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Abstract: According to the differences in melting point between aluminum alloy and steel, 6013-T4 aluminum alloy was joined to
galvanized steel by large spot Nd:YAG laser + MIG arc hybrid brazing-fusion welding with ER4043(AlISi5) filler wire. The
microstructures and mechanical properties of the brazed—fusion welded joint were investigated. The joint is divided into two parts of
fusion weld and brazed seam. There is a zinc-rich zone at fusion weld toe, which consists of a(Al)~Zn solid solution and Al-Zn
eutectic. The brazed seam is the Fe—Al intermetallic compounds (IMCs) layer of 2—4 um in thickness, and the IMCs include FeAl,,
Fe,Alsand FeyAlj;. FeAl, and Fe,Als are located in the compact reaction layer near the steel side, and Fe,Alj; with tongue shape or
sawtooth shape grows towards the fusion weld. The tensile strength of the joint firstly increases and then decreases as the welding
current and laser power increase, the highest tensile strength can be up to 247.3 MPa, and the fracture usually occurs at fusion zone
of the fusion weld. The hardness is the highest at the brazed seam because of hard Fe—Al IMCs, and gradually decreases along the
fusion weld and galvanized steel, respectively.
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1 Introduction

Composite structure of aluminum alloy and
galvanized steel has the higher strength than the
aluminum alloy structure and less density than steel
structure, which is one of important measures to save
energy and reduce emission in the automobile industry.
Generally, the composite structure of aluminum alloy
and galvanized steel are manufactured by welding. But
the fusion welding of aluminum alloy to steel is difficult
because the hard and brittle Fe—Al intermetallic
compounds (IMCs) form in joint, which deteriorates
seriously the mechanical properties of the joint of
aluminum alloy to steel.

According to the difference in melting point
between aluminum alloy and steel, the brazing—fusion
welding technology was developed to join aluminum
alloy to galvanized steel with the high efficiency and
high quality. In brazing—fusion welding process, the filler
metal and the base metal of aluminum alloy melt and
form the fusion weld, and the molten aluminum alloy

spreads on the top surface of the steel plate and form the
brazed joint together with it. The steel does not melt in
welding process, which can effectively prevent the
intermetallic compounds from the formation [1]. Heat
source used in brazing—fusion welding of aluminum
alloy to steel process can be MIG arc [2—4], TIG arc
[5,6], electron beam [7], laser beam [8,9] and laser +
MIG arc [1,10].

In brazing—fusion welding process, the proper and
stable energy input is necessary to make sure that the
steel plate does not melt. Arc welding has the advantage
of low cost, but its power output is not stable and the
welding efficiency is not satisfied with the increasing
requirements in application. In recent years, the
development of laser + arc hybrid welding technology
and its characteristics offer a new way to join aluminum
alloy to steel with high quality and high efficiency. Based
on the principle of brazing—fusion welding and the
characteristics of laser + arc hybrid welding, large spot
laser + MIG arc hybrid brazing—fusion welding was
proposed to join aluminum alloy to galvanized steel
plate. Large spot laser is used to make the MIG welding
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process stable and maintain the constant MIG arc energy
output. In addition, the leading large spot laser can
preheat but not melt the galvanized steel plate to improve
the spreadability of liquid aluminum alloy on its top
surface for overlap joint and obtain the good welding
appearance. MIG arc energy is used to melt filler metal
and the base metal of aluminum alloy, which is the main
brazing—fusion welding heat input, and laser energy
plays an auxiliary role.

Compared with MIG arc brazing—fusion welding,
large spot laser + MIG arc hybrid brazing—fusion
welding process has the stable energy input, good weld
appearance, high quality and high efficiency. Compared
with laser brazing—fusion welding, large spot laser +
MIG arc hybrid brazing—fusion welding can decrease the
requirement on the assembly of workpiece, and then can
reduce the production cost.

In this work, aluminum alloy plate was joined to
galvanized steel plate with ER4043 filler wire by large
spot Nd:YAG laser + MIG arc hybrid brazing—fusion
welding, and the microstructures and mechanical
properties of the brazed—fusion welded joint were
analyzed. The studies in this work can help to understand
laser + MIG arc hybrid brazing—fusion welding
mechanism and characteristics of the brazed—fusion
welded joint.

2 Experimental

The digital MIG arc welding power source was used
in experiments, which can realize the welding mode of
one droplet per pulse. The laser oscillator used in
experiments was Nd:YAG solid laser oscillator pumped
by xenon lamp, and its rated power was 2.0 kW. It
outputs continuous wave laser beam with 1.06 pm in
wavelength transmitted by optical fiber, and the large
laser spot with 5 mm in diameter on the top surface of
aluminum alloy plate was used in experiments.

