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Mechanical and Microstructural Behaviors of Gas Tungsten Arc Dissimilar
Metal Welds of High-Mn Steel and Stainless Steel 316L. Using Various Fillers
for Cryogenic Fuel Tanks
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ISamsung Heavy Industries CO., LTD, Production Technology Research center, Geoje-si 53261, Republic of Korea
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Abstract: The gas tungsten arc (GTA) weldability of high-Mn (HMn) steel and austenitic stainless steel (STS)
316L using dissimilar metal welds (DMWSs) was investigated, to fabricate a fuel tank for an LNG-fueled ship.
Three types of welding fillers, HMn steel, STS 309LMo and Inconel 625, were applied to the DMWSs. The
weldability of the DMWs was examined by investigating mechanical properties at 25 and -196°C, followed by
microstructural evolution and weld deformation. The GTA welding process was performed with a heat input
range of 0.72—-1.89 kd/mm. All of the fillers employed in the study produced reasonable mechanical properties
and low levels of precipitation, such as M;Cz and Fe;C. However, the DN specimen using the Inconel 625 filler
exhibited reduced ductility in the bending test. This was attributed to Nb-carbide precipitations at dendrite
boundaries at the root weld. The DM specimen using HMn filler experienced severe thermal deformation
because it had a relatively higher coefficient of thermal expansion than the other fillers during heating by
arc and solidification. Therefore, STS 309LMo and HMn wires were determined to be the appropriate fillers
for the DMW of HMn steel and STS 316L for cryogenic applications, and the HMn wire requires attention
to weld deformation.

(Received 18 April, 2022; Accepted 21 June, 2022)

Keywords: high manganese steel, stainless steel 316L, inconel 625, dissimilar metal welding, cryogenic property,
weld deformation

1.M 2 Aol tigk a7t FAsHA F7Fskal ATk [1,2].
LNG= -163°Ce] SA]204 Ast=wA] 1/6009] H]&
AR o] FoE A&HoR F7I8IL CO, 7 & W37t Zhiste] Aduke] dg ®ae] FY=L A

= o7t skl weba s A7k (Liquefied Natural
Gas; LNGy= d4AAQ1 2184 olyA] Aoz kg8 v
Axsl= 2K EoplME A
FHske 715¢] Adutel] Blate] LNGAEF3

Z A

I

-2AE: AP R ANSHY, G A, fAE - A vk,
By

*Corresponding Author: Namhyun Kang

[Tel: +82-51-510-3027, E-mail: nhkang@pusan.ac.kr]

Copyright © The Korean Institute of Metals and Materials

o
@

L)
=

o [3]. Wk, LNG 92 g0 AMeEE ga2E 34
& SHOM gk 7IAIA 54 58] A8l 2
TE A, QLAEUolEA ZH|QIE] 27 (Stainless steel; STS)
316L3 2 7H7te A Y HkA(Face Centered Cubic;

FCC) ARz nlA|

il
22 7P SR @I E ¢F
AE 71AH AAL 7Y [4-7]. 238y, 2z AE
o] wjhe AR 7R g3k ALzt §lol, LNGHESFH
AoA AR B3] AA== i FRIES STS 316L



674 oh

%
I

==
i=]

= AS I3 ATt oo wel, LNG
g "3 AEd xzdE ING 98 F 2 wiE
wje] 2= STS 316L Alole] o]F842S LNGIAEF
Z14e] AZellA] wk=EA] gk FA ol
A7 BAe] B 5583l 34 #st A
F FYEATY [8-10]. A, Jeong [11]32
Dahmen [12]2 CO, #o|A &Ho® vhie] a7 (18
wt.% Mn ©]5hZ 2AFeag HER714287 s o2 H Y
O|EAl STS9| o]F&FFolA mlEHIALlE A gl Tl
AsldTh 28] Ibrahim [13]5 NiZ tiA|8le] MnS
°F 10 wt.% $FH+3l= Low-Ni medium-Mn STS$} STS

= o
= =

g Gas Tungsten Arc (GTA) °E8H% = =
o Pt 8852 dAld Cr ©st=zo] A
o

M-

Zyto] w7ty Agea Adu|goz AREEE STS
A Atele] tE GTA ©5-&34¢ st A9}, o]58
el B9 11988 29k A8 &35S A4
of gt A= HF3IT} [14-17].

