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Table 1 Chemical compositions of low-carbon bainite steel and welding wire (mass fraction, %)
Element C Si Mn Cr Ni Mo Cu Nb Ti Co Fe

Low-carbon bainite steel 0. 04 0.3 1.35 0.33 0.53 0. 34 0. 35 0.03 0.02 <0.01 Bal.

Welding wire 0.06 0. 37 1.49 0. 34 2. 84 0. 35 0.1 - - - Bal.
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Fig. 1 Schematics of laser-arc hybrid welding system and

groove
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Table 2 Process parameter levels for laser-MAG

hybrid welding of low-carbon bainite steel

Value
Experimental factor
Low level Zero level  High level
P/W 4000 4250 4500
V,/(mmes ) 14 16 18
V/(memin ") 12 13 14
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Table 3

Statistics of test parameters and response values for laser-MAG hybrid welding of low-carbon bainite steel

Welding speed

Process No. Laser power P/W

Wire feeding speed

Weld forming Laser area ratio

V,/(mmess ) Vi /(memin ) coefficient ¢ R
1 4000 16. 00 14. 00 1.124 0.2355
2 4250 16. 00 13. 00 1. 278 0. 2589
3 4250 14. 00 12. 00 1. 470 0.2119
4 4000 14. 00 13. 00 1.406 0. 3054
) 4000 16. 00 12. 00 1. 009 0.1634
6 4250 16. 00 13. 00 1.116 0. 2280
7 4500 16. 00 14. 00 1. 283 0. 2806
8 4250 18. 00 12.00 0.874 0.2196
9 4250 14. 00 14. 00 1.574 0. 6008
10 4000 18. 00 13.00 0. 884 0.1103
11 4250 16. 00 13. 00 1. 089 0.2093
12 4500 16. 00 12. 00 1.014 0. 1830
13 4250 16. 00 13. 00 1. 064 0.1899
14 4500 18. 00 13. 00 0.919 0.1310
15 4250 16. 00 13. 00 1. 100 0.2199
16 4500 14. 00 13.00 1.216 0.2562
17 4250 18. 00 14. 00 1. 068 0.1928
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Table 4 Weld formation and cross-sectional morphology of low-carbon bainitic steel joint by laser-MAG hybrid welding

Process Cross-sectional .
Front appearance of weld surface Weld formation
No. morphology

Excess weld

accumulation
5 Lack of
penetration
6 Good form
Excessive
9 penetration
and overlap
13 Undercut
15 Pores
16 Good form
17 Undercut
F 5 REENIY BB 25087
Table 5 Variance analysis of models for weld forming coefficient model
Source Sum of squares Degree of freedom  Mean square F value P value Reliability
Model 0.59 9 0. 066 8. 80 0. 0045 Significant
A 1.075X10°° 1 1.075X10°° 1.434X<10°° 0.9709
B 0. 46 1 0. 46 61.44 0.0001
C 0.058 1 0.058 7.76 0.0271
AB 0.013 1 0.013 1.70 0.0958
AC 5.863>x10"° 1 5.863>x10° 0.78 0. 4060
BC 2.015X10° 1 2.015x10"* 0. 27 0.6203
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Source Sum of squares Degree of freedom  Mean square F value P value Reliability
A* 0.028 1 0.028 3.70 0.2335
B* 0.014 1 0.014 1.89 0.2118
C’ 0.015 1 0.015 1. 96 0.2041
Residual 0.053 7 7.502X10°
Lack of fitting value 0.023 3 7.818X10 ° 1.08 0.4538 Not significant
Pure error 0.029 4 7.266X10°
Total 0. 65 16 0. 066
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Table 6 Variance analysis of models for laser area ratio model

Source Sum of squares Degree of freedom  Mean square F value P value Reliability
Model 0.19 9 0.021 6.61 0.0105 Significant
A 1.638X10" 1 1.638X10" 0.052 0.8254
B 0.11 1 0.11 36.15 0. 0005
C 0. 039 1 0.039 12.63 0. 0093
AB 1.222X10° 1 1.222X10° 0.39 0.5516
AC 1.626x10" 1 1.626X10 " 0. 052 0. 8261
BC 8.621x10° 1 8.621x10° 2.76 0.0989
A’ 0.011 1 0.011 3.62 0.1407
B’ 4.135X10"° 1 4.135%10"° 1.32 0.2878
C* 9.002x10° 1 9.002x10° 2.88 0.1334
Residual 0.022 7 3.125x10°
Lack of fitting value 0.019 3 6.427%10° 9.92 0.0252 Not significant
Pure error 2.591X10° 4 6.476 10"
Total 0.21 16
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Fig. 3 Influence curves of weld forming coefficient. (a) Scattered point distribution; (b) single factor disturbance curves;

