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Abstract: This study analyzes the influence of different ultrasonic amplitudes on the microstructure
composition, microhardness, tensile strength, and corrosion resistance of Al alloy/steel laser welding-
brazing joints assisted by ultrasonic vibration. The application of ultrasonic vibration did not
change the microstructure composition of the joints but refined them. The joints were all composed
of θ-Fe(Al, Si)3 and τ5-Al7.2Fe1.8Si formed at the interface reaction zone, as well as an α-Al solid
solution and Al-Si eutectic phase generated in the weld seam zone. Meanwhile, the thickness of the
IMCs at the interface decreased with an increase in the ultrasonic amplitude. When the ultrasonic
amplitude was 8 µm, the IMCs thickness was a minimum of 1.62 µm. In this condition, the reduction
of the IMCs thickness and the refined grain of joints made the microhardness and tensile strength
reach the maximum. The fracture of joints with ultrasonic amplitudes of 0 and 4.8 µm began at the
weld seam and extended to the interface reaction zone at the steel side, while the fracture of joints
was located in the heat-affected zone (HAZ) of the Al alloy side when the ultrasonic amplitude was
8.0 and 11.2 µm. The fracture mode of the former presented a typical mixed fracture with cleavage
steps and tearing edges, and that of the latter showed ductile fracture with uniform and fine ductile
dimples. The corrosion resistance of the joints was improved by adding ultrasonic vibration. When
the ultrasonic amplitude was 8 µm, its corrosion resistance was optimum; it was ascribed to a dense
oxide film formed on the surface of the metal under the action of ultrasonic vibration.

Keywords: ultrasonic vibration; microstructure; XPS analysis; SVET measurement; laser welding
brazing; Al alloy/steel joints

1. Introduction

To protect the environment and save energy [1,2], Al alloy/steel structures are widely
used in the manufacturing fields of automobiles, aerospace, and ships due to the high
strength of steel and the lightweight and corrosion resistance of Al alloys, which achieve
lightweight structures [3,4]. However, due to its differences in physical and chemical
properties, problems during the joining process of Al alloy and steel are as follows [5–7]:
First, the melting point of Al alloy is much lower than that of steel, so Al alloy is melted,
but the steel remains in the solid state during the joining process. The difference in melting
point leads to poor fusion and uneven microstructure of Al alloy/steel joints. Secondly, their
linear expansion coefficients are different. Stress appears easily in joints, which can cause
deformation or cracking of joints. Finally, Al reacts with Fe to form brittle Fe-Al intermetallic
compounds (IMCs) easily at the interface, which can deteriorate the mechanical properties
of joints and become the source of cracks in joints.

Coatings 2024, 14, 1219. https://doi.org/10.3390/coatings14091219 https://www.mdpi.com/journal/coatings

https://doi.org/10.3390/coatings14091219
https://doi.org/10.3390/coatings14091219
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0001-9586-8942
https://doi.org/10.3390/coatings14091219
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings14091219?type=check_update&version=2


Coatings 2024, 14, 1219 2 of 17

Based on the above reasons, it is difficult to achieve high-quality joints using traditional
fusion welding, and fusion brazing is considered one of the most effective methods to
join Al alloy and steel [8–10]. It places the heat source on the Al alloy side to melt it, and
then the liquid metal wets and spreads on the surface of the steel to achieve metallurgical
bonding. The laser heat source has the characteristics of high energy density, concentrated
heat, fast welding speed, and small welding deformation; thus, laser welding brazing has a
significant advantage in joining the Al alloy and steel. However, the following problems
need to be solved during laser welding brazing between steel and Al alloy. On the one
hand, the wettability of liquid Al alloy on the surface of steel should be improved to obtain
a good weld appearance. On the other hand, the thickness of the brittle IMCs layer should
be reduced to achieve high-quality Al alloy/steel joints [11]. Li et al. [12] investigated the
effect of three different groove types on the wettability of liquid Al alloy as well as the
thickness and composition of IMCs at the interface of Al alloy /steel joints. They showed
that when the groove type was a single V-shaped groove for the steel and without a groove
for the Al alloy, the wettability of the liquid metal was optimal. Under this condition, the
thickness of the IMCs at the interface was 2.0 µm. When Y-type groove edge preparation
was performed for both the Al alloy and steel, the thickness of the IMCs layer at the
interface was 7.2 µm. The IMCs thickness was 4.9 µm with a single Y-type groove for the
steel and a single V-type groove for the Al alloy. All the IMCs at the interface consisted
of θ-Fe(Al, Si)3 and τ5-Fe1.8Al7.2Si. Other scholars [13,14] have reported that regardless of
how the process parameters of laser welding brazing are adjusted, an IMCs layer with a
thickness of 2–10 µm appears at the interface of joints. If the IMCs thickness is too large,
the mechanical properties of the joint will deteriorate. Reducing the IMC layer thickness
can improve the performance of the joint [15].

