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Abstract

In shipbuilding, it has been required to use thicker plates because container ships recently
use to carry a large number of containers at one time. To enhance the productivity with
thicker plates, the high heat input welding processes such as SAW and EGW are
recommended rather than the low heat input FCAW process. To guarantee the impact
toughness in heat affected zones (HAZs) when using the high heat input welding, it is
strongly required to use alloy-designed TMCP steel containing Ti and V. However, more
than 90% of the TMCP steel used in shipbuilding does not contain the micro-alloying
elements, whose mechanical properties depend on the carbon content. Therefore, for
applying the high heat input welding to this steel, it is important to evaluate the weldability
of the steel according to the carbon contents.

In this study, the effects of carbon contents on impact toughness in TMCP steel HAZs
were investigated for high heat input welding. Three kinds of steel plates with different
carbon contents were prepared and each plate was welded by eletrogas welding.
Evaluation of impact toughness was carried out with Charpy impact notch test.
Metallographic analysis was conducted to examine the relationship between microstructure
and impact toughness. The results showed that the increased carbon content enhanced
the hardenability of the steel, thereby increasing a volume fraction of bainitic ferrite,
widmanstatten ferrite, pearlite, and martensite-austenite (MA) constituents in the HAZ. This
microstructural feature in the HAZ had a negative effect on the impact toughness and in
particular, the impact toughness was deteriorated by the coarse pearlite structure with a
large amount of MA constituents. In this case, the MA constituents were acted as crack
initiation sites and the cracks were propagated easily along the coarse pearlite regions. By
reducing the Ac3 temperature of the steel, furthermore, the increased carbon content
increased the width of the CGHAZ, which is detrimental to the impact toughness. These
results reveal that the carbon contents in TMCP steel should be limited to prevent the

formation of pearlite and MA constituents in the HAZ during high heat input welding.
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Fig. 2.1 Schematic diagram of Thermo-Mechanical and Conventional Processes

Surface electrode

Shielding
gas

Surface
copper
: backing
Backing
material
Cooling water

Shielding

Welding gas
direction Cooling rate

Cooling water

Fig. 2.2 Schematic diagram of Electro Gas Welding Process
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Table 2-1. Characteristic of heat affected zone

- = X0 =3 =3 &5
_ rH Bl _ of o 20| o o Z0 D
Kl _ _, %0 oK w &KTOZ0| =y KM Tof
oK - oK 2 o0 o0
%0 ol 3l . o IF o IF Bl ol
| L Bl ° 5| ©° S ol
T Jod rH . =< < 30 T
~ 4r & X0 gD H o 0 JFo | Jo Jo T 3l Xlo
o B B oo W ([Tmoul T odou|
Xr K&
BO 1 1 1 1 1 1 1 1 l_-AIO ﬂ
Kd w = K — ol u_m il 3
i - > o o= | %N oF — U
F il 2 B B < <o ol ol . 7
S| Ro u| e < | B o Z 3
2 pll] =0 Ul oS oo LU o o G | U
=0 RS N Wo Hl o | B 3 e Kr J4 w = 300
K ERRT F o I of B © Ki B ORM o = o | ®o
w3 | W =X L R e K =<
~ Al = " — |_.__W w — o o
BRE| R | ol g0 o= o oot ol _ 4 o & | Mo B w
R ol | B Yo | Lok | X MG
o | T luwm 0 |_Pu 2% | Moz | S | —
AT © m e 5 Ju lﬂ.ul w _|_._ E_ P _n_._ S H__l
ro SR dmamam (w2 T4 | oo u Koo | B
B 00 I 8l ol ol R frid] <] W ﬂ i M B3 N < K m_._
oﬁ 00 T ol H &= oo Jof mlf =Rr| of F ER o jod w0 oo o8
0
Ro | 1 | | | 1 | 1 1
S o
H | O
ol |2 £ o © 2
S @) =) ol )
Y Iva N S = - = =
ufl — o S b K v o
_l_-_ Z X0 S — ONO o r~0 1
i L4 a & = W = ol
a W._wm_u 2 =~ iy A Pl
K: “
oo <
ar ar 3 Br
80 80 - 80 ar
_ 4r 0 o | Br 8o
RO ro 20 = o =3 80 R
go K1 HJ o] Toi ol
ajo il al il XF i
%0 %0 5 0 o
W R o i+

Table 2-2. Summary of two types of M-A constituents

P
= st
= R -]
= “~ © o <
£ o o | .5 .20
) »n g mh
=4 2| 3
&~
wn
7} (e S
L -~ (=] o
£E2| % | 2
== = o
< (= S
= o =
o
(]
) [}
2 = =
] en A
2| 5| 2
= =
) e W
= = 3
=
=
22| & | B
D
=
S
= = g
R =
< n =
=
7
g | <€ 2
> < =
= — A~

