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Abstract: A novel plasma-pulsed GMAW hybrid welding (plasma-GMAW-P) process is proposed
for joining 6061 aluminum and zinc-coated steel. The results show that the change in welding heat
input has little effect on the microstructure of the joint and the composition of the intermetallic
compounds (IMCs) but only changes the thickness of the reaction layer (increased from 5 µm to
12 µm). when the plasma arc current is 20 A and the MIG current is 80 A, the welded joint obtained
has the highest tensile-shear force. With the optimal process parameters, the weld strength obtained
by filling ER4043 welding wire is the highest, accounting for 65% of the tensile-shear force of the
base material. The effect of the plasma arc acting on the joint properties is studied through the
microstructure and a tensile-shearing test. The action position of the plasma arc plays a significant
role in the Al/steel interface, which directly influences the strength of the welded joints. Regardless
of the plasma-GMAW-P style used to obtain the joints, Fe-Al IMCs appear at the interface. When the
plasma arc is in front of the welding direction and the GMAW-P arc is in the rear, the tensile-shear
force reaches the maximum of 3322 N.

Keywords: plasma-GMAW-P; 6061 aluminum; zinc-coated steel; microstructure

1. Introduction

Lightweight automobile has gradually become a research hotspot in the automotive
field [1–3]. Al alloys were the most popular among the various lightweight alloys due to
their features of high mechanical strength, good corrosion resistance, and affordable cost. To
ensure quality, it was necessary to produce an Al–steel structure consisting of Al and steel
parts [4–6]. Al–steel structures have high temperature resistance, ultra-low temperature
resistance, good heat dissipation, and excellent electrical conductivity. They have been
widely used in the fields of automobile manufacturing, metallurgy, and aerospace [7].
Due to the differences in their physical and chemical properties, the formation of brittle
Fe–Al intermetallic compounds (IMCs) and weld properties appear at the interface and
Al side [8–10]. Furthermore, different welding methods, including single fusion welding,
laser-arc welding, friction stir welding, etc. [11–13], have been applied to join Al and steel to
improve the interfacial reaction and optimize the thickness and distribution of IMCs [14–16].
However, these methods have stricter requirements for welding heat input [17], joint shape,
and assembly conditions, which are difficult to meet given the need for rapid manufacturing
in the industrial field [18–20].

Hybrid welding has been considered as one of the effective ways to improve welding
quality and efficiency since it was proposed [21,22], and has gradually become a research
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hotspot in the field of welding [23,24]. Hybrid heat source is an effective method to solve
practical problems, which conventional fusion welding could not [25,26]. In this study,
6061 aluminum and zinc-coated steel were innovatively welded with a plasma-pulsed
GMAW (Plasma-GMAW-P) hybrid welding process. The plasma arc current, the MIG
current and filler metal, and the different hybrid welding types were investigated. The aim
of this work was to provide a new method for achieving efficient and high-quality welding
of dissimilar metals.

2. Materials and Methods
2.1. Welding Test System and Test Material

Figure 1 shows the physical and schematic diagram of the plasma-GMAW-P hy-
brid welding system. The system is mainly composed of the following parts: 1, welding
robot; 2, self-designed plasma-GMAW-P hybrid welding gun; 3, MIG power supply;
4, PAW power supply; 5, magnetron power supply; 6, cooling system. The welding
robot was a Shanghai Xinshida SRC2.4(SRC2.4) (Xinshida Robotics Co., Ltd., Shanghai,
China). The models of PAW power supply, MIG power supply, and water chiller were a
DC pulse LHM8-300A (Chengdu Electric Welding Machine Research Institute, Chengdu,
China), Panasonic YD-400GE (Panasonic Welding Systems (Tangshan) Co., Ltd., Tang-
shan, China), and CW-6000 (Guangzhou Teyu Electromechanical Co., Ltd., Guangzhou,
China), respectively.

Figure 1. The physical and schematic diagram of plasma-GMAW-P hybrid welding system, (a) the
physical diagram of plasma-GMAW-P hybrid welding system, and (b) the schematic diagram of
plasma-GMAW-P hybrid welding system.

