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High-Strength Steel Plates with Superior Weldability and Sour Resistance
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Abstract

High-strength steel plates with superior weldability and sour resistance have been developed. Study was
first made on the method for reducing the hardenability in the heat-affected zone to enhance both
weldability and hydrogen sulfide stress corrosion cracking resistance of steel. This study revealed that it
is necessary to reduce the carbon content to less than 0.06% and to eliminate boron as much as possible.
Study was then made on the refinement of steel structure through the optimization of TMCP conditions and
on the utilization of precipitation hardening of Nb and V to develop high strength and high toughness
without impairing the above-mentioned properties achieved by reducing the carbon and boron contents.
The high-strength steel plates produced commercially based on the results of the studies exhibit excellent
weldability and sour resistance. It is expected that these plates sharply reduce the preheating workload at
the time of welding and enhance the reliability of structural members to be used in a sour environment.
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Heat input:1.0kJ/mm

Target value

Plate thickness : 20mm
WM . Weld metal
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Maximum hardness of HAZ (HV 10kg)

1.4% Mn-0.2% Cr-0.25% Mo-Nb-Ti steel
Plate thickness : 20mm
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(1.0~1.7kJ/mm) T HAZ B & #248HV ATl £ i, 1)B %
EEMCHINU R 2, 2) B TR 8 5 M B IBADBERE
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TMCP i DO FE 13, 1€ Ceq TOFMBELEAFEIC L UL,
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Maximum hardness of HAZ (HV 10kg)

B (ppm)

0.05% C-1.4% Mn-0.2% Cr-0.25% Mo-Nb-Ti steel
Plate thickness : 20mm
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Finish rolling temperature (°C)

0.04% C-1.4% Mn-Mo-Nb-V-T1 steel
Plate thickness : 40mm

Slab reheating temp.
O, @ :1200°C
O, m:1150°C
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lum
(b) Tempered plate
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R %L L CEESRSE 2 BECHET 2 S EXTARTH S, BE
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HERR I & D [ REE (Yield strength, YS) & E&EL, FIRIEE
(Tensile strength, TS) ZiE & A ¥E{LY §, BERERMERCEL
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4D FTHEECHERRTHETHY, HIC3 (3R & 590N/ mm*HksH
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TA—RT+4 MROHEAEEISIL, EReHELT 5 I e8T
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450 |~
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Tempering tempereture (°C)

(O : Conventional B microalloyed steel
® : Newly developed steel
Plate thickness : 40mm
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Maximum
hardness
of HAZ
(HV 10kg)
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0 0.02 0.04 0.06
Nb, V (%)
QO : Effect of Nb content )
(0.03% C-1.4% Mn-0.3% Cr-0.1% Mo0-0.04% V-Ti steel)

@ : Effect of V content
(0.03% C-1.4% Mn-0.3% Cr-0.1%5 M0-0.03% Nb-Ti steel)

Plate thickness : 20mm
6 MR, HAZREW I RIFT Nb, Va2

700
TS
~-20
% 600 [ -4 _
g &)
E p
= YS ——60 E
w2
& &
¥ 500 |- J-
> e, FATT 80
b R L
4100
400 ] I ] ]

0 0.1 0.2 0.3

Mo (%)
0.05% C-1.4% Mn-~0.03% Nb-0.01% Ti steel

Plate thickness : 16mm
7 SROMEEE, SR T T Mo B R

& %, 1150°CHNEIC 81> C0.01% Ti R & Y MIEHRS T 5 BRE
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PETH B, TOiEH Ti N HAZ EREY, Bic@t —A7
F4 MEOEAEIEIC L BEAROETICL ) HAZ BIBHEER
REBHFTE B,

4. $Ro SSC BRIEHERDIRRS

4.1 REBENZE

SSC i, H.S 2 & UBE T COBER LFIRIGH £ OEEEAIC X
S THEZ 5BNBET, SlhoidEr U Ti—RickE Rkt k2
bODEEZLNTVWS, ULHLESS, ZOLIBEETTRAR
Mattkizd L &0, REABROBELHE TCERT ILEND S,

