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Abstract: The microstructure and mechanical properties of electrically assisted brazing (EA-brazing)
joints of aluminum alloy 6061-t6 (AA6061-t6) and S45C steel are experimentally investigated. During
the EA-brazing process, an electric current is directly applied to the cylindrical specimen assembly
(S45C and AA6061-t6) and fillers of 88% Al and 12% Si (in the middle of the specimen assembly). The
temperature of the specimen assembly rises rapidly to the melting point of the filler and remains
nearly constant for a period of time using a pulsed electric current. Two types of EA-brazing joints
are fabricated, namely Joint-0s (no temperature holding time) and Joint-12s (12 s temperature holding
time). The characteristics of the intermetallic compounds (IMCs) formed at the EA-brazing joint
interface are analyzed using scanning electron microscopy and energy dispersive spectrometer.
Compared to Joint-0s, the Fe-rich IMCs (FeAl) are observed at the interface of Joint-12s due to the
12 s temperature holding time. In addition, the microstructural analysis shows that the thickness of
the diffusion layer increases with increasing temperature holding time. The mechanical properties of
the EA-brazing joints are evaluated using bending tests. The results of the mechanical test show that
the strength of Joint-12s is higher than that of Joint-0s.

Keywords: electrically assisted brazing; aluminum alloys; steel; mechanical properties

1. Introduction

In recent years, lightweight composite structures have attracted significant attention
since they can reduce environmental pollution and unnecessary energy waste. Steel and
aluminum (Al) alloys are the most widely used alloys in the modern manufacturing
industry. Even though steel has the advantages of low price, good weldability, and better
mechanical properties, its poor corrosion resistance and heavy weight limit its application
in lightweight structures. In contrast, Al alloys with the advantages of light weight and
good corrosion resistance can overcome the weakness of steel. Therefore, the Al-steel
composite structure, which possesses excellent advantages and performance, has wide
applications in the automobile, aerospace, and railway industries [1,2]. Unfortunately,
the joining of these two alloys imposes complications due to the vast differences in their
physical and chemical properties.

To date, joining steel and Al alloys is still an enormous challenge. Previous works
show two main joining methods of steel and Al alloys: conventional fusion welding and
solid-state joining [3,4]. Some studies show that the conventional fusion welding of steel
and Al alloys leads to the formation of large brittle intermetallic compounds (IMCs), which
are detrimental to the mechanical properties of the joint [5–7]. In addition, fusion welding
technologies can lead to the formation of residual stress inside the joints because they
require extensive heat to melt the base metals, which significantly reduces the mechanical
properties of the joint. In contrast, solid-state welding (without melting the base metals)
has been employed for joining dissimilar metals of steel and Al alloys, such as explosive
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welding, friction stir welding, and electrically assisted pressure joining. However, the
shape and size of these solid-state joining joints are extremely restricted [8–10]. Explosion
welding, which requires large plastic deformation to join workpieces, is generally limited to
welding components with a high-ductility material [11]. A rotating tool is used to generate
frictional heat to plasticize and stir the materials in the friction stir welding process [12].
To summarize, these solid-state welding techniques require large plastic deformations to
join metals during the welding process. Unfortunately, it is necessary for welding very thin
metal sheets to protect the workpiece from large plastic deformations during the welding
process. These above solid-state welding technologies cannot overcome this shortcoming,
which requires deformation.

As a solid-state welding technology, brazing is becoming popular for joining very thin
metal sheets with dissimilar materials to avoid the formation of large amounts of IMCs in
the fusion welding process and to reduce residual stress. Also, compared with other solid-
state welding technologies, brazing processes possess several advantages, such as rapid and
local heating, minimal formation of IMCs, and non-essential large plastic deformation of
the workpiece due to lower heat input [13]. Liu et al. [14] reported that a joint of 1060 Al
and stainless steel using Al–Si–Cu filler metal was fabricated successfully using the brazing
process. Yang et al. [15] found that the different content of Zirconium (Zr) in Al-based filler
has an important influence on the brazing joint of 6061 Al alloy to 304 stainless steel. Dong
et al. [16] researched the effect of the IMC layer at the joint interface on the strength of steel/Al
TIG welding-brazing using different types of filler metal in lap joints. However, current
brazing technologies, such as MIG arc brazing [17] and laser brazing [18], require expensive
and complex equipment to join workpieces with simple shapes.

