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Synopsis :

The technologies discussed herein are to advance the resistance to hydrogen-induced
cracking (HIC) and sulfide stress corrosion cracking (SSC) of pressure vessel steels and
to make them applicable in wet H2S environments. The heavy gauge plates of ASTM
A516-70 grade up to 127 mm and the A841 cl.1 grade of 50.8 mm in thickness with high
welding performance have been manufactured in accordance with those technologies.
HIC-resistance is remarkably improved by reducing sulfur content and conducting
clustering-free shape-control of MnS, the latter of which is carried out with appropriate
ACR values (1 to 3) obtained by Ca addition. The unique behavior of the stress oriented
(SO) HIC has become comprehensive with the concept of # latent initiation site model %.
The model also indicated the efficiency of thermo-mechanical control process (TMCP)
for preventing SOHIC and excellent SOHIC preventive properties have been proved in

the developed A841 steel plate of the TMCP type.
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Microstructure Control for Improving Sour Resistance
of Pressure Vessel Steel Plates and Their Performance
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Synopsis:

The technologies discussed herein are to advance the resistance to hydrogen-induced cracking (HIC) and sulfide stress
corrosion cracking (S5C) of pressure vessel steels and to make them applicable in wet H,S environments. The heavy
gauge plates of ASTM A516-70 grade up to 127 mm and the A841 cl.1 grade of 50.8 mm in thickness with high welding per-
formance have been manufactured in accordance with those technologies. HIC-resistance is remarkably improved by
reducing sulfur content and conducting clustering-free shape-control of MnS, the latter of which is carried out with appro-
priate ACR values (1 to 3) obtained by Ca addition. The unique behavior of the stress oriented (50) HIC has become com-
prehensive with the concept of “latent initiation site model”. The model also indicated the efficiency of thermo-mechani-
cal control process (TMCP) for preventing SOHIC and excellent SOHIC preventive properties have heen proved in the
developed A841 steel plate of the TMCP type.
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Fig. 1 Typical examples of hydrogen-induced cracking encoun-
tered for HSLA steels
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Fig. 2 Segregation of specific elements inside and in the vicinity
of an HIC
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g. 3 Enhancement of HlCresistance of steel by reducing
sulfur content
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Fig. 4 Measurement of crack area ratio (CAR) of embeded HICs
by scanning ultra-senic test (UST)
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Fig. 6 Optimum range of ACR value for enhancement of HIC-
resistance of steel of APISL-X46-60 grades
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Photo 1 Typical SOHIC behavior observed for an APT b1X46
line pipe steel tested by TM0177-96 Method A with the

solution A
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ASI670 OBEE S 1 TOM BRI TH A A, WK N2 12 NLZIE
AT Mn AMUAHITESE > Tnd, —f, K TM (2 C &
0.08mass% Z THEH L 72 TMCP {2123 A84lcll #4312 LT
L, FTNTOMIRIL S EL2D Ca f N & Di#EA ACR 81
WL T, 127mm [FOEHE L,

Table 2 {2 ASTM A20 (ZHEML L TR 7= 2 5 O SR B M1
Brgbor, BETTE2ATHEE R ASIE70 HE N2 13E
BUHEIZL S NLCHATE VR E L gPRME & 200 7, Rk
EOMER YS PR (SMYS) TRk N1 id 1.31 2% N2 JZlk
ATy, AB41cl] §89) TMCP R T™ & S 5ER MR L
TG, RS E 25 SMYS A S &4 146 THIK N2 & [
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B TR THRN T o ¥ 2372254 bhb 7274 b EDER
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VT, YOy bAEREFRLETHR T AHRAFFLL -

F R A (g, A,

Table 2 Mechanical properties of steels listed in Table 1

s ) YR

Stééi _ 50% FATT*
(N/mm?)  {N/mm? (%) (%) {°C)
N1 34t 498 26 68 —70
N2 376 547 22 69 -85
™ 505 560 24 a0 -79

YS: Yield strength, TS: Tensile strength, YR: Yield to tensile ratio
*B3y 2 mm-V notch Charpy

