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Table 1 Chemical compositions of base metal and welding wire (mass fraction, %)
Material Al Fe Si Cr Ni Mg Mn C
304 - Bal <0.1 17.0-20.0  8.0-10.5 - <0.2 <0. 08
6061-T6 Bal. 0.7 0.4-0.8 0.10-0. 35 - 1.0 0.15 -
ER4043 81.83 - 16. 96 - - 1.31 - -
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Fig. 1 Ultrasonic-assisted laser-MIG hybrid welding. (a) Schematic of equipment; (b) sectional view of partial assembly;

(c) schematic of welding
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Table 2 Parameters for ultrasonic-assisted laser-MIG

hybrid welding

Welding parameter Value
Welding current(I)/A 96
Wire feeding speed (v) /(m * min ') 5
Welding speed(v,) /(mm + s~ ') 8
Flow rate of shielding gas Ar (R) /(L * min ') 25
Ultrasonic power /W 0-220
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Fig. 2 Dimension diagram of tensile specimen (unit: mm)
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Fig. 3 Front and back sides (left) and macro-forming (right) of welded joints under different ultrasonic powers.
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Fig. 4 Structures of middle areas of joint welds and welds near fusion line at aluminum side under different ultrasonic powers.

(a)(d) 0 W5 (b)(e) 130-140 W; (o) (f) 200-210 W
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Table 3 EDS point scanning analysis results at locations A—H in Fig. 5

Location  Atomic fraction of Al /% Atomic fraction of Fe+Cr+Ni / % Atomic fraction of Si /% Possible phase

A 76.58 17. 44 5.98 AlgFe, Si
B 70. 34 27.03 2.62 FeAl,

C 78.40 13. 86 7.74 AlgFe, Si
D 67.97 25.55 6.48 AlgFe, Si
E 63. 00 32.29 4.71 FeAl,

F 83.00 10. 81 6.19 AlgFe, Si
G 61.92 27.66 10.43 AlgFe, Si
H 53.27 38.79 7.96 AlgFe, Si
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Fig. 5 Microstructures of IMCs at steel/ aluminum interface and EDS line scanning results under different ultrasonic powers.
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Fig. 6 Hardness distributions of welded joints under

different ultrasonic powers
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Table 4 Average hardness of each area of joints under

different ultrasonic powers

Ultrasonic power Ultrasonic power Ultrasonic power

Area

of 0 W of 130-140 W of 200-210 W
HAZ 47 49 52
FzZ 81 83 91
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Fig. 7 Tensile strengths of joints after removing reinforcement

200-210

under different ultrasonic powers
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Fig. 8 Tensile fracture morphologies of specimens after removing reinforcement under different ultrasonic powers
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Table 5 EDS point scanning analysis results at locations 1-14 in Fig. 8

Location Mass fraction of Al /% Mass fraction of Fe+Cr+Ni /% Mass fraction of Si /% Possible phase
1 81.01 11. 46 7.53 AlgFe, Si
2 72. 80 22.8 4.39 FeAl,

3 75.09 17. 88 7.03 AlgFe, Si
4 73.26 22.46 4.28 AlgFe, Si
5 72.82 19.9 7.28 FeAl,
6 71.78 24.98 3.24 AlgFe, Si
7 66. 83 29. 56 3.61 AlgFe, Si
8 74.85 18. 44 6.70 AlgFe, Si
9 73.27 21.66 5.07 FeAl,
10 6.71 92.01 1. 28 Steel
11 67.59 26.15 6. 26 AlgFe, Si
12 65.57 25. 46 6. 96 Al Fe, Si
13 16.53 82. 24 1.24 Steel
14 7.97 90. 92 1. 11 Steel
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Ultrasonic Vibration Steel/Aluminum Butt Joints by Laser-MIG Hybrid
Fusion-Brazing Welding

Zhang Jiaqi, Liu Yungi, He Shaoxiong, Liu Ben, Zhu Zongtao

School of Materials Science and Engineering, Southwest Jiaotong University, Chengdu 610031, Sichuan, China

