Exp.240h-N1 | 191 346 18 33
192 346 17 32

15Sb BM_Exp.240h-N2 | 192 346 17 32

32



2.3.4 BWEMFICRIT 5KRERBEOETER L 5RO HILOBEMRK
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Fig.2.21 Schematic procedure for taking tensile test specimens from welded joint samples
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Fig.2.22 Changes in stress-strain curve at 550 °C under accelerated hydrogen attack test for
welded joints (Left Fig.: FSb steel & Right Fig.: 15Sb steel)
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Fig.2.23 Time-dependent change in 0.2 % vield strength. S, at 550 °C with B, parameter

for welded joint
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Fig.2.24 Time-dependent change in ultimate tensile strength, UTS at 550 °C with P,
parameter for welded joint
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Fig.2.25 Time-dependent change in elongation, El at 550 °C with P, parameter for welded
joint
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Fig.2.26 Time-dependent change in reduction of arca, RA at 550 °C with P, parameter for
welded joint

Table 2.5 Comparison between FSb and 15Sb welded joints for tensile properties at 550 °C
under accelerated hydrogen attack test

Case S, Ave. UTS  Ave Ei Ave. RA Ave.
(Temperature: 550°C) (MPa) (MPa) (MPa) (MPa) (%) (%) (%) (%)
FSb_Weld Exp.0h-N1 248 369 21 81

- - 249 369 20 82
FSb_Weld Exp.0h-N2 250 368 19 82
FSb_Weld Exp.96h-N1 250 366 18 73
244 363 18 72
FSb_Weld Exp.96h-N2 238 360 18 71
FSb_Weld Exp.168h-N1 206 351 20 72
212 351 20 71
FSb_Weld Exp.168h-N2 219 352 21 71
FSb_Weld Exp.240h-N1 237 297 7 19
- - 235 272 4 13
FSb_Weld Exp.240h-N2 232 247 1 T
15Sb_Weld Exp.0h-N1 256 361 20 81
249 364 19 80
15Sb Weld Exp.0h-N2 243 366 18 80
158b_Weld Exp.96h-N1 244 245 1 1
248 260 2 1
15Sb_Weld_Exp.96h-N2 252 275 3 1
15Sb_Weld_Exp.168h-N1 160 170 2 1
- - 173 184 2 1
15Sb_Weld Exp.168h-N2 | 186 198 2 1
15Sb_Weld Exp.240h-N1 143 151 0 0
155 163 1 0
15Sb_Weld_Exp.240h-N2 | 168 176 2 0
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& 15Sh R OWTHICEB W T, U7 7 Z—{Hds L RZEOMITIE ) TH 5 72
DIXSIE L EME OIS G BT, 72T 4 MNAA—=TF A MERELIT =T 1 K
an=—fHORA FORAEL T 1 v v —~OifE & Vo ToKFRREBREGOEITIER
IS DOBIIZ ARV ERboTe. §72 5, ASME BPVC Sec.VIII, Div.1*
IR Div.2®NTHE Y DR « FIERARORREFHLS LB WT, KEREOHBETE
ITICHE S BIERHE DB 2 RN T 5 72 D DK ERBINHERER T, o & AT 550
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r;é@é 7

Observation

Autoclave
Fig.2.27 Schematic procedure for taking samples for microstructure observation
after 4-point bending accelerated hydrogen attack test
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(b) Exp.240h

Fig.2.28 Progress status by SEM images of damage in Bending (Left photo) and Non-bending
(Right photo) test samples after accelerated hydrogen attack test (FSb steel)
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(a) Exp.96h

NS
o

WD

(b) Exp.240h

Fig.2.29 Progress status by SEM images of damage in Bending (Left photo) and Non-bending
(Right photo) test samples after accelerated hydrogen attack test (15Sb steel)
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Fig.2.30 Comparison of damage area ratio with and without 4-point bending to FSb base metal
sample during accelerated hvdrogen attack test
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Fig.31 Comparison of damage area ratio with and without 4-point bending to 15Sb base metal
sample during accelerated hvdrogen aiack test
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HERER 2 i L, KFREIC X 2RO BRI T 5 5 IRFHEORIFH(EIZ D

WTHRRT L7z, BONEREUTICENT 5.

(1) EHEETE 720 LERMOKZEREL, 7274 MA—=F 4 FERELIZ—T
A hav=—RfIZARA FPEFE LT 4 vy —RIOBE L LT, Sk
Sb OEREICHELZT . £, ZOHREOREFKFMEE, I 7 2o SEM
BHBHEELZ 1 DONRN—F 4 NEFIINN—F 4 hao=—DHEEICHT HRA R
RT7 4 vy —DOHMEOLETHHBEmHERIC LRI N,

Q) BMOT7 =254 MNR—F4 MERFTZIZA—FA barn=—BoORA RORFKEL
T4V —~OEfE &V o T KFRRBOEITIEFE T, RO FesC A
B MosCo I~ DRRIFEAL & OB BT, Z D MosCo BRALIITIEAPE N
WeDRIE/~ R U > 7 AR EOZEFRRRIGIZA Z OB ELLT NI LB b,
KEFERBOBREETOERIC R o7 LHEIND.

(3) JEME L SIRBEDIRT 2 672 b LR FOKRRREIL, REFMIZH Y XA
FA bHARRE 2D HAZ MK OR R I 7 un s T v 7 ROEE L LTI, B
T IeHE Sb OEA BRI EEZ 7=, £, ZOBREORMKFET, 2724
O SEM G HHRIE LIRIRI /7 nr 7y 7 RIICK VRSN, 72720, 85
ERMTIET7 4 vy —BLKRI 70 s T v 7ROWTROEE LD L)
-7z

(4) ASME BPVC Sec.VIIL Div.l X Div.2 (ZFHY T KT « FIERZIROREHL I LUz
B TKEREBOBREHEITICHE D BIBRIFED B E T 5 72 D DK FIZ AR
BT, IS EAMTT D50 & AR LA WEFEOWTIICE W T IR D
EIXRIZICHINT 5 Z & D3RR STz,

(5) KRFBREIMFEARBR CHASNIZIMICB TS 7 2T 4 MA—F 4 MEREIFTS
— T4 bap=—[TD7 4 v yv—DOE, WEHFMIZHOD A F A MM
& 702D HAZ MBI CORE SR RSN -T2 7 07 T v 7 OFEFEI S IR EMEITIE
ER2NZ b Y, IS OMRMEROBEORINE, AR LA X HADNH
JEICENT S b0 EHREN5.
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BIE EE - TERSICRITOIARBEORGETOREY I 2L —a v

3.1 M5

2 BIZRBWT, KE - PIEASAH 1.25Cr-0.5Mo SR & FV 72 I8k T & B ok
FREIERR TR ONIHBEHFBM OIS )-OFT K ORREIC LY, KERE
BHSOETERICE W T IERMEDO DR E LT TS Z L 2R L2, 2D O55RRFH:
DHALDOFEEENL, FEREDRRFHEE & IR TR L T L EEMIOR SN TE LT,
PALEE, T 720 b bKRBREDHEEEITIZN T H2RFMO TN EEN TN D.

2 TH 3 ETIE, &F 2 BIZEW TERMICE OB T & M OKFR IS E
IIET-OFT BB ORI G, KFBREBREG ORI AR ERIZ OV TR
#L, AIRZEFETE (FEM: Finite Element Method) v = L—3 g U ~FHE4 52 L CTF
Fmali FIEZELT 5. £, KAFEEZHOTTHEMICKIETZER IO TH L
MUY D,

3.2 KREREBEOHEEFM~D Omega LENHA

Prager®!'213 7 U — 7R HICEIT 2 OT HEEONERIL 3 DO LA, 72
DHISHOEIMZ L 50T HEE~DOFY, 7V —THBEOWINCL5FE, 71—
BE LS ORI L 2T ENOR D Lo TS ERE L. 52 ETHEM L
ToKRFARBNERBRIZB W T, KERBTER LI A X HAONECHNT L0, FHEk
FTIEAA T A Mk E 72 DR (HAZ : Heat Affected Zone) HLRIIERIZHIA I 7 1
7T v 7 INFER, MRS o GEREL, — T, BMTIE T =74 M3 —TF A M
RELIT =T A hao=—THRA RBFEEL, TNORHEFE L TT 4 v ¥ ¥ —ITHK
ELbOLHREN. 22T, 26 OMERRERROIEE OB O Z0sl B o i
WA IS S5 & LT, HAZ ERMOWTHICBWTH 7 U —7 L [RRRICKZRRE
IZBWTHA (3-1-a) OBEFRNK VSO EIRE LT, Fiz, 7 U —7HEC L KER
BHEEOWTROEAICBWTHHER SN TV, BRI 2 EEEITIBR TONH
AL D FesC I D MuCo BI~DZEIE, 7 V=721 ThRAFBREBIZBWVTHIK
TR R T 532 O B B O NRK IS T 5 & B 2 7.

é = éyexp(me)exp(pe)exp(ce) .(3-1-a)

T2, AR DOTHRE, &E RO THARHER X Re2HOTAHE LT,
miX Norton QDS ITHEECT, exp(me) 1TWrm A ZHE I ) OEENINTHELE 9~ 2 O3 A
O Z A9 5 IH, exp(pe) IXRAFREL OIREIZH K9 5 IH, exp(ce)id Norton
HISRIS NI WA U DR O Z DO RMEZ A 5 72O DHETH D, £z, m,
p¥ KX Wl Prager 23 FT)E T D4R, 372405 Materials Properties Council D 8HCT-% H
Wb DT, mIZBEFER TCRINDISNIFRTH 5.

A (3-1-a) ZHARHTERARL (K (3-1-b)), ¢ THHTHZ LT 3-2) 2155.
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Iné=lnég+(m+p+c)e 2. (3-1-b)
atl3r;é=(m+p+c)=ﬂ A (3-2)
Lo T, X (3-1-a) 1F(e, In&)DPEFERIZEHNTAR (O ol EINEE ) Q&)
R (BABRIHTEIONT ol 0 B AR E) InéoDEMBARE LTRSS (N (3-1-0)).

Iné = Qe +1nég, A (3-1-¢)

X (3-1-¢) OEHRBOTHORIKTHANLT D & OT A#R (7 UV —THEOL ALY
U —7 R LRI D 720, ABREBHEEOHAICIIAZERBIMRE TD) 122 2D
T A—H, FTib LB O T HEE e & O T HEENERN QO R TET Z LA
TEX5DT, OFAHFHEm (7 )V —THEOLAICITZ V—THamEMEN 5720, KHE
REBEOLGGIIIKBREHFMET D) BID2OONTFTA—FTERITES.

X (3-1-¢) LT 5 LXK (3-1-d) 12725, Bt THX (3-1-d) 2R L, t=0Te=0
ETDE QW7 V=78 LT 1 WKBREDLRWGEEZIET H L), X (3-3) 2
BFohsd.

é = éyexp(Qe) . (3-1-d)

£ = —%ln(l — £,Qt) & (3-3)

e =W L ERT D L&, Wt 280 3-4) TERIND.

1 .
=13 X (3-4)

—7J7, X (3-3) ZEFEtTHST 5 &R (3-5-a) X (3-5-b)) 127420, K (3-4) & (3-
5-b) MbH&FEmM (. —t) KX 3-6) T, £/, X G-1-d) &K (3-5-a) BT HH
EONHE (¢/¢,) N (3-7) TERERERIND.

§ = 1_‘sz = (3-5-a)
t= s%ﬂ — i X (3-5-b)
t—t=oc X (3-6)
;%: exp(Qe) = 1—3;10m 2 (3-7)

X (3-6) 1%, HFM (t,—t) LB T2 O T HREEORE (O ol BNk K+
QO 1/Q) D—ETHDHZLEERL TS, Z0Z L%, HEMOQL B 5
DOTHIREEN U, ZOMEIORFEMm (t,—t) ZFIRTELZLEZEWRT 5.
F7z, X G-7) 1%, BEMDOQL & HEIRSEM; (RE LIGTREE) TOUT Fred rne
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L, FOEEGMCORBICE VBN L =0T HREEDONHEE (¢/8,) HFIEATE
HTEEEWTD.

L7=Mo> T, SFmaflicizl 3-4) &£ (3-5-b) 12k (3-8-a) (L (3-8-b))
TRINDFHEMBEER (=t/t,) ORMERBEBEED(<1.0)&T 57D, OTH (71
—T7HEDOHAITIT T V=T OT R, KEREBEDEEIC i7k7’£?fxﬁ()“§—7%) bl

HEEEITORMEY I 2 L— 3 U ~OEETRIEREGH] L FEEMICREETH L L
PHEECX 5.
(FamiHER) = ti =1 —%0 =1 —exp(—Q¢) = (3-8-a)
GEamiEts) = —=1 —%" = ¢,Qt 7 (3-8-b)

r

Dzl BEHREDIE, R (3-8-b) ABSRICCHUY LI REEED (X (3-9) 2R L
R (X (3-10) THY, OFHEEALREHEEDE VTR (-7) *THZ B
509,

D = £,Q X (3-9)
t t . t. .
D=Z;=deh=k%Qm£10 £ (3-10)
= o - (3.7)
€10 A (3-7)
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3.3. KFRERICKT HMERERROBEIZ X 50 HHE OKEE T b
KFERBINERER T LN HBEFBM OIS /1-0F BRI ORFZEL O ER 2, O
TRk ARR 7 AN bt DA F A MRS 72D HAZ KR CTORRAI 70 s 5 v 7
DI L BRI TUTIR o TR, @QRMICB T 527 274 M N—=F 4 MEREIIA
—IA bap=—HORA ROFAELT 4 v v —~DRETHDLLEHARL, ZLHD
AR DB ENKBEROTHONHIZTH L TWD EUE LTz, 3HDOKFERE
IEFERFREEE; (0 = 96,168,240) (Zxd 2 EHILS)-HOT HBRMIZEBWT, H2DIGIE
0 CO F—Z NVOT e, (12 (3-11) X (3-12) TENENHUE S LD HMEOT 2
fte, ; & BBIEONT Prie, 20 U7 B2 KFBREOT Zle, ; (03X (3-15)), Ziva ik
IRefE]t; TBR L 72 B2 KBR B OT Bl E e, ; = dep /0t L EFR LT, AT, ZDik
I, & RIS T10g & LT 2R BRIE [t TOKBREREOT e,  DIBEED, — &I Ta,
T CORFRFREIAE O AKBREBOT Zre, O HFFENTF Y L, fEdmhi S coOI 7 m
7T v 7 R@QRA K EW o TR AFRL DO IRE O BN L 5 EMESC T R DK T i
BT o s LE L. b5, 3 RFORBRFHE COEISS-EOT HZHRIXIC
B AEEDOIEIMloZx LT, KEREBOTHBES, 25 —HOKERBOT Frey
D5y~ Omega (EC P& A L, Afid OKFEREBOTHEEMEK ) Q&8 (FIH
KRFRBOT HIEE D BRI InéDEMEAR (X G-1c) °) 2H5HZ LT, &
RTA—=E S ERBRIRETIZET HKRFBREOT B E e, ONMEE (X (3-7) ) 368
DOKFREEERED, X (3-10) °) ZEBEOITRTEIEET VEIER LK.

Iné, = Qep +Inépg . (3-1-¢)°
; = exp(Qey) = rE—— A(3-7)”
Dy, = €00 #.(3-9)°
z%a)=zé=15mﬂu=15qduus1n A (3-10)°
én(t) = —ho £(3-7)”

1-Dp (D)
22, KEEEOTHEEOBIEE T WKIZHK T 2 HEEEZ L TICERT 569,
g 1 MO 2, mm/mm,
£e=% £ (3-11)

p - BBYEOF A, mm/mm,

& =v1+72 £ (3-12)
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E, : *tBIREIZB T 5 Y 7%, MPa
& @ M—Z/VEOT A, mm/mm,

g =In(1 + g,) X (3-13)
o : HJ&J], MPa,

0r = (1 + €e5)0es A (3-14)
Eos ¢ BFROY 7, mm/mm
Oes : AFRIESI, MPa
g (t) : FEf OB & L7z h—H VEOT A, mm/mm,

& (t) = €, + €, + &, (1) X (3-15)
Y1 2 B A-OF B R O OF R BT 5 EH O 2, mm/mm,

Yy = 52—1(1.0 — tanh[H]) X (3-16)
Y2 S I-OF B O BRI OF 8IS 51 5 B0 %, mm/mm,

Yo = 52—2(1.0 + tanh[H]) X (3-17)

& I SI-ONT B AR ORI O ARSI 1 2 OO 74, mm/mm,

. = (ﬁ)m— & (3-18)

Ay

g 1 IR S-OF B O BRI O A8 1 2 Eo SO, mm/mm,

. = (%)m— # (3-19)

Ay D IEN-OF B IR O BRI T 2 0 — 7 7 4 v T 4 TR,

_ _Ooys(i+eys) = (3-20)

1= (1n[1+£ys])m1
Ay L IES-OF IR OB T D —T T 4 v T 4 v TER,

4, = Susemin) 2 (321)

m,M2

my SEPIRFUCE T 2O A & ROT ABIRICB T 5 OF A EREIZE L, i
N-OFHBRO T —T 7 4 v T 4 THRE,
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gys
ln[L]+ £ -&
Outs (O.Z%p ys)

ln[1+£0.2%p]
In[1+eys]

my =

X (3-22)

m,  EARRS RIS NICBIT 2 HOTAICHFE LY, IG-OTHMEBEON—T 7 4 v T

PEV/E 8

m; = 0.60 (1.00 — 22)

Outs

H : Prager doctor £%%%,

H = 2 [at—(ays +K'(Uuts—0ys))]
- K(Uuts_ays)

€020 © LEBIBRFUCKIT 2 02% LA 7 & v NOT A,
€020p = 2.0 X 107>

gys 1 02% LFEHIA 7y FOT A,
£ys = 2.0x 1073

K : MPC [ JJ-OT A BRE T L DR T A — X

K=15 (;%)15 +0.5 ((%)25 - ((%)35
Oys @ RIRIRE TORERIST), MPa
Outs © MRIBE TORIRME S, MPa
gp(t) : FERIOB%ER & L2 KFRRERAEOT A, mm/mm,

en(t) = —<In(1 — é,00)

Q : KFREOT BB INE K

_ By +B;S+B3SE+B,S;
- 2734T

logy0[Q]

Eno : VIHIAKFRBEOT AHEE, mm/mm/h

A +A,S+A3SE+A,4S}E
2734T

logyolénol =

t, 1 KRFBREWWFE4, h
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X (3-23)

K (3-24)

X (3-25)

X (3-3)°

X (3-26)
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1

=0 £ (3-4)°

S, 5T A— A

KFEEROTHEEET Y 7 OHE S, =logielo] X (3-28-a)
BAET I 2 b—a v ~OEEDLE S, =logyylo.] . (3-28-b)

o, : BNET), MPa

0 = 5 1(01 = 3)% + (01 = 03) + (07 — 03)?] /2 K (3-29)
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33.1 BEHEMTF HAZ IZB T 3 KBRREVTAEEOEMEET VL

AT O OREBREAN O Bl XD mME A BE LT, 7V —7HfifbfR¥ (CEF :
Creep Embrittlement Factor) GOf & L T 0.01 LA F &30 - 72 1990 FEAREHEHIR Td 5 FSb
MR LT 2.23, F£72, BALCDZ LD 1.25Cr-0.5Mo FHHBGEN (HAZ : Heat
Affected Zone) D7 V — 7 HEIZ RIETHKFEMETCEDOEEBORELLIZESE, SbD
Iz XY CEFfE L LT 0.15 Z3H- 7= 1960 FEHESI Cd D 15Sb M izxt LT

[ 2.24 1R T ORBEKT O % K E R BIMEREBR S 5 O B ERI O 550 °C T
DIET-OFT A &= 22, KX (3-13) £ (3-14) ZHWTHEEI-EHOT A OB
[ZZEH L7=. £ L C, FSb Tk LT 3.1, 15Sb #Mizx L CIX 3.2 ([ EHH A A0
AT LI, K 3-15) "BLOK (3-30) 12K VKRREOT ey, 36 LN de, /0t
EER L.

Eni =& €ei— Ep X (3-15)°
Ogni _ £ni - (2
o6 1 X (3-30)

Z 2T, MRAFUIKBEEIMERBREFM AL L, i =96, 168, 240TH 5.

Fio, K33 BLOM34121F, KEREIMERERI 240 h TO FSb#F (N1) B &
OV 15Sb A (N2) I2B1F B KFBRAEOT gy & HIHIG o, DEE (Exp.) & (3-31) °
THIET % Norton HI T L7245 R (Cal.) 22N FAUuR L7ens, W uoaBREER] I
BWTHABEROTHAEZELEIE-HOTHOFERE (Exp.) 7% Norton HI TIT{l &
NTWDHZ EaER L.

& = Aol A (3-31)

&n :A(Tglt‘}'gho :EE(3-31) ’

7z72 L, A(3-31) *1Ea (3-31) ZEFMe TR L, FIHIKRRBEOT HepgldEr (ep =
0), AlZ Norton %%, nliE Norton 5% & L, 3 3.1 ICKKBEREIMERBRSLMHTEH O
TGS T A AR LT,

DI, (gpIn&)DEERICFRL, K (3-1-¢) ICHET AR OKFEEOT A
HENMHEE 1) QL8R WHIKFREROT BB D B IR Inéy DEMBEIRZ 5T
IKFERREOT A~ U772 R % FSb M Ixt LT 3.5 35 LU 3.6, 15Sb #1Tx%t
LCH 3.7 BLOK 38 ICZNZIR Lz, £72, 2 HOWIG o, Dz xt LT
HNTAKRFRROT HEEIER FQOER L O KERBEOT HEE e, DE, i
HOEEFWTR (3-4) 2RO IMEMiE ML, 2R 32 1R Lo, ZORE, WIS
%®@Kﬁ¢ém$§ﬁ0fﬁk%@ﬁﬁ&@ﬁ%ﬂﬁ@ﬁ%%%%%ié@%ﬂk
B A néplic X, 3 ko U =TS T 2 KERREOTHEEDO N EBL I

TWnhZ krﬁxﬁ%ﬁ; .