An ultrasonic wave is a kind of mechanical vibration with a frequency higher than
20 kHz [16], which has good directional propagation and high energy density. It can
produce cavitation effects, acoustic flow effects, acoustic radiation effects, mechanical
vibration effects, and thermal effects in propagation media [17]. These effects can improve
the fluidity of the liquid metal in the molten pool to improve its wettability, promote the
interdiffusion of atoms to upgrade its metallurgical bond, and break down the dendrite
structure during the solidification process to refine grains [18,19]. Hong et al. [20] applied
ultrasonic vibration during the friction stir welding process of 6061 Al alloy and 301L
stainless steel. The results showed that the interdiffusion of atoms at the interface was
promoted under ultrasonic vibration, thereby improving the metallurgical bonding strength
of the joint. The tensile strength of the joint was increased by 27.9%. Liu et al. [21] also
confirmed that the application of ultrasonic vibration improved the fluidity of metal in
the molten pool, which facilitated the escape of pores. Meanwhile, the microstructure of
the weld seam was refined, and the IMC thickness at the interface was reduced. These
modified the mechanical properties of the joint.

Therefore, ultrasonic vibration-assisted laser welding brazing was adopted to conduct
butt-welding tests on Al alloy and steel. The influence of ultrasonic vibration on the
macroscopic morphology, microstructure composition, and mechanical properties of the
joints was studied. The effect of ultrasonic vibration on the IMC layer at the interface
was analyzed in detail. This will provide experimental data and a theoretical basis for the
application of Al alloy/steel structural components.

2. Materials and Methods
2.1. Materials

In this paper, Q235 low-carbon steel and 6061 Al alloy were selected as the base metals,
and the plate size was 150 mm × 80 mm × 2 mm. Using AlSi12 flux-cored welding wire as
the filler material, the welding wire diameter was 1.6 mm. The chemical compositions of
these materials are listed in Table 1.
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Table 1. Chemical compositions of the base metals and AlSi12 flux-cored welding wire.

Materials Elements (wt. %)

6061Al Alloy
Al Si Fe Mn Mg Cu Zn

Bal. 0.8 0.7 0.15 0.8 0.2 0.2

Q235 Steel
C Si Mn S P Cr Fe

0.2 0.2 0.2 0.03 0.03 0.7 Bal.

AlSi12 Flux-Cored
Welding Wire

Si Cu Zn Mg Mn Fe Al

12.15 0.0057 0.0048 0.0002 0.075 0.209 Bal.

2.2. Experiments on Ultrasonic Vibration-Assisted Laser Welding Brazing

Butt-welding experiments on 6061 Al alloy/Q235 steel were conducted using a laser
equipment (model IPG YLS-6000-ST2) and a Fronius MIG welding machine. Ultrasonic
vibration equipment (model YP-7015-4BZ-BZ) was used at the bottom of the workpiece.
The equipment consisted mainly of an ultrasonic generator, ultrasonic transducer, and
ultrasonic amplitude horn. The ultrasound equipment maintains a constant frequency of
20.5 kHz during startup, and its amplitude varies from 0 to 16 µm.

Before welding, the base materials were processed for Al alloy without a groove and
for steel with a single V-type groove of 60◦. The root clearance between the Al alloy and steel
was 1.0 mm in the assembly process. The welding device of the ultrasonic vibration-assisted
laser welding brazing system is shown in Figure 1. The process parameters are presented
in Table 2. Argon, with a purity of 99.99%, was used as the shielding gas during welding.
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Figure 1. Schematic diagram of ultrasonic vibration-assisted laser welding brazing system.

Table 2. Welding process parameters.

Process Parameters Values

Laser Power 3000 W
Wire Feeding Speed 3.0 m/min

Welding Speed
Shielding Gas Flow Rate

7 mm/s
15 L/min

Ultrasonic Frequency 20.5 kHz
Ultrasonic Amplitude 4.8, 8.0, and 11.2 µm

2.3. Macro Morphology and Microstructure Analysis

After welding, the analysis samples were machined by cutting the wire electrode from
the joints perpendicular to the weld seam. Metallographic specimens were ground and
polished, followed by corrosion of welds by Keller’s reagent (95 mL H2O + 2.5 mL HNO3 +
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1.5 mL HCl + 1.0 mL HF). The effect of different ultrasonic amplitudes on the morphology
and microstructure composition of joints was analyzed using an ZEISS optical microscope
(OM, Jena, Germany) and a JSM-6480 scanning electron microscope (SEM, JEOL, Tokyo,
Japan) with an X-ray energy dispersive spectroscopy (EDS, Carl Zeiss, Jena, Germany).