Electrically assisted brazing (EA-brazing) is one kind of brazing (solid-state weld-
ing) process which employs heat resistance to join metals. In EA-brazing, direct current
is employed to melt the filler. EA-brazing possesses several technical advantages over
conventional brazing, such as cost-effective process facilities, much shorter process times (a
few seconds), and electrodes with different shapes to join complex-shaped workpieces. In
the EA-brazing process, an electric current is directly applied to melt the filler and join the
specimens under a small amount of static load used to fix the specimens and filler. Previous
research indicated that direct current in the EA-brazing process can promote the diffusion
of metal elements due to the directional flow of electrons [19]. In addition, the energy loss
to the environment is less in EA-brazing compared with induction heating. The EA-brazing
of steel and Al alloys employs fillers to diffuse elements between both dissimilar metals
during welding. Therefore, for the brazing of steel and Al alloys, filler plays an important
role in the joining process [20].

In the present investigation, we explored the unique features of EA-brazing of S45C
and AA6061-t6 using Al-based filler metals. The microstructure of the EA-brazing joints was
observed by using optical microscopy and a field emission scanning electron microscope.
Also, the elemental diffusion at the joint interface between the filler and specimens (S45C
and AA6061-t6) was studied. Finally, the mechanical properties of the EA-brazing joints
were analyzed.

2. Experimental Process

The specimens employed in the present study are cylindrical bulk metals of S45C
and AA6061-t6 with a diameter of 15 mm and a height of 10 mm (Figure 1). The chemical
compositions of the base materials (S45C and AA6061-t6) and the filler metal (Al718) are
listed in Table 1. Prior to the EA-brazing experiments, the joining surfaces of the specimens
were carefully polished using 320-grit and 600-grit sandpapers to remove the rust (on S45C
steel) and oxide layers (on AA6061-t6). Finally, the specimens were thoroughly cleaned
with acetone to remove any grease or dirt.

To prepare EA-brazing, the Al-based filler (0.1 mm thick) was cut into approximately
circular shapes with an identical diameter as the EA-brazing specimens. A custom-made
fixture was installed in a servo press machine, as schematically shown in Figure 2. Resis-
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tance heating was generated by direct current, which was produced using a programmable
welder (VADAL SP-1000U, Hyosung, Seoul, Republic of Korea). A pair of electrodes was
made of tool steel. To form a closed-loop circuit (the electrode, specimens, and direct
current supply device), Bakelite insulators were placed between the electrode and the servo
press machine.
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Table 1. The nominal chemical compositions of the base materials (alloying elements, wt%).

Fe Al Ni Mn Cu Si P C S Zn Ti

S45C Bal. -- 0.2 0.6 0.25 0.15 0.03 0.42 0.035 -- --
AA6061-T6 0.7 Bal. -- 0.15 0.15 0.4 -- -- -- 0.25 0.25
Al718 filler -- Bal. -- -- -- 12 -- -- -- -- --
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During EA-brazing, the filler was placed at the interface between the two brazing
specimens. A preload of 1000 N was applied to fix the specimen assembly to ensure good
contact between the brazing specimens and electrodes. A direct current was applied to the
specimen assembly and filler during the EA-brazing process, as shown in Figure 3.
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The electric current parameter combination (Table 2) is divided into two parts: a con-
tinuous electric current and a pulsed electric current. In the beginning, a continuous electric
current was applied to raise the temperature to the melting point of the filler. Afterwards,
several cycles of pulsed electric current were applied to the specimen assembly to maintain
the temperature and promote elemental diffusion between the filler and specimens. In
this study, two electric current parameter combinations were considered: only continuous
electric current (no holding time) and continuous electric current plus nine cycles of pulsed
electric current (holding time of 12 s). Since the compositions and physical properties of
AA6061-t6 are similar to those of the filler, the temperature of the AA6061-t6 during joining
was continuously monitored and recorded using an infrared thermal imaging camera
(FLIR-T621, FLIR, Antennvägen, Sweden).