-21 -



3.1 AI8M =

= AFoAME Ze 2k dd0 7hY Satt @20 CHES HSAAM BT

Ceq)
2t | 2% 14mmo|D, 2 Z2
StaghEro| M2t 'EG-C07, 'EG-C11', 'EG-
C1622 H7|8I%CH 2| EtATES WA AMREE ¢, (W) = C + (1/6Mn +

|0

o
Of CtE 3ZRC| TMCPZ S AEoIRALE ALEE ZA FH

(1/5)(Cr + Mo + V) + (1/15)(Ni + Cu)(%)=2 Al4tot0o] ®3-10] 2HA| LIEFLQICE O]= EF
=

S0 IE 8T Al oA REFS HOrE7| At SAl0f otA LEFOo
E

il
of
oo b

2 ATl ARBE 37FA] =ME TMCPZXHO| CHSLY Single EGW(Electro Gas Welding)2
NSOl AN EFZHS & 3-2, A8 3-10] He|stich 8FEE V-IHHeR
71H 7tSStRACH, co,237tA |2 48Umin2E 3l0] Single electrode 1Pass2| €7

xUS MY

2t 2 8F0| & ZME HOMSEL, 2% Nital 842z ofHet = Fshom) A

o
A AL EU|7:'(SEM)9§ EESIRALE HAZ F0| ZEEE 2 dMAY)S ER0=
F

- 22 -



w
i
re
02
>
11
pias)
oX
H
J¥
o

o o =
OIRIA|HS 2FUIsto| &

2 2latsk QXA KF SIS, a7 3-21F 20| Zt&sIRAL.
100E 20| QXAIET|E AFRBSI0] 5mm/minQ| cross-head £EEZ A20A QIZAIH

(Vickers) BE7|(3tS10kg)= O|&3tH dE& SToIAL.

Of
9%
n
I
]
o
o
-]
|>

3.5 M21 4 Ad

AF2 I EZ(Charpy V-Notch) A|H2 ASTM E230] 2t 28l 3-32F 20| 10x10x55 mm
o AFZL| SZAHEHOZ I35t 2, 500) 89 SZHAHIIE ARSI AlFES T

WAL AlE 2E9| 2 EXf : -120 ~ -40°Co| HO|AM AlYSI¥ D, 8HEo 42

[yl

EXRKE 38 3-3 N

O

1 ME35l0 Fusion line, FL+1mm, FL+2mmZ 7t&35t3 0,-20°C
o 2EOM AlES T v
Sot0 5 2L0A
o A2 e

gHEHez Yol A

SIRICt O|Z Fusion line +3, 5mm 2| AL 7.5x10x55 mmZ 7}
ISHSHRICE ZXf SAAHO|ML| OO sl XE =0|7|
0|4 X| £ Boltzmann fitting &5 O|&3}0] 2|F2A5ISILCE,

22 EH OfHX| MO|2%(Energy Transition Temperature, ETT)&

II|0} o 02—t

k=l

8 S0 X|(Upper Shelf Energy, USE)Qt SHE S=0f| 4 X|(Lower Shelf Energy, LSE)2]
Y0l siEEl= HXIE 7HX= 222 ZAHEHSIULC

- 23 -



—= f=—
14mm
Fig 3-1 Welding Joint detail
P ~280 %
10 10
<« » <
[(s]
i v
1 /
; A
WELD EDGE =]
e
- ‘]\
f A
(QQ’J ((s]
&/

Fig. 3-2 Shape and dimensions of the tensile test specimen
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Fig. 3-4 Notch location of Charpy impact test specimen
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Table 3-1. Base Metal Chemical Composition

Test ID C Si Mn P S Cu
EG-C07 0.0685 0.152 1.255 0.0125 0.002 -
EG-C11 0.1100 0.220 1.310 0.0130 0.002 0.01
EG-CI15 0.1620 0.445 1.211 0.0152 0.003 0.058
Test ID Cr Ni Nb \% Ti Ceq
EG-C07 - - 0.008 - 0.011 0.278
EG-Cl11 0.01 0.01 0.011 - 0.020 0.330
EG-C15 0.029 0.012 0.010 0.004 0.149 0.376
Table 3-2. EGW Welding Condition
D Thick. Welding Condition Ige?ltt
(mm) | Root Gap | Groove Position Current | Voltage Speed (k J})cm)
(mm) detail (A) %) (cm/min)
EG-C07 5.0 147.0
EG-C11 14 14 SV, 30° | 3G-UP 350 35 54 135.2
EG-C15 5.4 136.6
Chemical composition(%) & Mechanical properties of weld metal
wire . TS Impact Value(J)
C Si Mn P S Mo (MPa) /Temp.("C)
SC-EG2-Cored |00 | 030 | 152 | 0.012 | 0010 | 012 | 560 60/-20
(¢ 1.6mm)
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| (@) FEEERAH EG-CO7 |