Table 1 Chemical compositions of steels tested on HIC- and SOHIC-resistance
_-U_ASI‘M Chemical con;[;;)sition {mass%, *ppm) T Ceq
Steel 3 1 .
leel ProcesS Grade T C & Ma P & NGoor Mo v N A o R
N1 N A516-70  0.15 0.26 1.15  0.005 7 0.20 0.19 0.01 tr. 002 0018 0.030 0.37 245
N2 N AB1670 017 0.25 1.08  0.009 7 0.24 0.24 (.09 0.12 0.029  0.020 0.030 0.43 1.85
T™™ | TMCP Ag41 0.08 0.25 1.15  0.005 7 0.20 0.19 .01 0.07 0.002  0.023 0.031 0.32____'____ g.38

Nates: “Normalized” is abbreviated to for "N”. All steels were Ca-treated,
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Table 3 HIC- and SOHIC-resistance of stees listed in Table 1

Life 'S'pan in S5C Tf__st o,

sr,eéi HIC Test 2 o, Re A ¢ A
(CAR %) 0.7SMYS 085 SMYS  {N/mm? (N/mm?) (/o) {zem) (gern) (A/c)
NI 0 oy 452h 182 341 053 29 > BeE <37
N2 0 + + > 221 376 = (.58 24 6 4
™ 0 + + > 302 905  >060 20 <2 > 10

+: Survived for 720 h, o Yield StrTer;g_tt;,a, Failure stress threshold

Steel N1

A516-70

Normalized |« N
{Ceq = 0.37%) |F2azink

Steel N2
A516-70
Normalized |3
(Ceq = 0.43%) |«

Steel TM
A841

T™MCP I

(Ceq = 0.32%)

Photo 2 Optical microstructures of steels tested on HIC- and

SOHIC-resistance
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Fig. 8 Measurement of mean interval 1 of latent initiation sites
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Fig. 9 Effect of microstructure centrol on SOHIC-resistance of
pressure vessel steels. The figures on contours indicate
the estimated Rc values, Re*, by the introduced para-
meters based on the latent initiation site model.
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Table 4 Chemical compositions of steel plates
S {mass?)
Plate Stee!
Steel thickness C Si Mn P S Cu Ni
(mm) grade
Iy 389 A51670 0.15 030 114 0.006 0.001 0.19 0.33
127 AS1670 0.1% 0.30 112 0.008 0.001 0.34 0.19
50.8 Agdlell 008 0.5 115 0.005 0.001 0.20 0.19
Steel Mo ' Nb Ti Al Ca Ceq*! Pem®  ACR®
A 0.10 0.026 0018 0016 0.029 0.0034 0.40 0.24 2.15
B 0.11 0.024 0.019 0.005 0.035 0.0020 0.43 0.28 1.58
C 0.07 — 0.023 0.016 0.031 0.002 6 9.31 0.16 238

#1Ceq = C + Mn/6 + (Cr + Mo + V)/5 + (Cu +~ Ni)/15
*2Pem = C + 5i/30 + (Mn + Cu ~ Cr) + Ni/60 + Mo/15 + V/10 + 5B

#IACR = {Ca — (0.18 + 130Ca} - 0)/1.25. S

[able 3 Mechanical properties of steel plates

. Tensile test*! V-Charpy impact test* Preheat temp.
Steel Plate th)wk' ‘P“?t{.T i Location YS TS ElL Absorbed energy () 50% withaout
{mm condition : (N/mmd  (N/mm?) %) Ty Z40°C_| FATT (°C) |eracking= (°C)
T b 14t | s 197 37 195 98 30 100
N " et 360 506 35 137 59 -16
i 620°C X 7h I /4t 350 486 38 313 77 -29 _
1721 358 492 35 135 42 -18
i _ 1/41 274 523 M 184 o1 a2 125
B 127 1/2¢t 350 535 32 146 5% -28
:625°C 10k 1/4¢ 356 503 35 119 5l —22 .
: /2t 362 513 34 93 27 -17
P 1/4t 474 573 30 B 452 -75 -
c 508 ‘7 _ 172t i 424 D47 29 o 422 —-60
l 530°C % 4h 1/4t ’ 498 59?0 30 o 449 —-67 _
/2t 454 o963 29 439 —48