2.4. Mechanical Property Testing

The tensile properties of the joints were tested on a YJ-8619 universal testing machine
at a constant rate of 2 mm/min based on the GB/T2651-2008 standard [22]. The weld
reinforcements on the front and bottom of the samples were removed to ensure the accuracy
of the tensile results. Three samples were tested for each parameter, and the average value
of the results was obtained.

2.5. Corrosion Resistance Analysis

In order to analyze the corrosion resistance of welding-brazing joints, potentiodynamic
polarization curves and electrochemical impedance spectroscopy (EIS) measurements on
joints in 3.5 wt. % NaCl solution were conducted by using the EG M283 electrochemical
workstation with a standard three-electrode system, using the sample as the working electrode,
the platinum electrode as the counter electrode and the saturated calomel electrode (SCE) as
the reference electrode. The dimensions of the samples were 10 mm × 10 mm × 2 mm and
the corrosion area was 20 cm2. The potentiodynamic polarization curve was tested with a
scanning rate of 2 mV/s and a scanning range from −1 V to 1.5 V. The EIS data were obtained
with a scanning frequency from 10−2 Hz to 105 Hz.

To investigate the corrosion resistance mechanism of welding-brazing joints under
different ultrasonic amplitudes, a stable passive film was prepared at a passivation potential
of 0.2 VSCE for 1 h in 3.5 wt. % NaCl solution. The chemical composition of the passive films
on the surface of the joints was investigated by an X-ray photoelectron spectrometer (XPS).
The element composition was confirmed based on the standard spectra of the elements.

Microelectrochemical corrosion testing was conducted using scanning vibration probe
technology (SVET), and the potential gradient resulting from the flow of anions and cations
was detected using vibrating microelectrodes. The probe tip started scanning at a distance of
100 µm from the surface and vibrated perpendicular to the electrode surface at a frequency
of 330 Hz. The micro-corrosion currents of the joint soaked in the solution for 0, 1, 2, and
4 h were recorded.

3. Results and Discussion
3.1. Macro Morphology Analysis

Figure 2 illustrates the macro morphology and cross-sectional morphology of the
Al alloy/steel laser welding-brazing joints under different ultrasonic amplitudes. From
Figure 2a1–a3, the weld appearance was nice for the front but was not smooth for the back,
and the wetting angle of the welding wire on the surface of the steel was 55.3◦ without
ultrasonic vibration during the welding process. When vibration was applied, and the
ultrasonic amplitude was 4.8 µm, as shown in Figure 2b1–b3, the weld appearance of the
front and back weld seams were better, and the wetting angle was decreased to 50.7◦, which
indicated the wettability of welding wire was improved with the assistance of ultrasonic
vibration during the welding process. From Figure 2c1–c3, when the ultrasonic amplitude
was 8.0 µm, the weld width and weld reinforcement of the front and back weld seam
increased, and the wetting angle decreased to 43.2◦ as a result of the better fluidity of
the liquid metal. However, when the ultrasonic amplitude was 11.2 µm, as shown in
Figure 2d1–d3, the weld width and weld reinforcement of the front and back weld seam
were excessive. Therefore, by adding ultrasonic vibration in the welding process, the small
ripples generated by vibration can change the surface morphology of the molten pool and
reduce its surface tension, resulting in the fluidity improvement of the liquid metal. An
excellent joint was obtained with a good weld appearance and a high weld quality when
the ultrasonic amplitude was 8 µm.
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Figure 2. Macro morphology and cross-section morphology of joints under different ultrasonic
amplitudes: (a) without ultrasonic vibration; (b) ultrasound amplitude of 4.8 µm; (c) ultrasound
amplitude of 8.0 µm; (d) ultrasound amplitude of 11.2 µm.