(c) contour lines characterizing interactions of P and V', with ¢; (d) response surface characterizing interactions of P and

V., with ¢; (e) contour lines characterizing interactions of P and V; with ¢; ({) response surface characterizing

interactions of P and V; with ¢; (g) contour lines characterizing interactions of V', and V; with ¢; (h) response surface

characterizing interactions of V, and V| with ¢
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Fig. 4 Influence curves of laser area ratio. (a) Scattered point distribution; (b) single factor disturbance curves; (c) contour

lines characterizing interactions of P and V, with R; (d) response surface characterizing interactions of P and V, with

R; (e) contour lines characterizing interactions of P and V; with R; (f) response surface characterizing interactions of P

and V; with R; (g) contour lines characterizing interactions of V, and V; with R; (h) response surface characterizing

interactions of V, and V; with R
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Table 7 Optimized process parameter range for laser-MAG hybrid welding of low-carbon bainite steel

Response indicator Laser power P /W Welding speed V,,/(mm-+s ') Wire feeding speed V;/(me*min ')
¢=1.1-1.2 4000—-4300 15.3-16.3 12.3-13.6
R=0.2-0.3 4120-4300 14.8-16.4 11.5-13.6

Optimal interval 4120-4300 15.3-16.3 12.3-13.6
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Table 8 Statistical test results of ¢ and R

Test parameter

Accuracy /%

Average value

¢ R
P /W V,/(mmes ) V/(memin ") ¢ R ¢ R
4250 16.0 13 1.15 0.24

1.19 0.26 95. 0 92.3
4200 15.5 13 1.23 0.27

()

K5 itk TS5 (P=4250 W, V,=16 mm/s, V;=13 m/min) F A ML EIELE S . () IE T, (b) & 1 , (o) 1 #5 1
Fig. 5 Typical weld morphologies under optimized process parameters (P =4250 W, V_ =16 mm/s, and V;=13 m/min).

(a) Front side; (b) back side; (c¢) cross-section

4 4k 1w

FIH 6 mm J5 (5 3 51 42 A ) S AR e DL LG A4 49 3
TTHOE-MAG & 44, 8 7 i Ry AR, e fb A5 T4
SR I AT I I IE L A B AN T A5 e .

DIEANRE I F R R E T T
M 7 TR V8 57 T AR A DL AR IO E-MAG B A 1R
S AU B CRR 2 BT 2R BRI 0O X B D 19 S i
AL,

2) TE M 17 [ 73 BT B2 R vh 356 22 SOEXT ¢ (R 1)
R E R EES ¢ R BAME MOt R 5
P BE 1 58 FAE I ¢ W52 ) B 3 5 2% 24 0 B 5 R 4
BENZ RN R WEmEE, X ¢=1.1~1.2,
R=0.2~0.3 . A TEMAKE N P=4120~
4300 W, V, = 15. 3 ~16. 3 mm/s, V, = 12. 3 ~
13.6 m/min,

DETESH P =4250 W.V, =16 mm/s.V, =
13 m/min 5§ P =4200 W.V,=15.5 mm/s.V, =
13 m/min #4700 5000 . KA OB B 4F KR4 . o i
R AR B B BE 43 30k 95.0%6.92. 3%,

5 £ X W

(1 BEREE, XB/NZE, RIFRER, 5. & A MRHBOR TR i ml 42 b iy 17 )
0. B IHLE SMPERH, 2015, 38(S1)y: 17-22.
YuD L, Deng X J, Liu S Q, et al. Application of composite
material technology on bogie[J]. Electric Locomotives & Mass
Transit Vehicles, 2015, 38(S1): 17-22.

(2] xife, BHORK, FRJBZR, 45, BERFC L R O340 6 & 30E-MIG
BAMESALMEE ], PEEOE, 2020, 47(11): 1102004,
Liu T, Zhao Y Q, Zhou X D, et al. Effect of energy ratio coefficient
on pore during aluminum alloy laser-MIG hybrid welding [J].
Chinese Journal of Lasers, 2020, 47(11): 1102004.