—J7, Omega (LGN — @ ORERAEFICH A TE 208 2 0%, OF kIR Faoxt
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# (og(t, —t) #27 Yy hTAHZETRIETE D &EINTNDHCD, EZC, HIHIES
o DEIZRI LT, KBREBOTIe, & ZDORBENLRD BN HKEREBOTHEES,
(o (3-30)) BLOKBREOTHEEIMERFQ (X (3-1-¢) °) ZHWT

X (3-6) OB INDARFEM(E, — )DOXEDORERE T vy N L1227 T 7% FSb T
% LCX 3.9, 15Sb #Hicxt LTI 3.10 IZENZFHor Lz, ZO/RE, Wb 7 v b

IR AR L, sRBRFRE] %2 96h, 168h, 240h & L7-/KFERENERRIC L 5 OREET
MR 7 1A bt DA FA MERKE 722 HAZ B CTORIR I 7 m 7 T v 7 OFsAE L
T AL IS 2 T2 IERE 2 9 — DO KFAREOT HOEITIZN T % Omega 5D M
WO L.

WIZ, KFERABOT BB ENERE Q8 L OYHIKERBOT HEE % T NZhE
EET LT 7280, 3 3.2 OIS oy DIEIZRT 5 QDEE L Ve, DIEIC T —7 7
4y T4y TxEEAL, X (3-26) BIORX (3-27) ZZNEFNHET DIES T A —
A S EXGIRET OB E Lz, 2 OfEH % FSb A IZx LCTIX 3.11, 15Sb #1Z%f L
THR3RIZENENR L. 2218, K (3-260) THAZOLNDQDH—T T 4T 4>
TINT A—=HBBy~B,, X (3-27) THAXAONDEDHI—T T 4T 4 TINTA—=HA,
~AFFK 33 TRTIHY THD. LA - T, FSb# & 15Sb M DOZNENDOIEHEKT
IZBE LT, FHlXRIRET DI EIREICH T 2QDOMEE XV DEND 5265
Omega KFREBFHEZ, KX (3-9) "ITHET 2 KERBBEHED, DIET /2B KFER
BOTHEES,OME (- (3-7) ) &L TEHE EETT L) 252 ENaHEL 7
STo. ZZT, IR, °R O 1000 f512%F LT Omega D OVTHEHEE, 1/h 1ZHEAR
D T ENREINTEVED, b AHHHIENTI T 5O AEENJIE S UL, £
OO BHE DIRFERFMENBEI & 72D, LN T, QLépz —oDORBRIEE (550
°C) MBIPELTNTH, ZNHDO/RT A= E 2 55 OT s, OREKRLT
PEISHEIR SN D b D LB %, BRHFEHO ER%E 550 °C & LTQLEDHI—T 7 4 v T
AT RTA—=H TN ETNRD.
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Fig.3.1 Schematic definition of hydrogen attack strain and rate using true S-S curves with
accelerated hydrogen attack test time for the welded joint (FSb steel)
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accelerated hydrogen attack test time for the welded joint (15Sb steel)



250
FSb_Weld Exp.240h-N1
200
[2o1
S
- 150
5}
5
=
§ 100 @® Exp.240h-NI
= Cal.(ee + &)
50 Cal(e, + & + gh_B(m-)
T Cal(e, + &+ €n y4)
0 1 1

0 0.001 0.002 0.003 0.004

Total true strain, &, mm/mm
Fig.3.3 Comparison of S-S curve model with experimental values in the welded joint of FSb

steel (Exp.240h-N1)
200
15Sb_Weld Exp.240h-N2
150 -
41
a
>
5y
4 100 -
g /
2 / O  Exp.240h-N2
& 50 | Cal.(g, + &)
Cal(e, +&p + &p )
———-Cal(ge + &p + & ;)
O 1 1 1

0 0.0005 0.001 0.0015 0.002
Total true strain, &, , mm/mm

Fig.3.4 Comparison of S-S curve model with experimental values in the welded joint of 15Sb
steel (Exp.240h-N2)

52



Table 3.1 Comparison of Norton law hydrogen attack constant and exponent at 550 °C with
FSb and 15Sb steel welded joint

Case A n A n
(Temperature: 550°C) (Btm.) (Btm.) (Mid.) (Mid.)
FSb_Weld Exp.96h-1 10-6-916 0.3994 10-6.718 0.3708
FSb_Weld Exp.96h-2 10-27.12 8.959 10-2441 7.886

FSb_Weld_Exp.168h-1 10-1799 4.537 101553 3.975
FSb_Weld_Exp.168h-2 10-8.909 1.002 10-9-583 1.420
FSb_Weld Exp.240h-1 10-7-250 0.5179 10-6-947 0.5220
FSb_Weld_Exp.240h-2 10-12.62 3.014 10-9-106 1.594
15Sb_Weld_Exp.96h-1 103713 13.55 10-34.90 12.63
15Sb_Weld Exp.96h-2 10-18.98 5.857 10-16-25 4.744
15Sb_Weld_Exp.168h-1 10-50% 8.707 10-828 7.950
15Sb_Weld Exp.168h-2 10-18.79 5.837 10-1694 5.042
15Sb_Weld_Exp.240h-1 10-12.69 3.156 10-11.58 2.663
15Sb Weld Exp.240h-2 10-1534 4278 10-333 3.387
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Table 3.2 Strain rate acceleration factor, initial strain rate and rupture life due to hydrogen
attack according to initial stress for the welded joint

Case fors 0 Eha t,
(Temperature: 550°C) (MPa) (-) (mm/mm/h) (h)
250 5311.86 6.95473 < 10°® 2,707
260 344291 1.31032 % 107 2,217

270 2257.09 2.41041 % 107 1.838

FSb_Welded Joint

280 1495.52 433687 < 107 1.542
140 12420.1 8.12918 X 10 9.904
. 150 8439.11 1.54461 % 108 7.672
15Sb_Weld Joint
160 5851.55 2.81353x 108 6.074

170 4130.67 4.93828 X108 4,902
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Table 3.3 Curve-fitting parameters for strain rate acceleration factor and initial strain rate due

to hydrogen attack for the welded joint

Initial strain rate Strain rate acceleration
Case ] T o .
parameter - £, factor parameter - ()
Ay 37763.932 B, 25131.3212
, O -13291.879 B, -17148.035
FSb_Welded Joint
As 3.4816e-9 B, 6561.91356
Ay -5.7020e-10 B, -1354.5592
Ay 22861.98 B, 13784.97
_ A, -6975.389 B, -7513.315
15Sb_Welded Joint
As -483.7311 B, 2351.616
A, 100.5718 B, -518.1905
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Table 3.4 Comparison of Norton law hydrogen attack constant and exponent at 550 °C with
FSb and 15Sb steel base metal

Case A n A n

(Temperature: 550°C) (Btm.) (Btm.) (Mid.) (Mid.)
FSb_BM_Exp.96h-1 10-20.30 6.303 10-22.87 7.549
FSb_BM_Exp.96h-2 10-2098 1.513 10-9-128 1.581
FSb_BM_Exp.168h-1 10-15.54 4.302 1071867 4.738
FSb_BM_Exp.168h-2 10-28.20 9.567 10-30.27 10.59
FSb_BM_Exp.240h-1 10-9-939 1.742 10-10.14 1.887
FSb_BM_Exp.240h-2 None
15Sb_BM_Exp.96h-1 10-9-666 1.772 10-9-561 1.779
15Sb_BM_Exp.96h-2 19254 7.762 10-234 7.202
15Sb BM_ Exp.168h-1 None
15Sb_BM_Exp.168h-2 10-8.753 0.9990 10-7-815 0.6562
15Sb_BM_Exp.240h-1 None
15Sb_BM_Exp.240h-2 None
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Table 3.5 Strain rate acceleration factor, initial strain rate and rupture life due to hydrogen
attack according to initial stress for the base metal

Case 0o Q Eno tr
(Temperature: 550°C) (MPa) (-) (mm/mm/h) (h)

100 593.630 1.30307 X 10° 1,292,756
110 578.514 1.38148x10° 1,251,244
120 565.084 1.45852x10° 1213317
130 553.031 1.53438x10° 1.178,467
140 542.120 1.60921 X 10 1,146,283
150 532.172 1.68313 X 10? 1.116.429
160 523.043 1.75624 X 10° 1,088,626
170 514.621 1.82863 x10° 1,062,642
230 474715  2.25130X 10 935.694
240 469.361  2.32023 X 10° 918,252
250 464.285 2.38881x 107 901.639
260 459462 2.45708 X107 885,789
270 454869  2.52506 X 10° 870,645
280 450.487 2.59277%X10° 856,155
290 446.301  2.66023 X 10° 842,272
300 442.293  2.72746 X 10° 828.955

FSb_Base Metal

100 116.042  8.44400x10° 1,020,560
110 119.937 8.55671 X107 974.408
120 123.506  8.66359 % 10° 934,575
130 126.796  8.76538 X 10°° 899,755
140 129.843  8.86267x10° 868.992
150 132.679 8.95594 x10° 841,563
160 135.327  9.04562x10° 816.913
170 137.810  9.13204 X 10° 794,607
190 142342  9.29625 X% 10° 755,715
200 144.421  9.37452 X 10° 738.621

15Sb_Base Metal
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Table 3.6 Curve-fitting parameters for strain rate acceleration factor and initial strain rate due
to hydrogen attack for the base metal

Initial strain rate Strain rate acceleration
Case . o " .
parameter - €54 factor parameter - ()
Ay 7902.942841 B, 2796.707928
A, -105.836072 B, -309.817398
FSb_Base Metal
A, -87.0879045 B, 35.75535211
A, -3.81716137 B, -4.68636962
A, 6731.292374 B, 732.5773719
A, 22.22047161 B, 676.7184517
15Sb_Base Metal
As -30.8634157 B; -96.3315612
A, -0.97858919 B, -0.18890329
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Table 3.7 History data of total true strain &;(t) by stress values o, in numerical isochronous
S-S curves for the welded joint of FSb steel

- £,(t) £ (t) g (t) £,(t) £,(t) (1)

(MEt'a) at0h at2,000h at4,000h at 6,000 h at 8.000h at 10,000h
(mm/mm) (mm/mm) (mum/mm) {mum/mm) (mm/mm) (mm/mm)

100 8.0326 % 10+ 8.0326 % 10% 8.0326 % 10 8.0326 x10* 8.0326 x 10+ 8.0326 % 10+

150 1.2102 %103 1.2102 %103 1.2102 %103 1.2103 %102 1.2103 X 1073 1.2104 % 1073

197 1.7105 % 103 1.7138 % 1073 1.7180 % 1073 1.7239 % 1073 1.7339 % 103 1.7748 % 103

205 1.8508 % 103 1.8573 %1073 1.8664 % 107 1.8819x 1073 1.9746 % 1073 -

215 2.0842 % 103 2.0990 % 1073 2.1237x1¢3 22311 x 103 - -

232 2.7450 X103 2.8026 % 107 3.1988 % 107 - - -

250 4.2042 %1073 44570 %103 - - - -

265 6.7682 % 103 85175 x 103 - - - -

300 24027 % 1072 - - - - -

369 7.4985 % 102 - - - . %

Table 3.8 History data of total true strain &,(t) by stress values o, in numerical isochronous
S-S curves for the welded joint of 15Sb steel

S FA0) O) &) X0) O) PX0)
(he‘[l;a) at0h at 2,000h at 4.000h at 6,000h at 8.000h at 10,000h
(mm/mm) (mm/mmr) (mm/mm) {num/mm) (mm/mm) (mm/mm)
50 4.0161 %104 4.0161 % 10+ 4.0161 % 10* 4.0161 %104 4.0161 % 104 4.0161 %104
100 8.0325 % 10+ 8.0397 x 10 8.0473 x 10 8.0554 x 10 8.0641 = 10+ 8.0734 x 104
139 1.1182 % 1073 1.1351 % 107 1.1568 % 107 1.1871 x 103 1.2376 % 1073 1.4328 % 1073
148 1.1924 x 1073 1.2238 X 1073 1.2678 x 107 1.3424 x 10 1.7331 % 103 -
160 1.2945 %1073 1.3628 % 107 1.4782 <107 2.0477 %1073 = =
170 1.3850 ¢ 1073 1.5119 % 103 1.7947 % 103 - - -
180 1.4848 % 107 1.7167 % 1073 32129 %1073 - - -
200 1.7458 % 1073 2.5171x1¢3 - - - -
223 23154 %103 9.8861 % 1073 - - - -
250 4.2035 %107 - - - - -
300 2.5099 x 102 - - - - -
364 7.2892 %107 - - - - -

Table 3.9 History data of total true strain &,(t) by stress values o, in numerical isochronous
S-S curves for the base metal of FSb steel

a £ (t) . (t) £(t) £.(t) () £ (t)

(le'a) atOh at 20.000h at 40,000 h at 60,000 h at 80.000h at 100.000h
(mm/mm) (mm/mm) (mm/mm) (mm/mm) (mm/mm) (mm/mm)

27 3.1036 % 10+ 3.2340 % 10° - - - -

35 4.0236 104 41711 %10 4.3204 %10+ - - -

40 4.5991 x 10+ 4.7567 % 107 49163 x 10+ 5.0779 % 10+ - -

45 5.1754 % 104 53428 %104 55723 % 104 5.6840x 104 5.8580 %10 -

49 5.6373 % 10 5.8124 %104 5.9897 = 10 6.1693 x 104 6.3513 =10 6.5357 X 104

100 1.2031 %1073 1.2293 % 1073 1.2560 % 1073 1.2831 % 103 1.3107 % 1072 1.3387 %1073

150 2.4972 % 103 2.5312x 103 2.5658 %103 2.6010 %103 2.6369 % 103 2.6736 %1073

200 §.2854 x 103 83267 % 107 8.3688 % 107 84118 %103 84557 % 1073 8.5006 x 1073

250 3.4527x 102 34575 %102 34624 %107 346751072 34727 %102 3.4780 %1072

300 6.9400 % 102 6.9456 % 102 6.9512 % 1072 6.9570 % 1072 6.9630 % 1072 6.9691 x 102

352 1.1571 % 101 1.1578 % 101 1.1584 % 10! 1.1591 x 10! 1.1597 % 10! 1.1604 % 10!

Table 3.10 History data of total true strain &,(t) by stress values o, in numerical isochronous
S-S curves for the base metal of FSb steel

a &:(t) () £.(t) £:(t) £:(t) £.(t)

(MIt’a) at0h at 20,000 h at 40,000 h at 60,000h at 80.000h at 100.000h
(mun/mm) (mm/nun) {mum/mm) {mum/mm) (mumy/mum) (tnun/mm)

71 8.1621 x 10+ 9.7904 * 10+ - - - -

86 1.0001 > 1073 1.1671 % 1073 13372107 - - -

96 1.1330 % 102 1.3026 % 1073 1.4755x 1073 1.6520 % 102 - -

103 1.2346 X 103 1.4059 % 1073 1.5807 < 107 1.7592 %103 1.9414 % 1073 -

109 1.3297 % 103 1.5024 % 1073 1.6787 % 103 1.8589 % 103 2.0430% 103 22312 %103

150 2.4394 % 103 2.6206 %1073 2.8064 % 1073 2.9968 % 1073 3.1922 % 107 3.3928 % 1073

200 8.1469 % 1073 8.3370 % 103 8.5324 %1073 8.7335x 103 8.9407 % 103 9.1542 %1073

250 34717 %102 3.4915 %102 3.5119 %102 3.5329x 102 3.5547 %102 3.5772%102

300 7.0228 x 102 7.0433 x 107 7.0644 % 102 7.0863 % 102 7.1089 % 102 7.1325 x 102

348 1.1377 % 1071 1.1398 % 1071 1.1419 % 101 1.1442 %1071 1.1465 % 101 1.1490 % 10!
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Toughness ratio, K,
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Fig.3.32 Comparison of numerical Time-Dependent Failure Assessment Diagram (TDFAD)
for welded joints of FSb and 15Sb steels

TDFAD:
R- (LP) i Eygl'(t) N (I‘}:)so—}’s 0
TR ot ZE'yE;l:t)
t=80,000h
i ACCEPTABLE t=100,000h UNACCEPTABLE
REGION REGION
Base Metal

Dashed line: FSb steel
Solid line: 15Sb steel

0 0.2 0.4 0.6 0.8 1 12 1.4 1.6 1.8 2

Load ratio based on primary stress, L.

Fig.3.33 Comparison of numerical Time-Dependent Failure Assessment Diagram (TDFAD)

for base metals of FSb and 15Sb steels
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3.6 #E
KRFREIC X DA OB EERE T 5 5 BRFHEORIES (L, 72 b OWEEF

TFHREF N DT XA F A MR E 72D HAZ HUBIE TORIR I 7 0 s 7 v 7 OF34A

&R B RL U TOERE I fE O Bt L BREDIR T, ORMICKB T2 7 =T A MR—=F

A MEREZIINN—T A bavg=—MORAS ROBELT 1 v ¥ —~DOREITHED

JEMEDAR T %, Omega 1% TRLIR S 4L D KRR EOT HIEE OHNHIZ L 0 EEAIITH

TEXDLHZENbholz. RETHLNIHREUTICENT 5.

(1) KRFREMFERERD 575 6 7z OB FRIE T IO 720 A F A Mk E 725
HAZ MR CORLF I 7 v 7 T 7 OFAE LSRRI - 7o, @R IZET
H7 274 MNX—FA4 MERELIFINN—FA baa=—[0OKRA NOFEEL T 4
v U — SO EANE D —HOKBIRBEOTAOHEITIZR LT, Omega {ED @ M)
R BT,

(2) KRFREI X DA OB ERE IR B 5EFEORSIbIE, 7V —T &
[AERIC Omega 1L TRIR SN D KFBREBOT HEEDONEIZ LV EEAICTHITX
52 8%, BMEY I 2 b— 3 D Omega KFRREFEOIIEIC L VR L
7-.

(3) EHAEF HAZ 128 1T HKFEREOHEERRE TIX, <A F 1 MGk E 72 5 HAZ HkL
WCORRI 70 r T v 7 OFA LFEIRRIRATH - T BSOS 1) & kRO
FTHMETL, RFMOKTFE2L7-5692 &2 TDFAD (2L W RSz, £7z,
Z OWRHERET OREWIG T) & W ONT IR T, B OARHeHE Sh 125k < 2
BT H T EnbihoTz.

@) MBI 2KBREOBRGEETIE, 7274 M= 4 MEREZIF =T A
An=—HDORA RORELT 4 v ¥ —~ORRICHEVKEREOTHPETL,
MK T2 672532 &2 TDFAD ([C X D RS nT-. £, ZOKERBOTH
DOHEITIE, BAF 1.25Cr-0.5Mo S DA LE S (1T Ba 2T 5 Z Linbiro
7-.

85



FA4E BERBOUAEMET TOKERFINEGIFHMLER

4.1 ¥EF

%2 WL 3T, REKFEMHTORE - PRSI EL OB & 5k F 4
RIBT, FEBRIIIZFFEL S - A RO O 5 O HEINZLE © SRR D REREH I
Omega {ECPE2H L, KFEERBEOTHHEE L L THRZEFKE (FEM : Finite Element
Method) v = L—3 g U~SEEEL. 37705, FaBEH OIRE LIS IIREEZ 0T A
&GO BRI BES T THIBHEEGHIZEH 5 2 & T, Aar DR GHEE & EIRRIFI
I ClespFFmatii~7 7 u—F Uiz, —J7, @mERSE CUF, “U7r s 2—=" Litik)
SR BT & 5 2.25Cr-1Mo-V #  (F22V §il : SA-336(M)-F22V) (%, HERDOMIEE T
V778 —x%y N UCREONTEKRFZIEHFIFL (IHAC : Internal Hydrogen Assisted
Cracking) @I DB 2w, MR (FFS : Fitness-For-Service) #1
DD HIZBWT, V77 X —E IO RRICBIT2ENERZHOMNITHZ
ENREE R D.

AETIE, V77 F—ERICBITA2AZ— N7 v, BFEIRBL Oy v hF T~
ELTHEINDHZ AT —Y TOKRFEIESEI (HAC : Hydrogen assisted Cracking) 51T
AT A 72D OB GIE L T OFRMEHA LN THZ 2 HETSH. £2C, VT
7B —TEERD A AT — VBN TAE U TV BHEEHR O HAC 2K 1 Ch DR, 1677,
PR KRR DARREA BUEMTIC L > T2 b — 52 &Lz, LT UT
7 B —EEDH{ AT — VIR 5 HAC #1275 729, HEf o HAC s8I+ D
WHE 2 AT 53 2 BAIE & Z ORBRE 2 oI T 5.