The zinc-coated steel was made of Q235 and the thickness of the zinc-coat was
11 microns. The whole materials were cut into pieces of 150 mm × 80 mm × 2 mm.
The surface oxide film of the base materials was removed by steel brush and then cleaned
with alcohol and acetone prior to the welding process.

2.2. Test Design

In order to explore the optimal process parameters for plasma-GMAW-P hybrid
welding, welding tests were conducted using hybrid process parameters of different styles,
as shown in Table 1. The schematic diagram of the assembled plasma-GMAW-P hybrid
welding system is depicted in Figure 2. The Al alloy was placed on the top of the zinc-coated
steel with an overlapping width of 10 mm. In the plasma-GMAW-P welding process, the
angle between the plasma torch and the GMAW torch was 45◦, and the distance between
the sources was 7 mm. Plasma welding current, welding speed, nozzle height, plasma
shielding gas flow rate, shielding gas flow rate, GMAW-P welding current, and magnetic
current were recorded in detail. When the nozzle height was constant at 5 mm, the welding
speed was 5 mm/s. Pure argon was used as a plasma shielding gas with a 3 L/min flow rate.
The shielding gas, composed of argon (80 vol%) and carbon dioxide (20 vol%), was chosen
at a volume flow rate of 12 L/min in all experiments. Moreover, to investigate the effect
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of the plasma welding arc on the joint, different styles plasma-GMAW-P hybrid welding
were applied (Figure 3). Plasma welding current and GMAW-P welding current were 20 A
and 80 A, respectively. The filler metal used in the plasma-GMAW-P welding process with
different styles was ER4043 with a diameter of 1.2 mm. The chemical composition of the
different welding wires is shown in Table 2.

Table 1. The hybrid process parameters of different styles.

Parameter Set Plasma Arc Current MIG Current Filler Metal

#1 40, 50, 60 60 ER4043
#2 30, 40, 50, 60 70 ER4043
#3 10, 20, 30, 40 80 ER4043

#4 20 80 ER4047, ER1070,
ER5356

Figure 2. Schematic diagram of plasma−GMAW−P hybrid welding.

Figure 3. Schematic diagram of plasma−GMAW−P hybrid welding with different types: (a) model
1 (plasma arc was in front and GMAW arc was in rear), (b) model 2 (GMAW arc was in front and
plasma arc was in rear), (c) model 3 (plasma arc was located on steel side and GMAW arc was located
on Al side), and (d) model 4 (plasma arc was located on Al side, and GMAW arc was located on
steel side).
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Table 2. The chemical compositions of different welding wires (wt.%).

Welding
Wire Si Cu Fe Mn Ti Zn Mg Al

ER4043 4.50–6.00 0.30 0.80 0.05 0.20 0.10 0.05 Bal.
ER4047 11.0–13.0 0.30 0.80 0.15 - 0.20 0.10 Bal.
ER1070 0.3 - 0.3 - - - - Bal.
ER5356 0.25 0.10 0.40 0.05–0.20 0.06–0.20 0.10 4.50–5.50 Bal.

The specimen dimensions were 12 mm × 10 mm, and the specimens’ surfaces were
brushed with a buffing machine and then cleaned with acetone and alcohol, in turn. All the
workpieces were polished to remove the surface oxidation film before welding and then
cleaned with alcohol and acetone. All the metallographic specimens and tensile specimens
were cut out from the weld joints by wire cutting after welding. After the metallographic
specimens were ground, polished, and then etched, the metallographic test was conducted
through an Olympus-DSX510 optical microscope and scanning electron microscope (SEM).
A 110 mm × 10 mm overlap joint was removed by wire cutting as a tensile sample. Three
sets of tensile specimens were selected for each set of parameters, and the average was
taken as the final test results. The tensile tests were carried out with an electronic tensile
testing machine (CSS-44400) with a travel speed of 0.5 mm/min.

3. Results and Discussion
3.1. Effects of Plasma Arc Current and MIG Current on Microstructure and Mechanical Properties
of Welded Joints

Figure 4 shows the weld formation and cross-sectional microstructure of #1 under
different plasma arc currents when the MIG current was 60 A. As can be seen from Figure 4,
the welded joint could be divided into a zinc-rich zone, an interface zone, and a weld zone.
As the plasma arc current increased, the bead width decreased. This is because the increase
in heat input accelerates the evaporation of the zinc coating. The wetting and spreading
effect of zinc coating on aluminum is weakened.