[3] XBfEfh, B, DR, . FV520B HMEMOLITIR B LA CMT
B L H BV R U] . P EOE, 2020, 47(11):

[4]

(5]

(6]

(7]

(8]

(9]

(10]

[11]

1602018-8

1102001.
Deng D W, LiiJ, Ma Y S, et al. Microstructures and properties
of FV520B steel joint by laser backing welding with CMT filler
welding [ ] ]. 2020, 47 (11):
1102001.
Hanji T, Tateishi K, Shimizu M, et al. Fatigue strength of

Chinese Journal of Lasers,

cruciform joints and longitudinal joints with laser-arc hybrid
welding[J]. Welding in the World, 2019, 63(5): 1379-1390.
Vorontsov A, Zykova A, Chumaevskii A, et al. Advanced high-
strength AA5083 welds by high-speed hybrid laser-arc welding
[J7]. Materials Letters, 2021, 291: 129594.

WIETe, BN, FAME, 5. MO MAG & & 18 1 o
WS ALFRIE AT ] P EBOE, 2019, 46(3): 0302007.
LeiZ L, Li BW, Zhou H, et al. Analysis of droplet transfer
and porosity characteristics in laser-MAG hybrid welding of edge
joint[J]. Chinese Journal of Lasers, 2019, 46(3): 0302007.
Yang X Y, Chen H, Zhu Z T, et al. Effect of shielding gas flow
on welding process of laser-arc hybrid welding and MIG welding
[J]. Journal of Manufacturing Processes, 2019, 38: 530-542.
Wang L, Gao M, Hao Z Q. A pathway
macrosegregation of laser-arc hybrid Al-Si welds through beam

to mitigate

oscillation[J]. International Journal of Heat and Mass Transfer,
2020, 151: 119467.

O, BEFE, B, 4. 1000 MPa 201 5 30 49806 &2 4 1 1
KIp2EERER T )] P IENEOG, 2021, 48(6): 0602113.

Ma Y L, Chen H, Zhao X, et al. Mechanical properties of laser
hybrid welded joint of 1000 MPa ultrahigh-strength steel [J].
Chinese Journal of Lasers, 2021, 48(6): 0602113.

Wb fh, SRIE, PRk, % . BOt-MIG & & 18 8 R B A5 W
HARMERERT 5 [J]. WOt 5ot T2 3@, 2020, 57(23):
231405.

Chen Z W, Ma C Y, Chen B,
properties of medium-thick stainless steel by laser-MIG hybrid
welding[J]. Laser & Optoelectronics Progress, 2020, 57(23):
231405.

kMG, #87, RREE, . RERELRREEKTIRERE
B A R i g L. AR AR, 2020, 41(2): 24-27,
32, 98.

Du Y P, Guo N, Wu C H, et al. Study on the application of the

weld reinforcement variation coefficient in underwater wet

et al. Microstructure and

welding quality evaluation [J]. Transactions of the China
Welding Institution, 2020, 41(2): 24-27, 32, 98.



R # 49 % £ 16 #1/2022 £ 8 A/ E

[12] GRIEWE, EAE5R, FPREIE, & 2908 ik & 5O 55 8ot ik AALBUBE[T] . MR, 2016(5): 17-21, 73.

EHBETZ RESAS R, P E#OE, 2021, 48(14): Chen C, Chen F R, Zhang H ]J. Porosity sensitivity analysis of
1402008. 7A52 aluminum alloy during fiber laser welding by response
Zhang Z H, Wang C Q, Qi EY, etal. Laser-arc hybrid welding surface method[J]. Welding & Joining, 2016(5): 17-21, 73.
process and joint microstructure and properties of nuclear grade [21] #¥RWE, TIAK, wRIGHE, 4. HT w0 oA ey T B4k ioh
high silicon titanium-containing stainless steel []J]. Chinese WRIE IR SO & T 2280k 1], E#EOE, 2015, 42
Journal of Lasers, 2021, 48(14): 1402008. (2): 0203006.

[13] Liu G Q, Gao X D, Peng C, et al. Optimization of laser welding Chu Z T, YuZS, Zhang P L, et al. Weld profile prediction and
of DP780 to Al5052 joints for weld width and lap-shear force process parameters optimization of T-joints of laser full
using response surface methodology [J]. Optics & Laser penetration welding via response surface methodology [J].
Technology, 2020, 126: 106072. Chinese Journal of Lasers, 2015, 42(2): 0203006.

[14] Ji X R, Hua X M, Shen C, et al. Optimization of welding [22] Ragavendran M, Chandrasekhar N, Ravikumar R, et al.
parameters on pores migration in laserGMAW of 5083 Optimization of hybrid laser-TIG welding of 316LN steel using
aluminum alloy based on response surface methodology []]. response surface methodology (RSM)[J]. Optics and Lasers in
Applied Sciences, 2019, 1(10): 1-12. Engineering, 2017, 94: 27-36.

