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Abstract: In order to promote efficient and low-carbon manufacturing of railway equipment, this study focuses on the sub-

merged arc deep penetration welding technology. Using the commonly used 12 mm thick S355J2W+N weathering steel for
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railway equipment as the subject, we conducted welding process tests, performance inspections, and multi-technology com-
parative analyses. The purpose is to systematically investigate the welding joint performance and welding efficiency, and to
evaluate its applicability in the industry through engineering applications. The test results show that the submerged arc deep
penetration welding technology can achieve a single-pass welding formation for the 12 mm thick S355J2W+N weathering
steel butt joint. The welding heat input is only 2.375 kJ/mm, which is comparable to laser-arc hybrid welding (2.32 kJ/mm)
and double wire welding (2.4 kJ/mm), and a reduction of 36% compared to conventional gas metal arc welding (3.71 kJ/
mm). The maximum deformation is 0.595 mm, less than the 2.79 mm of conventional gas metal arc welding; the maximum
residual stress in the X-direction is 320 MPa, which is 160 MPa lower than that of conventional gas metal arc welding (490
MPa), and the Y-direction residual stress is more than 100 MPa lower than that of conventional gas metal arc welding in the
area 15~25 mm away from the weld centerline. The joint tensile properties, bending properties, -40°C impact test, hardness
test results, and macro-metallographic quality all meet the corresponding standard requirements, but the welding heat input
should be strictly controlled to ensure low-temperature toughness. Efficiency comparison shows that the submerged arc deep
penetration welding time is only 86 s, which is 41% shorter than double wire welding (145.7 s), 38% shorter than laser-arc
hybrid welding (139.42 s), and 79% shorter than conventional gas metal arc welding (402.1 s). The total energy consumption
during the processing process is reduced by 38.4% compared to conventional gas metal arc welding, which is comparable to
laser-arc hybrid welding; the welding carbon emission is 0.976 kg, which is reduced by 81.7% compared to conventional gas
metal arc welding. In engineering applications, this technology saves 37.33% of man-hours and reduces 9.279% of welding
carbon emissions compared to conventional gas metal arc welding when used for bogie frame welding. After comprehensive
evaluation, the submerged arc deep penetration welding technology has reliable quality, obvious comprehensive advantages
of low-carbon, energy-saving, and efficient manufacturing in the welding of thick plate components of railway equipment,
and has feasibility and high promotion value in the railway equipment industry.
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Table 1 Application of three new welding technologies in the rail transit equipment industry
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Fig.1 Principle of submerged arc deep penetration welding technology
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Table 2 Chemical composition of steel plate(wt. %)

C Mn Si P S Ni Cr Mo
0.061 1.33 0.389  0.009  0.009 0.22 0.43 0.005
Ti Al Nb v B Cu Zr N

0.002  0.035 0.015 0.004 0.002 0.25 0.002 0.0055
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Table 3 Chemical composition of welding wire(wt. %)

C Si Mn P S Cr Ni Mo Cu
0.09 090 1.48 0.016 0.020 0.05 0.8 0.01  0.49
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Table 4 Welding parameters for butt test plates
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Fig.2 Measurement point locations for welding residual stress in test

plates

Fi BRSO 4136 bRl X Hr A iaUE I e hr i ;

Fi IR ISO 5173 bR T e 25 il a5 5 4% B 1SO 17639

TR T R 22 W8 4 AR 5, % R 1SO 9016 F i - 2

—40 °C ik B, #5 F ISO 9015-1 FRUETTJE HV10
i 6

4 HREEREST

41 RBETRERRSH
TEA RS DN 8 453 G 00 A P B AGE I 235 SR 2 5



5510 1]

BSOS, A5« T 1) MR T 4 L1 S 2 A P I J B RIS 5

R 25N RHVE IR K (e il A) 58
AR G AR B HEAT T — R 5K I i
5o B, SRR S AT A T I, MR A
NI AGEE K O 2R BN 7 el 9kl , LA
TR — 0 22 5 — M A ), i T 6x6 Ab AR
W PR ) A 5 A T B o e an %1 3
R, TUEASTEBAE sl R, 3R A SE i K
{8 (48 X%HE ) 4 0.595 mm, 5 /ME H 0.075 mm, ¥14
0.305 mm; it B S R(E 2. 79 mm, F/)MEL0.25 mm,
PIME 1.355 mm, a6 FEECE v AT, I A AR
MR AR IS AR T £ B /N T SRR A
PRI R AT BB L
b
|

