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Synopsis :

Ship structural 390 MPa yield strength (YP 40 kgf/mm2) steels and an offshore
structural 415 MPa yield strength (YP 42 kgf/mm?2) steel were developed to assure good
low temperature toughness in large heat input welded joints. They were produced using
MACS (Multipurpose accelerated cooling system) with low N and a small amount of Nb
and REM-Ti addition for the YP 390 MPa steels and with low C, medium Mn, low N, and
small amounts of Nb and REM-Ti addition for the YP 415 MPa steel. Tensile, Charpy
impact and fracture mechanics tests proved that the steel plates and their welded joints
made by electro-gas welding and one side one pass submerged are welding with heat

inputs of 147 to 274 kd/cm had sufficient properties for ship and offshore structures.
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Properties of 390 and 415 MPa Yield Strength Steel Plates
with Good Toughness in Large Heat Input Welded Joints
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Synopsis:

Ship structural 390 MPa yield strength (YP 40 kgf/mm?) steels and
an offshore structural 415 MPa yield strength (YP 42kgl/mm?®) steel
were developed to assure good low temperature toughness in large
They were produced using MACS {Multi-
purpose accelerated cooling system} with low N and a small amount
of Nb and REM-Ti addition for the YP 390 MPa steels and with low
C, medium Mo, low N, and small amounts of Nb and REM-Ti addi-
tion for the YP 415 MPa steel.

mechanies tests proved that the steel plates and their welded joints

heat input welded joints.

Tensile, Charpy impact and fracture

made by electro-gas welding and one side one pass submerged arc
welding with heat inputs of 147 to 274 k]J/em had sufficient properties

for ship and offshore structures.
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Almed properties of steel plates and their welded

Jomts
_ Steel plate Welded joint Preheating
te SR e T T | temperature
Steel thick-| Tensile test L’h‘:'w Charpy tost E”? p:::vreln‘lling
s Woelding . Alsortid 3 weld cracking
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REM % ro¥ Ti omEint, REM-Oxysulfide s kv TiN w2 k
ha—AF+A4 FRORKREEWILT 5 EfN: {0, Fig. 1V X
2, T & X0 REM @M LB 4 — a7 2 B A RBs 1l
WRA R4, Fig 1k 0.04d um LT offlic TiN A%z 4
—AF A P READEL S ERTL T 5, —H, REM ik
REM-Oxysulfide & .7, Fig. 2 o34 & 9 ¢ fusion line ¢
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Table 2 Metallurgicul approach lor improving HAZ toughness
of ilrg,e heat mput welded Joint

Impmvement of HA? mubhncaa

Item |———
Met: lﬂmgv

Approach

Grain | Grain boundary
size mnning effect of
insoluble fine
precipitate

+ Fine dispersion of TiIN

- REM addition

Micro- | Reduction of MACS

+ Lowering C .
b bey Compen- /7

struc- i M-A cm‘:ﬁll‘lu‘en[ " L()\vl:l'illg C v gation of \ ]);’C‘}L‘Ebs
ture | In upper bainite o etrenath -Use of
structure - Lowering N = Nb and/

or Cu-Ni

Nudc ation of
fine ferrite-

F:i_lghte strue L REM addition

» Lawering Cer.

1
Matrix | Reduction of L ine N
free N and sol. GWEHng o
Ti + Control of TiyN
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Fig. 1 Relation between austenite grain size at 1 350°C and Th
content as TiN smaller than 0.04 pin existing in the
plate before welding
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Fig. 2 Effect of REM content on austenite grain size at 1 400°C
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Fig, 3 Eltect of NI content on the synthetic HAZ 1()“5;[111655
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Tahle 3 Chemical compositions of steel plates (wt %)
Steel C S Mn P s Nb  Cu Ni 0N cx P Note
VP d0kghjmme | A | 014 033 120 0.013 0002 0.031 004 —  — 0.003.  0.34 0.211
(YP390MPa) £ | 410 0.33 1.43 0.012 0.002 0.033 0015 — — 0003 0.34 0.183 ||REM-Ti
treated
‘("gp“ﬂ‘fg{?;’)‘z —| 0.7 o022 1.35 o0.000 0.002 0.028 0.017 0.14 0.13 0.0027 0.31 0.154