EHEEACEL T, Cu NifFEhz X D “Fissure” £FEEH 58
EREROHBE R MMAEET 3 2 LB SN T 5, Fissure 12t
N k> THBENZRMBERO—MEELSNT D,

81z, it SSC i Fig 3 Ni 0% R ¥, Ni dRhid Ni 7
) =iz b L SSC BT OBRFIEH (threshold stress) T 2 HI%51t
LT3, X Ni dRINgH ¢ 1 BRI M © Fissure 234U, DK
e BE I CRT LI BT 25y 7R Sz, Fissure DERK
1 SSC %L R & 1ZMTE T & %\ 45, SSC il 28R T 2 lRetE
#H N, Fissure ERTEOFMTET HRETDH 5,

4.2 803 o OiEEORE

D SSC S, s DaRsT I 7oflic b B ERT 5,

fit SSC i, HIBIFERER I B HN 2 5 U 728 (ACC #) D 7iH8
SIENEIESN (CR &) L DR (&) BEubhrbh 5T, RIF
ThHarIEBHIOENTVLEY, ZDEE, CREICR7=74 b=
—F 4 b QEBRIER Y 20 5 DL, ACC T IR ERIBM D & vk
HWE7254 b—~4F4 MEBE 2 ERETT, BFIOEER
ML XN TOEED &L DIg—T, HMEEDESDE /NS
e, SSCRERZHERD O 7ol —RlkE v 2
LWEMTHLEELBNDS, I, HBHBER S NIZEBEOHEE
DOFR¥—CERET 3 2 7 u i - BEHOBRCEET b0 L
HEANDS, EESEERTRFICREIHSATHRY,

4.3 HAZE{LDE

it SSC 2 HES ¥ 20101, HAZ KOS DARSH
% SOHIC DHEAEHMEI+ 5 2 L YBETH %,SOHIC 0REREF
I LT RThhTE ST, ZOREBERICOW TIERE
BOEbLE W, F0), BERATEHAZELEZMA 2 Z 288
SOHIC %4 %25t T 2ME—DFRTHZ EEZ DN B,

9 1z Mo ¥RINC & 2 BHNEARF OIS 2R Mo FMic £ D
BENEBSEOELIH 2 51, HAZ Lg% E T 5, #€-> 7T, Mo
ik HAZ it 2#%I L, SOHIC B LB TH B L EZ N BN,
BB U7 & 3 IR OBE - IEA L bFETHI Enb,

1.5
g 1 . .
2 [ \.\
£ or \. Aa.
= i
B L
3] | Fi®
< Fissure *i‘g}
a ol M Nifree ot
5 | @:03% Ni bearing
=1
2
a L
& | Open marks : no failure

00 1 PR ATATEreS ) L PRI TR | L PRI AR
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9 SUAEEIN EbE LIRS RITT Mo RNy g

Mo WEHBTED—DTH 5,
5. i HIC $idm L oiREd

HIC 2874 HSBET C, A NMEA LRSS RET 2E
NTH2, 8> T, HIC 2517 5 Z £ 258WD SSC BZ M=Kl 5
3L THEREE RS, HIC BRARIGCHEREICRET 2KFD
BACEET 2726, BREPMH T2 2 eNRLEZTH S5, NACE
BEO L > 12 pH OEVRETRESETEROBRM(S 1R cE>T
HEIT 5 2 & BFRTRETH 5, X HIC BIESBENEYPHLY),
{LIEMERS L LTRE, EHBTILB8B50LY, Ths2{ER
T3 EMNEYT, FOLDKBFAOEMEL BES-P1), Ca
2 & AT RS, BLYRIESBNEMOERRR VERSE
AT 7 OHRIARHOER L EVLETH 3,