(€) ppvmemagg® EG-C15 |

{ . . {Y

Fig. 4-1. OM micrographs of the (a) EG-C07, (b) EG-C11, (c) EG-C15 steels

Table 4-1. Average grain size of each condition

Steel Average Grain size
EG-C07 159 um
EG-C11 11.9 um
EG-C15 152 um
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Fig. 4-2. Variation of Charpy absorbed energy of the (a) EG-C07, (b) EG-C11, (c) EG-C15

steels in the temperature range from -120 °C to -40°C

Table 4-2. Charpy impact properties

Ductile Brittle
Steel Upper Shelf Energy(J) Transition Temperature("C)
EGCO7 267 -100.84 °C
EG-CI1 244 -85.04 °C
EG-CI15 202 -84.70 °C
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Fig. 4-3. MACRO specimen (a) EG-CO7, (b) EG-C11, (c) EG-C15
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Fig. 4-4 Microstructure of EGW HAZ
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Fig. 4-5. Optical micrographs of the (a) EG-C07, (b) EG-C11, (c) EG-C15 Fusion Line, Nital etched
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CO7 Fusion Line

Fig. 4-6. Optical Micrographs of EG
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Fig. 4-9. Volume fraction of Fusion line
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Fig. 4-10. Optical Micrographs of (a)EG-C07, (b)EG-C11, (c)EG-C15 at Fusion Line +1Tmm
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Fig. 4-11. Optical Micrograph of the (a) EG-CO7, (b) EG-C11, (c) EG-C15 at Fusion Line +

2mm
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/

Fig. 4-15. HAZ Length analysis

Table. 4-3. HAZ Length analysis

Condition | CGHAZ + FGHAZ Length | ICHAZ Lnegth | Total HAZ Length
EG-C07 972.90 uym 4177.51 pm 5150.41 um
EG-C11 1559.62 um 3287.26 um 4846.88 um
EG-C15 1787.26 um 3165.31 um 4952.57 um
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Fig. 4-16. Fe-C Phase diagram
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Fig. 5-1. Vickers Hardness of Steel HAZs

220
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S
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"‘:;' —ip— EG- 07
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= g
140
120
1 4 4 = [+] F 9 10
Displacement(mm)
Table. 5-1. Tensile test results
Condition Tensile strength(MPa) Fracture Position
EG-C07-1,2 453,452 Base Metal
EG-C11-1,2 539, 544 Base Metal
EG-C15-1,2 567,563 Base Metal
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Fig 5-2 Tensile test of each condition and tensile test

specimen
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Fig. 5-3. Variation of Charpy absorbed energy at 0°C and -20°C
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Fig. 5-4. Fractographs of Charpy impact specimens fractured at 0°C for the EG-C07

fusion line specimen
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Fig. 5-5. Fractographs of Charpy impact specimens fractured at 0°C for the EG-C11

fusion line specimen
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Fig. 5-6. Fractographs of Charpy impact specimens fractured at 0°C for the EG-C15

fusion line specimen
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fusion line +2mm specimen
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Fig. 5-8. Fractographs of Charpy impact specimens fractured at 0°C for the EG-C11

fusion line +2mm specimen
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Crack
propagation

Crack
propagation
path

Fig. 5-10. OM micrographs of the cross-sectional area beneath the cleavage fracture
surface of the impact toughness fractured at 0°C for the EG-C07 specimen, showing the

crack propagation path(Fusion Line)
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Fig. 5-11. OM micrographs of the cross-sectional area beneath the cleavage fracture
surface of the impact toughness fractured at 0°C for the EG-C11 specimen, showing the

crack propagation path(Fusion Line)
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Crack
propagation
path

Fig. 5-12. OM micrographs of the cross-sectional area beneath the cleavage fracture
surface of the impact toughness fractured at 0°C for the EG-C15 specimen, showing the

crack propagation path(Fusion Line)
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Crack
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Fig. 5-13. OM micrographs of the cross-sectional area beneath the cleavage fracture
surface of the impact toughness fractured at 0°C for the EG-C07 specimen, showing the

crack propagation path(Fusion Line+2mm)
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Fig. 5-14. OM micrographs of the cross-sectional area beneath the cleavage fracture
surface of the impact toughness fractured at 0°C for the EG-C11 specimen, showing the

crack propagation path(Fusion Line+2mm)
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Crack
propagation
path

Fig. 5-15. OM micrographs of the cross-sectional area beneath the cleavage fracture
surface of the impact toughness fractured at 0°C for the EG-C15 specimen, showing the

crack propagation path(Fusion Line+2mm)
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CVN Energy(J, -20°C)

Fig. 5-16 Relationship between Charpy absorbed energy at 0,-20°C and volume fraction

of BF, WSF region
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path

Fig. 5-18 Fractographs of Charpy impact specimen (EG-C15, MA constituents)

- 69 -



AF grain

Fig. 5-19 Schematic of crack propagation(Fusion Line)
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Table. 5-2 Fusion line grain size

Grain Size(pm)

Condition (Fusion Line)
0.07Wt%C 456.84
0.12Wt%C 435.95
0.16Wt%C 460.41
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