3.2. Microstructure Analysis

Figure 3 presents the microstructure of the Al alloy/steel laser welding-brazing joint.
The joint includes the interface reaction zone on the steel side (see Figure 3a), weld seam
zone (see Figure 3b), and fusion zone on the Al alloy side (see Figure 3c). From the Figures,
it can be seen that the interface reaction zone near the steel side was relatively narrow. The
weld seam zone was mainly composed of Al-Si eutectic and α-Al solid solution. On the Al
alloy side, the Al alloy melted locally, and then the columnar crystal zone (CCZ) formed
along the fusion line perpendicular to the heat-affected zone, while the fine equiaxed crystal
zone (ECZ) formed near the center of the weld seam during the welding process. The
reason for the formation of the CCZ is the large temperature gradient near the fusion line,
and grain growth occurs along the direction of heat dissipation. However, at the center of
the weld seam, there is sufficient time for the crystal nuclei to form and grow, and finally,
the ECZ forms. To analyze the interface reaction zone (see Figure 3a) at the steel side in
detail, SEM images and line scanning results of the brazing zone under different ultrasonic
amplitudes are shown in Figure 4.
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Figure 3. Microstructure morphology of Al alloy/steel laser welding-brazing joints: (a) interface
reaction zone at the steel side; (b) weld seam zone; (c) fusion zone at the Al alloy side.
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EDS analysis was performed on three characteristic points at the interface reaction
zone in Figure 4a1–d1, and the results are listed in Table 3. Based on the point analysis
results and the Al-Fe-Si binary and ternary phase diagrams, it was inferred that the in-
terface reaction layer was mainly composed of the θ-Fe(Al, Si)3 phase near the steel side
and the τ5-Al7.2Fe1.8Si phase near the weld seam zone. The authors’ team [23–25] had
conducted a detailed analysis in previous studies. During the cooling process, molten
metals preferentially formed the τ5-Al7.2Fe1.8Si phase; subsequently, Fe atoms reacted with
the τ5-Al7.2Fe1.8Si phase to form the θ-Fe(Al, Si)3 phase. Thus, this indicated that applying
ultrasonic vibration in laser welding brazing did not change the phase composition but
could reduce the thickness of the IMCs layer. The thickness of the IMCs was 2.97 µm
without ultrasonic vibration, as shown in Figure 4a1. The thickness of IMCs decreased
to 2.52 µm with the ultrasound amplitude of 4.8 µm (see Figure 4b1). The thickness of
IMCs decreased to 1.62 µm with the ultrasonic amplitude of 8.0 µm (see Figure 4c1). The
thickness of IMCs was 1.65 µm with the ultrasonic amplitude of 11.2 µm (see Figure 4d1).
The addition of ultrasonic vibration can effectively promote dislocation motion and reduce
the dislocation density in the joint, which decreases the atomic diffusion rate and inhibits
the growth of IMCs. When the ultrasound amplitude was 8.0 µm and 11.2 µm, the suppres-
sion effect was optimal, and it was beneficial for improving the mechanical properties of
the joint.

Table 3. Point analysis results in the corresponding region in Figure 4.

UA Points
(at %)

Possible Phase
Al Si Fe

0 µm
P1 71.56 8.62 19.82 θ-Fe(Al, Si)3
P2 76.52 5.56 17.92 τ5-Al7.2Fe1.8Si
P3 78.56 5.98 18.46 τ5-Al7.2Fe1.8Si

4.8 µm
P4 71.87 8.80 19.33 θ-Fe(Al, Si)3
P5 76.07 5.54 18.39 τ5-Al7.2Fe1.8Si
P6 75.96 5.58 18.46 τ5-Al7.2Fe1.8Si

8.0 µm
P7 70.72 8.32 20.96 θ-Fe(Al, Si)3
P8 75.98 5.26 18.76 τ5-Al7.2Fe1.8Si
P9 75.82 5.56 18.62 τ5-Al7.2Fe1.8Si

11.2 µm
P10 68.95 10.79 20.26 θ-Fe(Al, Si)3
P11 75.39 5.68 18.93 τ5-Al7.2Fe1.8Si
P12 75.86 5.82 18.32 τ5-Al7.2Fe1.8Si



Coatings 2024, 14, 1219 7 of 17

Figure 4a2–d2 shows the element distribution at the Fe/Al interface of the joints with
different ultrasound amplitudes. From the steel side to the weld seam, the content of
Fe element decreased while the content of Si and Al elements increased. Fe, Si, and Al
elements gathered at the interface and reacted to form Al-Fe-Si compounds. No significant
difference was observed in element diffusion under different ultrasound amplitudes.