)

A1-A6 VIR E B1-B6 Ml L
B3 {REETHER~TS &I
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Table5 Tensiletestresults of conventional gas-shielded welded test plates
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Fig. 5 Specimen after tensile testing of submerged arc deep penetra-

tion welded joints
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Table 6 Low-temperature impact test results at -40 °C

ARG RAE A WX M R

iR
i {8/7 &2 /7 i i I GER
DAY AT
(E‘ﬂ‘ﬁfk‘?ﬁ >27  56,40,40 45  98,50,62 70 &%
KR
AR - 119,142, 124,108, o
ke 150 212
—40°CfIRIR X
a PEOMRIAAE = R
= 160
.R
13120
oy
S 80 70
S
< 45
" 40 . -39
o Weld/J HAZ/J

E7 -40 °CIRiBEH TN RITLE
Fig.7 Comparison of low-temperature impact test results at -40 °C
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Fig. 8 Schematic diagram of hardness measurement point distribution
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Fig.9 Comparison of hardness values between two types of welded
joints
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Table 7 Hardness test results of submerged arc deep penetration

welded specimens

X355 B i A5 FHEM s 54 RHEN A5
OB 1~3 175,175,179 182,183,180
OOFAFE M X 1 4~6 209,217,232 229,227,230
JEBE X 45 7~9 208,218,208 217,213,212
OMFEE I DX 45 10~12 217,216,223 214,237,221
QML 13~15 175,182,174 178,180,171
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Table 8 Hardness test results of submerged arc deep penetration

welded specimens

X35 B i A5 FHED 5 450 R A S
OB 1~3 153,162,150 158,161,162
OMFAFZ i X 1 4~6 165,171,180 187,200,184
JRAE X £ 7~9 161,160,168 166,169,170
OMFAFE M DX 25 10~12 161,181,179 191,188,192
QML 13~15 150,155,155 160,161,163
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Fig. 10 Metallographic morphology of conventional gas-shielded welding
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Fig. 11 Metallographic morphology of submerged arc deep penetra-

tion welding
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Fig. 12 Microstructure morphology of conventional gas-shielded

welding
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Fig. 13 Microstructure morphology of submerged arc deep penetra-

tion welding
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Table 9 Comparison of welding efficiency for four welding methods

N JREEEI IR MR AR RZZEE REMEA RER
WA i /A A% /(mm-s™") PRt /(L*min™") /(m+min™") /(kJ-mm™) /s
TR AR 1 420 41 5.8 80%A1+20%CO, 32 18.9 2.375 86
1 177 21.0 3.8 80%Ar+20%CO, 20 4.0 0.78 131.6
— 2 233 26.6 3.8 80%Ar+20%CO, 20 8.1 1.30 131.6
3 262 28.0 3.6 80%Ar+20%CO, 20 9.0 1.63 138.9
it — — — — — — 3.71 402.1
1 153(£21) 25.9 5.8 80%Ar+20%CO, 18 6.2 0.55 86
5 202(2£1) 27.0 12 80%Ar+20%CO, 43 8.0 0.36 25.9
. 202(££2) 29.8 12 80%Ar+20%CO, 8.0 0.40 25.9
5 220(#21) 27.4 9.2 80%Ar+20%CO, 43 9.0 0.52 33.8
225(#£2) 29.0 9.2 80%Ar+20%CO, 9.2 0.57 33.8
it — — — — — 24 145.7
1 205 24.5 8 80%Ar+20%CO, 28 8 1.06 62.5
HOE-rL it 2 275 29.5 13 80%Ar+20%CO, 28 115 0.7 38.46
AN 3 275 29.5 13 80%Ar+20%CO, 28 11.5 0.7 38.46
it — — — — — — 2.46 139.42
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Fig. 14 Comparison of energy consumption and carbon emissions for four welding methods
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Fig. 15 Prototype frame and sample fabricated by submerged arc

deep penetration welding
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