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High Strength TMCP Steel Plate for Offshore Structure with Excellent HAZ Toughness at Welded Joints
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Abstract

The steel for offshore structure has been required more excellent low temperature HAZ toughness
since environment of offshore structures have been severer conditions such as deep sea and frigid
sea. Therefore, the excellent HAZ toughness steel for offshore structure has been developed. The
important point of development of steel is refinement of effective grain size of HAZ microstructure,
strengthening of formation of IGF has been tried on Ti-O steel. Mn, which is important element
for Ti-O steel on IGF formation, is much added to the Ti-O steel intentionally. As a result, the
formation of IGF is increasing compared with conventional Ti-O steel and FSP size is decreasing,
and HAZ toughness is improved. Developed steel has excellent CTOD properties at —20°C, thus
the developed steel can be applied as offshore structural steel in frigid sea.
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Ferrite : IGF) DA KAV L7458, Z 0w 628 R
THDHHAZ WHEICHEERMR L7294 VA R T L —
I (Ferrite Side Plate : FSP) M4 #IHI L, HAZ (2B
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Chemical compositions and mechanical requirements of TMCP steel for offshore structure

(® Chemical composition

Spec. (mass%)
C Si Mn P S Cu Ni Cr | Mo | Nb \% Ti Al N B Ca | C | Py
API2W | Min. - 0.05 | 1.15 - - - - - - - N 0.003 | 0.02 - - - - -
Gr.60 Max. | 0.16 | 0.50 | 1.65 | 0.03 |0.010| 0.35 | 1.0 | 0.25 | 0.15 | 0.03 0.02 | 0.06 [0.0120.0005 — | 045 ]| 0.25
EN10225 | Min. - 0.15 - - - - - - - - - - 10015 - - - - -
5420 Max. | 0.14 | 0.55 | 1.65 |0.020|0.007| 0.30 | 0.70 | 0.25 | 0.25 |0.040{0.080 | 0.025 | 0.055| 0.010 [0.0005| 0.005 | 0.42 | 0.22

*Vanadium shall not be intentionally added without the specific approval of the purchaser.

C, = C+Mn/6-+(Cr+Mo+V)/5+(Ni+Cu)/15

(@ Mechanical properties of base material
@ -1 Tensile test

P, = C+Si/30+(Mn+Cu+Cr)/20 +Ni/60 + Mo/15+V/10+5B

Spec Thickness (t) Yield strength (YS) Tensile strength (TS) Elongation YS/TS ratio
pec. (mm) (MPa) (MPa) (%) (%)
API2W =25 414/621 > 517 =22 (GL=50mm) B
Gr.60 25<t=100 414/586 - = 16 (GL=200mm)
=16 =420 =93
500/660
EN10225 16 <t=40 =400 =19
$420 40<t=63 =390 (GL=5.65+5) =90
480/640
63 <t=100 =380
OB 8 & #4005 (2014) — 46 —
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(2-2 Charpy V-notch impact test

(@-3 Through thickness tensile test

Spec Thickness (t) | Test temperature|  Location of Energy Spec Thickness (t) | Tensile strength |Reduction of area
pec. (mm) (°C) specimen 0 pec. (mm) (MPa) (%)
API2W _ o =41/48 API2W =30
Gr.60 =100 40 Mid-thick. (min Jave.) Gr.60 19=t=100 - (min.)
=40 —40 Sub-surface 25=t=40 =400
EN10225 = 42/60 EN10225 =25/35
S420 - min./ave. S420 min./ave.
40 <t= 100 —40 Sub-surface and | ( ) 40 <t =100 =384 ( )
mid-thick.
(® Fracture toughness of welded joints
Charpy test CTOD
Spec. Test . Test Critical
pec Temperature Ls(;)ceitilgigf Notch location En(ejggy temperature Notch location CTOD (9)
O (O (mm)
API2W Transition | Quarter-thick. |Coarse grain HAZ (CGHAZ) - -10 Coarse grain HAZ (CGHAZ) (=0.38)
Gr.60 full curve Root Sub-critical HAZ (SCHAZ) Etched HAZ boundary (Eached HAZ)
—40 Cap Weld Metal (WM) =29/42 -10 Weld Metal -
EN10225 Mid-thick. Fusion Line (FL) (min./ave.) Grain coarsend HAZ (GCHAZ) (=0.25)
S420 Root FL+2mm (HAZ) Subcritical/Intercritical HAZ
FL+5mm (HAZ) boundary
(SC/ICHAZ)