Laser beam was ahead of MIG arc and vertical with
the top surface of workpiece, the angle between the axis
of laser beam and the welding wire was 27.1° and the
distance from the center of laser spot to the tip of the
welding wire on the top surface of workpiece was 4 mm.
Figure 1 shows the large spot laser + MIG arc hybrid
welding head.

The overlap joint was prepared by laying 6013-T4
aluminum alloy plate of 1 mm thickness on the
galvanized steel plate of 2 mm thickness, and the overlap
length is 10 mm. The welding wire of ER4043 of 1.2 mm
diameter was used as filler metal and its extrusion length
was 12 mm. Argon gas was used as the shielding gas at
the flow rate of 16 L/min. Table 1 shows nominal
chemical composition of the filler metal and the base
metal of aluminum alloy.

MIG welding = !
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Fig. 1 Photograph of Nd:YAG laser + MIG arc hybrid welding
head

Table 1 Nominal chemical compositions of 6013 aluminum
alloy, ER4043 filler wire and galvanized steel

Mass fraction/%

Materials
Cu Si Fe Mg Mn Zn Ti Al
6013 0.10 0.40 0.40 2.0-2.8 0.15-0.40 0.15 Bal.
ER4043 0.30 4.5-6.0 0.8 0.05 0.05 0.1 0.2 Bal

Steel 0.04 0.05 Bal. - 0.29 - - -

Before welding, the oxide films on the top and back
sides of aluminum alloy plate were removed. The
microstructures in the brazed—fusion welded joint were
analyzed by metallographic scanning
electron microscopy (SEM) with an energy-dispersive
spectrometer (EDS) and X-ray diffraction (XRD)
analysis. The microhardness from the base metal of
aluminum alloy to fusion weld was tested and analyzed.
Three transverse tensile specimens of 90 mm length and
15 mm width were prepared from each weld specimens
to test the tensile strengths of the joint at room
temperature, and the fracture appearance was analyzed
by SEM.

microscope,

3 Results and discussion

Figure 2 shows the large spot laser + MIG arc
hybrid brazed—fusion welded joint of aluminum alloy to
galvanized steel. The joint can be divided into fusion
weld and brazed seam, and their microstructures were
investigated, respectively.

3.1 Microstructure in fusion weld

Figure 3 shows the microstructures in the fusion
weld. As same as the weld by the other fusion welding
processes, the microstructures in weld seam consist of
a(Al) solid solution equiaxed grains and short rod-like
Al-Si eutectic at grain boundary, and the fusion zone
consists of a(Al) solid solution and a small amount of
Al-Si eutectic, as shown in Figs. 3(a) and (b).
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Fig. 2 Brazed—fusion welded joint of aluminum alloy to
galvanized steel

(b) Fusion zone; (c) Zinc-rich zone

Compared with the usual fusion weld, an obvious
different zone is found at the weld toe, where the zinc
element is concentrated, so this zone is called as
zinc-rich zone, which consists of a(Al)—Zn solid solution
and Al-Zn eutectic, as shown in Fig. 3(c). In welding
process, the zinc coating directly heated by MIG arc will
vaporize. But at the front of the liquid aluminum alloy,
the zinc coating melts because of heat conduction from
the molten pool, and the zinc-rich zone forms in the

cooling process.

3.2 Microstructures in brazed seam

In brazing—fusion welding process, the steel plate
does not melt because of its high melting point, and the
molten filler meal and aluminum alloy form the brazed
seam with it. Figure 4 shows the weld appearance and
the cross section of the brazed—fusion welded joint when
welding current (/) is 62 A, welding speed (v) is 1 m/min
and laser power (P;) is 1000 W.

(b)

Aluminum alloy

Galvanized steel

2mm

Fig. 4 Weld appearance (a) and cross section (b) of joint (/=62
A, v=1 m/min, P=1000 W)

Figure 4(a) shows that the large spot Nd:YAG
laser+MIG arc hybrid brazed—fusion welded joint has
good weld appearance because large spot laser beam
preheats the steel plate to improve the spreadability of
liquid aluminum alloy on the steel plate. Figure 4(b)
shows that the steel does not melt in the joint, and the
bonding interface between weld metal and steel plate is
the brazed seam (IMCs layer). In order to analyze the
characteristics of the brazed interface, the interface is
divided into three zones of 4, B and C, as shown in Fig.
4(b). Their SEM images are shown in Fig. 5

Figure 5 shows that the thickness of IMCs layer is
not more than 4 um but not uniform in brazed interface.
The IMCs layer shows different patterns at the different
zones. The IMC layer at zone 4 is thicker than that at the
other zones, its thickness reaches 4 pm. The brazed
interface at zone A4 is divided into two layers. One is the
compact reaction layer near the steel side, and the other
is the IMCs layer with tongue shape towards the weld, as
shown in Fig. 5(a).