B 7= %7K high Mn; HMnyd3 STS 316L ©]
= AHe) GTA €40 223 445 3 & F&3),
T §HE 259 -196°CelA ] Z1AIA A mARE
g3 W] AHA Aste] A EHAEE
A7 starat ot

<A} 588 A A 60 #1935 (2022 9Y)

Table 1. Chemical composition of base materials (wt. %)
C Si Mn Ni Cr Mo
HMnsteel 042 026 242 033 3.61 0.006
STS316L 0.012 049 0.84 10.1 16.1  2.09

Uehidch 3R 242 wt%2 Mn S 7RI
A7t Aozt oaf AxEACH, STS 3161
10.1 wt.%®] Ni &g 7FAa0 G709k $ 1055°CoA
67 SAstA st gt AZE ASTM 49
A240 316L 733ttt
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Table 2. Chemical composition of filler metals (wt. %)
CII:S\:/EIO. C Si Mn Nb Ni Cr Mo Fe
ERFeMn-C(HMn steel) 0.39 0.42 22.71 - 249 2.94 1.51 Bal.
ER309LMo(STS 309LMo) 0.02 0.42 1.70 - 13.7 233 2.1 Bal.
ERNiCrMo-3(Inconel 625) 0.01 0.021 0.01 3.39 64.73 22.45 8.37 0.33
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Fig. 1. Groove configuration of the dissimilar metal joint between HMn steel and STS 316L
Table 3. Welding parameters for dissimilar metal welding
Filler Max. Inter-pass Current Voltage Travel Speed Heat Input
DMWs Metal Ared remp. (°C) (A) V) (cm/min.) (kl/mm)
Root 48 67 8.9 24 1.49
DM HMn steel Fill 115 132-202 9.3-14.0 9.4-18.0 0.72-1.70
Cap 92 180-181 13.0 8.8-11.5 1.23-1.59
Root 39 68 8.6 2.5 1.38
DS STS 309LMo Fill 120 130-205 9.1-13.5 8.4-15.0 0.76-1.89
Cap 84 180-181 12.0-13.5 9.5-12.2 1.06-1.36
Root 20 77 8.8 29 1.41
DN Inconel 625 Fill 146 131201 9.0-12.0 9.2-15.6 0.74-1.52
Cap 86 180 10.5-11.0 10.4-10.7 1.06-1.13

el

| E ! -+ Allweld round tensile test specimen

§ i i e + Macro/Hardness examination specimen
E i femmmeee = CVN mmpact test specimens

R + Side bend test specimens

----------------- + Transverse tensile test specimen

Fig. 2. Location of test specimens
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metal
measurement: (a) before welding, (b) after welding

Fig. 3. Dissimilar joints for welding deformation
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Fig. 4. Stress-strain curves of the DMWs using various welding
fillers

Table 4. Tensile properties of transverse and all-weld specimens
using various welding fillers

Transverse tensile test All-weld tensile test

ID TS Ys @ TS Ys@ gL ®
(MPa)  (MPa)  (MPa)  (MPa) (%)
DM 636 433 771 540 49
DS 644 433 676 550 2
DN 629 402 785 543 43

™ Yield strength was measured by 0.2% offset method.
2 Fracture elongation.
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Fig. 5. Hardness profiles for various locations in the DMWs: (a) cap region, (b) root region
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Table 5. CVN impact properties for DMWs using various welding fillers

Absorbed energy (Joule)

Lateral expansion (mm)

DMWs

1 2 3 Ave. 1 2 3 Ave.
DM 61 60 53 58 1.00 1.04 1.00 1.01
DS 45 56 57 53 0.72 0.81 0.87 0.80
DN 93 95 87 92 1.98 1.70 1.46 1.71

(a) ”/1771‘% (b) 65578 £0.5
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Fig. 7. Angular deformation for the DMW: (a) extracted section profile before welding, (b) extracted section profile after welding.