FoRAHE 2 CE/22 &S, —20C TOMT CTOD fRiF%E
B HELE L7z,
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WEZHNDLD, IRz ) Ti-O a2 RX— 2 & L,
Mn % ZhR09ZIE S % EMU 8l % BRff L 72 New HTUFF
oBHEaeE Lize £/, WEE FESEAEWHIEC
HLUMRAT IR 722 & ORGSR S B2 T 5 F OB IE
bbb A, EWRTIEIZHIT S TMCP Hiffr & ZDxhE & Rk
RICEIET 27200~ A 7 a7a4 v F % BifEd 2 2
EVRUETHD, ZZTNb, TiZiEHTAHEEDHIZ, M
B E COMEMEREICHET 22 212k, b
FROBLURFELR (C) PLEHEEIURZERM (P)
LB PICED L 2 E R M OEME, HWtibe
-7z,

1 Ic#E 7o 2, R21IREHRILFES %2R
HrET O 22BN TIE, BWHRELZHRT A2 13D
XY, HOMEATRRE LT — VI X BT T A %E
L 720 B SRS EIE TO TMCP 7' 1+ A Tld 5
DOMWIEALE & D IHARE B AT o 720 MECTIZIAI Nb A
TAHZEE L A2 Ti(C, N) I & W hn#or — 27 F 1 M
OMAAL IR S N L #EIEREEICT > b a—)v L7z,

WFEHEOM EAKERIICR T, —20C TO/HF
CTOD 1 W 5 7201213 HAZ M OB LA R 2
LEZON DA, KRB TIE EMU Hifli 2 BR i L 72 New
HTUFF $OBAIC LD, BEERSLEOMBKIC BT 5
s SR R A DERM DL LIS b s 5 & L B1S, Bk
<WV 7 A b (Martensite-Austenite constituent : MA) i
Wk sifb, M AlLfbE L, TiC gfbml#o 7200
Ti-N OALF &N T » AL &% To 72

| Pretreatment of hot metal |

| LD converter |

[ Secondary refining |

Continuous Casting

(soft reduction)

[ Reheating |

[ Controlled rolling |

| Accelerated cooling |

=1

SETOEX

TMCP

Manufacturing process

£2 New HTUFF $D1tZR 251
Typical chemical compositions of New HTUFF steel

(mass%) (mass%)
; Others ——
C Si Mn P S Al Py
0.07 | 0.17 | 1.93 |0.004 | 0.003 | 0.001 | Cu,Ni,Nb,Ti | 0.19

&3 HAZ #tkm EFE
Measures of improving HAZ toughness

Measures

Purpose

Ti-killed and fix the nitrogen

Improving matrix toughness and
nucleation IGF

Low silicon

Decreasing local brittle zone (MA)

Low carbon

Decreasing HAZ hardness

Low aluminum

Enhancing nucleation IGF and
decreasing local brittele zone (MA)

Control the TiN balance

Suppressing TiC embrittlement

Low impurity elements

Improving matrix toughness and
decreasing local brittle zone

Low P,

Improving matrix and HAZ toughness

Effective manganese using

Suppressing formation of harmful
microstructure (FSP)
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X2 HB#EIRHEER (60 =t= 100 mm)
Mechanical properties of base material (tensile test)

250 9 q
N 601 8
200 Ave. 218 7
c 411
z g6
5 150 A n:, 5
3 3 4
& 100 g
fre o 3
50 - 2
1
0 - 0

*Reference data

50 4
N 28 45 N 179
Ave. 192 40 Ave. 239
c 435 - 81.8
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VE-40_subsurface(Ave.), )
Test specimen:ISO 148-1 2mmV notch (Full size)