Figure 4. The weld formation and the cross-sectional microstructure with different plasma arc
currents when the MIG current is 60 A. (a) Plasma arc current is 40 A; (b) plasma arc current is 50 A;
(c) plasma arc current is 60 A.

The corresponding tensile-shear force and the fracture surface of the welded joint
are shown in Figures 5 and 6, respectively. It can be seen in Figures 5 and 6 that with an
increase in plasma arc current, the tensile-shear force of the welded joint increased, and
the fracture basically occurred near the fusion line. This is because the increase in plasma
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current enhances the preheating effect, resulting in a slower rate of temperature increase.
This change refines the grain size and improves the tensile-shear force.

Figure 5. The tensile-shear force of the welded joint with different plasma arc currents when the MIG
current is 60 A.

Figure 6. The fracture surface of the welded joint with different plasma arc currents when the MIG
current is 60 A. (a) Plasma arc current is 40 A; (b) plasma arc current is 50 A; (c) plasma arc current
is 60 A.

Figure 7 shows the weld formation and optical microstructure of the welded joints
of #2 with different plasma arc currents when the MIG current is was 70 A. Whether the
plasma arc current is too small or too large, the welded joints showed porosity defects.
The corresponding tensile-shear force and the fracture surface of the welded joint are
shown in Figures 8 and 9, respectively. As can be seen from the figure, with the increase
in the plasma arc current, the tensile-shear force of the welded joint first increased and
then decreased. The maximum value occurred when the plasma arc current was 50 A,
and the maximum tensile-shear force was close to 3000 N. This was due to the increase
in plasma arc current, which improved the wetting and spreading effect of aluminum on
the steel surface. However, the weak spot of the weld was the heat-affected zone near the
fusion line.

Figure 7. The weld formation and optical microstructure of the welded joints with different plasma
arc currents when the MIG current is 70 A. (a,e,i) plasma arc current is 30 A; (b,f,j) plasma arc current
is 40 A; (c,g,k) plasma arc current is 50 A; (d,h,l) plasma arc current is 60 A.
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Figure 8. The tensile-shear force of the welded joint by plasma-GMAW-P with different plasma arc
currents when the MIG current is 70 A.

Figure 9. The fracture surface of the welded joint by plasma-GMAW-P with different plasma arc
currents when the MIG current is 70 A. (a) Plasma arc current is 30 A; (b) plasma arc current is 40 A;
(c) plasma arc current is 50 A; (d) plasma arc current is 60 A.

At the same time, Figure 7 shows that the melting zone was mainly composed of α-Al
and Al-Si eutectic structure. As the plasma arc current increased, the grain size increased.
When the plasma arc current was 40 A and 50 A, there were fewer porosity and crack defects
in the joint. This was because the increase in the plasma arc current allowed more time for
the gas in the weld pool to escape, especially hydrogen. This improved the porosity defects
of the weld. However, excessive plasma arc current could accelerate the cooling speed of
the weld, which increased the brittleness of the weld and decreased the tensile-shear force,
as shown in Figure 8. Figure 9a,c shows that all fractures were located near the weld fusion
line, while Figure 9b,d shows that some fractures were located on the boundary line.

Figure 10 shows the weld formation and cross-sectional microstructure of #3 with
different plasma arc currents when the MIG current was 80 A. When the plasma arc current
was 40 A, the bead width was larger than that of the other groups. The corresponding
tensile-shear force and the fracture surface of the welded joint are shown in Figures 11
and 12, respectively. As can be seen in Figure 11, with the increase in the plasma arc
current, the tensile-shear force of the weld first increased and then decreased. When the
plasma arc current was 20 A, the maximum tensile-shear force occurred, which was the
maximum value for all groups of samples, accounting for 65% of the tensile-shear force of
the base material. Except for that shown in Figure 12c, all fractures occurred near the weld
fusion line.
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Figure 10. The weld formation of the welded joints with different plasma arc currents when the MIG
current is 80 A. (a) Plasma arc current is 10 A; (b) plasma arc current is 20 A; (c) plasma arc current is
30 A; (d) plasma arc current is 40 A.