R LA, MnS ##E & UTHEET 2 HICRHIESEE LT
i, Ca o & aEBSIEINEI SN T 59, Ca IF b2 ERRIEL,
B S DEAKEIC L 3 HIC i LEE & & 55, BF L ik
Ca-O-SH7F A5 —%&ERLTHIC DER L RSB0, Ca i3
I mE (10~40ppm) WAL RThER Sk,

—5, EEBNFEWID R L, Ca T & 2 HESIESTOLIZET
1%, HIC E8Fiss 2 7 7 O R ORBLETHE, &L,
R b — rEINOFEES & 32, HIC EHICBWTHIE iz EPMA

wdh b Mn PR L 3 7o kg, HIC OEffEisLs ¢ 3
12 bk Mn, P OfR#T 2 I8 L, A0 RTH OBE S 2250V LU i
T20ENH B,

Zhs o HIC M2t HAZ T LK L AasbEs I L
T, BUIFRMSSCHMEBLNS,

6. BAFRMOEEET A > THRIFLERMERE

U EREREERCETE, B 7Y —-{E C-Nb-Ti R &
RS £ 53R X 490~590N/mm BB R IR 2 REES 1 >~
TEL 7,

RIKCHOEERS R UBETE 2R T8 A RO B 135[RES
590N/mm%sfl, 8 C iZ490N/mm%iR, X, il D i3 thisi chesk
B> B EAS0N/ mm*EsiT¢H 2, il A~C Tl HAZ bR
YREHETSC, BEIZIZIZAZEEY CHIsn, PumbiEST
Z26h T3, B, CHEW Ca 2 Xk 2 \/hOESENEWHIE %
ToTHY, LV—BOWYFr7—HORELH-7HDTHS,

INBNRAT 7% Nb OBHLREM LicHIng L, SIEEL —in
HEEERE I & - TRE25~40mm O 85E L 1, kB, HER
DD OREELEREER T 2 LTI DQT BOIRNTH 3
2%, T ZTIRSION/mmARHHIc T LT O AHEA L, 490N/ mm*kiH
TIKERPE IR H G5 BARBEE CLC 11k) =@M L,
BERRALEER % G L 7z,

R0 R LMK D 2 7 v BRUFEBESSHER T, ©T
NOFIRICB TS 3 7 08R3MEL 7294 b—~_AF4 M
BERL, BEESHHEREFACIEZF—HEEL>TWwE I
BHETH %,

22 IR OREERT, BE, Wb TRk
FREDL AN ET, EREELEFSREEERBLTWS, X, —
), BEAEE ESSO HER £ EM L 7248, —40°CThb+a et as
ERELHE K8 2ALTw2,

Rz AEL 0k]/mm TfT- f: HAZ B RBERO0—fl %
T, 88 A~C & RS (8 D) itk U HAZ IR(LMEXE L &
{,SSCREDHFEEME L EN3248HV i LHMELTMEAONT
Wb,

R3y HEEENSER (IS Z3158) R %7 ¥, A T 5°C
-90%, 30°C-80% DIERERICENIHECRR T eviElh

x® 1 MOLERSROBETE (mass %)
Steel Grade C Si | Mn P ) Ctr | Mo| Nb | V Ti B Ca Ceq” | Pen®
A 590 N/mm? class | 0.05 | 0.26 | 1.40 | 0.006 0.001 | 022 | 0.24 | 0.03 | — | 0.01 — — 0.40 0.16
B 590 N/mm? class | 0.04 | 0.23 | 1.28 | 0.005 0.001 | 0.21 | 0.18 | 0.02 | 0.03 | 0.01 — 0.0040 0.35 0.14
C 490 N/mm? class | 0.04 | 0.27 | 1.50 | 0.009 0.001 | 0.07{ — | 0.02 | 0.04 | 0.01 — 0.0030 0.32 0.13
Conventional _ —
D 500 N/mm? class 0.08 1 0.20 | 1.28 | 0.010 0.001 | 025 | 0.17 0.04 | 0.01 | 0.0010 0.40 0.18
1) Ceq=C+Si24+Mn,/6+Ni,740+Cr/5+Mo4+V /14
2) Pey=C+Si730+Mn,20+Cu,/ 20+ Ni, 60+Cr,/20+Mo,”15+V /10+5B
T ¥
Pretreatment Continuous Controlled Accelerated ' . i
- LD converter |~ V-KIP¥ [— . Reheating . . —— Tempering
of hot metal casting rolling cooling ! !
| i
| U J