In zone B, the IMCs layer is thinner than that at
zone A, where there is only one layer of IMCs with
sawtooth shape towards the weld, as shown in Fig. 5(b).
But in Fig. 5(c), IMCs are hardly observed at zone C.

In order to determine the IMCs phases in the
reaction layer, the interface at different positions in Fig.
5(a) were tested by EDS elemental analysis. The results
are shown in Table 2.
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Fig. 5 SEM images of brazed interface: (a) Microstructure of
zone A; (b) Microstructure of zone B; (c) Microstructure of
zone C

Table 2 EDS analysis results of brazed interface at different
points in Fig. 5(a)

o Mole fraction/%
Position
Fe Al Si
D 58.43 38.38 3.19
E 41.55 54.30 4.15
F 28.30 68.76 2.94

The results show that the content of Si element is so
low at the brazed interface that it is impossible to
participate in the formation of a ternary compound, but
easy to form the solid solution in compounds. Some
studies [11—13] showed that the content of Si element in
FeAl; and FeyAl;; is more than 6% at equilibrium state.
The brazing—fusion welding process is a high
non-equilibrium process, the solid solubility of Si in
Fe—Al compounds should be higher. According to the
Fe—Al binary phase diagram and the contents of alloying
elements in the brazed interface, IMCs can be initially

identified as FeAl, FeAl,, Fe,Alsand FeAls.

It is necessary to further determine the structure of
IMCs by XRD analysis. Figure 6 shows XRD analysis
results of IMCs layer near steel side and near weld seam
side. There are IMCs such as FeAl,, Fe,Alsand Fe,Alj3
in the brazed interface. FeAl; is a phase balanced with
the a(Al) phase and can be usually expressed with
FesAlj; and Fe,Al; [14,15]. So the IMCs layer near the
steel side is identified as FeAl, and Fe,Als, and the IMCs
layer near the weld seam is identified as Fe,Al;;, as
shown in Fig. 6.
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Fig. 6 XRD analysis results of brazed interface near steel side
(a) and near fusion weld side (b)

Generally speaking, the formation of new phase is
decided by the thermodynamic conditions. In the multi-
phases formation process, the lower the free energy is,
the easier the phase forms. According to some
thermodynamic data, the free energy of Fe—Al IMCs and
their formation sequence are listed in the order of size as
follows [16,17]:

AG°(Fe,Al) <AG’(FeAly) <AG®(FeAl,) <
AG° (FeAl) <0< AG(Fe,Al) (1)
But the thermomechanical conditions cannot

indicate the dynamic changes of Fe—Al IMCs after
formation. Combined with large spot laser + MIG arc
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hybrid brazing—fusion welding thermal process, the
formation of Fe—Al IMCs on the brazed interface can be
deduced as follows.

In the welding process, large spot laser heats the
steel plate firstly, Fe atoms are heated by the irradiation
of laser beam, and obtain much more energy to diffuse in
short distance, and then the liquid filler metal and base
metal of aluminum alloy are transferred to the top
surface of steel plate by MIG arc. At this moment, on one
hand, the heated Fe atoms contact with Al atoms to form
the nucleation of FeAl firstly; on the other hand, they
will diffuse into liquid aluminum alloy. Since the
diffusion coefficient of Al atoms in the liquid state is
higher than that of Fe in the solid state, FeAl has no time
to grow, and forms FeAl, with Al atoms quickly.

If the concentration of Fe atoms can not meet the
requirement of the formation of Fe,Als only by the
diffusion in solid state in short time, the MIG arc and the
metal droplets have strong impact on the molten pool of
aluminum alloy, which strengthens the convection in the
molten pool and has heavy flushing effect on the steel
plate. This effect can improve the diffusion and
concentration of Fe atoms, strengthen the interfacial
reaction and be good at the formation of Fe,Als.

Due to the special structure of Fe,Als [18,19],
Fe,Als quickly grows up along the ¢ axis. However, the
welding speed is very fast (1 m/min) in laser + MIG
arc hybrid brazing—fusion welding, and the cooling rate
of the molten pool is also fast. Fe atoms will be
deposited from a part of Fe,Als and form the laminated
Al-rich IMC of FeAl; in the cooling process of the
molten pool. And then FeAl; will grow up to be FesAlj3
by combining with Al atoms. The process is a high
non-equilibrium process, and not strictly in accordance
with the thermodynamic crystallization conditions, so a
part of the metastable phase of FeAl, is preserved.