Mn V4+Mo+Cr  Cu+Ni
* Cu=Chmg 5 . 15

51 Mn+Cu+Cr Ni Mo V
*k —co o Mnrum et N O Y
Pou=Ct gt =55 tot s T10t 8

T, ERFEMBL, EFFLcLLREBRRECETERLT
v, YP 40 kgf/mm? #@izow Tz Nb %, YP 42kgf/mm? $gizo
WOk Nb efnz ¢ Cu-Ni &ML, & 5im MACS B Ry
F-HHEE - SIS e e 2 L hHEOHEYR -7z, Nb o
IR LIRS DAY, REOTRM T A A BIEER
£ HAZ P48 5, Fig. 3 wFH HAZ e BiET Nb o
B T, 0.029% LIFo#E Nb ofmehhdd, HAZ jpk
it E A S EEY STy, Cu-Nitk HAZ i E TSR3 2 &
BLHMELFEFRNARFELELTENIND,

4 YPA0 % L7F 42kgf/mm® SO M

41 #HE M

R oL % Table 3 im+, CE&FHED Mn SHERIT
5 (C/Mn k) vk YP 40kgf/mm? A 3 kU0 E Bk
WTFRER 0.13 5 108 0.06, YP 42kef/mm? iz s\~ 0.05
ELfe N, SHIUPogHEER-ThMEHEL, 8RN
X 5 REM-TE % FRin L7s, JRIME T YP 40 3 & o8 42 kgf/mmne?
WMok T ERER 0.34% R XXX 0.31% Thoto. T

Table 4 Mechanical properties of steel plates

Flate Tensile test* Charpy impact test
thick-| Direc- | Loe- ;s =
Steel |ress | | | ¥P TS Bl R | Absorbed energy ) | Pt
(min) (MP) (MP3) (3%} (%) | T35C _gooc —w0eC, (o)
i L || 4 sewsoogs | amomo 7| 67
Yot | 43 569 30 75 | 215 153 72 | —64
R I R I
Var | 456 579 25 TL | 140 79 83 | —45
Z | et | 446 54 45 75 T
A
Lo Mer| amostom0 7 s 195 183 -7
P 40 Ver | 446 564 29 76 | 168 113 47 | —h2
: _ .
é‘%g’;‘;“, W | o | e | 4s8 s 2875 | 1 7L 13| -7
MPa) ypt | 46 569 28 73 | 142 108 30 | —d6
Z | Ye2{ 451 574 55 73 _,!r_,fff“'_’
| M| anoseano7m s 27w |-l
Yar | 44l 549 30 75 | 322 306 238 | —97
E| 25 c Vet 451 554 28 75 303 286 237 | 103
Yot | 451 549 29 T4 279 231 184 —-93
2 | et | 86 559 s M T
o] oesLomes 2777 | s 308 283 | 1M
YP 42 Tl Mat| 451 BBY 27 73 | 418 298 272 | —105
ket L
Seaml=| o || a1 s 2 7E | 25 e 1L |-l
MPz) Yar | 470 559 26 T4 | 230 200 149 | —87
L. ——a—— .
Z | et] 451 869 53 75 e

* Specimens: " NKUI4A" for L and C
10 mmg, GL=20mm for Z

NAEECEML, By Li-obiisps L, sEEE# MACS
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Table 4 CBH O ERBERK LT 2omV / » F2 4 AE—
HRREER Y TT, YP 0kef/mm® AR, E##lx J0 YP42
kgf/mm? o\ -Th ot 4, Table 1 RL A BEHES I UH
e LEbs@BhifEY R Ui, ¥4, WREAROKD $ 70% L
EERx, M7 A7 —-F7HESNBERTOBIEETL TS,

Photo 1 i@ O XFEEMHE RS L TRT. wThd7 71 b+

Thick-
Steel ness

YP40
kgf/mm?
{Y P390
MPa)

YP42 kgf/mm’
(YP415 MPa)

Photo 1 Microstructure of plates tested
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Fig. 4 Plot of crack arrest toughness vs. temperature
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BRI, 25,27 VvAF—~ ELTEPRRE YP 40kgf/mm’E
RO TiL 188 MPa v ORZMEIIBILBEY 5 % B REH
—25°C, YP 42kef/mm? #izov Tk —65°C L@bh-its iR
LT, ok, Ko=186MPavm TS OEBIG LA
FROE LD CHICLDTH S,

43 BN

4.3 BEFEzHER
Table 5 wEEE IHBRERL R T, BB JIS 23101 i3
¥, BHSEBE 0°C e — FE 10, 50, 125mm O#&2uT
fiot. BEESIIASE YP Ikef/mm? HER LV~ THL,
4.3.2 BEERDhBEDM
WEERENRE Y JIS 23158 0fi Y HRHhRBRIC X
D#AT. WThofii L 0°C TElhmBBIhT, v—rElh
BFI-REET 0°C RTHAZ LR IR,

Table 5 Maximum hardness test results (HV)

ﬁ“\—‘—;_ Bead length (mm)

‘\__\N 10 | 50 | 125
Steel\ thickness {mm)

YP 40 kgfjmm? | 30 320 | 288 | 265
(YPS90MPa) | g 25 309 | 258 | 248

YP 42 kgf/mm?