42 V77 Z—HATOKKRBEFNER
421 V70 Z—BEOZAT—VTERICAELIHEDY I 2 —a v

VT 7 & —@EEEOH/ AT — VBT 2N AERE & NEORHZE LA AW T, kA
HFIZAETUTWD Y 77 X —BERICEI1T 5 HAC 2R 1 CTh HIRE, 1), Rk E
TR OWBE A BEMATIC L > Ty I 2 b —F LTz,

KL T 5 YT 7L —EF2T DR EER, EARGHEERL XA L — T v 70D
Yy MY UE TONERERE & NEORRZEEZ, ZEh®k 41, K41 BX
O 422" L7, K41 OV T 7 2 —IEMERM CTh 5N 4740 mm, KJE 228 mm
D F22V SifggE S = V) U TR SN TEY, £ONEOMETMIZIL, RIEES
Min.3.0 mm @ Type309L & fRFEE & Min.3.5 mm @ Type347 O 2 @D A — A7 F A b
FRAT LA —s— LA (WOL: Weld overlay) Z 8U/ELRE L LT, 7.5mm J& & WOL
DBHESITWD. [X4.2 ONEFIRIRE ORRIZ b Z U T 7 2 —NO 7 1t ZAFIROIR
EE LT, V7T 7 2 —NEIZER SN % 5 2 72 F5E W BB M IZ L 0 BEh OIRE 55345
ZROTIA%, ZORESMEEE & U CEEMITZ 32T 5 2 & TEUS )0 &R
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7o, EBIT, ZOBUSIGAAIC, K42 ONEORMELZWESREE LTI T2 ¥ —
NI 5 2 T RS AT 4 520 L, ERRIREIC X DBUE ) (TWIsh) EEiRENICL D
IS (WIS OfTHL Y T 7 2 —HFORIRIZDIZ DN 5 A RO T,

U7 7 & —fA I BER TA U 5 KFIRE DAL, Sievert ANZ LV (4-1) THX
HIVD U T 7 2 —NREOKFBREC,, TERM & MEHM ORIV T (4-2) T
B2 5005 F22V 8l OKBREC, &, X (4-3) THXHILH AT LA WOL Dk
FIRIEC S, FEEFH ARG L 0SSN TCRES IR L TIER T 5 b 0D E LT
VR o b— b L7z K42 ONEFRIRIRE & NIEORFZLIZISE Uz ) 77 % —NFK i,
52t WOL il (Interface (WOL)) & F22V {f] (Interface (Base Wall)) D7KZ&E{EFE DR
JEIGE %K 4-3 1R LTz, 7eB, VT 7 X —4FEH TOKREREC,% 0 ppm & LE2),
F£7-, BT, °C L NEP, MPa 1X[X 4-2 ONERTRIAIEE & NIEDORREIZE L E LT-.

€= KNP x105) (=F) 4D
C molH )
S ) 3b(r')Lc ( 3 ) = (4-2)
Kp(T) " Dc(DLy
— Kc(T) molH §
G=C(m) () £ (43)

Z ZC, Ahrrenius DEFE)N S, F22V il & AT L A WOL (254 5 K BIRMEEK, (T) &
K (T), 3 X OKFILEARELD, (T) ED (DL, T (44) BLOK 4-5) 2LV
Bxzonsd., LyLlLATF2VElE 257 L2 WOL ORJE, m T, L, =228X10 3m,
L. =7.5X10 3 m, %72, 1 molH/m’=0.128 wppmH*'2CTdH 5.

KD = Koexp (- 171575)  (559a03) i (4-4)
D(T) = Doexp (_ R(Ti6;73)) (m?z) A (4-5)

72120, RNTA—=HK,, AH, DyB L OE,*3W&%K 42 17 L, FHAKIATERIL

R =8314J/(mol - K)ThH 5. F£7o, KFEIH I I 21— a3 TiE, X 4-6) OEYLHL
o, m¥s % KFEILHURED (T B X i 2 7= HLEAC, 19 % vz,

A () . (4-6)

Cp = pxD(T) kg °C

Z 2T, MNIBMEER W/(m - K), plIBE, kgm® THD.

4.1 OV T 7 2 —EERFICBN TR b EISIMEDE o TN 6 4 U F
Quench Nozzle % FEE FEREMHT, ISTIRNTE L OKFIEB L I 2 L—r 3 »Oxt4:
& LTz, ZOREARNE, MEEM & ZOMEI 2K 44 (TR LT, XEHEIEIL, ASME
BPVC.VIIL.2 (Z351F % F22V Sl ki3 28R FHEEE 454 °C OFFA I J1E 199.8 MPa %1 H
L C, Part 4, Design by Rule O ZRFIHAE L TW 5. #TE T /L OHER & BEHR M
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GEE # MG K FETR S S 2 L—3 3 ) 2K 4-5, ZFUSEE LR e
ERAIIR L. V77 Z—NFKiEZ/RTX 4.5 © Boundaryl (2, FEE R BMREFENT
TIE T vt ZFARDIREE, KEWES I 2 L —3 3 o TIIAKEBE, MEMir CIImE
DR E L E ZNEN G 2 7.

(7
Top tangent line |
6" Tside diarietes : . Thickness 228 mm Tvithm.lt weld overlay
catalyst drain nozzle . 6” Inside diameter
nside mifhn
o ~ quench nozzle
b= 4725 mm
g \ (overlay) ~ Shell & bottom head
= & o to skirt and outlet
I ~ .
< nozzle juncture
\ !
Sl
4 N Shell & head inside :
! Weld/Type309L(Min.3.0 mm)
+Type347(Min.3.5 mm)
, i : stainless steel overlay
Bottom tangent line B A
2 Bottom head

Fig.4.1 Basic design structure of typical 2.25Cr-1Mo-V steel reactor®!-27 1

Table 4.1 Typical design specification of 2.25Cr-1Mo-V steel reactor®!'!

Operating Pressure 17.16 MPa
Operating Temperature 427 °C
Design fatigue life 30 years
Design number of cycle 15 cycles
Operating duration per cycle | 2 years/cycle
Startup duration 100 h
Steady-state duration 17363 h
Shutdown duration 57h
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Fig.4.2 Process fluid temperature and internal pressure versus time from startup to shutdown
for typical 2.25Cr-1Mo-V steel reactor +!V
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Fig.4.3 Hydrogen concentration on the internal surface and at the interface between WOL and base

metal versus time from startup to shutdown for typical 2.25Cr-1Mo-V steel reactor
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Table 4.2 Parameters for calculation of hydrogen solubility, K(T) and
hydrogen diffusion coefficient, D (T)*!3!4

Inside stainless WOL 2.25Cr-1Mo-V steel
Dy [m?*s] 7.69 X107 8.00 <10

E, [J/mol] 53300 24975

K, [m?%(m?-Pa®)] 0.151 0.036

AH [J/mol] 4500 6943
Reducing flange
: SA-182M-F321

Transverse planes
Gasket : Type347 Quench nozzle

: SA-336M-F22V Unit : mm

9235

Shield = g shel
: - SA-240M-347 - r237

Insulation :
Quench pipe
: SA-312M-TP347

Fig.4.4 Basic dimensions, constituent members and materials of 6” Internal Diameter quench
nozzle to be analyzed

Specification of transient structural analysis

Specifications of transient heat transfer analysis Computer Program : ANSYS Version 18.2

& hydoges difimion snmlition, Element type - 3-D 8-Node Brick Structural (solid185)
Computer Program : ANSYS Version 18.2 Element numbers : 91.219

Element type : 3-D 8-Node Brick Thermal (sohd70) Nods nunibers: - '100 ’__;_;9

Element numbers : 159,496 Insulation (191 mm)

Film coefficient between process fluid

Node numbers  : 188,202 -
ode numbers and metal surface = 1136 W/(m?*K)

WOL
Stefan-Bolzmann’s constant = 5.67 X 10°* W/(m*-K*)

Metal to metal touch  Emissivity of
msulation = 0.94

Shield

_Quench Pipe

Temperature of quench gas = 91°C

Film coefficient between quench gas and

R e piea,
Reducing flsage mside of quench pipe = 849 W/{m?*-K)

Emissivity of metal =0.79"
Boundary 2 [Atmosphere]
Minimum ambient temperature outside of
vessel = 12°C AT
Film coefficient between insulation and Analysis Point wb]__
atmosphere = 11.4 W/(m*+K)

Fig.4.5 Analysis model specifications and boundary conditions of 6” Inside Diameter quench nozzle

(Transient heat transfer analysis/Hydrogen diffusion simulation)
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Table 4.3 Material properties applied to the analysis

Materials

Shell
6”1.D. Quench Nozzle
: SA-336M-F22V

Quench pipe
:SA-312M-TP347

WOL Reducing flange

: Type309L+Type347 | :SA-182M-F321
Shield
:SA-240M-347

Insulation

Modulus of elasticity

Table TM-1, Group D"

Table TM-1, Group G

[ X 10° MPa]
Thermal expansion . Table TE-1, Group 3" for Type347 -
[X10%/°C] Table TE-1, Group 1 and Group 4" for Type309L
Thermal conductivity R
[W/(m-°C)] 0.061 at 204 °C
x x 1.170 at 93 °C
Specific heat Table TCD, Group D Table TCD, Group K 1,255 at 205 °C
[kJ/(kg*°C)] 1.340 at 316 °C
1.423 at 425 °C
Density 220
[kg/m3] Table PRD* Table PRD*

Poisson’s ratio

Notes)

* : ASME BPVC.I1.D.M-2021

422 V7 Z—HRAEMET coBEFDOKZEHESNZERTORE
ER EKEREEBIOEISDE o ) ANVIEERETEONTE AT > LA WOL B T
D F22V il % 7 A (( 4.5 1@ Analysis Point) & U Ci®E L, HE&EMENT, FEEF 2R

EREHT I K OUKBILEENT T S =5l A C O 5 M D SISy
DFERR, BEOEOEREWHBR TR,
U772 —EIEDOK AT —ICB W T HAC |

JEIE % X 4.6

IZENTEER
¥a U R &R,
% (WEKFOIREE) ZLITIC
O AZ— 7y 7HIE (100 h) :
WD 0 MPa 75 17.13 MPa ~DHJEIZ LY
0 MPa 7>% 187 MPa ~ L& L 7-.

S 7~
WNEBARIEREE D 12 °C 776 425 °C ~DHEB L
U7 2 —REROE ST

*7,

, R L KRR D
NI alb—
TR RIFT LSS

ZOMBNC Y 7 U B —DKFEIT A Dk
R MBRLRT D72, BER O KEFREE L 0 mass ppm 7> 5 5.20 mass ppm -~ _E5H- L7z,

@ EHEEEIN (17363 h) : NEBTRIARIEE 13 427 °C, WJETX 17.13 MPa (Z4-FF S 1,
T2, VT2 —~DKETADMBE LHEFF SN AT, BEFOIREIL 425 °C,

JAJT ST 187 MPa T—iE & 72V, F72, AKFRRED 520 mass ppm & —E &

Tpo7-.

v MZ T B

vy hE T IR (57h) ¢

v

91

U T 7R —=~DKFENADHARITIRIET B 23,
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MPa

Temperature, °C

Circumferential stress,

FHERUZN SRR 194 MPa (22 L, D% 2 FEITEA 3228, O 10 FF
IS ERBRRe L7z, 72720, ZoMMICRITF 5NEE 17.16 MPa [ZfkfF LT
Whe (=SB —E) DI BRI, NiEAT > LA WOL & Z OFMAl O
M Td D F22V il DB IR AR D 722 B RR IR B 12 BRE 9~ 5 N A DR B 2212
£V WOL E T F2V SiliCBEE b3 28U ) (2RI ICERT 550 TH
L. B, Uy v MU UBEA 23h 35 31h £ TO 420°C 5 217°C £ TORE
IRIBFETIL, BEFRO/KBEREIT 5.14 mass ppm 205 1.52 mass ppm ~ & K& KT
LTHEY, vy N TAZEIT HMAKE (Dehydrogenation) DRNHDFEH H i
7-.

620000 187MPa 194MPay JCirc. stress ;
P i
H concentration {(/ R 5.20ppm
$20ppm—u— % /L] l\\\\\ | O~ (23)
500 | / )) RV , =13 4
! /,/ (1) — H concentration i
4 [=h
425°C—f J( | Z
I N i g
400 | i ) l — 4 E
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100 } \ ks
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4 . // [ 51
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_+ -state | _ \ | -state \ = &0
' W | P ﬁ
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Fig.4.6 Circumferential stress component, temperature and hydrogen concentration at the

analysis point versus time from startup to shutdown for typical 2.25Cr-1Mo-V steel
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43 U7 7 Z—#ALME T TOAFRE BRI RAR G5
431 V77X —HtRAEMET CORFOKRHRENEER FORELEEMNS5T 5
RRBREE DR

42 HiTHH L7V 77 X —ftHF O HAC EK 7 ORI &2 Bt 5 L TEINIH
ZEHIT 5 720I121E, &R (425°C) TOEEKFEERE FCORBRALEL RS, L
L, 0O X5 72E8REE T CTO HAC PIFHMmFRER (1 T-C(T)&ER Fr 2 H 7o i i 4 7ER)
[ Anr EE IS E SO E R R O W IR S E KRB ~OMAEOBLANOCRETH DL Z LD,
T3, @R (425°C) TORHMFER & R H 2 WVIXRSF 2R A 3 5 720 ORER
RE OB 1T 7.

— I, MO RKE OWRME L, IR TIEm< 72503, | CIHIEFRICEL 2
L. FD, MEZA— b7 L—T7 N TEIREEKE IR I EHTIIRER T v —
TVENDN, ThERKF CEIRE CHATIUL, BRI/ o 72 RKRE TR
FOMEIN G EDED., LB T, FANZ ITCTikB 24— r27 L—7NT
ERFTKBICERBE L COKFET ¥y —Y LThH, K&AF TRERZ £+ 255 113 A
DHKBNEOGRT HMER S L. 22T, VT 7 ¥ —EHERFOEIR (425°C) TO
BER O/KFIRE (5.20mass ppm) % ikBR A ISR L7IRIET, KR&AF TRz Eiid 5
TmODKFET v — 5N EReT LTz,

TR T DFEE Y T 7 — 2 o )V EIEHER T 2 U T B ORI L Y
B L7 IT-CDRBR A %2, A— b7 L—TW (KFEH AHE 99.99999 %) TKFEES
L W§fE A 25MPa & 48h & L, IREEZNZE4L375°C, 450°C, 500°C (2845531 LT
KFEF ¥ —V Lztk, BEAKKH THRE 9 h KE L0 1T-C(T)itBi 2 H DkFED
BitkE TN ENIE L. KEF ¥ — V% BLOERKKTICHKER 3h, 6h, 9hD
IT-C(T)ikER 7 ONTEAKFIRE Z, RBAWE2 58 Smm X Smm X Smm D% A =
AR OB BRI L, ANEMET AL & BREEEOEATIC I VHEE L. X 47
21X, KFEF ¥ —VHOBRKZF TCOREICKT D 1T-C(T)ikBR T ONTEKFIRE D
HIEM L OB E R LT-. ZORE, WTFhoOKEF ¥ —VEREICBWTY, Fv
—VRICEBRLAPICOhKERK D, V77X —EEERREO &R (425 °C) TOREH
DIKFIRIE DI RKAE 5.20 mass ppm & + 512 ERIDKENHRGTDH Z ERHEZEIND.
72, K 481Ti%, 450°C TKRFEF ¥ — Y Lizikkla, XY EIED 150°C ORI
& L7 BR OB R & NTEKFIRE OBREZME LM RE R L. 2RO O/REND,
F—Fr 27 L—T7HT450 °C - 25 MPa - 48 h DA TRFEF ¥ —Y L TBITIE, DK,
HRBLO150 °C ORKHFITHE L TH, ShEEETHIUE, V7 7 ¥ —E R EIRRED
i (425 °C) TOU T 7 & —RBEROIKFPRFEDHKAE 5.20 mass ppm & [A] 5 KFED
BlFET D EnbhoT-.

nB, FEFX, V74— EERORH (17363h) @ik (425°C) — & &
(N 17.16 MPa) PREFHICIEE SN DB 7 V — 7 OFT RN Ch 5 2 & Zfifgid
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LTEO®, V77 72—k O HACHItZ 7 U =7 0T %0

VIO TIRWE B b D.

(=

& 16 Hydrogen exposure conditions:
§ ¢ 375°C-25MPa-48h
= M 450°C-25MPa-48h
s 14 & A 500°C -25MPa-48 h
g | e A

| T e

g T

e 12 : 4

B W e o m
2 R SaE .
= (=i}

210 |

& S

s T $

§ 8 ¢

=

3

5

%ﬂ 6 | 1 | | | | |
% 01 2 3 4 5 6 7 8 9 10

Room temperature atmosphere exposure time, h

HZ S8
e

BB DL

Fig.4.7 Relationship between hydrogen content in 1T-C(T) specimen and room temperature
atmosphere exposure time depending on hydrogen exposure temperature

—

Hydrogen content after hydrogen exposure of
450°C - 25MPa - 48h, mass ppm

0 ‘ Sample collection position : 5.;«\‘*\7'-_, i
- ECenter _./ : EI
{Surface : f:i
5 P 7
i @l &
0 S s L o
= h\“-.,_‘_‘ -
6 C ‘--._‘_‘_H:, 25mm |
__________ - s

S
3

150°C % 1h, 5h, 20h

) 375 °C;,}/1'_,z \ Water-cooling
/ 4h !
Thermal history of samples Liquid N,
after hydrogen charging
0 I 1 I 1 I 1 I 1
0 5 10 15 20 25

150°C atmosphere exposure time, h

Fig.4.8 Relationship between hydrogen content after hydrogen exposure of 450 °C - 25 MPa -
48 h and 150 °C atmosphere exposure time depending on sampling position for
hydrogen content measurement
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432 V7T 7 Z—HHEME T TOARFRBEENEGFMRERE

HAC (%, AKFEEREEHIIL (HEAC : Hydrogen Environment Assisted Cracking) & PN
KZB)E##L (IHAC : Internal Hydrogen Assisted Cracking) @ 2 fiFAIZ/7FATE 5 & &
TV, HEAC T, B KE N AT HE RIS DM EHTR AT 5Kk
MEEE 72D, —J5, THAC 1%, MPEHIAKBERNIET DL XTI 2 & ST HE),
2T, 422 8iCEHE LY T 7 2 —HSME T TOEEF O HAC 22BN OIRRE &,
43.1 @O PHMETRE RIS &, VT 7 Z—HEiD% AT — 2 TO HAC 514 #Hl§
HIODRERE L TR 44 DL DI L.

(1)

@)

VT 08— — K7 v 75T TO HEAC HiHTAEHfh7A5R

U7 78 —~DKFEDOWIEHFIET DA X — N T v TREORER T, KFETIIT
EVIEHB EAT DL LB, BRNOER (425 °C) ~OFIRIC KV KBENTF v
—VEIND. EOTH, BN DOFIRAE L Wit AT EAEMF T O HEAC & Z4ULICH
BT 5EIR (425°C) TOYU 7 7 Z—REROKERE (5.20 mass ppm) (2L 25 IHAC
28 HAC K L7225 Z ERbnolz. 22T, FRNIKETF ¥y — L TR 1T
CDRABIZ, RBRIEEEZ=RIEL 150°C £ LT, V77X —&KeHENEFREZED 20
MPa KFEHA— ~ 7 L—T W OKFEHT AHE 99.99999 %) THEHMEL 52727 1
V7 m— Nl (HEAC #iEapiakiy) 2 FEMT 52L& Lz, 720, U
T B —BERIZNTE LTZAKBENEE T D0 ENERFT 5720, A— 7 L—TN
(K& H AL 99.99999 %) TOHEFIOKFZET ¥ —VI2L Y, EilE (425°C) TO
V7 &2 —RBEROKZRE (5.20mass ppm) ZAE#EE( 5 L7z 1T-C(T)iklk /i 2 i
HEAC #KPURHaRER 2 Ehti 2 M BN H D, 7272 L, HEAC FAERIL, 74V
Jua—R-FerxT—ya ECO%EH L, KEOEN IT-C(T)ikBR T O KRR HF T A
vy u— Rkl (B8 (Reference) #kl#R) T3 D A2 faf -2 HHAR D> & M % B
159 % 4% (DP: Deviation Point) & L CEFKT H. T DO DP TOMEEHWTHEL
72 ASTM E 1820 |Z X A Kfii % HEAC FED TR IIERIRE Ky & T 5.