3.3 Mechanical properties of joint

Figure 7 shows the tensile strength of the joint at
different welding current and laser power (v=1 m/min).
The tensile strength of the brazed—fusion welded joint
has the similar variations with laser power and welding
current. Whether welding current or laser power increase,
the tensile strength increases firstly to its maximum and
then decreases. When /=62 A, P=1400 W and v=1
m/min, the tensile strength of the joint can reach up to
247.3 MPa, which is 85% of that of the base metal of
6013-T4 aluminum alloy.

The welding current and laser power have different
influence mechanisms on the tensile strength of the joint.
As the main energy of brazing—fusion welding of
aluminum alloy to galvanized steel, MIG arc melts the
filler metal and base metal of aluminum alloy.
When the welding current is less than 47 A, the filling
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Fig. 7 Variation of tensile strength with different welding
current at P=1000 W (a) and different laser power at /=62 A (b)

amount of weld metal is less and the welding heat input
is low, the base metal of aluminum alloy does not melt
fully, which results in low strength of welded joint.
However, when welding current increases continuously,
the tensile strength of the joint will decrease because the
heat affected zone of aluminum alloy is softened heavily.
If welding current is high enough to melt the steel plate,
a large amount of Fe—Al IMCs will form in the joint and
deteriorate the mechanical properties of the joint.

In large spot Nd:YAG laser+tMIG arc hybrid
brazing—fusion welding process, laser power plays an
auxiliary role. It is not used to melt the filler metal and
the base metal, but to make the MIG arc stable and
preheat the steel plate to improve the spreadability of
liquid aluminum alloy on its top surface. As laser power
increases, the temperature on the top surface of the
galvanized steel plate is higher, the spreadability of the
liquid aluminum alloy from filler metal and base metal is
better, thus the bonding quality of aluminum alloy weld
to steel plate is improved. So the tensile strength of joint
increases as laser power increases. However, when the
laser power is too high, on one hand, the steel plate can
melt locally, which will form a large amount of Fe—Al
IMC:s in the joint; on the other hand, the laser power is
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over high, which will result in the softening of HAZ in
the base metal of aluminum alloy. Both the aspects make
the tensile strength of the joint decrease with the increase
of laser power.

In tensile test, most of specimen fracture at the
fusion zone near the heat affected zone of aluminum
alloy base metal, rather than that at brazed interface.
Figure 8 shows the fracture appearance observed by
SEM. The results show that the fracture mode is mixture
of ductile fracture and brittle fracture.

Fig. 8 SEM image of fracture appearance

Figure 9 shows the microhardness distribution
across the brazed interface when P=1000 W, v=1 m/min
and /=47 A. The microhardness increases gradually to its
maximum from the steel to the brazed interface, and then
decreases gradually from the brazed interface to the
aluminum alloy weld. The highest hardness appears at
the brazed interface because there are hard and brittle
Fe—Al IMCs.
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Fig. 9 Hardness profile across brazed interface

4 Conclusions

1) 6013-T4 aluminum alloy was joined to
galvanized steel plate by large spot laser + MIG arc
hybrid brazing—fusion welding process with ER4043
filler wire of 1.2 mm diameter. The brazed—fusion

welded joint of aluminum alloy to galvanized steel was
divided into fusion weld and brazed seam.

2) There is a Zn-rich zone at fusion weld toe, which
consists of a(Al)—Zn solid solution and Al-Zn eutectic.

3) The thickness of IMCs layer is 2—4 pm. It is
composed of FeAl,, Fe,Alsand Fe Alj3. The IMCs layer
presents different patterns at the different positions. The
compact reaction layer near the steel side is composed of
FeAl,, Fe,Als and Fe,Alj; with tongue shape or sawtooth
shape grows towards the fusion weld.

4) The tensile strength of joint firstly increases to
the maximum and then decreases as the welding current
and laser power increase, and the highest tensile strength
of the joint can reach up to 247.3 MPa, which is 85% of
that of the base metal of 6013-T4 aluminum alloy.

5) Most of specimens fracture at the fusion zone
near the heat affected zone of aluminum alloy rather than
at the brazed interface. The fracture mode is mixture of
ductile fracture and brittle fracture.

6) The hardness is the highest at the brazed seam
because of the hard Fe—Al IMCs, and gradually
decreases from the brazed seam to fusion weld and
galvanized steel, respectively.
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