VvE-40_mid-thick.(Ave.),J

VE-60_mid-thick.(Ave.), )
Test specimen: ASTM 2mm V notch (Full size)

M3 BMERRHBRER (60 =t= 100 mm)
Mechanical properties of base material (Charpy impact test)

350 -
N 516
300 1 | Ave. 74
250 ¢ 51
>
o
£ 200 -
3
T 150
s
100
50
0 -
O 0 O OO D P
&7 TG AL &
RAz(Ave.), %

X4 Z35RHEBRER (60 =t =100 mm)
Mechanical properties of base material (through thickness
tensile test)

BTSRRI AR~ OE B

4.1 B

—20C#F CTOD xfJ5? New HTUFF 4ii% 2013 £E (2B
FBre T LT, FFREKRILZMEL - 10CH#TF CTOD
PRAEESH~EH L, 3% L 72 B2 1R 5 IR,
B 3 2R i R EER, B 412 Z 515 [RREBRORS R 2 7R/,
SORFFE 2 T R AT B X ORI, Z 5 IR
P (BDME RAz) #HLTWAHI %R L7z B
HEIZOWTIE, #HEER SN HBRIEE -40CIZB VT,
HA I EBIL 2200 FEREE, BUEHLLEETD 190) & B2
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Quarter-
thickness

Mid-
thickness

X5 B#IsofEsE (t=100 mm)
Microstructures of base material

Behh), SHICREBEE -60T T BIF 2RI BN
TWbZENbrolze BISIZHKE 100mm 0 I 7 T
A 7RT o TMCP S0 IE L & A EHIZ L), 100mm
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Welding method SAW / multipass welding FCAW / multipass welding
Groove profile
(Unit:mm) 30° 25° N
57
100 6
100 ¢
N - s
57 N
‘\\ 38
40° AN A
«—>
10
Welding wire Y-D (4.89)*1 SF-50L(1.2¢)*1
Flux NB-55L*1 -
Shielding gas - 80%Ar-20%CO,
Current (A) 750 650 280
Voltage (V) 32 28 26
Speed (mm/s) 320 360 380
Heatinput 45 3.0 0.8
(kJ/mm)
*1 Nippon Steel & Sumikin Welding Co., Ltd.
6 BEEMH
Welding conditions

SAW 4.5kJ/mm SAW 3.0kJ/mm FCAW 0.8kJ/mm

X7 #F~7OHER
Macrostructure of welded joints

DEFIHIZBOCHIREE TR 72514 b -1 F
A MAKEE o> TBY, BIT2 B O EE 155 2
ERTETz,

4.2 HRF4EH

RE 100mm O % VT, BEFHFEOFH 247> 720
BHSME LC, W6 RIS CTEMH S5 API RP
270 | ZHEPL L 72 A Zi (Heat Input:HI)= 0.8kJ/mm O 7 F v
7 AND T A Y iEE (Flux Cored Arc Welding : FCAW)
F, HI=3.0kl/mm B L 4.5kI/mm OiFINER: (Submerged
Arc Welding : SAW) #FD 3FMOFEMRTFLIERL, &
BB OBMIEFEZ ML 72 7 ITF~ 7 oilik X
812 HI =4.5kJ/mm ® SAW #F I 7 Tl 7R3 New
HTUFF SHOF#Ch 5, MR A— AT+ A4 MRAICH
M7z IGF 23RS A H Vil ) ORI E 22 > T D 2 & 2 Ff
AL 720 BOIZIEFELBINITRE X 534 &2 7”370 HAZ D#AL

X8 #MFI oM
Microstructure of welded joint

hEL, BEESE (Weld Metal - WM) BANRERF 25T L
THFA—N= 0 F T o TWDLI LN bh b,
K10 BB —20C 12 T L 72T CTOD &
Bk AR 3, /v FALEIL API RP 22 I2HE vy, HLAE
HAZ (Coarse Grain HAZ : CGHAZ), AT % @) 728

