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B 304 A 85 M 5 R SF 2 100.0 mm X 80.0 mm X 81.2 g NiSO,+6H,0 1 8.0 g H,BO, 4 it . 1w L1
1.2 mm 1) 6061-T6 88 & &t b, it AR 220 B BIRIZWE 1R . BETAHR A & T HLT B, &
1.6 mm 9 AISI12 JE 22 o 3 56 B4 Ak F1RR 22 04 4k 24 1 oy AALZE O B B

#1 6061-T6 FAG 4 304 NE5 M AR FI ALSIL12 K 22 (1 Ak~ i o
Table 1 Chemical compositions of 6061-T6 aluminum alloy, 304 stainless steel, and AlSil2 filler wire

Mass fraction /%

Material
Si Fe Cu Mg Mn Cr Ti Al C p Ni Mo Zn

6061-T6  0.644  0.297  0.263  0.944  0.037 0.168 0.033  Bal. - - - - -
304 0.584 Bal. - - 1.103 17.970 - - 0.031  0.030  8.218  0.039 -

AlSi12 12.00 0.80 0.30 0.10 0.15 - 0.15 Bal. - - - - 0.20
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778 B 45 /40 5 4 4 Sk B9 (8] B RO R BT R AR
B8 kB RO EEACR B BOCREE RN
+30 mmo R AU Y 25 L/min B9 5 4l (R R
oy B 99.9900) M S PRI o KR A R EOE D
AT M3k 22 R O R R, O R B 7 30N 1R
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Fig. 1 Ni coating layer on surface of steel PR IS 1 4 9 SF 2 20 mm X 10 mm 90 4% 4 M ik

22 RWEFERFZE B o dE A G AR W AR S O R E A . SR
PR 4 KW OB oL, K 1060 nm, £ F W GUE (SEM) BiE & 19 75 BUR #2800 % F T 43 B
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rotating welding
laser path direction

SRR =

steel 304

actual moving path of laser
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Fig.2 Schematic of rotating laser welding-brazing device
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Table 2 Process parameters of rotating laser welding-brazing

v,/ v./

No. P /W (mm/s)  (mm/s) d/mm  f/Hz
1 2800 10 33 0 0
2 2800 10 33 1 30
3 2800 10 33 2 30
4 2800 10 33 3 30
5 2800 10 33 4 30
6 2800 10 33 2 10
7 2800 10 33 2 50
8 2800 10 33 2 70
9 2800 10 33 2 80

HOHOEIEA (EDS) &l A w2 424 . il & =
ZHRSE R 80 mm X 15 mm MY Fi AR AE . S T I8/ LT
T 0 1 AR X 23k Ty 2=tk B B s, B Sk 1Y ) b de
edlimr (F/ W, Hh F oy e K #k, Wk S A i 5
FE)E R, AN N/mm, i SEM K R 48
NLEL T 130
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L AR XV VR B A R e B Ry S O T RS BOE R A
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(13 4 Sk o A T A R 5 B (a) RS OB AT 8 AR 8 (b) 1 mm . (¢) 2mm. (d) 3 mm.(e) 4 mm;#E S 4H2H () 10 Hz,
(g) 50 Hz.(h) 70 Hz (i) 80 Hz
Fig. 3 Joint cross sections and wetting widths. (a) Without rotating laser mode; rotating diameter is (b) 1 mm, (¢) 2 mm, (d) 3 mm,
(e) 4 mm; rotating frequency is (f) 10 Hz, (g) 50 Hz, (h) 70 Hz, (i) 80 Hz

1202105-3



£ 51% F 12 H1/2024 £ 6 B/ EH*;

(@) (b)
6.0 F 6.0 F
g =
E 55 H § 5.5 H
z
= b0 R = b.0H
[} [}
: :
[=9) 3]
45 H 45
4.0 . . a 2 . 4.0
0 1 2 3 4 0 10 30 50 70 80
Rotating diameter /mm Rotating frequency /Hz

P4 OGRSl 2 BO i 58 B RS2 R . (a) 428l B A% 5 (b) Rl &
Fig. 4 Effects of laser rotating parameters on wetting width. (a) Rotating diameter; (b) rotating frequency
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F 5 AR EA T8 /B 5w X 8 SEM B4 . (a) O mm;(b) 2 mm;(c) 4 mm

Fig.5 SEM images of weld /steel interfacial regions under different rotating diameters. (a) 0 mm; (b) 2 mm; (c) 4 mm

dum . ‘c‘ steel

6 AT Sl B3 T AR 4% /A9 51 DX s SEM I8 < (a) 10 Hz; (b) 30 Hz; (c) 50 Hz
Fig. 6 SEM images of weld/steel interfacial regions under different rotating frequencies. (a) 10 Hz; (b) 30 Hz; (¢) 50 Hz

#3 KIS 6 hARIC XA EDS &5
Table 3 EDS results of marked zones in Fig. 5 and Fig. 6

Atomic fraction /%

No. N S o N o Possible phase Thickness /pm

1 61.91 8.70 20.67 1.37 7.34 0-(Fe, Ni)(Al, Si), 8.45
2 72.19 10.29 12.36 0.16 4.99 -(Fe, Ni) (Al ,Si -

3 72.12 10.58 11.16 1.55 4.59 -(Fe, Ni) ;Al,Si 2.21
4 72.08 10.20 12.49 0.55 4.67 t-(Fe, Ni), ;Al,Si 3.24
5 72.03 8.90 13.44 0.32 5.32 -(Fe, Ni) Al ,Si -