V77 & — RIS T T O HEAC #PTREAlER

V7T X —ERERREORET T, A¥— N7 v 7RO R EKRTE DR
LD —EOEIADAMT D E L HIT, @ik (425°C) ([T X Y E/KFERE (5.20 mass
ppm) DRFEIZZ2 > TWD., ZDh, AHZ— T v FBICHAE L7 HEAC D/kHE
BREE LM ORE, THNCEHET DR (425 °C) TOU T 7 & —REdh o & KE R
J£ (5.20massppm) |2 &% IHAC 28 HAC EN & 725 Z Linboolz. £ 2T, il
DKFEF ¥ —VI2E D, &R (425°C) TOU T 7 X —BEHOKFZREE (5.20 mass
ppm) EAEEEA 5 U7z 1T-C(T)akBR i & VW C, IR T HEAC IRFTaFakBRIz L v
DP £ O AW S E7-%, ZOKFERER LOWEICTRAK 10 HFRFFT 25758
— T a4 rra—RNRBREFEITLZEE L. TOBICE, =T a—
K727 N7T7 03540 H L, 3B% Ok SEM 14 2 HI 2 fmf AR FEHI M
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ICER L7 EBXONHBAEIZWEL T, HEAC 4K DOEREZ R T H M2
D5,
B) VT H—%y MU UEMET TO HAC HERHTFEm SR

VT 72 —~DKRFEOUHIEPIRIET DU ¥ > hF T OBERTIE, ®REDKHE
NTF ¥ —V INTIRETISTIN ERT 5. 207D, HACEK & LTI 77 ¥ —kE
HIZER (425 °C) TOKFERE (5.20 mass ppm) BT ¥ — 3 SPTREETO=EIR
~ORERZE L O WHEHTESM T IHAC 28 HAC B L5 Z Enbhote. =2
T, A— b7 L—TWN OKET AHE 99.99999 %) TOHERFDOKEF ¥+ —II2Lv,
i (425°C) TO Y T U 2 —REFOKFERE (5.20massppm) EAREET G L7172 1T-
CTRABR I KA T EE 520 74 V7 n— Rk (IHAC HGPTREmR
BR) ZEhi+5ZEE L. TOBICIE, VT 7 ¥ —BEROFFIRKEOLE S
X ¥ v MU R ORIRERRICEET 5 DT, THAC HBAICKIFTTIREDFEE
P9 5728, REBRIIEIR L 150°C THEETL2MLENRHDH. 7272 L, IHAC FED
TIRFIS LRI, 1%, (D) ERBRIS, TRENER L 150 °C TOZWRBR L D
LD B E S5 DP COME A W CTH M L7 ASTME 1820 12 X2 KfE & 3 5.
BB, 74V a— B OSIERRBOBINEEK > 0) Tk, —#&ic, K
DINS VR, FHIEN DKy OIS R 08E, KIfffecoI 4 v 7 a—K
R CIE, RBEEOHA L, /72~y RAEY—RZEEOTFRATHD
0.01 mm/min & U, J&FHERERE D BN & K= 1.3x107 MPavm/s THEE§ 25 2 &
L.
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Table 4.4 Relationship between HAC Factor in each operating stage of reactor and resistance
test methods for hydrogen assisted crack initiation

s : ; Resistance test methods for
HAC Factor in each operating stage of reactor celtestme ods o
hydrogen assisted crack initiation
Simulation results of temperature. stress and diffusible hydrogen distribution Speci Rising or Holding load
in the reactor wall under service pecinien test conditions
Hydrogen Load
Operating | .. pressure Diffusible : Hydrogen ’ o=
Temp. - : Factor & [emp.
stage (Rising circ. | hydrogen Pre-charge ;
Environment
stress)
R.T.
OMPa HEAC None .
12°C (OMPa) Oppm Rising Load 150°C
Startup I l l s under
425°C* | 17.13MPa | 520ppm | HAC | 450°C 20MPa H. Gas RT.
(187MPa) + X 25MPa - B
HEAC X48h 150°C
IHAC 450°C Holding Load
Stg’;‘iy 425°C* :17 8]?31\11]\1’2)1 5.20ppm #: X25MPa under R.T.
HEAC X 48h 20MPa H, Gas
OMPa** - ’
425°C* | (187MPa) | 5.20ppm 450°C Rising Load 150°C
Shutdown L l l IHAC X25MPa under
1256 OMPa** Oppm X 48h Air RT.
(194MPa)
Notes)

* . There is no need to consider the possibility that creep may interact with the hydrogen
assisted cracking (HAC) in the temperature range where the reactor is in service.

** : The supply of hydrogen gas to reactor is stopped during shutdown.

44 #EE
BERAE LT RV MBS R ) 7 7 ¥ — % RIC, TOAX— T v, EHiER

BV y v MU AZBWTAEL TV DHEEH O HAC 28K 1 CTh HIREE, 1677, I

Bt K B ORRE A G fTIC L > Ty 22— Lz, ZLT, UT 7 ¥ —EHRD

KAT =28 H HAC IRELZ -l 5 728, BEF1O HAC S22 1~ O RRE 2 #ie f+f

B4 28BE L FORBEMEEARF L. KETEONIERELZ U FICENT 5.

() V77X —~DOKEZEOHAEMHBIET D A X — b T v TEEOBEFR TIX, KFEENIZ K
VISHN ERAF D EEHIZ, FiRMOEIR (425 °C) ~OFBIZE W KENTF v —
TINDD, BRSO OFIRAME D W ESRM T O HEAC & ZNICEET 55
IR (425°C) TOVY 77 #—HEROKBERE (520 mass ppm) (2 K 5 THAC % 1E#E
59 2R LT/ Z L RbroTe.

Q) V7T 7 H—EHELRREORBER T, A% — 7 v 7R OEMREAKEEERECK
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BH—EDEISIBART D EEBIZ, FiR (425 °0) 12XV EKFRE (520 mass
ppm) DIRFEIZ/2 > TWNWD T8, AHX— T v T IECHA LTz HEAC OKFEEREE &
MEORRE, ZHICEET SEE (425°C) TOV T 7 X —REMOKERE (520
mass ppm) (2 X 5 IHAC Z AT 53 5B N LE R Z LR boo T,

B) V77 XA —~DKEZEOHIEPRILET D ¥ v bH T OBEFTIE, BIEREDOKEN
F ¥ —VENTRETISNN EFT 5700, V77 X —RERIZEE (425 °C) TO
KB (5.20 mass ppm) 3T ¥ — ¥ SR AE T O IR~ D IR 2 {4 o [ ff 5
AT O THAC Z A 59 2B B Z &b o Tz,
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B 5 B BEASEEMEIOBEEEO G REARM AT OKRBREIETIC RIE
EME D R

51 W=

FA4TETIE, BERS LT, “UV7 7 x—=" L5dik) & LT225Cr-1Mo-V # (F22V
81 : SA-336(M)-F22V) &R Y 7 X —E kg, AT oKFEBEE N (HAC :
Hydrogen Assisted Cracking) #&$1% #7572 O ORER 1L L ZDOEMEEH G L.
26 O HAC HHTRHAGRERYE 2 R O MR @ T 2121%, V7 7 2 —VsE
HEFIZ 1T AL oD HAC S8BT M E UV EBL I T O IAHE 4 B O $IE 0D 528835
EERD.

KRETIX, V772 —RUEBME CORESRO Y v VB —EREEOMED, EHk
%@ﬁ%¢mmmc%$m#&%®&®%¥%%W@%ﬁg,kio*%% IZ L B%
ERIER) D RHBIE~OBITORREMICKIETHEZHLNCT L2 N L
T3, FZT, EHEEE L 2 FEOB @ﬂ&émﬁﬁ%w XL, 4 mTHRE
U 72 ik Tk RS LA LM T CokE RSB O M ER % FhE L 7.

52 V7T U2 —BUEBETOY ¥ )L & —EBREME O
521 FERY T 7 Z— = VAT 2 LR ERBIR O RUYE

U7 7R —DBREFREEEERT A =L, ~v R, JALVEBIONT I Uk EOTE
WM OER(LERFTC V2 BRI E LT, 2D ORMIZIZETRE Cr-Mo #i23A < HWH i
TW5. —iIIC, Cr-Mo SR O @B E LTy, & OWEEMFOM S 13 EF-7 51
MIZdH 5. 2D, JERD 2.25Cr-1Mo 8 (F22 £ : SA-336(M)-F22) X U & &V axE
JESIC VR CTE % F22V L Y 7 7 7 — OUBEE TR E T, TERE CTAHEZ EUL
P (PWHT : Post Weld Heat Treatment) 1R % F22 i L v ?61—1&5 IRRE L, ERIREIES IR
%ﬁ%%h%t<MﬁL WEETONT VT LR O I K D ZiE o) & &

\Z IR RN Y (HAZ : Heat Affected Zone) O AE éﬁﬁi%.o“(b\%ﬁ“'z). L7=MNoT,
Fmvﬁij79&~%¢"féﬁ%miﬁ VP28 E RELSEDD Z LT,
BER L X7 A —Z O3 7o fimt, BEEINSCRIREIN /e E2 BB L AEN LY BE
L7 oTWA.

TS VR EER TSI, BRI B o Y = VR TTO Y v T LD, &
BWRINH T DY T —DRBEERA LTV E0D, KR oEsERBRI (X 5.1) 1%
F s =L LRI CIESM:, WIERB LOBRLERKE L, AWIE 250 mm 3 L OB SR
27 mm DR EHWT, FD 77 X —RUERE & [Rl— O E LaF (5.1 12 TH
EL=GD. 22T, VT 7 2 —RUEEERGFPHMNIZ T PWHT #iREE 2 705°C & 680°C (f&
BRI 8h) ICB bS8 5 2 LT, WHERBRIRIC Y v /L B —ER AL R 7
LWRBEBB AT 52 L L Ulc, WHERBARORIE .0 OWREEE R OM LK, 3
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FOFNEE D SERE U 7= kS [ BERBR Al L W BUE L7 2 FREEOTAEA B ORIy
MEAEZFNFNFE 52 BLOFE 5312773, PWHT IREED 680 °C DIEHESEEDS 705 °C D
BHESRE LY LOREBE L > TS Z LRS-,

Unit:mm

Unit: mm ‘}—‘b@
‘rﬁﬂr WELD THIS PORTION
1o AFTER CIRCUM WELD.

Outside

DETAIL OF CIRCUM. SEAM
(scL=1:4)

1350

200 200

Fig.5.1 Reproduction of groove configuration of typical 2.25Cr-1Mo-V steel reactor shell
ring girth weld joint (Left Fig.) on welding test plate (Right Fig.)

Table 5.1 Welding conditions for welding test plate©>)

Specified welding conditions

Welding process Submerged Arc Welding (SAW) (Tandem)
Welding US-521H (dia. 4.0 mm)
Flux PF-500

Current & Polar AC

Amperage 500-600 A
Voltage 27-34V

Speed 600-700 mm/min
Position Flat

Preheat Min.177 °C
Interpass temperature Max.250 °C
Dehydrogenation Heat Treatment (DHT) 350 °C=£50 °C for 2 hours
Post Weld Heat Treatment (PWHT) 705 °C for 8 hours

Table 5.2 Chemical composition in 1/2 thickness of 2.25Cr-1Mo-V steel welding test plate (mass%)©)

C Si Mn P S

Ni Cr Cu Mo \% Al
0.05 0.05 0.50 2.00 0.90 0.20
Spec. - - - <0.010 | <0.010 | <0.20 - <0.15 - - <0.010
0.12 0.35 1.30 2.60 1.20 0.40
Weld metal | 0.09 | 0.13 1.07 0.004 0.0022 0.07 2.39 0.09 1.05 0.35 0.005
Nb N 0 Ti Sn Sb As X-bar J-factor
(ppm) | (ppm)
0.010
Spec. - - - <0.030 | <0.005 | <0.004 | <0.010 <15 -
0.040
Weld metal | 0.013 85 348 <0.005 | <0.003 | 0.0007 0.003 9 84
Notes)

* . X-bar = (10P+5Sb+4Sn+As)/100, ppm
** . J-factor = (Si+Mn)(P+Sn) X 10*, mass%
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Table 5.3 Tensile test results of weld metal (GL. 30 mm, Dia 6.0 mm) &

0.2% Yield stress | Tensile strength | Elongation Reduction of area
[MPa] [MPa] [70] [o]

PWHT specification | 415-620 585-760 >18 >45

705 °C for 8 h 600 701 22.8 71.9

680 °C for 8 h 688 775 18.1 68.1

522 ¥ E—EREN

BUE ST WiE BRI 3 1 DR D > v )L B — e 4 F i L 72, 15
HAIVTZ T v L BRI o R L X — & GEPERK R R O IR AR A A X 5.2 12T
—29 °C\ZBIT D ¥ v /LB —E BRI = R /LF— (CVN : Charpy V-notch Impact Energy)
%, PWHT IR % 705°C & L7285 1213 Ave.135.81/Min.125.5], F7z, 680°C & L7=
BEICiE Ave.74.7) /Min59.7] ThH 5. WTNDOHHETH-TH Y 7 7 & —8ERRDE
KAE Ave.55 T/ Min48 J L ECYEGEE LT\ 5. F£7-, WHEEBIEE (FATT : Fracture
Appearance Transition Temperature) |3, PWHT J& 705 °C 3 £ 1Y 680 °C TEANLE 4L
—2°CHBIO—16°C THDH. ZDXHIZ, PWHTIREZELIEHZ LT, FATT I
L CHKI 25 °C H/e 2 2 T OV T 2 HEfi L 7-.

—J7, ZEERESRIMONMEIZ L DWMEOENEHET 5720, ¥ v /L B —EERRHER
RO v FNEERESEREW O W2 & LESEERLIUOWM & LZgEED 20°C TD
BRI A, K521, s L TERENT 7y b LTHIR L6, PWHT IRE
705 °C OEHEE T TlX W/2 T Ave.167.4 T/ Min.166.1 J 3 X OEVERL R =RIZ 100%, W/4
T Ave.160.3J/Min.154.2 ] 35 J OSEMERK = O SEHEIL 90% Th 0, (LEIC K - TEIME
ICREZ72E N T2V, —J7, PWHT IR 680 °C OIEHEET Tid W/2 T Ave.119.6 J /
Min.108.8 J 35 J2 OMEMEA i 28 O I IE 85%, W/4 T Ave.107.9 J / Min.87.5 J 33 K OMIE
PERE SR O EIEIX 68% T VD, W/4 ORIPEIL W/2 IZH TR,

#%ik 3 2% K BB E BB R (2 O D EEO R R TH D 1T-C(T)ik
B E, WEEABRROBREFT R LIV ERIRT 522 &L (M 53) 63, M54 1R X
912, 705 °CT 8 h ® PWHT % fiti L 7= 454k F 0O W/2 (I TRAAEN Lol A
MRS, F£72, 680 °C T8 h @ PWHT % fiti L 72 VAEEKT-00 W/a (@I T84 H
A U7 iklR i 2 AREN A & L7z,
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:\; 80 -
§ L
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(6]
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W 4oL
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k3] 20 Unit:mm Welding
S = @&\\\y Direction
I N
0 | I |
150 -
3 - i
> L ey
5 oo
- | N 250
8 60} * 705°Cx8 h §“t\\§
o i A 680°Cx8h \
§ 30 | Solid : W/2 % /
I (0] s W/4 S Weld Metal
0 PR NS T NN W T SR I T NI ' plenu | I | &‘\% o
-100-80 -60 -40 -20 0 20 40 60 80 | |

Test Temperature(°C) 400
Fig.5.2 Temperature dependence of Charpy  Fig.5.3 Schematic illustration of specimen
absorbed energy and ductile fracture of weld location®?
metals in weld test plates with PWHT temperature
changed to 705 °C and 680 °C (holding time was
8 h for both) within the reactor fabricating
specification (2 mm V notch)®?
Width of weld metal, W Wigth of weld ule‘[fil. W

~ - [~ -~
I I

b

I

T
h——

—

| )]

I ] I

1 1

}/—\ }/—\

I

Pre-cracic position i
Pre-crack position

High toughness welded joint Low toughness welded joint
(High toughness material) (Low toughness material)
PWHT conditions : 705 °C x 8 h PWHT conditions : 680 °C x 8 h
(FATT = —42°C) (FATT = —16 °C)
Pre-crack position : W/2 Pre-crack position : W/4

Fig.5.4 Schematic illustrations of High toughness welded joint (High toughness material)

and Low toughness welded joint (Low toughness material)
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53 U777 —EERFOEAT OKKRBIEFNR LR
531 RZ— T v 7B T TORRREDRERINRERR

V778 —AE— T v 7 R_ MM T COKEZREDEEZINL (HEAC : Heat Environment
Assisted Cracking) G934 (Initiation) O RS L REREK, y DIRFEKRAM: %, Al
IZKFEF ¥ —2 LT W IT-C(T)ikBk 2 W TR & 150 °C TP 20 MPa KEH 7
A7 a— RRBRICE VBRI Lz, X 5.5 ICEE B A, X 5.6 (I (EEI R ER
Fo, RBEEZREL LEHE L 150 °C & L7284/ 20 MPa KEH CORE-7 1
A~y RENLE#R &, [Rl—RBRIEE IS L OVE—{f B CTO S M (Reference) 7R D fif T AR
e OEZHOECORLE. £, KFERIVFH S 72 HEAC AR E & Ky
ZEMIR L. ZORE, SIS OK L T, BEOE W 150 °C TiX 105.7 MPavm,
=R T3 88.94 MPavm & FHAI S 41, FRBRIEE 23 T E Ky OIS < 722 R0
Sz, —J7, BRIV DKL, IREDOEV 150 °C TiE 110.1 MPavm, =i Tl
67.87 MPaVvm & FHHI &4, BRBRIEEAEWIE EK, OEIZE < 720, 150 °C Tl & rE
MERZEOKEE T EATAEAmNIERD LN, LoL, SR TOKy O
L LT 21.07 MPavm FAE T LTHRY, SOICHE-7 0 A~y REMHEIER TS5 %
FERIE DAL U 2 RN B 2~ L, T O ETHE R 20EE A /R Lo B2 O HE
Lf:KﬂEénk%EP®E&tt%¥}]'$1EK,C_H LEFL, 106.7 MPavm & EFHIS 7.

5.7 (i) & 5.8 (150 °C) 1%, FHAMNIAKET ¥ — LT 1T-C(T)ikER
Fioxt LT, RBRIL ICIRI AL U 72k 2 SEM C81ES L7232 miiiEst & AREITERS
THE L ORLE. @8O Ly F Y — 2 imEomim (0 oazdERiEs) ©
LI & 150 °C TORER - TERY, |ETITIA by F Y — i) fifHIc
BEREBAMRE 2 L TV A DOREOH HEND DI L, K0 ERD 150 °C TIHIZIEELIC
F 4TI E R L TCWA . — 7, SRR T O B R AR 1 2 o AR T
B LI L CA R Ly T = E L, ERIRIE IR ¥F§ﬁﬁ&’ﬁ%£bf%
D, HAC BAEEIOALR LT EOZROERIKFIGIN T L2 & T 5 %IEMIENREL D
AN RURIEEIC R S T2 2 E R E NI, FUcxi LT, &V I_J/mLO) 150 °C TlxEiy
PR & FIRRICIFIESERICT 4 I Z R LTS, 2O X 91T, & - AREIEM oW
FTHIZB W THREDD 150 °C ~ORBRIEE O _EFHITHE, il ifa‘é% BEPRRkEm DT
(A TR A~E L, KyOEIEE < 25 EmAEE N D RO L. Thbb,
HEAC 385D FIRFS IYERFRERK,  \CIXPE & OB S 5 = L AVRIB S Tz,

W2, V772 —2A%— 17 v 75T TO HEAC ICHTEAKRZIERN (IHAC :
Internal Hydrogen Assisted Cracking) C5O723Z{E CHE T 2N E0MRGT 5720, FHAilc
KFEF v —Y L7 IT-C(DRBR T 2 FHWZ=RIETD 20 MPa kFEF T4 V7 m— ik
BROFER L e Uz, X 5.9 IIEm SR A, X 510 (ZI3ARENERRER /i D, FRTICK
FTFr—Y L TWRWEE L LR AOERTO 20 MPa KEF TOME-7 7 ANy
RZENLHhRR &, F—mE CTOSZRRBROMBEMEI L OELHOE TORLE. £z, &
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FERE X 0 FHAl S L7z HEAC BAERAWE LKy 2 FRICR L-. T OFER, S8t o
Kigl%, FANIKFEF ¥ — L TORWIEGS Tld 88.94MPay m, HHAIICAKFEF ¥ —T L
72354 ClE 90.55 MPay m &£ 720, BB ~OHEFIOKETF ¥ —VHEVELIZL VK
DAEIZIZ & A EERD 2o Tz, — 07, AREIEM DK yld, FRNCKFEF ¥y —2 LT
RONGE T 67.87 MPay m, FRTIZKFETF v — L72HE Tid 86.19 MPay m & 72 -
7o, EBICT 510 IR d Loz, BBA ~OFEFMOKFETF v —IF 0 LITH)
DO, Wb E-ZEA R T 5 %IERIEAAE L DA 2EEEL R L TRy, Z
AU O fnf BRI (2 SR 2 R L2 DA ibtﬁﬁmkHwﬁ)if$w;m
FTF v+ —Y L TWRWEATIE 102.7MPay m, FHEIICKEF v —Y LIHATIE

106.7 MPay m &7go7z. L7zdi-> T, HRNIAKEF ¥ —Y L TRV THE L
7oKy & Kooy OIEE, FANCKFEF ¥ — Y LERBRA TELNIZEE FED 2 & 23R
Ehiz. 727U, FRNOKEF v —2 Lz 1T-C(T)RER i ORER% Ol i D 7% B8 /K FE i1
FEDHHEIL, BmEIPEA TiX 11.8 mass ppm ([ 5.9), {KEIPHEAS Tidds L T 9.60 mass ppm

(K510) THY, @i (425°C) TOVY T 7 X —BEFO/KZRE (520massppm) &
[F1%5 L D KFE R 2 S ICNTE L7 REC HEAC EPIRFlisBR A £ /- b o &
ExbNDH. TIIZ, IO OERBKRRER, H 3 BEO TR & REOREIZIR,
A X X OWEIEIZ T, HEAC IRBTREAMERER 2 O 38R 7 O i 5> S BRE L 72 308Gl
ELTETHS.

5.11 121X, FHRNCKETF v — 2 LIZBA ORER T ORI 0¥ 57 TR0 )7 DRk
[ DR % SEM TEIZ LR %, mtss S REIEA Tl LR L. BT~
DFEAOKZETFT ¥ —VHVELICH»DLT, WTILb X b Ly F Y — ORI HEES
BRBK I 23B15E S, 20 MPa 7K H CoOff M IC & 2 BALERRR IR COKEMMEDE
BRRDOLNTND. L, W EEERHICEICE S R0 o T @miEs <X, 71 v
7V DIRTEAL UKBMEE~OIERPIEDRTRD S D, —J7, {af ISR SUEmE I
B o TAREIEM T, BB ~OFRTOKBZ T ¥ —VHVELIZ)HDPDOLT A MLy F
V= T E RS & R LN E L, FIRIE IS BB A 2 LT Y, HAC
ARPLO R DT EDOHROEREII BT L2 2 & T 5 %IERIEN A U 5 R 2ok
BIZESTZ ENRBEIND. LEER-T, V77 X —8UYEEMETOEIMED S{KIT A ¥
— h 7w WD HEAC BAERE OB OMERZFENICKRE S EEL RIFT 2 LR bhroTz.