OH 8k & & #4005 (2014)
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T CTHELZBICH T 5 HAZ OEFR (Etched HAZ
boundary) (ZHIZ T, #EMHTF-TEHHIS LD WM EE L7z,
FTRTCOABETOTRTD/ v FALEIZBNT, AL
FE-20CCHHEMETH S 0 i 0.38mm %13 5202 0%
1D CTREIf7% CTOD FERE S N7z, K11 12-40TCI2B
\F 5k FE BB R 2R, WITNOBEREFTICBW
THERMEZ 5120 E § 5 BT 2 R 2 7R L 7o

4.3 B

New HTUFF #(Z3\ T, Controlled Thermal Severity 5
B (CTS) 0, y BIEHEEEINGER » I X D EHEIC ST
AT IS L 720 LEGMHEIK P, IR TH LI LD,
WIHORERIZ BN TH PET7 ) — &M T THILIFEEYE
3, BB ERL: (R4, R5),

5. #& El
SAW 4.5kJ/mm (mid-thickness) TMCP iy, ~A 7 a7uaAf > 7Hiil % mRKBRIZEH
0 @ FT2LEH, EMUBUi @M T2 2 L12&h), WE
220 - 100mm @ YS420MPa 7 5 A® —20TC #F- CTOD F3E4H
200 [ ZIO/OQQ
2 1m0 f %4 CTS HBARE
3 0225 CTS weldability test results
160 |
Preheat Hardness
Crack
140 temperature HV load: Skgf .
BM :/Basé Metal - evaluation
120 °C) Min. Max. Ave.
0 10 20 30 40 50 60 25 277 317 293 No cracking
Distance, mm 50 271 301 288 No cracking
9 MEFOWIEE X 75 261 31 288 No cracking
Hardness distribution accross the welded joints SMAW : 1.0kJ/mm
SAW 4.5kJ/mm SAW 3.0kJ/mm FCAW 0.8kJ/mm
10 - 10 - 10 -
i type mE ® typem ® typem
— Otypeu O typeu
1 1
f'=.——-—e— i ElEEaIECHEaP==
E‘ E‘ E‘ { )
o o o
5 5 5
® ® ®
8 0.1 8 0.1 8 0.1
A G G
0.01 0.01 0.01
WM  CGHAZ Etched HAZ WM  CGHAZ Etched HAZ WM  CGHAZ Etched HAZ
boundary boundary boundary
Notch location Notchlocation Notch location
10 #F CTOD HEE#ER
CTOD test results of welded joints
SAW 4.5kJ/mm SAW 3.0kJ/mm FCAW 0.8kJ/mm
500 500 500
450 /© O 450 O 450 O
400 400 - 2 400
§ 350 / § 350 - § 350
E o 4 g O
‘u_>.n 300 ‘.;>.n 300 -—O P_>° 300 / wﬁ
@ 250 @ 250 @ 250
S 200 5 200 S 200 ~:g407
8 2 &
S 150 S 150 5 150 -
< 100 < 100 < 100
0 ; ; s 0 : . ‘ 0 ‘ : )
WM  CGHAZ SCHAZ WM  CGHAZ SCHAZ WM  CGHAZ SCHAZ
Notchlocation Notch location Notch location
11 HFEEARER
Charpy impact test results of welded joints
;O O O o& o %4005 (2014) —50 —
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x5 yEAEINARGER
y-groove weldability test results

Preheat Surface craking ratio Section craking ratio Root craking ratio
temperature (%) (%) (%)
(°C) 1 2 3 4 5 | Average | 1 2 3 4 5 | Average | 1 2 3 4 5 | Average
25 O[0}| 0] 0/ 0 0 O, 0|0 /]0]O0 0 0,00 /]0]O0 0
50 O[0}| 0] 0/ O 0 O, 0|0/ 0]O0 0 0,00 /]0]O0 0
75 O[O0 ]| 0] 0/ O 0 0O, 0|0/ 0]O0 0 0,00 /]0]O0 0
100 O[0}| 0] 0O 0 0O, 0|0 /]0]O0 0 0O, 0|0 ]0]O0 0

SMAW: 1.7kJ/mm
Atmosphere: 28°C, 71% humidity

FHFEIZEI L 720 AHIAIIBRIC S Z R L TB Y, BEh
TR, RET OB Z R L T,
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