[15] Vasantharaja P, Vasudevan M. Optimization of A-TIG welding [23] Reisgen U, Schleser M, Mokrov O, et al. Optimization of laser
process parameters for RAFM steel using response surface welding of DP/TRIP steel sheets using statistical approach[]J].
methodology[J]. Proceedings of the Institution of Mechanical Optics & Laser Technology, 2012, 44(1): 255-262.
Engineers, Part L: Journal of Materials: Design and [24] Wang X, Zhang C, Wang K, et al. Multi-objective optimization
Applications, 2018, 232(2): 121-136. of laser transmission joining of thermoplastics [J]. Optics &

[16] Acherjee B, Misra D, Bose D, et al. Prediction of weld strength Laser Technology, 2012, 44(8): 2393-2402.
and seam width for laser transmission welding of thermoplastic [25] Benyounis K Y, Olabi A G, Hashmi M S J. Effect of laser
using response surface methodology [J]. Optics & Laser welding parameters on the heat input and weld-bead profile[]].
Technology, 2009, 41(8): 956-967. Journal of Materials Processing Technology, 2005, 164/165:

[17] Srichok T, Pitakaso R, Sethanan K, et al. Combined response 978-985.
surface method and modified differential evolution for parameter [26] PN, EoRANEOG-s R & A4 A B T aF 5T (D] . K&
optimization of friction stir welding[J]. Processes, 2020, 8(9): KEBT R, 2014.

1080. Sun S. The prediction of weld bead shape for high-strength steel

[18] Babu N, Natarajan U, Malayalamurthi R. Evaluating by laser-arc hybrid welding [ DJ]. Changchun: Changchun
mechanical and metallurgical properties of gas tungsten arc University of Science and Technology, 2014.
welded AA 5059 aluminium alloy joints [J]. Materials Today: [27]  PhAT, XURLSE, P44, 4. S A IOC-H IR E A SR IR 4 OB
Proceedings, 2020, 22: 353-363. Z AR PE AR (], HLAE TR 2:4M, 2015, 51(8): 67-75.

[19] Sharma P, Mohal S. Parametric optimization of submerged arc Sun S, Liu SY, Jia D S, et al. Multiple nonlinear regression
welding process parameters by response surface methodology model of weld bead shape for high nitrogen steel by laser-arc
[J]. Materials Today: Proceedings, 2020, 24: 673-682. hybrid welding[J]. Journal of Mechanical Engineering, 2015, 51

[20] Bil, BRIE%, KW WORL I 200 TAS2 ha St el WOt 2 (8): 67-75.

Process Parameter Optimization for Laser-Arc Hybrid Welding of
Low-Carbon Bainite Steel Based on Response Surface Methodology

Yu Jie, Cai Chuang , Xie Jia, Liang Ying, Huang Jiasen, Liu Zhijie, Liu Yonghong
Key Laboratory of Advanced Technologies of Materials, Ministry of Education, School of Materials Science and Engineering,
Southwest Jiaotong University, Chengdu 610031, Sichuan, China

Abstract

Objective Low-carbon bainite steel has the advantages including high toughness and high specific strength, and has
become the main material for the manufacture of high-speed train bogies which have increasingly stringent requirements
for light-weighting. There are many butt joints and T-joints in bogies, which urgently need the high efficiency and quality
welding technologies. Compared with MAG welding (MAG welding, metal active gas arc welding), the laser-arc hybrid
welding with the combination of laser with arc improves the welding efficiency and reduces the welding defects. The laser-
arc hybrid welding has a greater prospect of application in the welding of low-carbon bainite steel for high-speed train
bogies. However, the parameter optimization for laser-arc hybrid welding is costly and time-consuming. The changes in
the welding parameters and the interaction among the welding parameters cause the change in the weld formation. The
response surface methodology (RSM) is used to study the influence of various parameters and the interaction among
parameters on the response indexes, which is beneficial to achieve the parameter optimization for the laser-arc hybrid
welding process. However, most studies have focused on the application of the response surface optimization analysis in
the optimization of the single heat source welding process. Few studies have focused on the response surface optimization
analysis for the hybrid heat sources. Here, the influence of various parameters and the interaction among parameters on
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the welding morphology is studied for laser-MAG hybrid welding of 6 mm thick low-carbon bainite steel butt joints based on
the response surface methodology. The welding process parameters are optimized and tested. It is verified that the
process optimization for laser-MAG hybrid welding of new low-carbon bainite steel is realized.