(YP 415 MPa) | — 30 328 | 308 | 293

4.4 FERFLHEY

ERF I 5% OFRFE L0, 260°C ¢ 30 min
OEMUERTS = 210k b @~ Table 6 @ BERLRT,
ERAAFEC L 5 BHBBRENT(LIZ 8~31°C Thh, REER
LRBETHD,

Table 6 Effect of strain aging on Charpy impact test result

Plate Charpy impact test
thick-| Strain |“Absorbed energy
Steel . 500
EE ness agmg* —_“LJ)__ FA'].@T AT
(mm) —40°C ‘ —60°C| (°C) | (°C)
25 No 184 171 — 66 o5
25 Yes 124 58 —41
YP40 | A
kgf/mm? 30 No 194 171 —76 s
(YIE/’I%QS) 30 | Yes 187 148 —68
a
25 Ne 303 286 —103
E -31
25 Yes 187 100 —-72
YP 42
kgf /mm? N 30 No 245 208 — 100 _a9
(Y&{gl? 30 | Yes 230 159 -71
a

* Strain aging: 5% +250°C x 3¢ min
kAT = (509 FATT of nonstrain aged material)
—(509%FATT of strain aged material}

4.5 RASBERF4E

451 EESE

Table 7 @i & Rt, +7 ~— 27 — 7 B 2~3 B,
2V e FABER I BB TR A-BREchs, BE
ABENT 147~274kf/em & LE-,

Table 7 Welding conditions

Plate Speed Heat
Steel thick-] Welding | Groove shape | Elec- | Cur. | Volt. (cp[:', input
tee! ness | methed (mm}) trode | (A} | (V) {1 (k]
min)
{mm) cm)
o L |1500] 35
Al 30 | Opesde ‘! \4/- } TL |1400] 40 | 60 | 166
@ T2 |1150| 50
Ykgff,?,mz 5 580 | 30 261
(YEso A | % | EC IR,
MPa) Hz
. 10 L | 1080 32
E| 25 |Oneside d- b %6 | 149
- 16 - T 750 40
‘ - L {1300 3
Og;‘{}{,—ie m T1 |1050] 40 | 43 | 202
Ykgff,im: 5 Tz |[1150] 30
(YP415] 0
MFa) w 340 | 36 347
EG — 4 4 ] 1
350 | 38 160
]
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Table 8 Tensile strength of welded joints

Plate ] Tensile strength
Steel thickness Vn‘:gig]dg Weld(elf\ldPa)
(mm) joint*® HAZ**
25 EG 574 | 549
YP 40 kgf/mm? A One side
(YP300MPa) | | 30 | Tgaw | 574 | 54
B, 25 | Coesde | s34 | osog
o 30 "One side 560 629
YP 42 kgfjmm® | ne S
R 30 EG 559 | 533

* Specimens for welded joint: NKU2A
** Specimens for HAZ: 6 mmg round bar

4.5.2 BIREH

Table 8 -k F 3 LU #MBEN (HAZ) of|RABRSR 2T,
HAZ o7 [EHEBT, FAHME 6mm ORERRH L BEG TR
KL T -7, HAZ 3 X sik{borio, B0 HES
ERIEN LT UL T v, LLESE, #FiivTh
LEMOBEIERIYIEL, BESFES L UL cBEY
b, EECHRACE LTI Fofo TEAL LI L RLTY
B

4.5.3 vl RSN

Fig. 5§ 8T O FRCHITD v p 4 ©—HRABRIC L 5 B
=FNAF —B & EHTTRT. YP 40 kgf/mm? A 88 ¢k 0°C ¢ 50
TLIE, EfE@Ecit —20°C = 607 Mk, YP42kgfimm® #{it
—60°C © 39] EvhvEFoHEHEYHE L.