3) NSC Vacuum-Kimitsu Injection Process

OB % | F S (1993

Thermo-mechanical treatment
(NSC CLC process)
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Hardness(HV 10kg)

Hardness{ HV 10kg)

W W
<
(=T =-]

250
200
150

350
300
250
200
150

0 10

20

30 40

Distance from surface (mm)

(a) Steel A (t=40mm)

s

S
L R N A AT
—
50m
o0
Az
250 < 250
=
200 [Anctaghgzhiordizs A passan skt = 200
8 W
[
=1
150 T 150
[l
jarn
100 1 i 1 100 1 I 1
0 10 20 30 40 0 10 20 30 40
Distance from surface (mm) Distance from surface (mm)
(b) Steel B (t=40mm) (c) Steel C (t=38mm)

10 SR 3 7 o AR WIS 54

® 2 MiROBOEE

Steel thiP;Il?ngss Direction Ys TS Ep® vEozoc FATT | Ka(—-40°C)
(mm) (N/mm?) | (N/mm?) (%) op) o (N/mm??)
A m Ly 522 616 30 377 —-131 3430
T 525 617 30 359 —129 —
25 L 526 615 35 418 — 89 —
B T 531 623 34 426 - 72 —
40 L 535 627 31 408 — 92 2160
T 542 633 30 388 — 80 —
95 L 391 511 29 439 —-120 —
c T 389 526 29 448 —115 —
38 L 454 527 29 418 —110 2100
T 460 533 30 437 -~ 96 —
1) Longitudinal, 2) Transverse, 3) Elongation
£ 350 £ 3 yREEIILERER
=) o .
; 300 Plate Preheating Relative Cracking percentage (%)
o Steel | thickness | temperature | humidity | Root | Section | Surface
g 250 (mm) C) (%) crack | crack | crack
- N | £ 200 L=, /’N\Vm A 0 5 90 0 0 0
v o kal = v gt 30 80 0 0 0
(a) ;nt:lelA = 150 (b) Steel B 0 64 0 0 0
a B 40 25 64 0 0 0
i~ 350 50 70 0 0 0
)
2 300 h X 0 74 0 0 0
> 1 \ I ‘ C 25 25 74 0 0 0
o 50 74 0 1] 0
~ 250
TN VA
Ay S i - DFEIEE > BH SN A o780 B, C EFHREL T s
mm jand mm = s 4= N ° = P
() Steel C 150 (@) Steel D THERBEER{To 7285, 0°COFRTHHLERD ST, KM
- CRWENLERTH o7z,
Weld metal 5 -
Surface HI2CHHTRIBAEERN (E -1y 5 v ) REREHE', HED

Plate thickness

Heat input

B 11

HAZ

. 20mm
: LOkJ/mm
Preheat temperature : 25°C

HAZ B & B R OB

v 7aRU2uBHRRT. CORBRE THEC 75 ¥ VRAIOKR
ONV—IHBEREETEE—LVI Iy 7 BFTERTVEEWEE
HYBHET, E—NVI7 Ty 27R7 = 7HBEESBIEICIVA
EWEEIL, V— MBZSERIEAMEIC 2Ltk D ET 3, BB
SRR S DRSS 1PV, SRS ELIL0C-90% DT TIT - 7228,
HnoREFE - BHohihr oz,
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Tack weld