Figure 11. The tensile-shear force of the welded joint.

Figure 12. The fracture surface of the welded joint. (a) Plasma arc current is 10 A; (b) plasma arc
current is 20 A; (c) plasma arc current is 30 A; (d) plasma arc current is 40 A.

The optical microstructure of the welded joints is shown in Figure 13. The melting
zone mainly had an α-Al and Al-Si eutectic structure composition. With the increase in the
plasma arc current, the grain size increased, but the microstructure morphology changed
little. When the plasma arc current was 20 A and 30 A, there were fewer defects such as
pores and cracks in the joint. Meanwhile, the microstructure of the joint interface area is
shown in Figure 13. The reaction layer in the interface region was composed of Fe2Al5 that
was dense near the steel side and FeAl3 that grew needle-like toward the aluminum side.
Welding heat input had no significant impact on the type and morphology of interfacial
compounds but only determined the thickness of the reaction layer. As the plasma arc
current increased, the thickness of the reaction layer increased from 5 µm to 12 µm.
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Figure 13. Optical microstructure of the welded joints. (a,c,e) plasma arc current is 10 A; (b,d,f) plasma
arc current is 20 A; (g,i,k) plasma arc current is 30 A; (h,j,l) plasma arc current is 40 A.

Suitable welding heat input can obtain good performance of the welded joints. Ac-
cording to tests #1–#3, when the plasma arc current was 20 A and the MIG current was
80 A, the welded joint obtained had the highest tensile-shear force.

3.2. Effect of Filler Metal on Microstructure and Mechanical Properties of Welded Joints

With the optimal welding process parameters, four different types of welding wires,
ER4043, ER4047, ER1070, and ER5356, were selected for cladding, and good weld formation
was obtained. The bead width obtained by filling ER4043 and ER4047 is larger. This is
because the Si element in the filler metal promotes the wetting and spreading of aluminum
on the steel surface, increasing the bead width. According to the XRD results, the obtained
joints all contained the Fe0.905Si0.905 phase. The welded joints filled with different metals
were observed by SEM and analyzed using EDS. The results are shown in Figure 14
and Tables 3–6.

Figure 14. The SEM microstructure of the overall image and the enlargement image of zone X with
different types of welding wires. (a) ER4043; (b) ER4047; (c) ER1070; (d) ER5356.
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Table 3. The EDS results of joints filled with ER4043.

Elements (at.%) Fe Al Si. Cu O

A1 98.48 0.20 0.26 1.06 -
A2 38.90 57.91 2.37 0.82 -
A3 23.65 71.31 4.40 0.64 -
A4 3.57 88.94 6.28 0.28 -
A5 0.32 98.10 - 0.24 0.24

Table 4. The EDS results of joints filled with ER4047.

Elements (at.%) Fe Al Si. Cu Zn

A1 10.95 72.87 15.89 0.29 -
A2 9.72 66.60 23.41 0.27 -
A3 9.89 66.60 22.95 7.33 -
A4 8.98 78.24 11.43 - 1.35
A5 13.26 63.86 21.36 - 1.52

Table 5. The EDS results of joints filled with ER1070.

Elements (at.%) Fe Al C Au O Mg

A1 76.95 - 20.86 1.16 - -
A2 1.97 97.48 - - - -
A3 78.02 - 20.49 0.70 - -
A4 0.82 89.75 6.95 - 0.75 0.98
A5 77.63 - 21.37 - - -

Table 6. The EDS results of joints filled with ER5356.

