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Fig. 1 Aluminum extrusions. (a) Appearances; (b) welds
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Table 1  Chemical composition of used materials (mass fraction, %)
Materials Si Mn Mg Zn Fe Cr Ti Al
6A01 0. 60 0.40 0.68 0. 10 0.25 0. 20 0.08 Balance
ER5356 0.25 0. 20 5.50 0. 10 0. 40 0. 20 0. 20 Balance
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Fig. 2 Laser-MIG hybrid welding processing
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Fig. 3 Angle settings of the heat source in six tests. (a) Test 1; (b) test 2; (c) test 3; (d) test 4; (e) test 5; (f) test 6
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Table 2 Processing parameters of laser-MIG hybrid welding
3.1 BN

Welding parameters Value ) i i
e v : PR 4 R A 5 F B B MOG MIG
Weldin et e i) L ST A1 7 LY 515 %1 I B TR B T
Welding current /A 180 B, 74 R T OB LL A R, AT UL 3% 5 i 20, T B
Welding voltage /V 23 BRI,
Wire feeding speed /(m * min ') 8.1 @Zﬁ%%{%\%ﬁﬁn@ 5 s, RIS 1~2 ':F‘,
Distance between laser and arc /mm 2 WA «a=82.5°, WHHEEA R 4 mm, IRK 3
Protect gas flow rate /(L * min ') 20

TR O e fa BN 700 B TR WS BT R 2

A4 REEMAE RS FTEREZ WA SHEEES. (il 1,6=82.5".8=120"; (b) i 2,0 =82.5°,8=140";
(ORI 3.a=70",8=140; (DAL 4.2 =97.5°.8=120"; ()iXI 5.a=97.5°,8=140"; (DIRAK 6.a=110°,4=140°
Fig. 4 Weld appearances and cross-sections under different angle settings. (a) Test 1, a=82.5°, f=120°; (b) test 2, a=
82.5°, B=140°; (¢) test 3, a=70°, B=140%; (d) test 4, a=97.5°, B=120°; (e) test 5, a =97.5°, B=140°;
() test 6, a=110°, B=140°
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Fig. 5 Weld depth and width under different angle settings
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Fig. 6 Steps for calculating weld porosity. (a) Cross-sections; (b) gray level image; (c) threshold segmentation
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Fig. 7 Cross-sections and binary images of welds under different angle settings. (a) Test 1, «a=82.5°, 3=120°; (b) test
2, a=82.5°, B=140"; (c) test 3, a=70°, B=140°; (d) test 4, a=97.5°, B=120"; (e) test 5, a=097.5", f=
140%; (f) test 6, a=110°, p=140°
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Fig. 8 Porosity of welds under different angle settings
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Fig. 9 Electricity signals, metal transfer and weld pool of welds under different angle settings. (a) Test 1, a=82.5", f=
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Fig. 10 Fluent {inite element simulation analysis modeling process. (a) Welding model; (b) meshing; (c) droplet settings

AN [R)BAGIE F B T T 40 B 2 G SRR Tt
MR PR WA 11 froR . Al 1, Jokde
fl a=82.5°, LI =120, WA 11(a) fii 7w, i
KIE VR AT I8 3. 95 mm., %3t b 3% W i KK BN
10. 30 mm, & KRFEHE N 7. 27 mm, EE GHRIER
PET R B 4 S5 T B AR 8 38 2 4 1 W 1
4 T 22 S, i T IO 1 3 1 5 1) SO RE
IR EE T AR & JE 22 SUAE i m  JE R
11 75 1 /NS

I 2 L MO A «=82. 5" iy p=
140°, W& 11 (b)Y iR s e KIS AT 3K 4. 08 mm, ¥
Je-MIG & A 0 B BR 25 2E  w RE o % B 1 06 A
TR iR 2 WOtIe M o N, B A RIERFE
FEARAAL R VR A B R A8 Ak . e | 3R T
KEEH 10.50 mm, e KFEEH 7. 13 mm, 3R
10 RUTAH IS 158 B2 s/ N IR FE RS I, LR R n
HT AR BT 150 LI £y 15 fin 52 35 PR O RN 0 B B
I O A i 8 Y el A ST A R85 m A R T 0
TR B I vl

I 3 L O M o =70 I p=
140°, W& 11 iR . KIERATIA 3. 57 mm, I
b b 3% A KK A 100 08 mm, & K B E R
7.38 mm, EG 3 MHE TR /N TR AL O I A

/N 5 3 5 ) e 38R TR TR O 1) b B e AR
FR R FE A bR AT /DN L SO BB R AR
o A5 O SRR 2 A RE J1 BEAIK

TR 4 H L OGS o =97, 5% LI M B=
120°, 40 11(d) fir 7 die KIS R A 35 2. 89 mm, J4F
WA KK B R 11, 63 mm, B K FE B R
6.45 mm, 5 4 BIE /N TR =4, 05 K R
T = A RN . ORI KT 90°, BLAR TR
R AT 42 30 T B I AR UR 7 1) b AR R B
Fb A A v 58 43 B k1 s b 2R A 4G L F 30
A IR Y TR 2 BB 0 W BT B A R M A R A L
SRR BT K

TR 5 H L BOE A « =97, 5% LI f B=
140°, 40l 11 Ce) lizn s e RIS TR AT 35 2. 48 mm, I
bR R K E N 12. 24 mm, it K% E N
6.64 mm, UH 5 AYIE /N T HT PO AL, B OB IR
ZEAE 1 55 WAL LT A0 TR AEJE: F IR e A 4 38 in fifi
SRR TT ] b B AE A 09 42 rp R B — 2D e 59 L R Ut
GRPN ¥ (SN =2 BNl i e T N ) | 2
DX S 388 o s T ol B 4 3