Horizontal plate
L Gap . 0.6
Vertical plate
2 Lt
un p 7 —
= e
kg0 f
fe——100
L—lOO—’ =+ L-tl()
Test weld (mm)

2mm

12 ety B P s L RR B S R UMW T 5

y TR, JEITRNPEREEI N R & & BT Ea~IEs
KL WEGETH 212 b hb S TEHRORKENTED Shiko i
ZEms, ERTRICTFAOERE L BKELHERLENTESD
DEfFE NS,

Wi, BEMCOBTHET — I ROV 7= -V 7 — 7 EERFE %
ERL, ZTOMEEENEL L, R4 CHERRRUGESRMS, X,
ROWZOBEFRFHEERT, BFEE, W, dhiSke b5
Fesi & S EOMERERT L, 515RIE S 490~590N/mm*F&i & L T
HERER WLV TH B,

HBEERFEEIHFO—FER T, BRSRICBOTEHTF
bR SNz, WINOMTLELIE, BEL b/hEL,
BHED R U Post-Weld Heat Treatment (PWHT) #oOES
—VB[RAK (JIS Z 2201 1B 5, #ELERER200mm) R ULIES |3
REREEML 7R, BRREOBBRIFEALRN I L EFHEREL
pAdS

SSC #Bki1d, NACE B TO 4 S FIFRIC L D fTo %o A
BRE L DABTE — P4 — 2R8I, BiEC—Fdh
HzFT 5 4 mm EX15mm g X 115mm EOEMRICRE 1 mm

R4 BEBRROCHERERES
Steel A B C
Plate thickness
mm 40 40 25
Welding SMAW SMAW SMAW
method Vertical SAW Vertical Vertical SAW
Electrode or L-62CF Y-DM 4.8mm¢g L-62CF N-100 Y-D 4.0mm¢
wire X flux 4mme XYF15 4mmé¢ 4.0mmé¢ X NB55E
1 80 70" )
N7 NTUTY N e 90 ”
- Ve XY e
Groove / I" _E E
profile 3 ‘
(mm) / ; 8 e /. =
5 > . 50°
55 Bt /‘\50'/'\ B ¥
Current (BP 1 pass : 650) (BP 1 pass : 600)
(A) 150 750 150 145 750
Voltage(V) 25 32 25 25 32
Speed (BP1lpass:538)
(mm/s) 0.73 5.0 0.73 0.80 5.0
Heat input (BP1 pass . 4.2) (BP1 pass . 3.3)
(kJ/mm) 51 48 51 45 48
Preheat temp. RT RT RT RT RT
Interpass
temp. ('C) <150 =150 <150 <100 =100
R 5 BERFERKE
Steel A B C
Plate(;:iﬂuwss 40 40 25
Weldi SMAW SMAW SMAW
Method Vertical SAW Vertical Vertical SAW
TS(N/mm?) 642 625 635 554 556
(Location of fracture) (Base material) (Base material) (Base material) (Base material) (Base material)
WM 135 57 161 220 236
B FLo 211 118 220 218 334
HAZ 269 226 264 364 357
?Ii{di lbes'Bl Good Good Good Good Good

1) Fusion line

B

H % % % #3388

(1993)
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k4 7 — Pk, O MR IO R 0 SE