X 5.12121%, V772 —RAEZ— T v 7R TOERTO HEAC REBRHFIZHBWNT,
R ZFANKFETFT vy —Y L TORWNES (@) EARKETF vy —Y LGS (DKX)
DOENRAEIZRIF T KFEOFEZ I L COR Lz, @M CIERB g ~0F
ATOKFEF ¥ —PIC L O TRy OMEIIE & A EERNEN -T2 2 &, AR T
FANKFEF ¥ —Y L TORWERER A TH O N Ky DEDSERNIKE T v — 2 L7cK
A CHRONEEZ TES> TWEZ e D, WTNOLEEIZE W T HIKFIRT O AEN
E b SN HER (A MLy F V=) D ORAKEDRBFTNCIEFE IS E K EE
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EAHTO L2 ENER &2, NTEKSE (IH) BEET DRI HEAC 2BAF4E LT
COLDEEZLND. 22T, KFEERE (HE) TITRZILHN D OIRNLORAECTREE
P\ o T, BESERNSIEMELCYT 5 Z ERMEIN TS, —F, XF YUY ARy
(VC) 1 IH @ b7 v 7Y A N ThDBKFEMAZ T L AME L TEOFRLVERY A b
1T 72 57206 107=  TH 28 VCIZ b7 w7 LT IRBE TIXERAL OEB R MK T L, #Br
A OERZIH L TWD EHEREIND. TORE, R 2 FalckFEFv—Y L
%% (IHtHE) & HE O%56 T HAC OIRFUE (Kjy & Kje—y DIE) 23[F%, & L <13 IH+HE
DOBFEDITZH N HE OFE LY Ky E K ey DEREL o2t EZHNS.

IBIZ, VTV H—=RAF— 7 v 7ZE T TO HEAC IZ THAC 28 150 °C THET 5
DEIRETT D728, FANIART ¥ —2 L7z IT-C(T)ikBR A & v 7z 150 °C TD
20 MPa KFEHF T A ¥ 7 m— FRRBROFER & el L7z, [ 5.13 [T $rEaER A,
514 IIHREIERABR i O, FANZAKFE T v — Y LTV RWGR LKEF ¥y —2 LIt 6
? 150 °C T®? 20 MPa /KFEF TORE-7 7 A~y RENFRE, [F—wE TOS R
BR O BN & DZEE O TR LTz, £72, AER LV FHIIS /= HEAC AR
ST & Ky 2RI R Lz, ZORR, @8IMEM OKyld, FRNIKEF vy — LT
RN ETIE 1057 MPay m, HFRIICKET ¥ —2 L725GA TIL 1112 MPay m & 720,
R ~DOHEFOKET ¥ —VHVIE LTIV Ky OEICIEE AV EERN 2o T2, —
07, AKEIEA DK 1L, FENIKET v —Y L TORWEEA TIE 110.1 MPay m, FFAHIIC
KFEF ¥ —V LT=HATIL 1046 MPay m 72 o7, L7 o T, B ~DOFERTDK
FF ¥ —TICE BT, Eom - AR L 5T, 150 °C TOKyOEIXIZE A LR
MARNZ Lotz FonbiE, BERTHALNEKOELED bEW I L b
o7, Lo T, BERREN 150 °C OLAIZEB W T HEIROLE L FERIZ, FAlICKE
F ¥ — Y LIRBBT OWNIEKRFEN, A MLy F V=B THNEN IR A LT KE L
HETHANT, HEAC BNEAELT-bDEEZbND. 12721, FHIIKETF ¥ —T L
1T-C(T)ikBR i O FER L O i D IR KRR E O HTEIE, IR TiX 6.82 mass ppm

(5.13), {KEIMEM CIlEFB L OV 10.5 mass ppm (X 5.14) TH Y, @i (425°C) TO
U7 o &2 —REROKERRE (5.20massppm) & [FI5ELL EOKFEF 128 HFICNTE L7k
HET HEAC HPLEHIRBR A EH SN D EEZOND. 2B, ZhbOREKER
Viw Ve [RAEROEFHCHIE LIETH 5.

X 5.15121%, FRICKFEF ¥ — Lz IT-CDRBRA IR LT, Bk IRk L
TR 2 SEM CHEIZE L7542, WA L AREIEM Tt LR LT, R~
FAOKFZT ¥ =L 0T, Fiom - BEEMICEI ST, ALy F Y —Ri0&
HEXRZEOT 0 TN Z 2 LB Y, 150°C Tld HEAC #HUZ &IET 20 MPa /K3
O EDOEENREL 2D ERbhoTz.

UEDFRERNG, V772 —2%— T v 75T TO HEAC FAED FRFL L
REBREK y DL, RBRIBERNEWZEE R2EMAH Y, £/, RBEA ~DOFRID
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IKBTF ¥ —VICEVIFEAEERITAEL RN ERDo Tz,

60 = 012 £ 60 _ 0.12
Ky = 88.94 MPay m o Kiy = 67.87 MPay m
" Ky =105.7 MPay m 9] I Kijy=110.1 MPay m j
Reference (R.T.) o . i
50 F L_—{0.10 2 50 - Reference (R.T.), L 0.10
Reference (150 °C), £ Reference (1530 °C)y Y
E p P L t
S LI 5  HEAC (150 °C), /x\
HEAC {150 “C)y - y \ i
40 1383 i 0.08 E 40 39.8 : i — 0.08
v e E K;C_;.;;IOE.?MPH\'m |
Z EAC (R.T.), =
;‘j._ [32.3 EX T
B : ]
<30 | 006 § 530 fpac w), —0.06
3 =3 1249 i
; =)
20 r / — 0.04 2 20 - —0.04
LEB. | E e i l
10 F HEAC iI‘!"'E'l —{0.02 'E 10 + ifferencg%‘in ] — 0.02
Difference m I"\I ,/" .-"r ; f: L Diogs i Difference in
T R W g HEACIRE) / LLD of
HEACRT) 3 w : A —HEAC (150 °C)
0 B bkl G2 i Lo & 0 R s A1
0 0.5 1 L5 2 25 & 0 0.5 1 1.5 2 2.5
Crosshead displacement, 4, mm Crosshead displacement, d, mm
Fig.5.5 Comparison of results of HEAC Fig.5.6 Comparison of results of HEAC
resistance test at R.T. and 150 °C under resistance test at R.T. and 150 °C under
startup conditions with non-hydrogen startup conditions with non-hydrogen
pre-charged specimen pre-charged specimen
(High toughness welded joint) (Low toughness welded joint)

106

Difference in load line displacement from reference test, mm



Streich Nascent Crack Face S;etch Nascent Crack Face
Pre Crack hﬁoﬁl (Quasi-cleavage Fracture) Pre Crack one (Quasi-cleavage Fracture)

»l e
>4

Non-H re-charged x Non-H pre-charged
High toughness welded joint (R.T.) Low toughness welded joint (R.T.)

Fig.5.7 Comparison of SEM image of crack initiation mode after HEAC resistance test at R.T.
under startup conditions with non-hydrogen pre-charged specimen for high and low

1 Opm

toughness welded joint

Streich Nascent Crack Face
Zone

i1, (Ductile Fracture)

Stretch  Nascent Crack Face
Pre Crack Zone,  (Ductile Fracture) Pre Crack
2 2T ot I " 3 ) % i ; s

5
Lt

B

Non-H pre-charged e | Non-H pre-charged 1

High toughness welded joint (150 °C) Low toughness welded joint (150 °C)

Fig.5.8 Comparison of SEM image of crack initiation mode after HEAC resistance test at 150 °C
under startup conditions with non-hydrogen pre-charged specimen for high and low
toughness welded joint
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60 — - 0.12 E 60 0.12 E

Kz = 88.94 MPay m o K= 67.87 MPaVm %

| Ky =90.55 MPay m / = [ K= 86.19 MPa\m 3

50 - Referenice (R.T.) ot - 0.10 % 50 r —0.10 §

) [ = Reference (R.T.) E

TP s I o

40 ;""_ 0.08 g 40 r fitios o Ky —n=106.7MPavm —|0.08 E

1 g E | _l['_l__“,:'f_- i) mass ppm) K;C,H=102.7N1Pa\"m =

Bar  PLO TS g

30 0.06 5 530 —0.06 3

= B 24.9 i

- & - < Z

20 Diffecence i |/ {004 2 20 p TEAC —0.04 2

Y E =/ g

10 002 £ 10 r i [HACHHEAC —0.02 =

Dufference in | / ,/ ) X g

LLD, ¥/ 2 3 2

e e 0.00 & 0 —= e o o 10 %

0 0.5 1 L5 2 25 B 0 0. 1 1.5 2 25 A
Crosshead displacement, §, mm Crosshead displacement, d, mm

Fig.5.9 Comparison of results of HEAC resistance Fig.5.10 Comparison of results of HEAC resistance

test at R.T. under startup conditions with test at R.T. under startup conditions with
hydrogen and non-hydrogen pre-charged hydrogen and non-hydrogen pre-charged
specimen (High toughness welded joint) specimen (Low toughness welded joint)
Stretch Nascent Crack Face Stretch Nascent Crack Face
Pre Crack Zone Pre Crack Z??c (Quasi-cleavage Fracture)

(Quasi-cleavage Fracture)

{ %

1

10um 10um

H preharged H pr-charged
High toughness welded joint (R.T.) Low toughness welded joint (R.T.)

Fig.5.11 Comparison of SEM image of crack initiation mode after HEAC resistance test at R.T.
under startup conditions with hydrogen pre-charged specimen for high and low
toughness welded joint
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& :Hydrogen molecule
., : Atomic hydrogen concentrating to the crack tip
A :Pre-charged hydrogen trapped by VC carbides

Rising load
@ -: Pre-charged diffusible hydrogen

1T & & @

Local high hydrogen concentration

&# Nascent
crack face
Intrusion
® ol S
%

Triaxial stress

®
Nascent

L K—j crack face near crack tip

Magnification

‘GOQJ

Rising load
(a) Non-hydrogen pre-charged specimen
Rising load
ﬁ é % C 4 Local high hydrogen concentration
A A A X
% e * @ |Nascent crack face
A L A
& a Ao @ _Nascent A
A A crack face A
A IntrusiOIL. e,
..‘ ™ A A
“ 7 A i ‘e
4 A i ®a b A A e A
& o Triaxial stress
A A ;
& i " ‘K\ _:‘/‘ near crack tip

G Magnification
¢ o ¢

Rising load
(b) Hydrogen pre-charged specimen

Fig.5.12 Comparison of schematic diagrams of crack initiation during HEAC resistance test
at R.T. under startup conditions with non-hydrogen and hydrogen pre-charged
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Load, P, kN

Difference in load line displacement from reference test, mm

60 = . 0.12 60 0.12
K;g=105.7 MPavm g_ K;5=110.1 MPavm '
o MPaym g [K15=104.6 MPavm
50 L Reference (1 U\ 3! 0.10 § 50 | Reference (150 °C) 40.10
5 THAC (10.5 mass ppi)
LE-' +HEAC HEAC
= 39.8
i e 1008 & 40 - 0.08
2 ;
E Eﬂ e
30 | =006 § %30 | -0.06
83
=3
2
20 — 0.04 9 20 + - 0.04
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g LLD. S
10 - 4002 = 10 } HEAG, 11 -0.02
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LLID ! v | L.L.D. 1 o
HF_A::' ~ / e | E .. HACHHEAG. \,-
= S i
0 I L il | ) 0.00 g 0 ey " £ A N | 0.00
0 0.5 1 1.5 2 2.5 a 0 0.5 1 1.5 2 2.5
Crosshead displacement, 4, mm Crosshead displacement, J, mm
Fig.5.13 Comparison of results of HEAC  Fig.5.14 Comparison of results of HEAC
resistance test at 150 °C under startup resistance test at 150 °C under startup
conditions with hydrogen and non- conditions with hydrogen and non-
hydrogen pre-charged specimen hydrogen pre-charged specimen
(High toughness welded joint) (Low toughness welded joint)
Stretch  Nascent Crack Face S;,r e dscet Crick Fiics
Pre Crack __|‘Z°ﬂe=I: (Ductile Fracture) Pre Crack N {m]‘ (Ductile Fracture)

pre-charged T o precharged ~ 10um
High toughness welded joint (150 °C) Low toughness welded joint (150 °C)

Fig.5.15 Comparison of SEM image of crack initiation mode after HEAC resistance test at 150 °C
under startup conditions with hydrogen pre-charged specimen for high and low toughness
welded joint
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532 EEEESEMLT COAZRRENREESINRBARN

U7 72 —EREIRIZBWT, AZ— 7 v 7 RHIIEA L7z HEAC 25, RHIMEK
FENREIC L D —~EoEIG ) EEiR (425 °C) TOBEROKFERE (520 mass ppm)
(RN L CHER T B v it L2, FRNCAFZETF vy —2 Lz IT-C(DRBR A &2 AT
HIRTOD20MPa/KFEFHT A V7 m— RiBRIC L W HEAC ZA R & T 2 i <
Hicth, TOKEREBLOWMELZRFFT 2R —1VT 47— FRBRCTOKLIZER
L 72. HEAC F84 (RS & COff M & SREFIS X7 5 fif B -ff EEARZE L HIAR 2 1X] 5.16 12,
fof EE T2 D 10 B B O ERFFICR T 5w BREN OB AKX 5.17 (IR Liz. V77
B — 2B — T v T HMETFTO HEAC Pl TR oNeT Bz —3 9 VRS &
I (DP: Deviation Point) T faf EEPyp £ CHIHE M EH % 5- % 721%, 10 HMIZ 7 B ERERfr
S FCHEAC BAZROERNEO O (KOs LT, mtEsMicxt LT
90.44 MPay m, 1E¥APERSIZKF LT 82.28 MPay m), Ky AKX — L7 v 75T L [FE%
270D Z DRI (KigDfE e LT, &HEIEMITKE LT 90.55 MPay m, {EK&EIMERS
IZxt LT 86.19 MPay m). ZD#ER, U7 7 ¥ —EFIELIIF T TO HAC FAERTUT
2B =T v TRUETTOENERFIHOTE D 2 &nbrolc. 2T2I8, V7747
— B W RIS T T HEAC HHRHEEERICIB W T, U 7 7 ¥ —EFEIERE O KR

(17363 h) &R (425°C) —EffE (NE 17.16 MPa) fREFICE D7 U —7 7 HAC EIA
ICHEET AR I Z BT 2 MBI NWED, £/ 22— 7 v 74T Th HEAC
PRPEHmARER TRl S 2K E, RBRIBESNEWIEEEL RBEMAHELNTEY,
RFrT B SR T CD HAC T & RSFAICEE T 272, RBRIBE L EIRE L2, Mz
T, @ik (425°C) TOY T 7 Z—REROKFERE (5.20massppm) & [F5EH 5 W TR
SPHOZRERBR & M9 5 720, FHANCA— b7 L—T W OKFEH AHE 99.99999 %) TV
T 7 A=A S L RO SR (450 °C) ®mE (25 MPa) JKFRIC 48 IRpfHi#iE L KFET
¥ — L7z IT-C(T)akBk Jr & 7z,

WIZ, A% OE SEM 8 4 FEIZ BRI R Ic e e U 7 BB P AR AR Sa e
B LRGSR, W EMRANEAS E OMBERE L (X5.18). £ 2T, farBfRFFHD
HEBE BB ZUIE R I 31T DS NIERIREK O LITBRE S D AalliKFT 5 Z L ICE
HL, 5.18 DREE SHYSrAa & nf EARENIIE 53 A8 OO AH BE & SIS faf EEARZNLS O JE I
IZXHE L2 BRE Sal T OKEORAEICE Z M35 2 212k, BiEMICE
SHERIEE da/dt & IS YR KRR OB EK 2 KD 7=, Z Oo@REREE da/dt &
S IIERABEEK DREFRIC Y ZAIZTE A L, £S5 2 55 R KRS o0 85I K s
DORBREZR L CEELEZCD (K5.19). ZOFEER, @M IcBE LT (5-1), K5
PERICBEL T (5-2) & L CRZMEREE N EY, @ERER IZTAZERTH-
THMEOERICHEAE L, @M TIHBEWZ E0nboro 72, X 5.20121%, FHACKSE
Fx =Y L7l ZHW A =T o v 7 a— RERBRFICEIT 5 HEAC 34E% O
JEAEE) 2 A0SR UTe. BT AR NICKBEREE ) B KB MR A L BRI IER ISR
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VRFRIREZ 72 b LIZRERCY, Bl (S 5220080 NECESEIIE, £
MOKFEDIH L, BREEEFEOKBREIIEDIZHDTb0LELA6ND. 20O
G (DRRESEIE L OKFERE ERH—-Q & b7 28 /LR O3 AE-@F A E % OB A
B DKRFADHH) ([ZBT 20060 E TOMHE DML L HEAC JEROERIT
THWRYIM E B 2 b, ZHUIK 5.17 ICBT DWEREMIBIZ O E 22 28RN 6
HEZshb.

% o = CK™ = 1.367 X 10~300f —43.53 g (22.74log K+151.3) (m/s)

for 2.224x 1077 < K <5.224x 1077 (MPaym/s) A (5-1)
% o = CK™ = 2.855 x 102384401 (-22.29l0gK-125.2) (m/s)

for 50x 1078 <K <24 x107¢ (MPavm/s) X (5-2)

T, K519 XY, da/dthA T T b—ICHBET AKEE, SR T (5-1) o
MHEIFHO TR, REIMA I (5-2) OO FRE LZ. Ko T, @mifEs <
KIERRY, 7720 b KEREOFEL M ZIT IR TP TH-oTEH, —ETHRD
KR & 7 D EEp A IR B R S vtz — 07, (RBIMEM CIRKERE W, b b
IRBEREDFBELZM L ZITROWEETEDTHUE B THEDda/dt L 72508, KFE
B OB Z R 2T 5 (KIEMEWY) Sk FThiE, da/dtB3KIEIKTTT 5 s 72

*%%Eﬂ%%ﬁ%%ﬁ@j & f'ﬁ 5T & ﬁ‘;ﬁ—\‘ é j/bf: 4. — High toughness welded joint
40 Low toughness welded joint
35 | Por =325%N Ky ;_\.90.44 MPay" m
( Ky =90.55 MPay' m ) -7.( #; a
g
30 Fp IR = 0
F( Ky =86.19 MPay m ) =
g
o 25 | ; :
e ! e =
Al D 2
- 20 ,\s;{,‘ 3
g Fid R
L & = 045
|- J{?;’”
10 - i High toughness welded joint
/ - - --Rising load
T —Holding load
- Py
2. r [f Low toughness welded joint ) gl .3 L
L ----Rising load 0.4
v —— lding o 01 23 45 6 7 8 9 1011
0 ————— Holding time, day
g Gl bs b3 DA G Ue Fig.5.17 Comparison of load line displacement
Load line displacement, 4, m . . .
N e e history during holding load test at the
Fig.5.16 Comparison of results of HEAC deviation point in HEAC resistance test
resistance  test under steady-state under steady-state operating conditions
operating conditions with high and low with high and low toughness welded
toughness welded joint joint
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O Example (D :

Ad= 134 pm. Adgy, = 101 pun, Ady, =228 pm

1.E-06

1.E-07

<> Example @ : Ad=25.1 pum, Aty = 37.0 pun. Aty = 48.3 pm
A Example @) 1 Ad=10.2 pm, Aa,,, = 23.2 pm. Adg,, = 69.0 pm
O Example @ : Ad=80.0 pm, Adtye = 140 puml, Adtyg, = 238 um
A Example B : Ad=39.0 pm, Aa,,.= 34.5 pm. Aa,,, = 60.0 pm

- 140 @]

E
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5 #

< 120 e

“gn "

i ;= + e

~ 100 ¥ 0,7';8_94){_ 21.583 y O

9 R*=10.6024
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; 60 A

g g

g 40 4

5 /2 A

1

5 0f4
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Increment of load line displacement, Ad , um

Fig.5.18 Correlation between increments

1.E-08

Crack growth rate, da/dt , m/s

K =5.224 %107 MPay m/s

K =24x10% MPay m/s

Red line : High toughness welded joint
Blue line : Low toughness welded joint

M

1.E-09
1.E-10 K =2224 X107 MPay" m/s
1.E-11

50 100 150 200 250

of

crack length and load line displacement
during holding load test at the deviation
point in HEAC resistance test under

steady-state operating conditions

Stress intensity factor, K, MPay’ m

Fig.5.19 Comparison of quasi-cleavage crack

growth rate models for high and low
toughness welded joint

4 :Pre-charged hydrogen trapped by VC carbides
® —: Pre-charged diffusible hydrogen

% : Hydroge

n molecule

® : Residual atomic hydrogen after intrusion into steel from H, gas

®,: Atomic hydrogen concentrating to the crack tip

= :Atomic hydrogen discharged from the next nascent crack face

(@ Local high hydrogen concentration

Holding load
e ~ ¢ 4
L
A A Ay : . . A
L] ® |Nascent crack face
i \ I ®
& Ao A ® Nascent4
A A crack face
A Intrusion
e? s ‘1 A
% A PN Sl
A Disch:ir'ge A e
<+ a e \ J A
® A
A A A, A
& Magnification
S & ¢
Holding load

Triaxial stress ,
near crack tip

~e (@ Discharge of atomic hydrogen
from the next nascent crack face

Fig.5.20 Schematic diagram of crack growth during HEAC test at R.T. under holding load with

hydrogen pre-charged specimen

113



533 V¥ v MU UVEBT TORNERRBREZINRERR

VT 72— %y NE T UEMET TO IHAC 34 DR ERFM %, FRICKkFETF ¥ —
LT IT-C(T)iR /2 W<, RBREEZE=E L 150°C & LERKFTOITA T
m— FRBRIZ X DG L7z, 521 IIESANCKFETF ¥ — ¥ Lol A, [X5.22
[ZIEFEANIKRET ¥ — 2 LIAREIERB R 0O, KEKFIZEIT 5 150 °C & =i\ T O E-
7 v A~y REMEIRR L, Fl—RBREE B X OE— 0 E TS MRER O ff EARZENL & O
bbby R, £, AERL VIS HAC BAERMMIE LKy, B
AR O3 1T DFRE KB OSHHEZ RIS ENEIVUR LTz, ZOREE, & - 1K
PEERER T OWT TV T H EIR Tl THAC RBARR (DP) 1338 51T, REOE W
150 °C TOHKy WatHll S 4, @AM 288V T 111.3 MPay m, {KEIMERIC3UN T
1173 MPay m Th o7, £z, B OREKBIEEIXZLILZEI 6.66 mass ppm

(4 5.21), 7.05 mass ppm (X]5.22) &ofrEn, @ « AR TRER A IZRIFE DK
T % NTE LTRBE CK DI ERAE L A AT TR, T7bh, V7o 42—
RUBERE T ORIMED ERIE 150 °C TO T ¥ v M 7 UIED THAC PR L KT S 72
W ERDD o7 7B, EIRTO THAC #BR% OF - (KEIPERER i 03Bk i 078K
FEREIXZNZ4 12.1 mass ppm (¥ 5.21), 9.77massppm ([X] 5.22) L/ rSaTEY,
WTNDOHBEIZBNTH Y T 7 X — vy MU UBIER O ER (425°C) TOREHF D
KFEVRE (5.20massppm) ZikBR A ICNTE LTDIRIETRBRZ EETE TV D 2 L kR
LTW5., 22U, 2O DRBKRREIX, A% — N7 v 75T TO HEAC T
liFER & [F— O FFE T, THAC KRBT S ik U 7= 1T-C(T)aBR v O i 2>
LBt BIL, MELETHD.