Figure 5 shows the microstructure of the weld seam under different ultrasonic ampli-
tudes. Compared with the absence of ultrasonic vibration, the grain size of the weld seam
was refined when the ultrasonic amplitude was 4.8 µm. When the ultrasonic amplitude
increased to 8.0 µm, the grain size in the weld seam was smaller, and the distribution of the
microstructure was more uniform. In the process of laser welding brazing, the energy field
of ultrasonic vibration was transferred to the molten pool, and then acoustic cavitation
and streaming were created in the liquid metal, which agitated the liquid metal during
solidification, resulting in the modification and refinement of the microstructure. Grain
refinement can enhance the strength and toughness of the weld seam. When the ultrasonic
amplitude increased to 11.2 µm, the grain of the weld seam was not further refined due
to the upper threshold value of ultrasonic vibration. Therefore, applying ultrasonic vibra-
tion in the laser welding-brazing process can refine the grain of the weld seam, and this
refinement effect reached the optimal when the ultrasonic amplitude was 8.0 µm.
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3.3. Hardness Analysis

Figure 6 shows the hardness distribution of the joints under different ultrasonic
amplitudes. The hardness of the 6061 Al alloy was about 55 HV, and the hardness of Q235
steel was about 155 HV. The hardness at the center of the weld seam was higher than that
of the 6061 Al alloy but lower than that of the Q235 steel. Among them, the hardness
of the interface reaction layer reached the optimum due to the higher hardness of the
θ-Fe(Al, Si)3 phase and τ5-Al7.2Fe1.8Si phase. Meanwhile, the hardness of the weld seam
increased after applying ultrasonic vibration in the process of laser welding brazing. This
was because, under the action of ultrasonic vibration, the liquid molten pool decomposed
and recombined at the grain boundaries due to the shear stress resulting from damping.
Finally, the grain boundaries became finer, and the hardness of the weld seam increased.
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3.4. Tensile Strength Analysis

Figure 7 shows the tensile strength of the laser welding-brazing joints under different
ultrasonic amplitudes. The tensile strength of the joints without ultrasonic vibration was
192 MPa. The tensile strength of the joints first increased and then decreased slightly,
reaching a maximum of 227 MPa when the ultrasonic amplitude was 8.0 µm. The variation
trend in the tensile properties was consistent with the microstructure analysis results. The
grain size of the weld seam in the joint was the finest, and the thickness of the IMCs layer
was the smallest when the ultrasonic amplitude was 8.0 µm. During the solidification
process of the joint, the stress is non-uniform in the grain boundaries. Ultrasonic vibration
can remove this non-uniformity and improve the crystal strength. Meanwhile, ultrasonic
vibration can also enhance the strength of the joint by changing the intergranular interface
and grain boundary orientation.
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Figure 8 shows the fracture location and morphology of the joint under different
ultrasonic amplitudes. The fracture of the joint with ultrasonic amplitudes of 0 and 4.8 µm
began at the weld seam and extended to the interface reaction zone at the steel side, as
shown in Figures 8a1 and 8b1. The Al-Si eutectic phase in the weld seam presented a long
strip shape, and the thickness of the IMCs at the interface was large under these parameter
conditions. These two brittle and hard compounds are prone to becoming crack sources,
causing fracture of the joint. Figures 8a2 and 8b2 present a typical mixed fracture with
cleavage steps and tearing edges.



Coatings 2024, 14, 1219 9 of 17

Coatings 2024, 14, x FOR PEER REVIEW 9 of 19 
 

 

 
Figure 7. Tensile strength of joints under different ultrasonic amplitudes. 

Figure 8 shows the fracture location and morphology of the joint under different ul-
trasonic amplitudes. The fracture of the joint with ultrasonic amplitudes of 0 and 4.8 μm 
began at the weld seam and extended to the interface reaction zone at the steel side, as 
shown in Figure 8a1 and Figure 8b1. The Al-Si eutectic phase in the weld seam presented 
a long strip shape, and the thickness of the IMCs at the interface was large under these 
parameter conditions. These two brittle and hard compounds are prone to becoming crack 
sources, causing fracture of the joint. Figure 8a2 and Figure 8b2 present a typical mixed 
fracture with cleavage steps and tearing edges. 

 
Figure 8. Fracture position and fracture morphology of the joint under different ultrasonic ampli-
tudes: (a1,a2) 0 μm; (b1,b2) 4.8 μm; (c1,c2) 8.0 μm; (d1,d2) 11.2 μm. 
Figure 8. Fracture position and fracture morphology of the joint under different ultrasonic amplitudes:
(a1,a2) 0 µm; (b1,b2) 4.8 µm; (c1,c2) 8.0 µm; (d1,d2) 11.2 µm.