S DNel 71 =& %
FAAT 02mm

Uehfiglom, DM DS¢}
e deRiich 7hEe
Ade SAFTAAIS g 43S H33L, DN, DM,
DS 08 g A2 QY AHE Ve A2 A
55 AH8shs Aduke] kol #sk SAl #2491 IGF (The
International Code of Safety for Ships using Gases or
I=E A ¥39] AF A

flo tlo

=
3
5

iicA

oL

other Low-flashpoint Fuels)

LHRE -196°C oA A 2718 FAFFAUAE aF
st} [20]. & Aol A-8¥ HMnd3} STS 316L ©1F

&5 28 DM/DSDN 3%°] &Ml IGF
WEehs ek A0S eI

=N

=
=

IEE

3.3 E7IMofl [E o|F=H ST T SYHY

a9 72 & WS olFws &N T e
vepdth, &FAE] SR wet 2aE 8 ZPAd
(angular deformation)y> 2] ()94 o] HFH] A4t

S = vk},

Difference of angle(®) 100
Angle before welding(°) )

b olead 830 S Wavls B ool Alsa
o}, W¥HE HMnd £7H1E ARS8 DM Al#o] 9.3%,
STS 309LMo &71A1E L3+ DS A|Ho| 83%, 183
Inconel 625 £7HA1E o]|F8Hd HL3I DN A|Ho]
6.4%= 7= AT

Deformation ratio(%) =

z} o]z.:_i‘:

A 5o B w50l ofsf 2, 53] A=
o] W IATE AT W E = S WP =79

Table 6. Angular deformation for various specimens and locations

Deformation ratio (%)

DMWs
Face Root Ave.
DM 9.3 94 9.3
DS 82 8.3 8.3
DN 6.4 6.4 6.4

Table 7. Typical coefficient of thermal expansion [26,27]

Fillers Range (°C) CTE (10°°C)
HMn 25-1000 22.7
STS 309LMo 20-966 19.5
Inconel 625 20-1000 17.4
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Fig. 9. Microstructure of the specimen DM for various locations in HAZ: (a) macro-view of the DMW, (b) near fusion line at the cap region
of STS 316L side, (c) near fusion line at the root region of STS 316L side, (d) base metal of STS 316L, (e) near fusion line at the cap region
of HMn side, (f) near fusion line at the root region of HMn side, (g) base metal of HMn steel

3

=4

-z
lo

'll'r

rlo

L o,
E

N

o

N
?I?
g@
2
>
)
S ol
o M

of WY 24WYel /134%E U

AT [23-25). ol @ AL T EHT] S

7 B s R 2y i;l‘s}‘}i\:}. 2

3, HMnZ §71A171 288 DM A

Ao AGYRe) BT} 2L

GRFAS g A
=N

&SP o3t shgrse]

az

o
T
e

f

3.4 87Ixj0] W2 o|FT & SF ol 0/MIET|
Y 8 359 B7MIE 489 oIF L SR Syl
o) PR S Rl ofE S S $HTEE §