523 ICIEABRIREE 7Y 150 °C DA ORERF, X 5.24 ([ZITRBRIEE DN FIR OGO
FRBR A BRI U 7= 1% O 57 T RZRT ORI Ok % SEM Bl LR A, & -
EEIERABR T IC LV I L TR LTz, WTHOHRICBWTH A MLy F Y — il D
TEN S A - AREIMEM TR 2L, T4 v IAREE BT 52 & bhroTz. K525
1%, 150°C T? HAC #HEHtaHiiakir iz 1T 2 BN R E DO 27~ Lo, 8P ICBEfF
DOPLHMERFNL, BIRTIIANT VT AR E~ N v 7 AORMEIC N T v 7 LT\
M2 1) B O 150°C TIEFOYEECT 2 2 & CRAEITFHIZERM L, THAC 3%
ELT-EHERINS.
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E =
60 ; 0.12 £ 60 ; 0.12 &
K”_j':[”..j! MPavm .K;.;‘ K;H:“?..?! MPa\.'m Reference (150 ° f"; 4'3
E Reference (130 “C) L - ]
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Fig.5.21 Comparison of results of THAC Fig.5.22 Comparison of results of IHAC

resistance test at R.T. and 150 °C under resistance test at R.T. and 150 °C under
shutdown conditions with hydrogen shutdown conditions with hydrogen
pre-charged specimen pre-charged specimen
(High toughness welded joint) (Low toughness welded joint)
Nascent Crack Face Nascent Crack Face
Pre Crack ) Stretch Zone, (puctile Fracture) DreCiaik N0 " (Ducile Fracture)

" 10um 10um

H pre charged

H pe-—chage
High toughness welded joint (150 °C) Low toughness welded joint (150 °C)

Fig.5.23 Comparison of SEM image of crack initiation mode after IHAC resistance test at
150 °C under shutdown conditions with hydrogen pre-charged specimen for high and
low toughness welded joint

115



Nascent Crack Face

fEﬁCh f?fc (Ductile Fracture)

1~ =

Nascent Crack Face
Stretch Zone ’
(Ductile Fracture)

o y

Pre Crack Pre Crack

ol »le
i > <

H pre-charged T H pre—arg“ed‘
High toughness welded joint (R.T.) Low toughness welded joint (R.T.)

1 O‘u m

Fig.5.24 Comparison of SEM image of crack initiation mode after IHAC resistance test at
R.T. under shutdown conditions with hydrogen pre-charged specimen for high and
low toughness welded joint

High hydrogen solubility caused by triaxial stress near crack tip

Rising load /s
:\ —G J A : Pre-charged hydrogen trapped by VC carbides
Lzr' - > A — @ : Atomic hydrogen diffusion
e S beyond the hydrogen trapping effect of VC carbides
< L @ — : Pre-charged diffusible hydrogen
2 s : Hydrogen molecule in air
At Len | Generation of microcrack
.r. A
= [ g 47 L
O
A A
| Crack tip
Rising load

Fig.5.25 Schematic diagram of crack initiation during IHAC resistance test at 150 °C under
shutdown conditions
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534 U727 Z—DORBEIMEREDRE D7D DKRB R NWEGTFEAR R

U T 7R —JEREDK AT — U TO HAC IEPEMIRBRE LR A2 54 10F DR
L7z, U7 7 Z—EHiEiRSf: T Co HEAC #HTFHM#RAER Tid HEAC AR £ To
T EEEY & RFFICE D HAC A LHENEO DI, ZOKEIZA Y — T v 75t
T T? HEAC K HTRFM R TR SN 7Kl & 272 D Z E DR S l-. Nz C,
VT 72— %y BE D 5T TO THAC EHTFH RS TIE=IE K lI3eE & h
9, F7z, 150°C TRHAISNZKfiElx, A% — b7 v 7454 F To HEAC EHTAHmR
BRCRHAI S 72 150°C TOK L RIZELL ETH 7=, LR~ 7T, V77 & — it
O HAC OFRADAGENE (K, = Ky), T7hbbh, ZREIET 5720 OREINEIRE

(MPT : Minimum Pressurization Temperature) C'9%, A% — K7 v 75444 T CTD HEAC

HEHEHA BRI L Y

Pl CTE D Z R bhoTe.

Table 5.4 Results of hydrogen assisted crack resistance test for HAC Factor in each operating

stage of reactor

Hydrogen assisted crack resistance test methods and results

HAC Factor in s Rising or Holding load § 5 ;g Crack growth rate shows rapid
i —_— Specimen ) = Hydrogen assisted crack initiation : ) .
Operating stage test conditions increase or fast fracture
i Load Ky [MPavm] (mass ppm)* Kooy [MPm."mj {mass ppm)*
Operating Factor Hydrogen % Temn
slage Pre-charge Fnvi - P High toughness Low toughness High toughness Low toughness
Environment (FATT = —42°C) | (FATT = —16°C) | (FATT = — 42°C) | (FATT = — 16°C)
RT BE.94 67.87 None 102.7
o 93.69 70.95 None 84 86
HEAC MNone — =
- . ; . one
Rising Load 150°C 105.7 1143 None None
S eisE 9055(118) | $207(9.67) None (11.8) 105.1 (9.67)
. . 5 oo G152 T 8207 (9.67) one (11,8 2.1 (4.
THAC 45p°¢ | 20MPeHiGas | BT 92,10(9.93) 6.19 (9.60) None (9.93) 106.7 (9.60)
y *ite 104.6 (10.5) N (10.5)
HEAC %48h o 2 e lone None (10.
150°C 111.2 (6.82) 107.0 (6.82) None (6.82) None (6.82)
siidy | THAC | B8 Helding Lopd 90.44 (1) 8228 (1) None (-) None (-)
Sat + X25MPa under R.T. 91.14 () £3.09 (-) None Roned
=8| HEAC x48h 20MPa H, Gas E i i onei) o)
. p— - 111.3 (6.66) 117.3(7.05) MNone (6.66) None (7.05)
450°C Bemplie | MG | iR 60 129.7 (8.26) None (8.69) None (8.26)
Shutdown | THAC X25MPa under
*48h Air RT None (12.1) None (9.04) MNone (12.1) None (9.04)
it None (10.1) None (9.77) None (10.1) None (9.77)
Notes)

* : Residual hydrogen content on the fractured surface of hydrogen pre-charged specimen

after rising load test
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535 VT 7 Z—BUERBCTO Y v L E—EERRME L AP OB RBINBAERITO
BAf%

T & —8EBRE T D T B — TR RE & T O HAC FAERBLOBIMR 2 15t
T o7, X526 121%, HAC HHRHIFBRIRE 2> b s - REIWER O FATT 28 C7ZiR
£ C& % Excess temperature®'DIZ% L C, Kjyx 72y N L7277 7 %R 7. Excess
temperature DKL TiX, Excess temperature 235 < 72 1% E Ky 23 < 72 HAHEM D Rz
JHi, BItEoREE L L CEH IS, —J, mIRETIE, Excesstemperature (2 8 63
KylXIZE—E L o7, ZiUL, & - REIER & $12 150°C Tid v v /L B — @& i
O EFHIRICH D72 EEZBND. 723, [FIXO IHACHHEAC X, FRTICKFEF v —
T LT IT-C(T)ikk i % V7= HEAC HTRHIRER 2 % L T\ 5.

150

Crack initiation mode: Dimple
(Test temp. = 150 °C)

130 + O

Crack initiation mode:
110 | Quasi-cleavage
(Test temp. = 20 °C)

] 8

ﬁ Red : FATT = —42°C
Blue : FATT = —16 °C

i o
A
—)

Threshold stress intensity factor for
hydrogen assisted crack initiation, Ky , MPavVm
| O
= =

50 t O : IHAC+HEAC
A /A : HEAC
N [ : IHAC
0 1 i 1 1 L L L
0 50 100 150 200 250

Excess temp. = Test temp. — FATT , °C

Fig.5.26 Relationship between threshold stress intensity factor for hydrogen assisted crack
initiation Kz and fracture appearance transition temperature FATT in Charpy impact
test
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54 #E
EERE & LT 2V Sl ) 7 7 2 — & R8s, BUWEBE TORBAERB OV ¥ L

b —ET AR OFRE DS, TRBEE T O TR O HAC S8BT & 2 D% O HREE B .24 i

W, KEMEMEC X D RERFHERD b 2 IE~OBATO FREME I AT T 2 % A

T 572, FHEA R L7z 2 FEEOBIM: 0 $ 72 2 iEBEBR 2 - O oIS T Tk

FEBNIRHREMRER 2 920 L 72, AR CTH LN EZ L TFICERNT 5.

() |IRTOV T 72— — 87 v 75T O HEAC FARGUL, RUEERE T oM
DOEAKIZHRLS BEBEEZIT D ERbhoTo. 51T, & - KM oW ik
T, 20 MPa /KFEE S T TOMREBEIC L 5 BI0E R I mAgls s n
720, AREIEAM TIEA F Ly FY — 3 EL, ERRIEEmIc B Mk m Z 2 L
TV, HEAC BAEBEBIOALLR LT ZOHOEREIIHGIE T LLZ & T, wWE-Z
ALHERRIZ 5 %IERIE DA U D RNCREIEIC B -T2 2 E DR I 5.

2) RERF ~DFEFIOKEZET v —VI2ky, BIRTOV T I X —RX— T v TRUET
® HEAC BAEMPUCERITIZE A AT TE LT, KEBRFOWENEEL Sz
BrAm (AL yTF Y —r) HORAKEDRPFTENCIERF ICEVKERELZ G 72
HLIEZ ENIERIE 720, NTEAKBENEE T HRIICHEAC BRAELTZH D EE X
bivs.

(3) 150°C TDY 7 7 Z—AZ— 7 v 75T D HEAC FAERGUL, B ~DFH]
DKFF ¥ —VICE BT, @ - EBEMMICELST, 2 Loy TF Y =Rk
HEXRZEOT 0 7R Z 2 LB Y, 150 °C TiX HEAC #PTIZ &IET 20 MPa
KFEFTOWEMET /b HAKEMIEDORBNFESG L /0D Z L bhoTz.

4) V7T 7B —EFEEESMN T O HEAC #PTRHlsER T, & - AREMEM O Wi bR
Ff BB ORI E > CWHEEROICENML SN L, AR PR RSER LTV
L2 EAURE SN, B O SEM 4 & B i R FRIR P ISR U - et
FREAR & 2 IE UATEMR AN ) & ORIREZ RO TCRER, 2 OB B R R 5
B 2 S I RAR K & SRR E da/dt DR L LTI 5 Z LN T, L
JRHE IR ERRMERTH > THWMORKIZIKSE L, S8MM TITBEN &b
Mo,

(5) 150°C TOV T I X — % v ME DT UFMTO HAC FARGUL, BUEERE TOR
PEOBIRICHBEZ T 7202 Lo T2, &« EEIER & 112 150°C Tk v v
B BRI B O TR RITIENERREE & 70 D EEIGEIR & 7220, B LRI
FAUCTHdETHIND. ZD7), fEEeE L THEAICEIR (425°C) TOU T
7 A2 —BEROKFEIRE (5.20 mass ppm) & [FAZELL EOEHEDOKENNIE LIZIKEE
TT 4 VTV & & U7 THAC F4EICxT LT, Ky fEidm - (KBRS O ClEIE S
L polzZ DR ENT-.

(6) A% — 7 v 75T O HEAC ETaHiialir TRl S 7o KFZBRFIN B EDT
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BRI IERARE Ky DT BIELS, VT 72— okFEEE LD
BEME (K, 2 Kpy), T72bb, ZNEHIET 572000 7 7 2 —OFEIERE (MPT)
o, AL — KT v 7 EMET O HEAC PIAHERERIC L D ZRfIFME T 5 Z &7
Lo T,
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FoE FELHE LLRHEATOKFRRELZE LicREFmitlh

6.1 S

92 WL 3 ETIE, REUKEUAH TOIKE « PIERAEEME O R & IRk T %
KFGT, FERAICHEBL S N - AR AR OGO O BIRErME DORRRES (b A K 3R
BREOTHEE L L CHRZEZYE (FEM : Finite Element Method) I = L—3Y g U~
LTz, ERORFMANIZIBNTIE, KFEREOHEE L OTHOEITIZKIT IO
ENREE D,
HEATELESETIE, BEASEL LT 225C-1Mo-V &l ) 7 7 % — &5t 812,
BUEB P COWRBEAIR O ¥ ¥ /L ©— B BREHME OFED, W T O oKEBEH
FURBAARPL & & Otk OFEBE B BZLE IR, KEMMEIC X 2 REBRZER) b 20E
~OBATORTREMIZ MIETHEEZ I 500 Lz, EoRFaiHiics ik, #HHIE
3 C O MEMEREE O [RRENSFRE & 72 D

AFETIE, £, 1.25Cr-0.5Mo #iFL Y 7 7 ¥ —%&%t5 & LT, B4f 1.25Cr-0.5Mo Hisl
WO TFEOEHREIZLVAELDKFEREFMOERZHALNICT LI EEZHM
ET D, T, 1990 BRI Y 7 7 2 — & 1960 ARSI EL ) 77 X —%&
EL, FEM ¥ 2 b—3 3 XY EFEE & R UEERIZB T 2 KRR BORE
f ekl A FEh L7z, RIZ, 2.25Cr-1Mo-V SilfE R ) 7 7 # — &t & LT, RIERRET
DVEBEAE D Y Y L B —E R OFEIC X 0 & U SR T O o R B2
FEOERZHONCTHZEEZHME TS, 22T, KEHEENEHEHLRER ) S 15
BT 2 FEHOEIME D g DR 25, Y 7 0 X — S RE LA
SLERMT~EH L7z, T ORER, V7 7 ¥ —ImEkTOMEOREIZL Y, BETO
KFEFERFEIC R D AKFRREHRENAE I 2 RA AL, MR LiEisH ok
FEENEFNEAEDDALEMED L  IXEHMEICE 5 £ TORERIIE R
FThRbbRFMICKT HRABRNECEZRNEL D Z ERbh o T,

6.2 (BE - PEAFITEBT HKREFREBEOREMTE
6.2.1 REIEE &L R LERICB T2 KRRROBELOTHOY I2L—T gy
Vialb—varEEMTLICHIED, B2 ETHELICTEZ W TRM 1.25Cr-
0.5Mo S O At SHCVDOEFEICL Y, K27 UV —7Hifktr%k (CEF : Creep
Embrittlement Factor) ¢ & U7z 1990 UL Y 7~ % — &, & CEF & L7z 1960
R YY) 7 7 X —%dHMlixf R E LTz, 2o ) 77 X —iZxtL<, E¥E
RS & MO LEERIZ W CHEIL E U TTHREG BT LT 2 S84 & AT I & T 4 %
7o, FIBECTHE LY 7 —F > (K3.23) 121%, 1990 FARAEHEHREL Y 7 2 & —
DR L EHAETF L LT, FSOMORH (R 3.6) LmHkF (£33) OWHIKERE
OTBHRE KT DI —T 7 4 T 4 T INT A —=HAg~A, & KFBREOT BHE N
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WK QDI —T 7 4T 4T IXNT A —HBy~B, % ZIVENATI L, Omega®3HKkH#
REFEE 5 270, —J7, 1960 AR EL U 77 7 & — O R & R I, g
& A CEEE T 15Sb #4 Omega KFERREFMEE 5 2 7.

G ETH YT U X —OFRGHERR, T ET VL@ LA B EE, A2 — T
7°75)E“/Jv v N D ETONTRMIRE & NEORRE(LE, ZhEh#k 6.1, X 6.1
£ 6.2, K621 L7, X 62 ONEMAEIREDRFZAE ) T 7 X —HNDO 7 at X
WMROIREE L LT, V77 —WNEIZERKM % 5 2 7238 H BB T L0 B o
R4 & RO T4, T OWREE A & B 8 & U CHBEfRNT 2 232 = & CRUS 1%
iz RDl., EHIT, ZOBISHHAIZ, K62 ODNEDKMZE L Z mESMFE LTY
7y &~Wﬁc:'§u%_f:%aaﬁ¢ﬁ%;@ﬁ’@b, IR X 28UG T (RIS T)) &St
TN LB (IS OfThHd ) 77 2 —HHBOREITDT DI85 KD
7o, 2OV T I B —REROIRES, LIS 1A T v—F 0 (K3.23) ~Z FET LT,
KRFRBEOBED, () L OT e, ) DBRFEAFE Lz, BHIEFELRICHWTIE, WD
D AR & B EHREE 427 °C, WHEAEXEHET] 10.93MPa & LT, £ K 30 4F (262800 h)
PREF LT, ok UEERICR VT, 1A 2 04720 ORI 2 145 (8760h), iEix
B % 3R FHEE 427 °C, 1R ) & 52 FHE 7 10.93MPa & LT, FoK 30 Bt 0 K L 7=,

Table 6.1 Typical design specification of 1.25Cr-0.5M steel reactor

Design Pressure 10.93 MPa
Design Temperature 427 °C
Operating Pressure 10.93 MPa
Operating Temperature 427 °C
Operating duration per cycle | 1 years/cycle
Startup duration 100 h
Steady-state duration 17363 h
Shutdown duration 57h

Specification of transient heat ransfer analysis Specification of transient struehial analysis

Computer Program : ANSYS Version 182 Computer Program | ANSYS Version 18.2

Element type : 3-D §-Node Brick  Thenmal [solid 70] Element type : 3-D 8-Node Brick Smuetural [solid 185]

Tlement numbers | 137,096 Element munbers : 88108

Nodenumbers 128703 Nodenumbers ;98767

Inlet nozzle: SA-182 F11, 1.2

’ o &, o A N
(Inside diameter: 152 mm) 4 “CIdcldJ omk g SR TR
Welded j.f)l.m_._ o= Type347 WOL
= oSS

Type347 WOL ' e
~ Manhole: SA-182 F11,Cl1.2
= (Inside diameter: 508 mm)
- _Welded joint

#  Top head: SA-387 Gr.11,C1.2
— A (Thickness: 60 mm)

) |
o A Il I B Type321 Clad - /

=1 Lt Shell: SA-387 Gr.11,Cl.2
e Type347 WOL « (Thickness: 113.5 mm)

Fig.6.1 Analysis model and specification of 112225Cr-0.5M0 steel reactor under consideration
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Table 6.2 Material properties applied to the analysis

Materials

Shell, Top head

: SA-387 Gr.11, Cl1.2
Manhole, Inlet nozzle
: SA-182 F11, C1.2

WOL: Type347
Clad: Type321

Tensile strength

[MPal] Table U
Yield strength .
[MPal] Table Y-1

Modulus of elasticity

[ X 10° MPa]

Table TM-1, Group C*

Table TM-1, Group G

Thermal expansion

[X 10 /°C]

Table TE-1, Group 1

Table TE-1, Group 3"

Thermal conductivity

[W/(m*°C)]

Specific heat
[kI/(kg-°C)]

Table TCD, Group C"

Table TCD, Group K*

Density
[kg/m’]

Poisson’s ratio

Table PRD*

Notes)

* : ASME BPVC.I1.D.M-2021

( ):Elapsed time since Shutdown started in hours

500 7 T

{f |

N |
; N O (13) ¥23) ;
400 | i / | o8 g
| 4 (1) L 2
Process fluid temperature | a
) b ~ | :;I ll\ @
°5 300 G | Vd \ —Oﬁg
E Internal pressure ! I\ | .
g N | 2
| )
5 200 t | / i —04 g
I ! \ &0
; u £
|
100 —!"‘“" -—-1 ..f '.___1 — 0.2 8‘

! Steady \ Steady ‘i
I." -state [ P - -state | _
(57)
0 1 1 1 1 N | i 1 | | 0
0 20 40 60 80 100 120 8680 8700 8720 8740 8760 8780 8800

Time, hours

Time, hours

Fig.6.2 Process fluid temperature and internal pressure versus time from startup to shutdown
for 1.25Cr-0.5Mo steel reactor under consideration
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6.2.2 KRBREOHEE L VT HORBEICKRIT TR OEE

1990 AEARAEERSN (FSb#F) Y 77 X —D b v T~y RIZBWTRIET 2 KERE
DOIED, () & OF Fren, () %, 30 F-MH O EFIEER & 30 A 30 [A]DuK Ui ls T g
FRAE L7, X 6.3 IZI3KFRERED, (), X 6.4 IZITKBIREOT S, () DA% R L
2. WTNOEIRIZE W THARBREBEBED, (O, >y b ANVEERT O
A (HAZ : Heat Affected Zone) ([ZFHYS T 5K A > h CHRARIEZ/RL, THUCEETS
~y R CRMICBIT AR KRIEZ R LTZ. £72, 1Ly hE~ U FR—/LDMl /) X)L
WHHETFICHEET D~y REIRICB W TEKFR B O T Frey, () 5341 & 72 5 O D3R
Nz, 6.5 X 6.6121%, K 631CHBWTIHEEMN T LB CKRFBREHRED, ()RR
E& 72 o7cRA 2 M TD, 30 FHOEREEL L 30 RN 30 BlOMIK LIEEEICKIT 5
KEIRBRED, (t) & KB EEOT e, O DBEEZ TN FIUR LT, FOREE, K
T E—IIBT HKRFREORFFMIT, OTAHLY G, Thbb, a4 Mk
L 70D HAZ HIRDR ORI R I 7 a7 T 7 OFESRIICIR o TSN X ER & 72 D 2 &
T HAZ OELE L CHEEMNL L, F2udidak UEEET 2 b bR s O %
FEAEZTTICEITT D Z b oTz.