Figures 8c1 and 8d1 show that the fracture of the joint was located in the heat-affected
zone (HAZ) of the Al alloy side when the ultrasonic amplitude was 8.0 and 11.2 µm,
respectively. Under the action of ultrasonic vibration, the thickness of the IMCs at the
interface decreased significantly, and the microstructure in the weld seam was uniform
and fine, which resulted in its good toughness. However, the Al alloy was affected by
the welding thermal cycle and then aged; thus, it underwent shrinkage and fracture
during tensile testing. From Figures 8c2 and 8d2, uniform and fine ductile dimples were
distributed in the fracture, which exhibited typical ductile fracture. Hence, with the
ultrasonic amplitude increasing, the weak point of the joint shifted from the interface zone
on the steel side to the HAZ on the Al alloy side.

3.5. Corrosion Resistance Analysis

Figure 9 shows the dynamic potential polarization curves of the joint in a 3.5% NaCl
solution under different ultrasound amplitudes. The self-corrosion potential Ecorr and
self-corrosion current density Icorr were measured by fitting the polarization curves using
the Cview software (version 3.0), and the parameters of the corresponding electrochemical
measurements are listed in Table 4. From Figure 9, it can be seen that the joint passivated
multiple times during the corrosion process, with a passivation zone ranging from −1.03 V
to −0.69 V. This was attributed to the slow dissolution rate of the passivation film on the
surface of the joint during the early stage of corrosion. As the corrosion potential and
corrosion current increased, the dissolution rate of the passivation film increased, and
the passivation film began to rupture. The self-corrosion potential reflects the difficulty
or ease of corrosion in the joint, and the larger the self-corrosion potential, the less likely
the corrosion is. The self-corrosion current density reflects the actual corrosion rate of the
joint during the corrosion process; the lower the corrosion current density, the lower is the
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corrosion rate [26,27]. From Table 4, it can be observed that as the ultrasound amplitude
increased from 0 µm to 11.2 µm, the self-corrosion potential of the joint first increased
and then decreased, whereas the self-corrosion current density first decreased and then
increased. When the ultrasonic amplitude was 8.0 µm, the self-corrosion potential was a
maximum of −0.9623 V, the self-corrosion current density was a minimum of 3.9032 × 10−6,
and the corrosion resistance of the joint was optimal. Under this condition, the grain size
of the joint was the smallest. The refinement of grains increased the number of grain
boundaries per unit volume, which resulted in more active sites at the grain boundaries
participating in corrosion reactions. These active sites can effectively hinder the infiltration
of corrosive agents, thereby improving the corrosion resistance of the joint [28,29]. In
addition, fine grains can reduce the stress concentration to prevent crack formation and
propagation, which indirectly improves the corrosion resistance.
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Table 4. Self-corrosion potential and self-corrosion current density of joints under different ultrasonic
amplitudes.

Ultrasonic Amplitude Self-Corrosion Potential
Ecorr/V

Self-Corrosion Current
Density Icorr/A·cm−2

0 µm −1.1233 9.3703 × 10−5

4.8 µm −1.1042 5.9486 × 10−6

8.0 µm −0.9623 3.9032 × 10−6

11.2 µm −1.0661 5.2355 × 10−6

Figure 10 shows the EIS diagram of the joints under different ultrasonic amplitudes.
The capacitance arc radius enlarged with an increase in the ultrasound amplitude, as shown
in the Nyquist diagram in Figure 10a. Some researchers have reported that the capacitive
arc radius of a joint represents its corrosion resistance. The larger the capacitive arc radius,
the better the corrosion resistance of the joint [30–32]. From the figure, when the ultrasonic
amplitude was 8.0 and 11.2 µm, the capacitive arc radius was large, and the corresponding
corrosion resistance was optimum. This is because a dense oxide film forms on the surface
of the metal under the effect of ultrasonic vibration. The presence of an oxide film not
only prevents the joint from being corroded further, but also protects the joint from being
corroded by other substances.
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The relationship between the phase angle and the frequency of the Bode is shown
in Figure 10b. The capacitive arc in the low-frequency region was generated by surface
corrosion of the electrode, and the phase angle increased first and then decreased slightly
with the increase in ultrasonic amplitude. Some scholars have pointed out that a larger
phase angle implies a more homogeneous current distribution and lower corrosion rate [33].
When the ultrasonic amplitude was 8.0 µm, the phase angle of the joint reached the
maximum, which suggested that the corrosion resistance of the joint was optimal.

Figure 10c shows the relationship between Bode-|Z| and frequency. In general, a
high value of |Z| in the low-frequency region indicates the superior corrosion resistance
of the joint. When the ultrasonic amplitude was 8.0 µm, the |Z| value of the joint was the
largest, which meant that the corrosion resistance of the joint was the optimum.