Methods A new type of low-carbon bainite steel plate with a size of 350 mm X 175 mm X 6 mm is used as the base metal,
and the welding wire with a diameter of 1.2 mm is adopted as the filler wire. The 10 kW fiber laser and the arc from
welding machine are used as the heat source. A robot and an integrated operation control cabinet are equipped in the
welding system. A laser leading mode is adopted for laser-MAG hybrid welding, the I-shaped groove with a butt gap of
1.0 mm is adopted in the experiment, and single-sided formation and double-sided welding formation are obtained. The
welding test plate is placed on a horizontal workbench. In order to prevent laser reflection from damaging the internal
structure of the laser, the angle of laser beam relative to the vertical direction is set as 10°. The angle of welding torch
relative to the test plate is set as 40°. The distance between laser and filler wire is 2 mm. The laser defocused distance is
0 mm during welding. The shielding gas of Ar + CO, mixture with a gas flow rate of 25 L/min is used. (Fig. 1). The
microscope is used to observe and photograph the morphologies of welded joints. The weld width ( W), penetration depth
(H), arc zone area (S,), and laser zone area (S,) are first measured by the Image-Pro software. Then the weld
forming coefficient (¢ ) and the laser zone area ratio (R ) are calculated to characterize the shape and size of the weld and
the proportion of laser energy in the total energy, respectively. The test results are arranged, counted, and analyzed by
the Design-Expert software.

Results and Discussions The mathematical models for the weld formation coefficient ¢ and the laser area ratio R are
established based on the experimental factors and response statistics. According to the F test, the reliabilities of the ¢ and
R models are excellent. With the increase of laser power (P), ¢ first increases and then decreases. With the increase of
welding speed (V, ), ¢ gradually decreases. With the increase of wire feeding speed ( V), the formation coefficient ¢
increases slowly. As shown in the response surface diagram of ¢ versus P and V,, ¢ is high due to the large volume of
molten metal, the big weld penetration depth and width caused by the low laser power and welding speed. ¢ =1.1-1.2 is
first determined by the experimental parameters of joints with well formation, and then the optimized parameter interval
P =4000-4300 W and V, =15.1-16.3 mm/s are obtained. The response surface diagram of ¢ versus P and V| illustrates
that the optimized parameter range is P =3970-4370 W and V;=10.9 — 14.5 m/min. The response surface diagram of
¢ versus V, and V, indicates that V, has a significant impact on ¢, while V, has a relatively small impact on ¢. The
optimization interval is V, =15.3-16.6 mm/s and V,=12.3-13.6 m/min (Fig. 3). In the R model, R first increases
and then decreases with the increase of P and V. R has a gradual upward trend with the increase of V;. The response
surface diagram of R versus P and V, illustrates that R is high when the welding speed is low. According to the 6th
and 16th tests, R =0.2-0.3 is determined, and the corresponding optimization interval is P =4120-4300 W and V=
14.8-16.4 mm/s. The response surface diagram of R versus P and V, shows that both P and V| have little impact on R,
and the optimization interval is P =4100-4320 W and V,;=10.6-13.9 m/min. According to the response surface diagram
of R versus V, and V;, the optimization interval is V, =13.9-16.4 mm/s and V;=11.5-13.6 m/min (Fig. 4). Based
on the above analysis, the final optimization interval is P = 4120-4300 W, V, =15.3-16.3 mm/s, and V, =12. 3—-
13.6 m/min. P=4250 W, V,=16 mm/s, V;=13 m/min, and P =4200 W, V,=15.5 mm/s, and V; =13 m/min are
selected for test verification, respectively. The obtained weld is well formed and the accuracies of ¢ and R models are
95.0% and 92.3%, respectively.

Conclusions Based on the response surface methodology, two statistical models of the appearance quality of the low-
carbon bainite steel welded joints by laser-MAG hybrid welding under different laser powers, welding speeds, and wire
feeding speeds are established. In the models, wire feeding speed has a significant influence on ¢ and P. Welding speed is
negatively relative to ¢ and P. The interaction between laser power and welding speed has a significant influence on ¢.
The interaction between wire feeding speed and welding speed has a significant influence on . When ¢ =1.1-1.2 and
R =0.2-0.3, the process parameters of laser power, welding speed, and wire feeding speed are optimized as P = 4120—
4300 W, V,=15-16 mm/s, and V;=12-14 m/min. The parameters of P =4250 W, V, =16 mm/s, V;=13 m/min,
and P=4200 W, V,=15.5 mm/s, and V; =13 m/min are selected for the experimental verification, respectively. The
obtained weld is well formed. The accuracies of the ¢ and R models are 95.0% and 92.3%, respectively.

Key words laser technique; laser-MAG hybrid welding; low carbon bainite steel; response surface methodology;
forming coefficient; laser area ratio

1602018-10