*1. Tedirection, *2; L—diréction, 3 Testb‘rocedure; JISZ 3158

LF and FT
treatment

Pretreatment
of molten iron

RH type

degasser —|

|| LD

converier

(Steels A and C)

Conttnuous
casting - Y
Reheating | Flale (Steels A and B)
furnace roliing | Accelerated
I”g"" Slabbing cooling
casting
(Steel O)
(Stesl B2)

Fig. 10  Manufacturing process of steel plates

HE =S FHOESERTH IO HL T, TMCP 1243 C
Flit — 24 FHADEEE - AR L ALIEB S AU
Mz ~<A 4 EEgEERL -

53 BEMTFOEFME

IREOHE A NI, Table 6 (I T HMH THELEEE L RMEL 7,
B, TR P T o BREARG, SR HT490 $dH
FAIEMFE (AWS  AS.17 FTAGEHI4 §0%) 12& 1, imhEAH 27~
3B kJ/em TEFL -,

BUE L AR F o), PWHT %0 SEAMEEE4 Table 7 (275,
BT OTRR X LM S RERSTH D ASTM OB 5+ 4
WL E ) BEESOMMEL. WM, FL B LU HAZ Tho
st Td, A, BETIE -20°C T, CHTIE —40°C T F4

{a) Steel A (AB16-70, 88.9 mm")

(b} Steel C (A841cl.1, 50.8 mm'}

Phote 3 Optical microstructures of the dreveloped pressure vessel
steels

HiEAGLY, MTEOMAIMEEZ S, 6 2mm T 230Hy LT
ESSC &ML TZ5 248Hy LU T A& FoimilE LT A,

54 BftELUBERTROM HIC HLT

fit SCC #%

IO E L OF O EEM T AT AR A TN
NACETMO284-96' ¢y TH: T HIC g 2 Efi L 22, 208 T4
Table 8 {21, HERE L OERBEOWTAORE I BLTY
RAFAE#BEETL . AT 03% @ CLR (ZHE S 3 B RRiai E
BT BOATEH 72,

o AME XU CHMOME G L UHEBEMNE AN
NACETMO177-96 {2563 & il A £ AL A Method A (BJ7ERY
{20 SSC AR £ BAEL 72 TOMBE, Table 9 1277, AL
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Table 6 Submerged are welding conditions

Plate thickness Groove shape Number of Current (4) Heat input P.reheat and
Steel (mm) (mam) asses Voitage (V) (k]/mrm) inter-pass
p Velocity (cra/min)} i temp, (°C)
] 480~550 i
A 88.9 Doubel V (14°) I:f: f;‘ 29~34 31 78183
' 2-3 _
y 450~600
B 127 Doubel V (30°) E_)]l: ?2 20~-34 38 102~ 148
' B0~62* ~
_ 480500
C 50.8 X {60°) gg éS 29~ 27 24~128
’ 31—~38

Wire x Flux; KW 36 x KB 110 (Corresponding to AWS AS._IT F?AB—EHM). *Tandem electrodes