Figure 10d shows an equivalent circuit diagram that simulates the formation process
of the passivation film. Where Rs represents the solution resistance, Rct represents the
charge transfer resistance, CPE represents the constant phase element of the double charge
layer capacitor, and W represents the angular frequency. Based on the equivalent circuit
diagram, the curve in Figure 10a was fitted using Zview software to obtain the data in
Table 5. It is suggested that Rct represents the charge transfer rate of the joint; the larger
the Rct, the slower the charge transfer and the better the corrosion resistance [34]. Research
has shown that the value of n is related to the passivation film on the surface of the joints.
The more corrosion products on the surface of the joint, the larger the surface roughness
and the smaller the n value, which results in poorer corrosion resistance [35]. When the
ultrasonic amplitude was 8.0 µm, the Rct of the joint was a maximum of 3248 Ω·cm2, and n
was a maximum of 0.90, which meant that the corrosion resistance of the joint was the best.
This result is consistent with that of Nyquist and Bode.
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Table 5. EIS fitting results of joints under different ultrasonic amplitudes.

Ultrasonic
Amplitude

Rs
(Ω·cm2)

Rct
(Ω·cm2)

CPE1
(Ω−1·Sn·cm−2 × 10−5) n

0 µm 4.812 921 53.90 0.81
4.8 µm 3.857 2216 48.32 0.85
8.0 µm 4.574 3248 29.34 0.90
11.2 µm 4.236 2935 35.63 0.82

3.6. Corrosion Resistance Mechanism Analysis

To further confirm the corrosion mechanism of the joints, the compositions of the
passivated films on the surface of the joints were analyzed by XPS. Figure 11 shows the
XPS elemental spectra of the passivated films on the surface of the joint without ultrasonic
vibration and with an ultrasonic amplitude of 8.0 µm. As shown in Figure 11, regardless of
whether ultrasonic vibration was applied, the elemental composition of the passivation
film did not change. The elements with strong signal peaks were mainly C, O, Fe, Al, and
Si, which indicated that the main components of the passivation film were oxides of Fe, Al,
and Si. The C element was used to check other peaks, and all XPS data were rectified based
on a C1s bonding energy of 284.8 eV.
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Figures 12–14 show the fitting results of the Fe2p, Al2p, and Si2p peaks for the passi-
vation film on the surface of the joint without ultrasonic vibration and with an ultrasound
amplitude of 8.0 µm, respectively. It can be seen from Figure 12 that the Fe2p peak consisted
of two peaks: Fe2+ and Fe3+. Therefore, the main oxides in the passivation film were FeO
and Fe2O3. When ultrasonic vibration was not applied (see Figure 12a), the Fe2+ (710.67 eV)
content was higher, and the Fe3+ (713.12 eV) content was lower in the passivation film.
When the ultrasonic amplitude was 8.0 µm (see Figure 12b), the Fe3+ (713.55 eV) content in
the passivation film increased. Usually, the corrosion rate of the joint accelerates, and its cor-
rosion resistance decreases as Fe3+ is reduced to Fe2+ in the passivation film. This indicates
that ultrasonic vibration inhibited the transformation of Fe3+ to Fe2+ in the electrochemical
corrosion process, thereby improving the corrosion resistance of the joint.

Figure 13 shows that Al2p is composed of two Al3+ ions in the passivation film. It can
be seen from Figure 13a that there are two peaks of Al3+2p3/2 (74.23 eV) and Al3+2p1/2
(74.91 eV) in the Al2p orbitals of the joint without ultrasound vibration. Figure 13b shows
that the Al2p orbital has two peaks of Al3+2p3/2 (73.72 eV) and Al3+2p1/2 (74.29 eV) when
the ultrasonic amplitude was 8.0 µm. Based on the O1s peak and XPS database, the main
component of the oxide film was Al2O3.

From Figure 14, the Si2p spectrum consists of three peaks in the passivated film. The
main peaks in the Si2p orbitals of the passivation film without ultrasound vibration were
Si4+ (101.90 eV), SiOx (99.85 eV), and the simple substance Si (98.66 eV), as shown in Figure.
The main peaks in the Si2p orbitals with an ultrasound amplitude of 8.0 µm were Si4+

(101.90 eV), SiOx (100.06 eV), and the simple substance Si (98.53 eV), as shown in Figure 14b.
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Comparing Figure 14a with Figure 14b, the application of ultrasonic vibration reduced the
peak area and peak intensity of the simple substance Si but increased the peak area of SiOx,
which suggested that ultrasonic vibration promoted the reaction among Si, Fe, and Al.
Thus, the Fe-Al-Si compounds replace the Fe-Al compounds at the interface of the joints.
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(b) with the ultrasound amplitude of 8.0 µm.