1960 FEAAEEEM (15Sb #4) BY T 7 X —D kv 7~y RIZBW CRET 5 /KkHER
BOBEED,(6) &£ OT e ()%, S HFEROEFEERE 5 FMIC 5 [FOMuR U iEls T Ebig
BREL7Z. 2212, My 2l — a3 VICBWTKBREHEBEEN 5 47T 099 ITEL
el Ot R I bl o7z, M 6.7 [ZITKFREBEED, (1), K 6.8 [ZITKFEREOT A
(O DA Z R L2, W OEIRIZIB W T H KRR EIEED, (DX, 1990 F IR
W (FSbAf) ERUARA L b TRREZRL, TS 5~y RER CRAMICEB T
DI KREZR LTz, 70, KRBRREBEOT Hrey ()T~ B —v ) XVIEEEET O R o
KAV P THRAEZRLEZ. K69 L 6.10121%, X 6.7 128V TIREEMET & /44 Tk
FREBED, (OB L 2o TR A > FTO, 5 EMOEFEE L 5 /I 5 [
MR LR IZ 381 DK FERBHEED, () L KFRBEOT e, () DBEELZ ZNZHR L.
ZORER, EHEEER &R LEIRIC X 53, 15Sb MoV 77 2 —IX FSb MDD U T U K
— X0, ANVEERFICE T 2KBREOREEIT T bbb, 4 MM & 222
HAZ HBHEORIR I 7 07 T v 7 OFSERLRICI > T-#AENE LW Z Ebno
7o, ZD7=®, 1960 FRUCHWESNIZY 77 X — T, BT HAZ I2B1) 5 KFER
BOBEEITT b bRFMGN 7 U —THEDYE L FERIZED, R O A HiTHE Sb
DEBLRLZITTNDZ ENHERIND.

UL EOfgHTHER S, FEFF 1.25Cr-0.5Mo S8 O Sb OFHEN S 1960
ERICHESNIZMEIO U 77 2 —TiE, 5 ERE CEFIER & ok USRI X O
Pelk T HAZ OKFRBEINL & LT LT 200 R S 7. —J, 1990 FRICHE
ENTMELOV 7 7 2 —TIX, 30 M OEE CIEEFT HAZ TOKZREERET 2D
HLFEMEEENK 80 %L N SN TER Y, RERFmaiEN BEHKFEMH T OKE -
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HERZTI T 2 KFREOBEEGHETIIR LT, BEMHESCH S EHOBESHEL LU
W 2 TR D 72D DOFENRFIRIRD LEZADBND.

7 =5 T 75} 33 499 H =L2IE-1E olae = [ 33 - e H
Hydrogen attack damage distribution Hydrogen attack damage distribution
after 30 years steady-state operation after 30 cycles operation in 30 years

Max.Dy(t) point ~ Max.Dj (1)
in Weld (81 in BM: 0.0205

Fig.6.3 Comparison of hydrogen attack damage distributions in FSb steel reactor top head
between steady-state (Left Fig.) and cyclic (Right Fig.) operation in 30 years

Hydrogen attack strain distribution
¥ after 30 cycles operation in 30 years

Hydrogen attack strain distribution
after 30 years steady-state operation

Max.D,(t) point
in BM: 1.296x 10~

Max.Dy(t) point
in BM: 1.276X 107

ax.Dy(t) point - _ " & Max.D;(t) point <

in Weld: 1.953x 107 in Weld: 1.770x10-7

Fig.6.4 Comparison of hydrogen attack strain distributions in FSb steel reactor top head
between steady-state (Left Fig.) and cyclic (Right Fig.) operation in 30 years
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Fig.6.5 Comparison of hydrogen attack damage histories at the maximum damage point in
FSb steel reactor top head between steady-state and cyclic operation in 30 years

1.5E-05

Ep (U

{ 1.0E-05

drogen attack stramn

5.0E-06

|BAY

0.0E+00

Fig.6.6 Comparison of hydrogen attack strain histories at the maximum damage point in
FSb steel reactor top head between steady-state and cyclic operation in 30 years

-<- FSb_HAZ Steady-state HAZ:
| —¢FSb_HAZ Cyclic 0.8081 in 30 years
| -©-FSb_BM Steady-state 0.7879 in 30" cycle o
—#%—FSb_BM Cyclic o %
HAZ:
| 0.1334 in 5 years
| 0.1301 in 5™ cycle
R BM:
L BM: 0.0205 in 2013&:&5
I 0.0034 in 5 years GaTpZnaat el
0.0034 in 5% cycle =
0 = 5 10 15 20 23 30

Time, years or Number of cycle, cycle

BM:
- - FSb_HAZ Steady-stat ,
- Gl 1.296X 107 in 30 years
—%—FSb_HAZ Cyelic 1.276X 105 in 301 cycle g
;l
-@- FSb_BM Steady-state P
L —%—ISb BM Cychic
BM:

2.144%x1061in 5 years
12.111%1061in 5% cycle %
HAZ:
@ 1.935% 107 in 30 years
" HAZ: 1.770% 1077 in 30" cycle
1.632X 10 in 5 years
1.556x10% in 5% cycle

0 5 10 15 20 25 30

Time, years or Number of cvcle, cycle
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 ——— (-] e ——— : — (] |
Hydrogen attack damage distribution Hydrogen attack damage distribution
after 5 years steady-state operation after 5 cycles operation in 5 years
| f t
| L
|
|

Max.D,(t) point Max.0,(1) point Max.Dj(t) point Max.D;(t) point
lin Weld: 1 h in Weld: 0.99 in BM: 0.0047

Fig.6.7 Comparison of hydrogen attack damage distributions in 15Sb steel reactor top head
between steady-state (Left Fig.) and cyclic (Right Fig.) operation in 5 years

| Hydrogen attack strain distribution
after 5 cycles operation in 5 years

Hydrogen attack strain distribution
after 5 years steady-state operation

Max.Dy(1) point
inBM: 1.518x 105

Max.D,(t) point
in BM: 1.496x 10

Max.Dyt) point
in Weld: 2.149x 10!

Fig.6.8 Comparison of hydrogen attack strain distributions in 15Sb steel reactor top head
between steady-state (Left Fig.) and cyclic (Right Fig.) operation in 5 years
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1.00

-<- 158b_HAZ Steady-state
090 | —¢158b HAZ Cyclic
-©- 155b BM Steady-state HAZ:
0.80 veli 2 b
= 1A BM Gyele 0.9900 in 5 years
2 070 F 0.9900 in 5™ cycle
% 060 |
g0
=
- 0.50
k=
]
5} 0.40
g 030 BM:
= 0.0048 in 5 years
=020 0.0047 in 5™ cycle
0.10 ¢
0.00 & iR —i% Vi
0 1 2 3 4 5 6

Time, years or Number of cycle, cycle

Fig.6.9 Comparison of hydrogen attack damage histories at the maximum damage point in
158D steel reactor top head between steady-state and cyclic operation in 5 years

3.0E-04
-G~ 158b HAZ Steady-state HAZ:
5 S —%—15S8b_HAZ Cyclic 2.149X10in S years
DE- o -4 1 i}
-0~ 155b_BM Steady-state 2.078x10%in 5% cycle
= —%— 15Sb_BM Cyclic
£2.0E-04
E BM:
ﬁ 1.518 %107 in 5 years
£15E-04 1.496% 10 in 5™ cycle
"E 1.0E-04 |
=
5.0E-05
0.0E+00
0 1 2 3 4 5 6

Time, years or Number of cycle, cycle
Fig.6.10 Comparison of hydrogen attack strain histories at the maximum damage point in
15Sb steel reactor top head between steady-state and cyclic operation in 5 years
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6.3 WEARIFITBIT HARIRERNORFMFM
6.3.1 BUERHZ BT 2SR O Y v /L ©—EREMOEE X A REHF oM T o
KEBIR IR 2 BB RN
2.25Cr-1Mo-V #ifaES Y 7 7 Z —IEHkFOBIMEOHEIC LV AEL 5, EIRTOK
FHAEWRICE T 5 KkFREEHIFL (HEAC : Hydrogen Environment Assisted Crackin)
OSN3 |6 B IR ARBITIEDER L, U T 7 X —O#SK UiERIC 1T 5 HEAC 364
DOARRERE DL L ITREMEICES F ToRERMERM T2 b b aEMITx
THRRBIEDER TS, 22T, 43 8RR LY 77 ¥ —HHEHET T
DK FEHEEI (HAC : hydrogen Assisted Cracking) #HiiTfiiBREA A L <G b7
2 FREADOIVED S 72 DR T PR %, FREY 7 7 X — OS2 EE U - BN R
fEFTES DAJEH T2 2 & & L. 7238, 202 FEHOBINED B2 5 R /2R e e,
5.2 HilTR L7520 2.25Cr-1Mo-V $flfE Y 7 7 & — 3 = VR 2 1 LT8R
BRI 2> & BREL U 7= m A & ARSI M ORI R BR 2 WV CRHIIS T 5.
#5317 T YU T 7 Z—{ASEME T o HAC IHEHMIRBE LOFH L, fHT o
HAC #4E (K, = Kpy) & 2UlE (K, = Kie_y) OFTREMEIE, @#IMEEER I LT
4 5.9, EIMER BT LT 510 ISR T A X — N7 v 7544 T T HEAC #KH1EE
iakER GRBRIEE : |iR) TR ONTKE & Ke_yfliz AW TRSFIOICEHMETE 5 2 &
WMotz £72, HEAC A% DU 7 7 X — O UiElix CHER T RS HM L E S
Fmo¥Esy (Aak Al 1%, K519 (2R 9EFERESE T O HEAC RHtaHiatEz T15% 5
T EE B AU R R £ T b da/dt | pr (2 K 0 RSFROICEHCES D TE 5 2 L b
2. 22U, BB TOBRIEREE T T vda/dt|grlE, FEREYITIEE OWE/TICH L
TR DR FERIFIE 2R 3C107 0, @iitEsf st LT (5-1), (EREIPEM Iz LTt
(5-2) X (6-1) ~RXATDHZ LT, V77X —EFELEOIRE (T =425°C) TO
IR da/dt | poc & B H LT

da

da 293 .
ta da & (6-1)

roc  dtlgp T T+273

B 4.1 0 77 5 — O DGR TS TR b IS A & Ao T2 671D T
F ) ANEEMT LTI G L LT, PIMEERR Y L CRER S 2 INES a0
6 569 2 L7 i LT T BB PR 7 A 9B BOE L (1 6-11).
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Shell
Nozzle welded joint ARc

Inside of reactor
Inside of reactor

Nozzle

Nozzle welded joint /

=
A—

Crack depth direction

Shell
233mm

Inside surface longitudinal direction
semi-elliptical crack model

Crack length direction

Crack depth direction
SR shell

Crack length direction

6”1.D. Quench nozzle welded joint

Fig.6.11 Overview of initial assumed crack

632 BIRTDY 7 7 Z—KFRFEHEBICK T HKRREIRFNBEICKT S
(55378 R

V7 7 82—A%— KT v 75T O HEAC IKHUAHIFER C5 O V2 Ky EX, &EE
WRHHFFIZ LT 5.9 £V 88.94 MPay m, (RENMEFEHEKFIZxF LT 5.10 KV
67.87MPay m CTho7c. ZNOHDKExEEH L CEIETOY 7 7 ¥ —/KEFATEIEBREIC
X9 D RABETE, TRbD OIS TIERIREK, 3K, = Ky & 70 2 BEASTEZ ffiT LTz,
727120, ZOKOFECINL, PREFIIZRFEHN & 72D K O \Z, I K DG & EER
REIZ K DBIUS T & — IR T ), WEHEFRREIN 169 % — ﬁmﬁkbt X 6.1212i%, V7T
7 2 —HEH ST CONIE & NERTRIRIERE ORI LIZ R 5 & - REIEA T 0K,
DIEIEZ R LTz, EHIEGHIAERTNCK DKy \ZET D8R HEE T L, &8ss
WFTITARESay L £ X 25 mm & 150 mm, {KEIPEASEET CTlag & lplE 18 mm
& 108mm ERDHIT-. FORER, FETOV 77 ¥ —KEZBHEBRIZBEWTE - K
EIPEIABAE T O HEAC RBAZBIIET 2720 0RRBEHEL, Zho0BZTETH
HERHMEESND. VXD E, VT U7X =GR TSR D IEMHER A O K iR
HEEDS, O DORABRHEE TR S Z & 2RiHRRMtF L LT, RIEMEREE (MPT :
Minimum Pressurization Pressure) ©'93K,, OFRERIEE TH S 20°C LHEIND.
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——— High toughness welded joint (2, = 25mm & [, =150mm)

— —— Low toughness welded joint (a2, = 18mm & [, =108mm)
100 U
TS L (1D 916 , :
High toughness 89.6 5 —” 0 K > K (88.94 MPavm
welded joint - Y\ Crack initiation
80
: N 72.5 a4
Low toughness A==f== 1", _»

welded joint

D
=

—
—
———

Stress intensity factor, K; , MPa\vm

401

‘

Star of
Steady-state  Startof
20 operation Shutdown
‘ A
< L ] .V‘) N )')
Startup Steady-state Eperation Shutdown
0
0 20 40 60 80 100 * 17470 17510
Time, ¢, h

Fig.6.12 Assessment results of the critical crack size for hydrogen assisted crack initiation at
R.T. during hydrogen pressurization process based on K;y

633 U7 7 Z—BEMFICKT 2 KREEIRBNRBELRORFMITHT 2 RFBH
VT 72— REEE A TIC BT 5 HEAC A% O E: & £ ORi% TOK,;
DOEDNK, = Ky & 72 52 BRI OERE (Aa s Al) OFHFEICIE, ©FIEiRSM: T O HEAC #
PraHmaER TR LN 519 OREHBRERFEET VAEM L, £ OHIROIRE
T,°C COBZLERES da/dt| e X (6-1)) 2V K59 XY A% — 7 v 7 5:40F
T O HEAC $#HTRFAGHRER C A SIS R (SRR 238 & 7o b o T MR BE s T,
REHFOBRW 2L T T AT 2 AECITRED IR N LA LK AMETH D
283 MPay/ m % .25 RAZATCS DA L C, HEAC FE% O AR EMIEIC KT 2R
BRES, THUCELETORERIGERIMN, ThbbREMEMHT LIz, —7,
¥ 5.10 XV A ¥ — 7 v 750 F O HEAC #KPUaEAMakER C fof Sl Rl SOk 2 &
o TR R BRI BV UL, Kieey = 102.7 MPay m % W ClREEEIZ#AT L 7-.
X 6.13 121%, @&« RIS BEK T2\ T HEAC F8 A2 O 8 24VE & ay % 1) HAAR T S 2
WS L LT, UT 7 X =D UERIZPEOER U7 BZHE S aloxhd 2 I8 iR AR %K
Ky D3, Kie b Koy TN ENR L, @RS FICB W TEK, = K L 72 DR
RBAESa,, IKVERBEETICBWTIZK, = Koy & R Da R LTz, ZOREE, &
MR EE T X 9 B H OXERY A 7 )V CTKBKAZEL TVWD T, ZOBIEINAR
LEMEIZ T D RABIES L HE ST, Z0Da, & ZIUSHIST A RABHEE 11T
212 mm & 843 mm LR Lm0, IKEIEERSEFIX 6 [0 H OiER Y1 7 L TCK,;
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MK c_glZE L TN D728, T OREIES PNEEIEIC T 5 RA ARG S LHE S,
ZDa &l AT 564mm & 108 mm (RFHMICITERET) RO, K6.14 121,
X 6.13 OEZERINTHRE B O BRERIRKIZI\VW T, HEAC FAITKRT 2 R AR
Xay, EEIPTERBEET O R EREE & IR REN T O SR T xS IR RSN S
a - ETNEIR LT, EORSE, EMHEEEE I8 T HEAC HAED b RL EkE

IZE D ETCoRERFERME, T72DbREMIITA 7L (=161F), KEIVEEE:
METIZHB VT HEAC AN L EHEMEICE S F TORTEANERYM, T/hbbiE
X s A 70 (=10 ) RO, IR T SRRSO WT

2BV T RFBEHEICE B IR &EIR Y A 7 L CIEBREO K E DN BEL (A0 EHR Y
A I NDOBIERS DR 2 HEIZHE) 7560 T, KREMYUMAN (=HKEiET A 7 L ORH]

DFEEEY A 7 L ET) TOENOREZGOREEMED LTI OFEMA Y &z
5.

Plots of crack propagation analysis —e— High toughness welded joint
during the reactor cyclic operation: —@— Low toughness welded joint

=
HEAC initiation:
=§ | Unstable fracture
g 250 - K; ( (89.6 MPavm) , th‘ o ;
X 9 v in the 9™ operation
2 i i e K, o (288 MPavim)
200 K1 (72.5 MPavm) > K (283 MPavm)
g > K,y (67.87 MPavm)
& 150
ek
§ 100 k7 = Fast fracture
E Lo in the 6™ operation
ﬁ 501 K; ¢ (104 MPavm)
& : > Ky (102.7MPavm)
L q, = 56.4mm A= 213‘ mm
0 P, > I | .
0/ 50 100 150 200 250
ap= 18 mm ap=25mm

Crack depth, a , mm

Fig.6.13 Assessment results of the critical crack size for unstable fracture based on K;. and
for fast fracture based on K;-_y
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ag : Critical crack depth for HEAC initiation
a, : Critical crack depth for unstable fracture in high toughness welded joint
Critical crack depth for fast fracture in low toughness welded Jomt

250
Plots of crack propagation analysis —@— [1igh toughness welded joint
during the reactor cyclic operation;: —®— Low toughness welded joint
'
™
= 200 + a.=212mm
g (Unstable fracture in the 9" operation)
S
= 150~
.
o
L
=
s
s 100
&) a.=56.4mm
(Fast fracture in the 6™ operation)
50 a,=25mm
HEAC initiation:
ay= 18mm i

OI 1 1 1 1 ]
0 1 2 3 4 5 6 7 8 9 10

Number of operating cycle, N, cycles

Fig.6.14 Remaining life assessment results of unstable fracture with K. and fast fracture
with K;-_y after HEAC initiation

63.4 U 7T 7 Z—OEMIMEEMT LRI O RFMITANFER

UT 7 52— 0wk T & AR T O R FFm e ilifs RO BK 2K 6.3 (TR
.U T 7 2 —BRYBEIRRFIN O 2 SO R DA% AL (PWHT : Post Weld Heat
Treatment) §fFZEHEARBRKICENENEG 2, WTTHRIEICZBIT S —29°C TO v v
LB —E I = R V¥ — (CVN : Charpy V-notch Impact Energy) @Ei}?{@é'm’i’ﬁﬂ L
7=, LovL, BUEEBSIC R DIREAR O v ¥ W E—E R EOMEIC LV, AT
IZBW T O HEAC F84ER0Z D14 D% & A0 I uﬁ?‘éﬁﬁﬁ%f’”_ﬂfﬁjﬁ
L BRDRER Lo, VT 7 2 —ORFHYERMECDTIE, v B —EERERIC
FUT CVN A% Ave.55 1 / Min48 J ui%ﬁﬁ%ﬁ“éﬂzm&m@ DRI & ARG T4
JEIRE (MDMT : Minimum Design Metal Temperature) & L, MDMT LA _E ORI Cofit:
M THAUIMEVERBIE Z BT DD 2 EBRIESN TV D, L LR b, RERIRT
E912, VT 7 X —OFRIEICE T MDMT % —29 °C &4 2 E61219CF, =iE
TOVT 7 2 —KFZFEERIVT HEAC 2384 L7k, Mk LERSICR W TRER
FHERD & BHE~BIT T D AR Z Tl T oW\ 2 E DR S 7.
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Table 6.3 Comparison of resistance for hydrogen environment assisted cracking in
welded joints with high and low toughness of weld metal

Material properties High toughness welded joint Low toughness welded joint

{ Critical crack size (PWHT: 705°C % 8 h) {(PWHT : 680 °C X 8 h)

CVN requirements vs. results Ave. 136 ] =551 & Min. 1261 =48] Ave 7512551 & Min.60J =48]
S ' (~29°C) (=29°C)

FATT —42°C —l6°C

K,eat 20 °C 283 MPavm )

K;yat20°C 88.94 MPavm 67.87 MPavm

Kot 20 °C None 102.7 MPavm

e ' (Non-fracture under 20 MPa H, gas) (Fast fracture under 20 MPa H, gas)

HEAG 111][%'&[10]1 1 lI_‘lc hydrtlgfm ag=25mm & I;,= 150 mm a;= 18 mm & /,= 108 mm

pressurization process at 20 °C

Unstable or Fast fracture in the reactor a.=212mm & /.= 843 mm a.=56.4mm & [,= 108 mm

cyclic operation (Unstable fracture) (Fast fracture)

Remaining life from HEAC initiation ; _ N e

1o unstable or fast fracture Beanles (=16 5ea0) S eles(=108am)

6.4 FE=

KT - PHERZTH D 1.25Cr-0.5Mo $iRL ) 7 7 # — & %f5 & LC, £:44 1.25Cr-0.5Mo
SRS O AT Sb DEF EIZ LV 1990 ALY 7 7 X — & 1960 F-{0HH
B ) 7 7 2 —ZME L, FEM ¥ 2 b—3 3 U2 X 0 EHE & MoK UEE IS
BB KERBOSFMIMNEZ FER L7z, HONHEREEZUTICENTS.