Table 2. Electric current parameters of joining experiments.

Step Current Duration
(s)

Current Intensity
(kA)

Pulse Period
(s)

Total Time
(s)

Continuous
current 5 3.8 0 5

Pulsed
current 1.1 1.65 1.5 12

After the brazing experiment, the cross-sectional specimens were cut along the height
direction at the center of the EA-brazing joints for microstructural observation. Firstly,
optical microscopy (OM) (DM2700 M, Leica Corp., Wetzlar, Germany) was employed to
observe whether there were defects in the joining interface of the EA-brazing joints. To
further study the joining interfaces of the EA-brazing joints, their microstructures were
examined using a field emission scanning electron microscope (FE-SEM: SU70, Hitachi,
Hitachi-shi, Japan); moreover, the elemental contents at the joint interface were analyzed
using an energy dispersive spectrometer (EDS: X-Max50, Horiba, Kyoto, Japan).

To further analyze the mechanical properties of the EA-brazing joints of S45C and
AA6061-t6, the hardness properties of the EA-brazing joint of S45C and AA6061-t6 was
evaluated using a Vickers indenter (HM-100, Mitutoyo, Kawaguchi, Japan) with a load
of 2.94 N and a dwell time of 10 s. In addition, the EA-brazing joints were fixed on a
homemade fixture (Figure 4), and their bending tests were performed using a universal
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testing machine (Jianzhuo Instrument Technology Co., Ltd., Suzhou, China). Cross-sections
of the shear-tested EA-brazing joint were observed by SEM and analyzed by EDS.

Coatings 2024, 14, x FOR PEER REVIEW 5 of 11 
 

 

Hitachi-shi, Japan); moreover, the elemental contents at the joint interface were analyzed 
using an energy dispersive spectrometer (EDS: X-Max50, Horiba, Kyoto, Japan). 

To further analyze the mechanical properties of the EA-brazing joints of S45C and 
AA6061-t6, the hardness properties of the EA-brazing joint of S45C and AA6061-t6 was 
evaluated using a Vickers indenter (HM-100, Mitutoyo, Kawaguchi, Japan) with a load of 
2.94 N and a dwell time of 10 s. In addition, the EA-brazing joints were fixed on a home-
made fixture (Figure 4), and their bending tests were performed using a universal testing 
machine (Jianzhuo Instrument Technology Co., Ltd., Suzhou, China). Cross-sections of 
the shear-tested EA-brazing joint were observed by SEM and analyzed by EDS. 

 
Figure 4. (a) Designed fixture for bending test; (b) schematic of the bending test of EA-brazing 
joints. 

3. Results and Discussion 
The AA6061-t6 temperature histories of Joint-0s and Joint-12s during EA-brazing 

were recorded, as shown in Figure 5. The temperature recorded at both EA-brazing joints 
increased from room temperature to 575 °C, which was lower than the melting point of 
AA6061-t6. The difference between both EA-brazing joints is that the temperature of Joint-
12s was maintained between 550 °C and 575 °C for 12 s during the whole EA-brazing 
process time. Figure 6 shows that both EA-brazing joints with different temperature hold-
ing times were almost identical in appearance. Moreover, it can be seen that part of the 
filler was squeezed out between the steel and Al alloys during EA-brazing due to the ther-
mal expansion of the specimens, which is why the temperature of Joint-12s cannot be kept 
constant. 

 
Figure 5. Maximum temperature histories during the EA-brazing process. 

Figure 4. (a) Designed fixture for bending test; (b) schematic of the bending test of EA-brazing joints.