The scanning vibration electrode testing (SVET) technology was used to analyze the
local solution potential gradient on the surface of the joint without ultrasound after soaking
for 0–4 h; the result is shown in Figure 15. The dimension of the sample was 1 mm × 1 mm.
The figure on the left is a scanned two-dimensional plan view, which reflects the gradient
distribution of current density in different areas of the joint in a 3.5 wt. % NaCl solution.
The figure on the right is a three-dimensional diagram, where the red part represents the
anode region of the positive current and the blue part represents the cathode region of the
negative current. As shown in the figure, the values of the micro-cathode and micro-anode
on the joint fluctuated with increasing soaking time because of general corrosion on the
surface of the metal in the activated state.
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When the soaking time was 0 h, the initial stage of corrosion is shown in
Figure 15(a1,a2), and the anode current peak was small. Because pitting corrosion ap-
peared on the surface of the joint under the erosion of Cl− during the initial stage of
corrosion, the passivated film formed, but it was thin and uneven, which resulted in un-
even current peaks. After soaking for 1 h, as shown in Figure 15(b1,b2), the anode current
density in the micro area increased from 0.6850 mA/cm2 to 0.7980 mA/cm2 and the anode
current peak increased. This indicates that a dense and stable passivated film formed on
the surface of the joint. When the soaking time was 2 h, the anode current density was
0.7220 mA/cm2, as shown in Figure 15 (c1,c2). It can be concluded that the anode current
density changed slightly, and the current peak in the micro area of the joint was relatively
uniform. This indicates that the corrosion rate in the micro area was constant at this time,
and the joint was in a stable corrosion state. When the soaking time was 4 h, as shown
in Figure 15(d1,d2), the anode current density decreased rapidly to 4.940 × 10−4 mA/cm2.
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Due to the prolonged soaking time, a stable passivation film formed on the surface of the
joint, which inhibited further corrosion.

Figure 16 shows the measurement images of the joint with an ultrasonic amplitude
of 8.0 µm measured by SVET under different soaking times. When the soaking time was
0 h, compared with the non-ultrasonic joint sample, the anode current density in the micro
area of the joint decreased from 0.6850 mA/cm2 (see Figure 15(a1,a2)) to 0.6460 mA/cm2

(see Figure 16(a1,a2)). This indicates that the initial corrosion resistance of the joint was
improved after the application of ultrasonic vibration. When the soaking time increased
from 1 h to 4 h (as shown in Figure 16(c1,c2) and Figure 16(d1,d2)), the anode current
density in the micro area changed little. After adding ultrasonic vibration, there was a
stirring effect on the weld seam; thus, the microstructure was refined, and the elemental
distribution was more uniform. The refined and uniform microstructure resulted in a
relatively stable corrosion resistance rate of the joint. Therefore, compared with the joint
without ultrasonic vibration in Figure 15, the joint with ultrasonic vibration had a slower
corrosion rate and better corrosion resistance. On the one hand, it was ascribed to the
refinement and homogenization of the microstructure of the joint. On the other hand, a
dense oxide film was easily formed on the surface of the joint under the action of ultrasonic
vibration, thereby suppressing the corrosion rate of the joint.
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4. Conclusions

6061 Al alloy and Q235 steel were joined using laser welding brazing assisted by ultra-
sonic vibration. The effects of different ultrasonic amplitudes on the macro morphology,
microstructure composition, mechanical properties, and corrosion resistance of the joints
were studied. The main conclusions are as follows:

1. Applying an ultrasonic vibration into the process of laser welding brazing, the surface
tension of the molten pool was reduced, and the fluidity of liquid metal was improved.
The weld appearance was optimal with an ultrasonic amplitude of 8 µm.

2. Al alloy/steel laser joints assisted were composed of θ-Fe(Al, Si)3 and τ5-Al7.2Fe1.8Si
formed at the interface reaction zone as well as α-Al solid solution and Al-Si eutectic
phase generated in the weld seam zone. The addition of ultrasonic vibration did not
change the microstructure composition of the joints, but decreased the thickness of
the IMC layers and refined the grains of the joints.

3. The microhardness and tensile strength first increased and then decreased with an
increase in the ultrasonic amplitude. When the ultrasonic amplitude was 8 µm, both
the hardness and tensile strength were maximized as a result of the grain refinement
in the weld seam and the thickness reduction of IMCs.

4. The corrosion resistance of the joints was improved by adding ultrasonic vibration.
When the ultrasonic amplitude was 8 µm, its corrosion resistance was optimum; this
was ascribed to a dense oxide film forming on the surface of the metal under the
action of ultrasonic vibration.
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