300
{a) YP40A (h) YP40A
- 25 mmt - 30 mmt
EG One side SAW
200 | — @ Od)
O
L o % L O OO o]
> @
0 oy @ - o
@ o [~]
G f_o___..____________:_0____0 ___________
U L L 1 L L Il
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= - 20 mmt @ 33 mmt
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o
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o 30 mmt o @ | line 1mm Jmm  Smm
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200 - ° 0
B Temp.(T)
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line ITmm 3mm bmm

Fig. 5 Charpy impact energies of welded joints (Specimens
were cut from 1 mm below the plate surface)
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4.5.4 CTOD %4

CTOD #HEl, EEWEDARH O LRBEEY AV Bk
BT D Lk 5y, fusion line % E#RKC T3 2 L B/
B, BHEOAABRBERT CHAVOhIBFELOLOXHGTTS
7z, Fig. 6 1= fusion line @ CTOD % % & » TR+,

BEMFHRCERED CTOD cHALTRBEROH D EIHT
o, AP i Scli/E 75mm LITiZ-ounT
i£0.25mm L LTwB, SOELYEMATS L, YP 40 kei/mm® §§
TRAREEET 0°C, YP 42kgf/mm? MoK E—B¥ 7 -
7T rEET —20°C, =Lt e FABRETH —40°C CTERT
luvas, APl G #EHOEREGCTREEL T
Ve, BB TSR b ot D ARV 2 TRV

CTOD ##:EH O ®EMWFHC A+ 5 Hi - T, CTOD
Wt E - bh s, H7E, BSL PD6493% L WES2805% pi%
hENB- R MRETREL TV %, Chbo CTOD Fitih
BB LT AE A RS S B 5% 25, YIXA EFIRAED 5\ 2REH
e RERS S D B0 BN FIR TS WES
2805 THRE SR TV3RY V5, HEXKETE L LT, ASME
Roiler and Pressure Vessel Code Sec. 1117 ¥z #FHT5 &, &
ANEED 14, BEXNL06HORAXBEHET I I L.
¥HESY 30mm E45 %, WES2805 i f 2 4d S{lix MRkt
8.1mm L, Pisaski BOEEY L& 5, ANE e fEHO
otk 3 L OSRGOS IRTET AL, —BERL Ok LUAER (15
mm{1000mm), HE\. (5mm) ff ¥ OFEHF S v VINCHEER
CEFRRERRIAFEL, ThCBREERRE (6r) D 1/2 O3]
BSDAERT oA Y E LD, WES2805 10X % E, CDL5B
P TI e ARERIL L.7ey Enb,

BED XS EETSE, YP 40 o Lor 42 kef/mm? RO FEEH
FIAEOERE&METIE 0.lmm @ CTOD it v sE L b
hB, Lot THRIERAM oA SEE#RFE YP 10kgf/mm® §§
© —20°C, YP 42kglfmm® ¢ —60°C FC{EAWEL V-2 %,

0.5
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o]
03 + + + + -
E o o) olo ©
E o
= 02t A 1° 1 -
e
C
&) 8 o
01 - 48 4 4 + 4
¢
TC) —20] ¢ {—20] 0 [-20{—101 O |- 60— 40— 20— 60— 40)
Welding EG One side One side | One side EG
method SAW SAW SAW
Thickness 25 30 95 20
(mm)
A E —
Steel
Y P40 kgf/mm?® Y P42 kgf/mm?

-Fig. 6§ CTOD values of the welded joints at fusion line
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4.5.5 rhoudlRitE KRG IR
st ft & RRE EHREL A v FEICEEBR R R TS LT
FHW Lz, Fig. 7 S RBANOEN B EE L BEIEED
BEHFEESYTRT. BEREER YP 0 kef/mm? A 540 o - 4l—
BY 7~ — 27 — 7 BESFLAE 0°C © 155MPavm L FoR
B 40, Tods, B YP 40 A, i3 YP 40kegf/mm® A #
@0 C o 0.119% i, Mn & 1.429% 1o LEsfkchBa
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Fig. 7 Plot of fracture toughness of welded joints vs. temper-

4.6 FEHEFH

HE 25 mm @ YP 40kgf/mm® A B3 Lo YP 42 kgf/mm? 8§
oW, B, FRECIIEELE TFEFBRAMFR LD CO:
FABEC LY MFL REEGbE BT AV TEFEEY #-<
fro AVWERBHRT S A Fig. 8 wTt. E¥RBIAB 38
0T ot BERAHTHORAE 2x10° v 2 2 DHERHEYELD
oy Table 9 Rt WIFhOESEELEREOLIE
FARETH S,

Table 9 Fatigue strength of steel plates and their welded joint

\\ Fatigue strength* (MPa)
T — YP 40 kgf/mm® YP 42 kgf/mm?
~——_| (YP 390 MPa) (YP 415 MPa)
Base metal 361 397
T-shaped welded joint 115 122
Butt welded joint 142 138

* Defined by the stress range which gives the life of 2 x 10% cycles
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(b} Butt welded joint
Fig. 8 Specimen geometries for fatigue test
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