R 6 NACEHMHIC BT 2 HIC B A H

250
_ Plate | Diffusible hydrogen | cAR® | CLR? | CSR? | CTR?
o Steel | thickness content ° o )y o
= (mm) (cc/100g) (%) | &) | (%) | (%)
> 25 0.50 0 0 0 0
B
S 40 0.85 0 | 0| 0] o
g c 25 0.55 0 0 0 0
2 38 .42 0 0 0 0
=
Face to be examined 1) CAR : Crack Area Ratio
150 2) CLR : Crack Length Ratio
Rolling e 3) CSR : Crack Sensitivity Ratio
direction v V55 4) CTR : Crack Thickness Ratio
A S _ S{axb) .
250 o CSR =S X 100%
= ] ' CLR =22 100%; W
2 <5 b s ib
= 20—l CTR="7X100% a
> Where © a =crack length ——
z 00 ere’ 2 Zorac et =P
g V.F:::‘;S&?;"S&t Kkness Method of measuring stepwise cracks
o .
8 HIC B2 KM L e BER 2R T BINAIE BTGS2 6H L
150 BN sl TiTo7ed, B3-S RESNTRIFLFBERTH -7,
I HAZ
| 7. % B
(b) SAW CEDXD—TEDERE B 7Y —b¥R3 2 £izk > T HAZIE
«— 2mm under surface oo 1/4t Y 1
13 RIS 7 (A 20mm) BOETREEL, Zhictkd BHEE, EEREDET 2 TMCP
] g b = ~ N "
B & » t=40mm HAIC & B IEREI ORI £ Nb, V ORI OB & > THIE
800 T AH LW A 705 |5RE & 490~590N/mm*REE 1S 2B Lz,
o 22:: g ERERIERICE T TREE T 4 > TS L ARSI,
_rer 0+ Steel € HAZ BEAEAE D THE BNl 2B L, T SSCHE, Wif HIC
E 600 © : Steel D BN TS Z LR SN, FDER, LPG & ¥ OFEHEFE,
Z sl (Cren Bl - RISH ABEA T A ¥ 54 7 5 0 RSB FIERORM
4wl EEERIA £ L TET 5 b 0 LEF ARG,
%
g 00 % B X
E 200 1) Tamehiro,H., Habu,R. et al. : Int. Conf. Accelerated Cooling of Steels,
00 00 Pittsburgh, USA, 1985, p.401
100 - 2) UmeK., Taira,T. et al. : Corrosion '85, Boston, USA, 1985, Paper No.240
1 ! 1 1 1 ! 3) Ito,Y., Bessyo,K. : IIW Document 1X-576-68, 1968
220 240 260 280 300 320 4) NACE MRO1-75

Maximum hardness of HAZ(HV 10kg)

5
6

2

Tamehiro,H., Takeda,T. et al. : Trans. ISIJ. 25, 982(1985)
Kimura,M., Totsuka,N. et al. : NACE 1986 Annual Conf. Houston, USA,
1986, Paper No.160

7) BIR, R OEH D BERRFRE (337), 34(1990)
£ 8) BIL, AR Ed D WEHFE (318), 95(1985)
[ T 9) Gondoh,H., Nakasugi,H. et al. : Nippon Steel Technical Report (14},
t Test piece 4mm 55(1979)
10) Sekino,S. : 36, 37th Nishiyama Memorial Lecture, 1975, ISIJ, p.152
Weld 11) Nakasugi,H., Tamehiro,H. et al. : Int. Conf. on Welding '90, Hamburg,
Germany, 1990, p.125
Specimen 12) Kobayashi, T., Yamaguchi,Y. et al. : Pipeline Technology Conf. Oostende,
] holder Belgium, 1990, Part A, p.3.1
14 443l SSCRI IRIERUL UF 19) i, N i BEEE, (@97), 7201979)
NACE # i b 7o) SSC it Bk 52 14) Sugitani,Y., Yamaguchi,S. et al. : Int. Conf. on HSLA Steels Technology
and Application, 1984, p.403 '
R DD U T R4 KRB N EE R U R T, HAZ 15) Tam.ehiro,ljl., Yf)shino,’I‘. et al. : 8th Int. Conf. on Offshore Mechanics and
Arctic Engineering, Hague, Netherland, 1989, Vol.5, p.339
et DBV AR R B LS MELIZoh T 57 16) Eh, LM : EesEEesE 41, 915(1972)
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