Elements (at.%) Fe Al C Mg O Zn

A1 2.13 71.04 20.64 3.84 1.24 -
A2 - 76.37 17.41 3.85 1.71 -
A3 - 29.93 8.29 1.20 51.95 6.23
A4 0.68 64.36 16.86 1.36 6.45 10.28
A5 67.17 11.93 20.23 - - -
A6 74.49 - 24.62 - - -
A7 74.30 - 23.41 - - -
A8 0.51 33.41 18.86 2.84 37.05 6.04
A9 0.71 36.88 10.43 2.44 38.97 8.75

A10 22.31 57.95 19.74 - - -

It can be seen in Figure 14 that the thickness of the intermetallic compound in the weld
interface region obtained by filling ER4043 was 7 to 9 µm, and the weld pore diameter was
30~100 µm. According to the XRD results, the main IMC was Al0.5Fe3Si0.5. The melting
zone located on the upper side of the interface zone mainly had of an α-Al and Al-Si
eutectic structure composition. The base metal structure of galvanized steel is composed
of α ferrite and fine carbide particles. The IMCs in the weld interface region obtained by
filling ER4047 were acicular and diffuse toward the aluminum side. According to the XRD
results, the main IMC was also Al0.5Fe3Si0.5.

The thickness of the reaction layer in the weld interface area obtained by filling ER1070
was 10–12 µm. It extended toward the steel side. The content of C near the reaction layer
was large, and the element C in the galvanized steel diffused here, while the content of C in
the melting zone above the reaction layer was very low. There were many welding joint
defects obtained by filling ER5356 welding wire. Al, C, and O compounds with large grain
sizes appeared on the aluminum side above the reaction layer.

The tensile-shear force and the fracture surface of the welded joints filled with different
metals are shown in Figures 15 and 16. The tensile-shear force obtained by filling ER4043
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welding wire was the highest followed by that of ER4047, while ER5356 had the lowest
force. They accounted for 65%, 56%, 46%, and 27% of the tensile-shear force of the base
metal, respectively. The tensile-shear force of the weld filled with ER4047 welding wire
was less than ER4043. This was because too much Si element in the ER4047 welding wire
entered the molten pool during the welding process, increasing the viscosity of the weld
pool. It increased the difficulty of gas escaping from the weld pool, resulting in porosity
defects in the welded joint.

Figure 15. The tensile-shear force of the welded joints filled with different metals.

Figure 16. The fracture surface of the welded joints filled with different metals. (a) ER4043; (b) ER4047;
(c) ER1070; (d) ER5356.

Figure 16 shows the fracture surface of a welded joint, where the fracture of the welded
joint obtained by filling ER4043, ER4047, and ER5356 welding wires was located near the
fusion line. However, the fracture of the welded joint filled with ER1070 welding wire was
located at the interface. According to EDS analysis, there were high-C compounds near the
interface region of the joint filled with ER1070 welding wire, which was the reason for the
fracture of the sample at the interface.

3.3. The Effect of the Plasma Welding Arc on the Joint

The macromorphology of the welded joints obtained by plasma-GMAW-P hybrid
welding with different styles is shown in Figure 17. As shown in Figure 17, the weld-
ing spatters were generated during the whole welding process but were located on the
zinc-coated steel side. However, there was no effective connection between 6061 aluminum
and zinc-coated steel in Figure 17b. Furthermore, the cross-section of the welded samples
and the tensile-shear specimens could not be obtained. This is because model 2 did not
take advantage of plasma arc preheating and MIG arc filling. The microstructure and joint
properties via plasma-GMAW-P are compared with those of the other three styles below.
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Figure 17. Surface appearances of plasma-GMAW-P with different styles. (a) model 1; (b) model 2;
(c) model 3; (d) model 4.

Figure 18 depicts the optical microstructure of the joints produced by plasma-GMAW-P
with different styles. As shown in Figure 18a–c, the height of the fusion zone changed in dif-
ferent ways. The height of the fusion zone of the joints welded via plasma-GMAW-P
with model 4 reached the maximum, but the wetting angle of the joints welded via
plasma-GMAW-P with model 1 was the minimum. This was attributed to the plasma
arc located on the Al side, where most of the generated heat melted the Al alloy. Further-
more, in comparison with Figure 18g–i, the microstructure of the fusion zone was mainly
composed of an α-Al and Al-Si eutectic structure. The grain size of the welded joints in
Figure 18h is smaller than that of the other two styles. This was attributed to the plasma
arc mainly acting on the steel side in this model and the reduced heat distributed to the Al
alloy side, resulting in grain refinement in the fusion zone. As shown in Figure 18d–f, there
was no obvious difference in the interface structure.