Abstract

Objective Steel/aluminum is a widely used lightweight composite material. However, because the difference in the
physical and chemical properties between these two metals is large, cracks are prone to appear after welding due to stress
concentration, and there exist brittle and hard Fe-Al intermetallic compounds (IMCs) at the joint interface. The
mechanical properties of welded joints are seriously influenced by the thickness and grain size of IMCs. It is difficult to
obtain high-quality and stable welded joints for the steel/aluminum dissimilar metal connection. Therefore, to obtain high-
quality steel/aluminum welded joints is a general demand of the society. The application of ultrasonic waves can increase
the flow performance of the molten pool during the welding process and improve the temperature field and flow field of the
molten pool. The formation of IMCs is mainly related to the temperature field during the welding process. Therefore, to
regulate the temperature field of the molten pool is a powerful tool to improve the mechanical properties of the joints. This
experiment investigates the effect of ultrasonic power on the IMCs at the steel-aluminum interfaces of the weld brazed
joints.

Methods Laser and melt inert gas (laser-MIG) hybrid welding is used to perform the butt welding of 2 mm thick 6061
aluminum and 304 steel combined with fusion-brazing welding, and ultrasound is introduced in the welding process. The
ultrasonic powers set in the experiment are 0 W, 130-140 W, 200-210 W, and the welded joints under different
parameters are obtained. After welding, the metallographic phase is cut, the scanning electron microscope and the built-
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in energy dispersive spectroscopy (EDS) are used to observe the micro-interfacial structures and micro-area compositions,
and the ultra-depth-of-field metallographic microscope is used to observe the grain sizes of the steel/aluminum welded
joints. The microcomputer-controlled electronic universal tensile testing machine is used to test the tensile strengths of
joints after removing reinforcement, and the experimental results are compared and analyzed to explore the effect of
ultrasonic usage on the steel/aluminum fusion brazed joints.

Results and Discussions Comparing the welded joints under three ultrasonic powers, it can be seen from Fig. 3 that as
the ultrasonic power increases, the pores in the welded joints appear to gather, grow, and float, and the porosity value in
the weld first decreases and then increases, which is mainly caused by the cavitation effect of ultrasound. The effect of
ultrasonic breaking can increase the nucleation rate of the molten pool, which in turn refines the grains in the weld
(Fig. 4). It is found that ultrasound can significantly reduce the thickness of the IMCs layer and change the composition
contents of the IMCs (Fig. 5). As the ultrasonic power increases, the thickness of the IMCs layer decreases, the content
of FeAl; with poor mechanical properties in IMCs decreases, and the content of AlyFe,Si with a better performance
increases, which improves the tensile performance of the joints (Fig. 7). The analysis shows that the samples are all
broken on the IMCs layer, and as the ultrasonic power increases, the Al;Fe,Si phase in the section increases and the FeAl,
phase content decreases (Fig. 8). This is because the ultrasound changes the temperature field of the weld pool and
subsequently the compositions and thicknesses of IMCs are changed, which improves the performance of joints.

Conclusions The ultrasonic-assisted laser-MIG hybrid welding can realize the connection of steel/aluminum dissimilar
metals, and the ultrasonic power has a significant effect on the porosity of the welded joints. When the ultrasonic power
increases from 0 W to 130-140 W, the porosity decreases from 0.25% to 0.21% . When the power increases to 200—
210 W, the weld porosity increases to 0.93% instead. When the ultrasonic vibration is not applied, the average diameter
of weld grains is 5.2 pm. When the ultrasonic power is 130-140 W, the average diameter of crystal grains is reduced to
4.1 pm. When the ultrasonic power is 200-210 W, the average diameter is reduced to 3.4 pm. With the increase of
ultrasonic power, the mechanical stirring effect of ultrasound is gradually strengthened, and its effect on the refinement
of weld grains is more obvious. With the increase of applied ultrasonic power, the content of FeAl, phase in IMCs
gradually decreases, which in turn increases the tensile strength of welded joints. When the applied ultrasonic power is
130-140 W, the tensile strength of the welded joint reaches 172 MPa, which is 12% higher than that of the joint without
ultrasound.

Key words laser technique; dissimilar metals; ultrasonic wave; laser-MIG hybrid welding; fusion-brazing welding;
intermetallic compounds
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