(1)

@)

€)

FHICB T HRFBREORFFMIL, OTAHLY bHEE, T72bb, <171 Mifk
E70D HAZ MBI ORI R 7 02 T v 7 ORGSR I - 7o N B & 72 %
Z & TCIEEERT HAZ OBl e LCTEEE L L, FE ok Ll 72 b BT
ORI EALNEZTTITEITT S Z Enborolz.

15Sb #4 (1960 AEARAEIEEE) DV 7 7 #—1X FSb A4 (1990 EAAEERER) DV T
7 A—X0Y, EEIERG L MR UEIRIC L S, ) XVIRERKFICBIT DKERE
OFRREEITT 2 b A MR E 72D HAZ MAIRORR I 707 T v 7 O
BRI ZIN S 7B RE N LW Z E¥bhoTz. 2078, 1960 FERICHEES
72T 72 —TIE, WHEMT HAZ (2B 2 KEREOREETN 7 V—THIED
Gt LIRIERIS, R ORMP)HE Sb O BZ R ZIT TWDH T ENHRIND.

FSb #1 (1990 “ARMHEEK) DV 7 7 % —Tid, 30 ‘Ef]OEERT /) X /VIEHEKET
HAZ CTOKRFREBET RO HHFMIEER LK 80 %L Mfr SN ThY, Kipkm
FAVE DS RHK U T ORE - FERZRIZE T 2 KBREOBEETICH LT,
WHAIECH D T O BEAHE R ORI 2 TR 2720 0fF 2 kb &5
bbb,
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F7o, RMERIRTHD 2.25C-1Mo-V #ilE Y 7 7 # — % xt5e L LT, RUEHAR
FHMNIZC PWHT {RE % 705 °C & 680 °C (fRFFRFREIITVI LS 8 h) ICEH L7-FE0R
TEBBEIC 31T DR B D ¥ VB —ERAFEOFIENR, VT 7 ¥ —FEHE#FICB T 5
LD HEAC Z8/E & #BE B Az R KT T B2 M 0 GHE L. 15
DI RER A LLTIZERT 5.

(4) BERAE AR U7 JUVEB M COWBER RO > v VB —FRAFEOHEICLY, VT
7 B =R RIS T IR COKRZ A EWRRED HEAC FAIIKH T 2 RAAA
k& HEAC F8AEM% Dol UiElR o %2 & B E R Ik 7~ 5 IR BATEI
ENENEZRNAEL D REMED R I 7.

(5) BLIRDJE N FRaax FHEWERAS 12 3B THaMERE O[B4 fREES 5 728D MDMT @
BUE DR TIE, KRFREREECHEH S5 E AR OELEN) 72K E et R & RSP RIS
TRl CE W L AR L TERY, EMMHP OKBE M2 ZE L= kit X
OpFF e s 2 72 O HAC IFGEHIEBEOBENNE L Z X b d.
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BIE Wm

ARBFZETIE, AMEERAENDARRICBWT, £PIEE - PEARICBIT 5 KERER
15 >t M AT OO B & R 9~ 5 728, 1.25Cr-0.5Mo $H3LY 7 7 Z —&%f5 L LT,
KRFREIC X DR OGO BIRFFE OIS (LA BIMEIZ L7223 &, IEHERH
BT EHOBELEEL LR Z TR T 572D ORFEMFANELH LT L L %
HigE Lz, 518, mERZIT LTI 2.25C-1Mo-V #ifgdEil ) 7 7 % — & %5 &
L, BEHPICETC TS U T 7 Z—BEROIRLE, 7], B X OWEEMEAK SRR E Ol %
1795 2 & TREMEENER Z I L, ST TOKZIEZIRELO FALRER
BafrT 52 E2ENE L. ATEZEH L CTEONEAEEZHND Z T, U
77 B —BUERF OV HEE R ORINED, LA OKFEEEINR AR L 2 o% o BZNME
JEHE, 725 NN REMIE~OBATO AIREMEIC RITTREIZ DWW TH LM Lz, Bk
OFERZISE 2, KIE - PER X OEEOA ISR E H RGO i EREH B L Ot
P M FEAGFE £~ S B & & 5 72 D OREE )5 % W = F ek et 8 L O R EmEIT Ik
TORBIEORELZIT) LA RKBNE Lz, BoNmiz2 Ul FICRIET 5.

B1ETIE, AMBRAENARIZBNT, JE - 7E, BXOEECTEHIAT
DpFFmabli 21T 9 L TOREELREI L7z, BE - PEASR T, tHToKFERED
RAERGLCHEEGOEI TR Z T 2 FEZL T D LB RSN, £, BER
T, ST TOKKRBREINEGT 2 5l 2 SBRIE DML ML T, ThIlHk
Do el FiE LM D BB R ST,

W2 BmETIE, RE - PERSA 1.25Cr-0.5Mo #i# 2 FV - B & IRk O K E R
BN A S L, KFBERRIC L DI AER OB GRS T 2 5 IRFFE O RS {b
IZOWTHF LT, AETH LN AZ U FICENT 5.

() IR T Z2 720 LIERMOKFEREE, 7274 MX—F4 MEREZITN—T
A bav=—fIIHRA FREFE L7 0 v vy —BIOEGE LTEN, RHli¥rE Sb
DEHERICEEEZ T-. £-, ZOBREORBIREIE, 7 offko SEM 425
WELZ 1 DONR—FA NELIFIAN—T4 hao=—0OmEIZHTHRA RRT7 1 v
T —DEMEOETH HHEmERIC L VRSN,

Q) BMOT T4 MSA—F 4 MERETITA—TA hao=—fDORA ROFAL
T4 T —~OERE L NS TKBRBOEITIRIETIE, HTHRIEYHD FesC NG
M3 Co BRI~ DREIRFZEAY, & DFHBID GRS LTz, T D MasCo L RALIITIEL DN HN =D
RAERI~ NV v 7 AFEOZERARKIGIZ A Z BB ELLT W b, KERE
OEEGHEITOBERI R -7 LR EIND.

(3) JEME L SRR DIR T 2 b 72 b LI HEMFTFOKFRRIL, WEFMIZHIZ Y A
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F A MRS & 7 D EGEESES (HAZ : Heat Affected Zone) FLRI ORISR I 7 5w 781
OEEE L THR, IMORMYITHE SO OGHRICEELZIT-. £, Z0HEED
RFFR ALY, X7 kO SEM 0 GHIE LTCRiRA I 7 s T v 7 RSIZ XV iR
INdc. 7220, WESRMTCIEI7 4 vy —MERNRAI 70 s 7 v 7ROWTOHE
HBHD LT,

(4) ASME BPVC Sec.VIII, Div.l = Div.2 IZF8 2§ 2KE « FERIRORFHL T LT
BWTKFRREBOBEEITIZHE D 5IRFEO L E TN T 5 72 D DK TR IR
TIE, &AM 250 L A LRWERIEDOWTIUZ W T b I AR DB EILIR
WZHEIN3 5 Z &R S Tz

(5) KERBEMERBR CHIAINZHMICB T 72T A MNA—F 4 MERFE TS
H?%FZDZHWT®74VV?~A@%§IMZ’bk5N4+4Fﬁﬁﬁf®
FERRLIZIR o Te 2 7 v 7 Ty 7 OEFEICIS TMRFEEIZIZIE R W2 b b, 2 b0
%ﬁ%ﬁﬁ®%%@%%i,é%bk%&/ﬁ%@ﬁf CEKTALDEHERSND.

53 W T, KFREIC XL DM OB E R T 5 5 RFEORRS{L, T7
B O TFARIE 7 bt N%f%%ﬁ%&@éPﬁZﬁﬁWf@ﬁﬁQ?Dﬁ
T v 7 OFEA L FESERITUIIG © T2HERG A O SEME L SRIE DR, QRMICKIT 57 =7
A MR=FA FEREIZIFIN=F A ban=—HORAS ROEELELT v ¥ —~D
FREAZPE S JEME DMK T %, Omega 15 TRl S HKBIRBOT AHEDOINHIZ LV E
BHICTRITE L Z LR bholz. KETHELNTZHMALZ U TICENT 5.

(1) KRFREIHRERD 515 S 7z O EEEFARIE 7 M bt N%f%%ﬁ@&@
% HAZ MR CORISR I 7 a7 T 7 OFEA LSRRI - TR, Q@RI
57I74FVW74Fﬁﬁikiﬂﬂ74FZH:“%@$4F®%$&74VV
¥ —~DREICE D —HOKBREBEOTHAOEITIZHR LT, Omega IEDOMENFRD 5
nic.

(2) KRFREIC L DGR OB EHFRIZ I 1T 2 SIRFFEDRKESbIL, 7V —T &
[FFEIZ Omega V£ TRLIB SO KFRBOT HHEDONIRIZ LV EEMICTHTEE D
TEE, BEY S 2 b —3 3 o~ Omega KEREFMEDFEIIC L VR LT,

(3) AT HAZ I Té*%&ﬁ@ﬁ@L&Ti A A MR & T2 D HAZ HLKE
WCORRI 7 a T T v 7 OFRE L RPN o 78S (ORISR 7T & RO
HAWVIETL, REMOETZ LT &75>H#F'ﬁﬁ‘2fﬁﬂii§%ﬁﬁﬁ. (TDFAD : Tine
Dependent Fracture Assessment Diagram) (2L VW /RIB S 7z, £7o, Z OWEEEET O
ST LT OT DI TIE, R ORHiM e Sh 1T B E 2T 5 Z & nbinoTz.
4) MBI 2KEBRBOBEERETIE, 7=7A4 MRX—=F 4 MEREIT T4
an=—fORA FOBEL T £ v ¥ —~DOREIEVAKBREOTHNETL, IE
PR R 2 67259 2 &2 TDFAD ([ L WoR@ sz, £72, ZOKREREOTHOET
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IZ, R4 1.25Cr-0.5Mo SRR D) TR Sh I ELZ T D Z EnbiroTz.

WAETIE, SEAME LT 225C-1Mo-V 8l (F22V 4l : SA-336(M)-F22V) ikl
UT 7 H—% KRG, TDAZ— T v 7, EFEEBLI RN ¥y N T ICBNTE
CCWBHEER OAKFZIEHIFL (HAC : Hydrogen Assisted Cracking) 52228[K 1 Cd 5 IREE,
IS T77, YEBUEKRIRE ORIEE BEfETIC L > T IaLb— Lz, 2LT, VT2 4
—IEIRDF AT — VBT D HAC L2 il 572, BET O HAC 22BN+ DR
Z AT 5 D 5ABE L 2 OB AR L. AR TH LR 2 LU T IR
5.

() V77 2 —~DKFBOMIEDBRIGT D ALK — 8T v TREOBEF TIX, KFEEIZ L

VICHB ERAT DL L 612, BENLEIR (425°C) ~DOFRIZEIVIKERF v —T &
ND T2, IR O OFIR A M O Wi E S T OKFREREB) £ (HEAC : Hydrogen
Environment Assisted Cracking) & FAUZEET HEiE (425°C) TOU T 7 X —BERO
KFEWE (5.20 mass ppm) 1T K HNTEKFEB)EEIFL (IHAC : Internal Hydrogen Assisted
Cracking) ZHHET G- 2R MERZ LD o T,

Q) V72 —ERERRFORET T, A¥— 7 v 7 %ROEMEEKFRE IR X
HEDECHBARTH L L BT, @ik (425°C) I XV m/KFERE (5.20 mass ppm)
DIRFEIZ /2 > TN DT, AF— T v TRRICHAE LT HEAC OPRFHFESAM: T o1k
BEZICEET DEIE (425°C) TO U 77 X —BEROKFRE (5.20mass ppm) (1
£ % IHAC Z A 59 2 BN LE R 2 L v o7z,

B) VT 7 Z—~DKFZBOWHENIKRIET D v v E T U OBERTIL, BIREDKREN
F v =V SINTREBTISNN LAT 5720, V77 2 —BERIZEIR (425°C) TOKHE
IR (5.20mass ppm) 23T ¥ — ¥ SHLTIRRE CTOEIRA~DORRE 2 £ 5 Wil i w4 T o
THAC Z Al 59 2B N NEE R 2 E N b o7z,

BSETIE, mERSE L TF2V a7 7 ¥ — & xt4s, BEBRE Comds
iEQV?”EH@§%$®W@ﬂ,%%ﬂ?®ﬁﬁ¢ﬁ”ﬁC%$ﬁﬁk%@%®ﬁ
BERR 8 ZdHE JRIHE, KR MatEIC L 2 RERAER) O BHBIE~OBATO A REEIC LT

LT 5 7%, T AR L7 2 FREOBINE O R7p 2 IR & N T i
G T TOKRFEBEFFVRPIREAMG SR 2 5 L7z, A% T Oz /LA LU FIC B8R
5.

(1) BIRTOY T 7 H =A% — 7 v 75T O HEAC FARTUL, RUERME TORIME
DOEARICIR B E ST H T ERbho 7. S 6IT, m- KM OWnT iz T,
20 MPa /K31 T COMEEIEIC L 5 AZLE R IR B m S Bs S =28, (K
BIMEM CTIEA MLy F Y — /b &<, EIREam B HmE 2 2L TRV,
HEAC RBAEIOAL LT ZOHOERKI BT L2 & ¢, ME-ZA iz 5 %

138



IERRTE A U D AN ORI E > T 2 EBRB IS D.

Q) B ~OFEFIOKETF ¥+ —I2LY, BIETODIVT I X —AX— T v THRHETF
® HEAC RAERPUIERITIZEAEA L TELT, KB FOWENIEE S i=Hr
Al (R R Ly F Y —2) D BORAKEDRITBICIER IZEVKEREZ H -6 L
ZEMXKEE TR, NIEKFENEET HANZ HEAC BDEELT-bDOEEZLND.

(3)150°C TDY 7 7 Z—AZ— T v 75T O HEAC ARG, B/ ~OFw]
DKRFEF ¥ —VICL DT, Fom - BREHEMICL ST, X by F Y —aii ORRHE
FRI%DOT ¢ 7 AEE Z R LB Y, 150°C Tid HEAC #KHU & IET 20MPa KFEH T
DM E T 2D B AREMNEEDRENFE L 0D Z Ll bhoTl.

(4) VT U B — i E AN T O HEAC HEFTEHMRBR CIE, & - RSN O WP b (3
Ff BB ORI E > TWHBERIICEAL BN L, fr AR P Ic N ER L T D 2
EDRIB STz, REBRE OfHE SEM 4 % JEIC i IR FRA M T ICER LR AR R
& JE U EARENH Y & OBMR &2 RO T FER, & OFBERH A SE R 28 & 15 SR
MK b R Eda/dt DR E LTRSS Z LT, AAEREE I LR
SFHERTH > THEIMEOBIKIKT L, ®BEMEM CITEWZ EbhoTlz.

(5) 150 °C TOV T I X — % v ME T UFM4TO THAC FEARGUL, BUEELRE TOR
PEOBIRICBEZ T 202 ENbooT=. &« EEIPEM & 612 150 °C Ty v v e
—EB BRIV TREBITIEEIE & 72 5 ISR E 720, B L~ LTIZIER LT
bHETHEIND., 2O, fRE L TEREBNICEIR (425°C) TOY T 7 X —kEH
DKFEIRE (5.20massppm) & FIHELL EOEHEOKFENLNIE LTCIRETT ¢ 7K
MiZ %2 L7 IHAC JAEICKT LT, KyfEim - AKEIEM OB TIRIES L 2oz 2 &N
N 3T (W

(6) AZ— T v 7T D HEAC EFIFHIEER CEHI S N2 AKEMRRNFEEDT
PRI SIIERARERK, y DT A BIKL, VU 7 7 2 — AP okFEBREBINFEAEO FHEM:
(K; = Kiy), T7bb, TNEHIET D200 0 7 7 2 —0FEMNERE (MPT) %,
AL — RNT v TG T O HEAC BPEHERERIC L 0 Z2ANZFH I TE 5 Z L3 bho
7.

W6 ETIE, ETRE - FERZETH D 1.25Cr-0.5Mo HHL Y 7 7 ¥ — % %5 L LT,
REBF 1.25Cr-0.5Mo SR O At Sb OEAEIZ LY 1990 FEUEEER AL Y 7 7
H— L 1960 FARAHERMREL Y 7 7 # — 2R E L, AIREFEE (FEM : Finite Element
Method) 2 = L— 3 3 A L0 EHEER &R UIEERIZ 361 2 KFR B O R FFmaEfh
EEBLE. BONTMAE L FICERNT 5.

(1) EHITHB T HKBREORFGFMIT, OTALY bHEE, T7hobb, ~A1F 1 MMk
L 70D HAZ HIRDR ORI R I 7 a7 T v 7 OFESRIFICIR o TSN XE & 72 D 2 &
TN T HAZ OELE L CHEEMNL L, F2udidak UEEET 2 b bR s O %
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FEAEZTTICEITT D Z b,

(2) 15Sb #1 (1960 AARAEHESMR) DV T 7 2% —1X FSb #1 (1990 A-ARAHEESM) DU T
72 —X0 b, ERERGE R LERICE BT, ) AV TICRT 2KRFREDE
EHEITT 2B A MR & 72D HAZ HEDRORIR X 7 0 7 7 v 7 OfEERIRIC
NoTHERENE LN ERbhotz. T2, 1960 FERICEWES =Y 77 4
— T, WEMET HAZ I2B ) 2 KBREOREHEITN 7 UV —THEOHA L RIS,
R O AW e Sb DA TR Z T TWDH Z LRI ND.

(3) FSb #4 (1990 ARMHEHK) DV 77 X —Tix, 30 R OEE T ) XVIREEKT
HAZ TOXFREEET b HEMBEEFEDK 80 % LT S TR Y, AReEFFaikm
ENEHIKFMA TOMRE - PIEERCRIT 2 KFRAEOHBREETICH LT, BEHHE
R EH OELH ERS L O Z TRT 2720 0F 7R FE kD B2 b5,

70, RERGTHD 2.25Cr-1Mo-V Hl#EER ) 7 7 2 — 255 & LT, RYFAARH
PN CIAHE% EVLEE  (PWHT : Post Weld Heat Treatment) % % 705 °C & 680 °C (f&
FFREEIEON 4L 8 h) ICAEH L7ZBRORUWEBRRSIC B T 2R D> v /L B —E R AF
PEDAEEDS, VT 7 Z—EEEFICB T 248 T 0 HEAC F4 & 2 D% O RS B A
R IR R 2 BRFVB RS TEIT KT T R 2 i ) ARl L 72, & b7k il &
VIFICERT 2.

(4) ZERMEAT R LR ERBE COBES RO v V E—EBEEOHRICEY, VT
7 Z =TT 2 RIR TOKFEFEEREFO HEAC FAEIKT 5 RFBEASTHE
& HEAC JE/E#% O UTEHR T 022 E BAOERWIM I3 5 R BAHEIC TR Th
ZRNAET D[Rt R S 7.

(5) BUR DS g FHRERIAS I 3 THaMERREE o[BI 4 PRAE T 2 72 D D Fefak &
& JBIRE (MDMT : Minimum Design Metal Temperature) DOHLE DA TlE, KFEEREE Cfif
M ENDENE LR OBIER 2 K FE Wt B 2 RSP ITRH CE RN 2 L 2R L THE
Y, RIS OKFENENEZ 58 L7z Ak it L ORFFaEHIlC 95 720 0 HAC
EHEHIRBIEOBENBE LB X HiLD.
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