Figure 18. Optical microstructure of the joints welded via plasma-GMAW-P with different styles.
(a,d,g) model 1; (b,e,h) model 3; (c,f,i) model 4.

The SEM images of the interface structure of the joints welded via Plasma-GMAW-P
with different styles are shown in Figures 19–21. As shown in Figure 19, the interface did not
form a valid connection between the Al alloy and the zinc-coated steel via plasma-GMAW-P
with model 1. The pores with different sizes appeared in the fusion zone. According to the
EDS results, FeAl2 and FeAl3 IMCs were formed at interface.
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Figure 19. The SEM microstructure of joints via plasma-GMAW-P with model 1. (a) The overall
image; (b) the enlargement image of zone X.

Figure 20. The SEM microstructure of joints formed via plasma-GMAW-P with model 3. (a) The
overall image; (b) the enlargement image of zone X.

Figure 21. The SEM microstructure of joints formed via plasma-GMAW-P with model 4. (a) The
overall image; (b) the enlargement image of zone X.

Figure 20 shows the SEM image of the interface structure obtained via plasma-GMAW-P
with model 3. As shown in Figure 20b, a transverse crack was formed at the interface,
which did not achieve a valid connection. An obvious reaction layer was formed on the Al
side. This proved that the Fe elements and Al elements diffused each other. According to
the EDS results, FeAl2 and FeAl3 IMCs were formed at the interface.

Figure 21 shows the SEM image of the interface structure via plasma-GMAW-P with
model 4. As shown in Figure 21b, an obvious reaction layer was formed at the interface,
which achieved a valid connection. According to the EDS results, FeAl2 IMC was formed
at the interface.

The tensile-shear force and the fracture surface of the welded joints by plasm-GMAW-P
with different styles are shown in Figures 22 and 23. As shown, the tensile-shear force of the
joint made by plasma-GMAW-P with model 1 reached a maximum of 3322 N, and a fracture
occurred at the weld seam. Moreover, the fracture of the joints welded by plasma-GMAW-P
with model 3 occurred at the weld seam. However, the fracture of the joints welded by
plasma-GMAW-P with model 4 occurred at the interface, which reached the minimum
tensile-shear force of 2236 N, attributed to the IMCs’ thickness.
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Figure 22. The tensile-shear force of the joint welded by plasma-GMAW-P with different styles.

Figure 23. The fracture surface of the joint welded by plasma-GMAW-P with different styles.
(a) model 1; (b) model 3; (c) model 4.

4. Conclusions

Novel plasma-GMAW-P hybrid welding was applied to join 6061 aluminum and
zinc-coated steel. The following conclusions were obtained:

1. According to the microstructure characteristics, the welded joint can be divided
into a zinc-rich zone, an interface zone, and a weld zone. When the heat input is
approximately equal, the combination of the lower plasma arc current and the higher
MIG current can achieve a higher tensile-shear force and a good weld microstructure.
When the plasma arc current is 20 A and the MIG current is 80 A, the specimen
with the highest tensile-shear force is obtained, reaching 65% of the 6061 aluminum
base material.

2. The welding test conducted with the optimal process parameters showed that the
weld strength obtained by filling ER4043 welding wire was the highest, followed by
that obtained with ER4047, ER1070, and ER5356, accounting for 65%, 56%, 46%, and
27% of the tensile-shear force of the base material, respectively. The joint samples
obtained by filling only ER1070 welding wires were fractured at the boundary line,
while the rest of the samples were fractured near the fusion line. According to the
EDS results, there were high-C compounds near the interface region of the ER1070
welding wire sample, which was the reason for the fracture at the interface. In the
ER4047 welding wire joint, excessive Si elements entered the weld pool, increasing
the viscosity of the weld pool and the difficulty of gas escape and resulted in more
porosity defects. This also led to a lower tensile-shear force of the joint with ER4047
than ER4043.

3. The action position of the plasma arc played a significant role in the Al/steel interface,
which directly influenced the strength of the welded joints. Regardless of the style
of plasma-GMAW-P used to obtain the joints, Fe-Al IMCs appeared at the interface.
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When the plasma arc was in front of the welding direction and GMAW-P arc was in
the rear, the tensile-shear force reached a maximum of 3322 N.
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