6 61.78 7.78 21.68 1.50 7.26 0-(Fe, Ni) (Al, Si), 6.48
7 71.08 9.94 12.64 0.45 5.89 -(Fe, Ni) (Al ,Si 1.53
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Fig.7 Line loads of joints under different rotating parameters. (a) Rotating diameter; (b) rotating frequency
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Fig. 8 Schematics of two fracture modes. (a) Fracture at interface; (b) fracture at weld
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=
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Fig.9 Fracture morphologies of Al/Fe joints under different welding parameters. (a) Fracture on steel side without rotation;

(b) fracture on weld side without rotation; (c) rotating frequency of 30 Hz, and rotating diameter of 2 mm; (d) rotating frequency

of 30 Hz, and rotating diameter of 4 mm

4 E PR EDS 4521
Table 4 EDS results of regions shown in Fig. 9

Atomic fraction /%

Region - - Possible phase

Al Si Fe Ni Cr
EDS 1 66.61 8.34 17.35 1.35 5.99 0-(Fe,Ni)(Al,Si),
EDS 2 70.41 10.01 13.18 0.75 5.65 .-(Fe,Ni), Al ,Si
EDS 3 86.58 9.89 0.54 2.72 0.26 a-Al and Al-Si eutectic
EDS 4 89.37 8.90 0.73 1.0 0.01 a-Al and Al-Si eutectic
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Microstructure and Properties of Rotating Laser Welded-Brazed Aluminum/
Nickel-Plated Steel Dissimilar Joint

Liu Yonghong, Cai Chuang’, Xie Jia, Zhang Bingbing, Yu Jie, Huang Jiasen
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 The use of low-density lightweight materials, such as aluminum alloys, instead of traditional steel, titanium, and other
materials to form a dissimilar material composite structure is an important way to achieve a light weight. Because of the different
physical and chemical properties of aluminum alloys and steel, it is difficult to join aluminum and steel by laser welding-brazing.
Brittle intermetallic compounds (IMCs) in the interface layer are easily produced owing to the small solid solubility between iron and
aluminum. In this research, a rotating laser is applied to improve the temperature distribution and optimize the interface reaction.
Based on the analysis of the morphology, type, and thickness of the interface layer of the aluminum/steel laser welding-brazing joint
under different rotating parameters, the mechanical properties of the aluminum/steel welded joint are studied by a tensile test, and the

fracture morphology and fracture mode of the joint are also investigated.

Methods The test materials are a 304 stainless-steel plate with a size of 100.0 mmX80.0 mmXx0.9 mm and a 6061-T6
aluminum alloy sheet with a size of 100.0 mm X 80.0 mm X 1.2 mm. AlSil2 is used as filler wire. A fiber laser is used as the heat
source. High-purity argon (volume fraction of 99.99%) with a gas flow rate of 25 L/min is used as the protective gas. After
welding, the cross-sectional morphology of the weld is observed by using a metallographic microscope. A scanning electron
microscope (SEM) is used to analyze the morphology and thickness of the IMC layer. The chemical composition of the interface
layer is detected using an energy-dispersive X-ray spectroscope (EDS) system integrated with the SEM. The mechanical
performance of the joint is represented by the line load. The fracture morphology is observed using the secondary electron detector
of the SEM.

Results and Discussions After the addition of the rotating laser, the thickness of IMCs composed of §-(Fe, Ni)(Al, Si), and t;-
(Fe, Ni);4Al,Si is significantly reduced, and the uniformity of the IMC layers is improved. The line load of the joint without a
rotating laser is 215.9 N/mm. The joint with a rotation diameter of 2 mm has the largest line load of 289.1 N/mm, which is 33.9%
higher than that without rotation. Compared with nonrotating-laser joints, the joint line load increases because of the thinning of the
intermetallic layer and the reduction of the complexity of the IMC. At a rotation diameter of 2 mm and frequency of 30 Hz, a fracture
occurs at the weld. Under these parameters, the IMC thickness of the joint is uniform and only composed of the t;-(Fe, Ni), Al ,Si
phase. Compared with the 0-(Fe, Ni)(Al, Si),/t;-(Fe, Ni),4Al,,Si interface, a single t,-(Fe, Ni),4Al,,Si/steel interface achieves
relatively low interface crystal plane mismatch and better bonding performance, thereby improving the tensile performance of the

joint. In the EDS results in Table 4, «-Al and Al-Si eutectic on the fracture can be observed. Additionally, many dents are formed on
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the fracture, and the fracture mode is ductile fracture.

Conclusions Compared with the rotating frequency, the rotating diameter has a greater influence on the wetting width of the joint.
To obtain a well-formed rotating laser welding-brazing aluminum/steel joint, the welding process parameters should be optimized
with a laser rotating diameter of 2 mm. When the laser is not rotating, two layers of IMCs with a thickness of approximately 8.45 pm
are formed at the interface. After the rotating laser is applied, the thickness of the intermediate layer is reduced, and the variety is
decreased. The rotating laser reduces the welding peak temperature and inhibits the formation of brittle IMCs. At a laser rotation
diameter of 2 mm and frequency of 30 Hz, the linear load reaches a maximum value of 289.1 N/mm, which is approximately 33.9%
higher than that without the rotating laser. The fracture position of the joint changes from the interface layer without the rotating laser

to the weld.

Key words laser technique; Al/steel laser welding-brazing; rotating laser; intermetallic compound; mechanical property
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