3. Results and Discussion

The AA6061-t6 temperature histories of Joint-0s and Joint-12s during EA-brazing were
recorded, as shown in Figure 5. The temperature recorded at both EA-brazing joints increased
from room temperature to 575 ◦C, which was lower than the melting point of AA6061-t6. The
difference between both EA-brazing joints is that the temperature of Joint-12s was maintained
between 550 ◦C and 575 ◦C for 12 s during the whole EA-brazing process time. Figure 6 shows
that both EA-brazing joints with different temperature holding times were almost identical in
appearance. Moreover, it can be seen that part of the filler was squeezed out between the steel
and Al alloys during EA-brazing due to the thermal expansion of the specimens, which is
why the temperature of Joint-12s cannot be kept constant.
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The cross-sections of both Al-steel dissimilar joints fabricated by the EA-brazing
process are shown in Figure 7a,b. A clear interface between the steel and Al alloys was
found in both EA-brazing joints. In addition, a few defects of various sizes (average
size: 82.5 ± 9.3 µm) were observed at the Al/steel interfaces and characterized with an
approximate ellipse, as marked by white rectanglein in Figure 7. One reason for the
formation of voids on the surface of Al alloys is the poor contact between the specimens
and the filler, which resulted in an excessive local temperature. Since the melting point of
Al alloys is significantly lower than that of steel, the generation of high temperatures can
cause the local melting of AA6061-t6 at the joining surface. The shrinkage of the melted
filler during re-solidification is another cause of the defects at the joint interface [21]. Even
so, the microscope defects were not observed in most interface areas of either joint.
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holding time of 12 s).

To further evaluate the joining area where no defects were observed by OM, the SEM
images (Figures 8a and 9a) of the cross-section of both EA-brazing joints were analyzed. These
results revealed that no microscopic defects were observed at the interface of either joint. Also,
a distinct interlayer with different colors between the S45C steel (bright region) and AA6061-t6
(dark region) was observed at the interfaces of both the EA-brazing joints. The interlayer on
the steel side at the interface of both joints between Al and steel (Figures 8a and 9a) had a
relatively smooth boundary. In contrast, the interlayer on the Al alloy slide at the Al/steel
interfaces of Joint-0s and Joint-12s observed from the two SEM images present an evident
difference in shape. The interlayer of Joint-12s (Figure 9a) at the Al alloy side formed a more
significant needle-like shape compared with that of Joint-0s. This could be explained by the
fact that elements of Joint-12s at the interface of the filler and AA6061-t6 were promoted to
diffuse due to more heat input caused by the 12 s holding time [22].

The elemental compositions of the layers of both the EA-brazing joints (Figures 8a and 9a)
were identified by EDS point scans, as listed in Table 3. Based on the analysis of elemental
compositions, the layers at the Al/steel interface of Joint-0s and Joint-12s can be confirmed
as an Al/Fe IMC layer [23]. The results of the element analysis indicated that the Si of
the IMC layers in both EA-brazing joints at representative locations (P1, P2, and P3) had
lower concentrations than the filler layer, which suggested that the filler layer disappeared
after the EA-brazing experiment. As mentioned in the experimental process, the filler with
0.1 mm thick used in the EA-brazing experiment was very thin. Most of the filler was
squeezed out during the experiment process. Therefore, the reason for the disappearance
of the filler can be explained as the element diffusion between the less remaining filler and
base materials during the EA-brazing of steel and Al alloys. Combined with the Al-Fe
phase diagram [24,25], the possible phases of the IMC layer of Joint-0s and Joint-12s can
be deduced, as listed in Table 3. The possible phases of Joint-0s are mainly brittle Al-rich
IMCs (Fe2Al5, FeAl2, and FeAl3). However, the possible phases of Joint-12s are composed
of Fe-rich IMCs (FeAl) and Al-rich IMCs (Fe2Al5, FeAl2 and FeAl3). With increasing
the temperature holding time, more quantities of Fe elements diffuse into the filler layer
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and form the Fe-rich IMCs. Previous studies have indicated that Fe-rich IMCs cannot
cause damage to the mechanical properties of the joints of steel and Al alloys [26,27]. The
EDS line scans of both the EA-brazing joints with different temperature holding times
are shown in Figures 8b and 9b. The concentrations of three different elements (Fe, Al,
and Si) gradually change within three different zones (S45C, AA6061-t6, and IMC layer)
for both the EA-brazing joints. Based on the changes in the element concentration, the
thickness of the IMC layer at the interface of both ES-brazing joints can be approximately
evaluated. The thickness of the IMC layer of Joint-12s with a temperature holding time
(approximately 9.3 µm) is much larger than that of Joint-0s without a temperature holding
time (approximately 6.8 µm). This result indicates that increasing the temperature holding
time can significantly enhance the elemental diffusion at the faying surface of the base
materials and filler [28].