TEIRK 6 L MO I A o =110, IR /1 =
140°, AN 11CD it e KGR 2. 05 mm, J53th F3R
MR AKKE N 11.89 mm, & K%)E N 6. 16 mm,

0202020-7



F£49% F2H/2022 £ 1 A/HERHE

W 6 WOLI M — LR RTT 1) LRI RE S SRR 1 4 Tt AT RO A B L TR E— P AR
P RERM BOCER T 90 M m A A, KK,

@

()

(©

(@)

©)

®

P11 AN R HRGR A B T 40 B R S A AR B R SE I L BB e AR IE A . ()33 1,2 =282.5°,8=120"; (1) IX 4 2,0 =
82. 5%, 8=140°; ()IRH 3,2 =70°,8=140°; (XM 4,0 =197.5°,8=120"; () IR B 5.2 =97.5°,8=140°; (DXL 6.,
a=110°,4=140°
Fig. 11 Simulation results of the cross-sections and weld pool of welds under different angle settings. (a) Test 1, a =
82.5°%, B=120°; (b) test 2, a=82.5°, B=140"; (c) test 3, a=70°, B=140"; (d) test 4, «=97.5°, f=120;
(e) test 5, a=97.5°, B=140"; (f) test 6, a=110°, f=140°
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Abstract

Objective Recently, lightweight materials have been undergoing advancements and are widely used in industrial
manufacturing. The use of advanced aluminum alloys in new generations of trains is a significant step to meet the
increasing demand for lightweight materials. 6005A is a type of aluminum alloy used in Chinese G-series high-speed
trains. The train frame is mainly composed of 6005A aluminum extrusions with a low density, high strength, and
high corrosion resistance. However, the welding of 6005A aluminum alloys is difficult. Owing to the high reflectivity
of aluminum alloys, laser welding usually fails. Moreover, arc welding is unsuitable for connecting aluminum alloys
owing to high heat input and severe deformation occurrence. Thus, laser-MIG hybrid welding was proposed as an
improved technique for welding 6005A aluminum alloys. The arc source can significantly decrease laser reflectivity
and improve aluminum alloy weldability. Furthermore, the laser source can increase the processing speed and reduce
the heat input. So far, most studies on the laser-MIG hybrid welding of aluminum alloys have focused on optimizing
the welding processing parameters. The effects of laser power, weld current, the distance between the laser and
arc, and weld speed on the welding quality have been analyzed and discussed comprehensively. However, the effects
of the heat source angle on weld formation and porosity remain unclear. In this study, different heat source angles
were adopted and the welding processes were compared. The influence of the heat source angle on laser-MIG hybrid
weld formation and porosity defects were discussed.

Methods 6005A aluminum alloy extrusions and an ER5356 welding wire were selected to perform single-pass laser-
arc hybrid welding. The welding equipment was developed using a 6-kW fiber laser system (IPG YLS-6000) and a
welding machine (Lincoln Power Wave R350). A laser-guided hybrid welding method was adopted. The welding
processing parameters were optimized using the single factor variable method. The tensile strength and porosity
defects of the welding joints with different heat source angles were tested. The electrical signals in the welding
process were measured. The droplet transfer and weld pool characteristics were analyzed using high-speed cameras.
Hybrid welding was simulated using Ansys 2021 software based on computational fluid dynamics methods.

Results and Discussions High-quality welded joints with good appearances were obtained with different heat
source angles (Figs. 1, 2, 3 and 4). When the laser source angle is 82. 5" or 70°, the weld depth reaches
approximately 4 mm. However, when the laser source angle exceeds 90° and reaches 120° and 140°, the weld depth
decreases to 2 mm. Furthermore, the weld width decreases with increasing laser source angle (Fig. 5). The
decreased weld depth improves the stability of the laser keyhole as well as contributes to the floating out of weld
pores. Consequently, the porosity of the welds decreases from 3% to 0% when the laser source angle is varied from
82.5° t0 97.5° (Figs. 7 and 8). Regarding the weld pool, the increased heat source angle leads to the elongation of
the weld pool, which also promotes the reduction of the weld pores (Fig. 9). Simulation results, which matched with
experimental results, imply that the increased laser source angle suppressed the propagation of laser power along the
depth direction, thus changing the weld formation (Figs. 11 and 12).

Conclusions Aluminum alloy profiles based on laser-MIG hybrid welding were studied for high-speed trains, and
the influence of different heat source angles on the welding characteristics, including appearance, pores and melt
flowing, was investigated. Results show that the weld depth decreases with an increase in the angle between the
laser and the welding direction. When the laser source angle is increased from 82.5° to 110°, the penetration depth
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and weld width decrease by 50% and 25%, respectively. Moreover, increasing the heat source angle is conducive
for reducing the weld pores. When the laser source angle is increased from 82.5° to 97.5°, the weld porosity
decreases from 3% to 0% . Moreover, the droplet transfer mode was observed under different heat source angles
and the length of the molten pool was promoted by increasing the angle between the laser and the welding direction.
Fluent simulation results suggested that the heat source angle has significant effects on energy propagation. With an
increase in the angle between the laser and the welding direction, the propagation of energy in the depth direction
will decrease. The heating range increases with increasing arc angle, which is beneficial for prolonging the
solidification time of molten pools and the eliminating weld pores.

Key words laser technique; high speed trains; aluminum alloy profile; laser-MIG hybrid welding; heat source
angle; welding characteristics
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