7 5ol d3¢le] A8 columnar dendritic 5’4_77‘7“

o] MAIEAS LERNITE DS AAS] 884 uaEe) A

£ interdendritic Qo M e] #2430 FEH AT

a7 92 o)l Es &N &8 2o mARAe b
Epdich 277 B2Ajel FAs §7HIE ARES DM A
HE & F Ao epitaxial growthE F3+ columnar
dendritic -3-32220] AAEAIL(H e, 9f), STS 316L
wAe] g E mAle] AFHERT nAE cellular
dendritic -5-7Z& o] FZEATHZH 9b, 9c). STS 316L
e & 2ABHEE 7 Yol (@™ 9d), capi-t
root-9] GYFN= UL e AHY o] A9
HEAEA] otk ey e AP = v &
H drlo]Zol oall &gAoZRE °oF 200400 ume] T+
WA= CGHAZZF #EEA O™ (2 e, 9f), CGHAZ
O|FRE] RAA= 7“4%57} AxH o2 A3l
kel B AAYEE STS 316L RAHTh 2
o e ZA ‘%}7} 2 Ao% Agdn, =

___—5] Az, ]—

3 a0de] AGFRANE =A N o B A%
(Twino] SRIET, ol &5 o3 7144 47



680 e A 2 5hE] A

A60H A9ZE (2022 9€)

(YR 1‘ () Phase (9 BMs HMn steel STS 316L
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I ronGamma) 0984 [ 'ron Epsilon)  0.000 e 3
[ iron (Alpha) 0.000 [ Iron - Hp, Epsilon 0.000 o _ =z

Fig. 10. Phase analysis (IPF and phase map) near the fusion line of various DMWs: (a) location for EBSD examination, (b) color index of
phase for Fig. 10c, (c) phase analysis for each location; D DM: Weld-HAZ of HMn side, ) DM: Weld-HAZ of STS 316L side, 3 DS:
Weld-HAZ of HMn side, @ DS: Weld-HAZ of STS 316L side, ® DN: Weld-HAZ of HMn side, ® DN: Weld-HAZ of STS 316L side,
(the red and white lines denote the fusion line) (d) phase fraction of Fig. 10c, (€) phase index for location B (Fig. 10c) to confirm the
formation of hexagonal Fe;C, (f) phase index for location 3 (Fig. 10c) to confirm no formation of s-martensite
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Fig. 11. Microstructural prediction of dissimilar welds for various
welding fillers [34]
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wEbd B Apold HEH 24wt% Mn-04wt% C
249 HMn7Z3F STS 316Le] AYE o] HE (DM,
DN)= Q2HUolE 4o 2nt o]fojx 1, STS 309LMo
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of UAGH(Niey)S 722 mAzHS 5%

Schaeffler diagram(Z¥d 119] #H24 2X)3} HMn7te]
A Yol xIEZA G mAxZ o] HEH
Modified-Schaeffler diagram(Z¥ 119] 722 M)
Hysdth o|FE&HES ©|F= HMn%d EA¢F STS
316L BAJ9] S1ML 50%= 7Hgste] A8sta, 7+ BA)
o] 2§ &7t Ao wet didEe mAlxE
= AlRtsidth. DNE Aol AHEE ZEQl
625(ERNiCrMo-3)2] Crd# 3 NidHFe 41%<}
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Element wt. %
C 8.8
Si 0.7
Cr 14.0
Mn 23
Fe 7.2
Ni 338
Nb 16.2
Mo 17.0
wt. %
42
0.6
4.8
0.5
21.6
2.6
13.2
SEMHV:150kV |  WD: 17.97 mm i ; i . i 525

SEM MAG: 5.00 kx Det: BSE 10 ym
View field: 50.6 ym  Date(m/dly): 03/10/22

Fig. 12. Fractured surface of the specimen DN after the bending test: (a) fractured surface (x300), (b) enlarged fractured surface (x1500) at
the red-square location in Fig. 12a, (¢) EDS analysis of Nb precipitates at the red arrows in Fig. 12b, (d) the cross-section(x5000) of DN
root weld, (e) EDS analysis in the locations “¢—"¢ in Fig. 12d
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Fig. 13. Mapping of Nb solutes in the specimen DN: (a) macro
view of the transverse DN, (b) Nb distribution at cap weld depicted
in Fig. 12a, (c) Nb distribution at root weld depicted in Fig. 12a
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