Table 7 Mechanical properties of SAW joints subjected to PWHT*

Plate Heat inat Tensile test V-Charpy impact test at 1/4t }Maximum hard-
Steel thickness ﬂ(:?/;lr]:; TS Test Absorbed energy (J) ness value**
(mm) (N/mm-z) temp. (°C) WM FL HAZ Hv (98 N)
A 88.9 31 538 —20 340 344 301 230
B 127 38 G 2wk -20 212 304 333 222
C 50.8 27 560 —40 150 402 147 ) 216747
*PWHT condition; 620°C x 7h (Steel A), 625°C x 10h (Steel B), 580°C x 4 h {(Steel C}
**2 mm below the surface
*xxAverage of results of two test specimens taken from the top and the bottom portions
Table 8 HIC test results of steel plates and welded joints
Thickness wis Cracking ratios (%}
Steel Plate thickness (mm) PWHT condition L osiﬁ;:%e _ Base plate Welded joint
P N CLR  CIR CSR CLR CTR CSR
_ Surface 0 0 0 0 0 0
A 48.9 - 1/2t 0 0 0 0 0 0
690°C x 714 Surface v} 0 0 0 0 0
1/2t 0 0 02 0 0
o Surface Q 0 0 0 1] 0
. . 0
B 197 172t 0.3 0 0 0.2 0
625°C x 10 h Surface 0 0 0 0 0 0
- 1/2t 0.1 0 0 0.2 0 0
_ Surface 0 4] 0 ¢ 0 0
c 0.8 et 0 0 0 0.2 0 0
580°C % 4T Surface 0 0 0 0.1 ¢ 0
1/2t Q 0 0 0 0 0

*Test procedure; NACE TMO284-96, Test solution; A, Test specimen; 30 mm thick

Table @ SSC test* resuits of steel plats and welded joints

Thick . | Life span for load ratios to SMYS (h)
Steel | Plate thickness (mm) | PWHT condition “;0‘;3?;]‘”'5" i Base plate Welded joint
B ) 0.6 0.7 0.9 0.6 07 09
. 1/4t + 115 - + + 40
/2t + + - + + +
A 88.9
620°C % 71 1/4t + 204 - + 34 52
1/2t + 252 - + 64 23
. 174t - + + - + +
C 50.8 xjt — i i - i i
580°C X 4h 12t _ N + _ + v
*Test procedure; NACE TM0177-96, Method A, Test solution; A, Test period; 720 h +: Survived for 720h
**SMYS; 260 N/mm? for steels A and B, 345 N/mm? for steel C —: No test
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iRiERAE TR LA, IORETHBMIELAETLENIE
FEADCIEAEIOETIZREAL T3 EEA0hE, THiICH
LT, TMCP Odiflic k »Tr3— 34 FRBEMA—F 4 b5 ED
HoMFIFLAES TR, 1 FERMAEE L C R
PWHT @ & -4 5 A8dlcll BRI YS FER® 90% (0.9
SMYS) & HIZ 2 FIREM A X4, Wb T BAFAR SOHIC %
Al iz,

onj

6 ¥

i HIC M & U SOUIC e b4 B AL, ZhiZH
ST HIC o & SSC Mz B 5 ASTM ASLE70 f ks L UF
A84lcll MOBEF NESMMAWEL 2. DT IFERRE L
0.

(1) ff HIC ¥4 d b 57201 HIC DREREAEHL 512,
SOEME LEizy 5 2 F{L&FIEL-2D MnS & RRERES

LBk B, Tk CaiENI L ACREA 1~3 DM
WEL+ &5 2L TERENRS,

(2) HERIE N & ACKELOMTERIZ L 3RREMANTO HIC
BAERABREEINS L4 AR NEF LI DML
SOHIC RAERE L 2 ORI HHWETS S,

(3) WEEHSEFLIE, 2 b0y 7 RERBEOLHBRUS
— 54 b — e B Ok MO WML & FERRR O b A
fit SOHIC Mt ko 2o ORI B E L TUREhz, IO
ATHERE FETMCPUUREE THELEALND,

(4) TMCP # H 7 ASTM A841cl1 #1E 1) 75 85 T3 o0 A0
Y = AR 2 ST AL L . (A f SOHIC &
AN

(5) FEOMEEADEIZETNT 885 mm Bk &0 127 mm BO
ASTM A516-70 #E 1B 8 FH B & 508 mm JE0 Asd1cl1 ¥
WA BLE L #-, TMCP 12 & 2 HEEHIB# A L 22 ABd1cll #4
TR B AR HIC ¥ & UNRE SSC PE & RERE L 22,

{(6) BUEL - ASTM AS16-70 #d5 & U A841cll MDA 1) 7R a5
Wiz, WTERERERAY T - U T - s BEEFEEA T &
Fiefi-, AEAEHTOESE X & 230Hy LT L &5 2474wt
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