Table 3. EDS analysis results of the IMC layers (at.%).

Joining Condition Location
Compositions (at.%)

Possible Phase
Al Fe Si

Joint-0s
P1 76.65 21.61 1.74 FeAl3, FeAl2
P2 73.72 24.04 2.24 FeAl3, FeAl2
P3 62.13 36.69 1.18 Fe2Al5

Joint-12s
P1 72.66 26.21 1.13 FeAl3, FeAl2
P2 58.72 40.04 1.24 Fe2Al5
P3 50.25 47.96 1.79 FeAl
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The mechanical properties of the EA-brazing joints were evaluated using the hardness
and bending tests. The microhardness profiles of both EA-brazing joints (Figure 10a) were
approximately identical. For both EA-brazing joints, no significant change in hardness was
found on the steel side compared with BM S45C (248 ± 9.8 HV). However, the hardness on
the Al alloy side (78.5 ± 3.6 HV) was lower than that of BM AA6061-t6 (110 ± 4.2 HV). This
softening BM AA6061-t6 could be understood as the dissolution of precipitates caused by
the elevated temperature (575 ◦C) [22]. As shown in Figure 10b, the shear load and IMC
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layer thickness were simultaneously enhanced by increasing the holding time. The shear
load of Joint-12s (1260 ± 48 N) was higher than that of Joint-0s (1090 ± 42 N) due to the
temperature holding time of 12 s. The thickness and type of IMCs are responsible for the
mechanical properties of EA-brazing joints of steel and aluminum alloys. An IMC layer that is
too thick (greater than 10 µm) tends to cause fatigue crack initiation [13]. In addition, a large
amount of embrittlement IMCs, such as FeAl2, FeAl3, and Fe2Al5, can significantly reduce
the strength of the joint [16]. Therefore, the mechanical properties of the joints of steel and
Al alloys can be optimized by adjusting the thickness and type of the IMCs. In this present
study, the higher mechanical properties of Joint-12s depend on the relatively thick IMC layer
(smaller than 10 µm) and the existence of Fe-rich IMCs (FeAl) compared with Joint-0s [29,30].
The SEM images of the cross-section and corresponding EDS line scanning of the broken
Joint-12s are shown in Figure 11. Almost no residual IMCs (Figure 11a,b) were observed on
the fracture surface at the S45C steel side; in contrast, the thickness of the remaining IMC layer
(Figure 11c,d) on the AA6061-t6 side was measured to be approximately 8.2 µm. Therefore, the
bending fracture failure of Joint-12s mainly occurred at the interface between the S45C steel
and the IMC layer. This result could be explained by the mechanical interlocking structures
formed by the IMCs with needle-like shapes and AA6061-t6.
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4. Conclusions

In the present work, EA-brazing of S45C steel and 6061-t6 Al alloy was carried out with
different temperature holding times. The results of the microstructure analysis indicated
that an IMC layer was formed by the mutual diffusion of elements in the Al alloys, steel,
and filler in the EA-brazing process. Except for the brittle IMCs (FeAl3 and Fe2Al5) present
in both joints, the Fe-rich IMCs (FeAl) were observed at the interface of Joint-12s. The
thickness of the IMC layer was improved by increasing the temperature-holding time. The
comprehensive results of mechanical testing and microstructure analysis suggested that a
thicker IMC layer and Fe-rich IMCs appeared to be the leading reason for the improvement
in the strength of Joint-12s.
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