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Abstract: In this study, Cu-Si composite powder was used as the interlayer to carry out laser lap deep
penetration welding of AZ31B magnesium alloy and DP590 dual-phase steel. The effects of Cu-Si
composite powder on the weld formation, microstructure, and mechanical properties of magnesium
alloy and steel joint were studied. The results show that the addition of Si can improve the laser
absorption rate of the interlayer and increase the melting depth at the magnesium side. In addition,
the Cu-Si composite interlayer hindered the diffusion of Al, and reduced the thickness of reactive
layer at the magnesium alloy and the steel interface. After adding Si into the interlayer, the reactive
layer changed from Fe3Al+α-Mg to Fe-(Al, Si) +α-Mg and the content of intermetallic compounds in
the reactive layer decreased, which improved the plastic deformation capacity and the ductility of
the reactive layer. As a result, the tensile shear force firstly increased and then decreased with the Si
increase. The maximum tensile shear force of 86.2 N/mm was achieved when the Si content was 5%,
which was 20.4% higher than that of the Cu interlayer. Plus, the fracture location changed from near
the steel side to near the magnesium side weld.

Keywords: magnesium alloy; DP590 dual-phase steel; laser deep penetration welding; microstructure;
mechanical properties

1. Introduction

Lightweight is one of the important approaches to energy saving and emission reduc-
tion in the automotive industry. Furthermore, it is well known that the usage of lightweight
metal is a good way to reduce the weight of automobile [1–3]. Magnesium alloy, as one
of the lightest metal materials, possesses low density, high specific stiffness and strength,
and good vibration absorption and noise reduction performance, which is widely used
in automobile industry [4–6]. Steel is one of the leading materials widely used in various
parts of automobile. Composite structure of magnesium alloy/steel has the advantages
of reducing the overall weight and strengthening the local load-bearing, so joining of
magnesium alloy and steel has also become one of the research hotspots. Compared with
traditional welding methods, laser deep penetration welding has the advantages of high
energy density, fast welding speed, low welding deformation, wide range of weldable
materials, and high efficiency [7]. So, it has been widely used in joining dissimilar materials
in recent years [8,9].

There are great differences in thermal physical properties such as thermal expansion
coefficient and melting point between Mg and Fe. Moreover, neither solid solution nor
intermetallic compound (IMC) exists in Mg/Fe system, according to the Mg-Fe phase
diagram [10]. So, there are quite a lot of difficulties in obtaining reliable joint of magnesium
alloy/steel [11]. Some researchers proposed that addition of appropriate interlayer in mag-
nesium alloy/steel system modified the interfacial reaction and improved the mechanical
properties. Song G [12,13] joined AZ31B magnesium alloy and Q235 low carbon steel by
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hybrid laser-TIG double-side welding technique with Ni foil as an interlayer. The results
showed that as the laser moved to the Fe side, more Fe melted, which increased the disso-
lution of Ni in Fe and the formation of (Fe, Ni) solid solution, finally inhibiting the reaction
between Ni and Mg and reducing the formation of Mg2Ni. It was beneficial to improve
the tensile strength of the joint, and the maximum tensile strength reached 256 MPa. Tan
CW [14] laser-welded AZ31B magnesium alloy and Ni-coating Q235 low carbon steel. The
results showed that Ni could promote the metallurgical reaction of the joint. At lower laser
power (1600 W), FeAl phase was generated in the laser irradiation area, AlNi phase was
generated in the middle area, and AlNi phase and (α-Mg + Mg2Ni) were generated in
the weld toe zone. When the laser power increased to more than 2000 W, the FeAl phase
became thicker, and a new Fe-Ni transition layer was formed in the middle zone and the
weld toe zone. Liu LM [15–17] joined AZ31B magnesium alloy and Q235 low carbon steel
by a hybrid laser-TIG welding technique using Cu and Ni as interlayer, respectively. It
was found that with Cu as the interlayer, Mg2Cu IMC was generated in the magnesium
side weld; while with Ni as the interlayer, Mg2Ni IMC was generated in the magnesium
side weld. The result showed that the tensile strength of the joint with Cu as the interlayer
(170 MPa) was higher than that with Ni (164 MPa). Liu proposed that the strengthening
effect of Mg2Cu distributing in a reticulate structure was better than that of Mg2Ni with
dispersive distribution, so the Cu interlayer was better than that of Ni. Ding M [18] joined
ferritic stainless steel and magnesium alloy with Cu foil using the TIG-MIG hybrid method.
Continuous and stable Al3CuFe4 IMC and Mg2Cu IMC were generated at the magnesium
alloy/steel interface, which improved the mechanical properties of joint. Plus, the maxi-
mum tensile strength of joint was 84 Mpa. In our previous study [19], AZ31B magnesium
alloy and galvanized steel DP590 were laser welded with Cu interlayer. It was found
that the addition of Cu promoted the uniform formation of Fe-Al IMCs and suppressed
the generation of MgZn IMC at the Mg/Fe interface, which prohibited the formation of
micro-fissure in Mg weld. What is more, the similar conclusion of Mg-Zn is consistent
with the result of Cao R [20]. Moreover, the mechanical properties of the magnesium
alloy and steel joint increased by 17% after addition of Cu interlayer. Additionally, some
researchers found that Si could improve the mechanical properties of Fe-Al reactive layer,
which finally increased the ductility and tensile strength of the joint. Hu YY [21] joined
DP590 dual-phase steel and 6061 aluminum alloy by laser welding-brazing using Al-based
welding wire with different Si content. It was found that because of the Si addition, Fe-Al
phase transformed into Fe-(Al, Si) phase which had better ductility; moreover, the thickness
of reactive layer was decreased. The result showed that the tensile strength of the joint
increased by 72%. Xia HB [22] joined DP590 dual-phase steel and 6061-T6 aluminum alloy
by laser welding-brazing with pure Al, AlSi5, and AlSi12 filler metals. It was found that
the addition of Si effectively reduced the thickness of Fe2Al5 and FeAl3 layer. Plus, the
tensile strength of the joint with the AlSi5 filler metal increased by 43% compared to pure
Al and increased by 11% compared to AlSi12. Therefore, the appropriate amount of Si
could reduce the thickness of Fe-Al reaction layer and improve the ductility of the reaction
layer. Based on both the advantages of Si and Cu, we considered adding Si into the Cu
interlayer to further improve the mechanical properties of the joint. Till now there are a
few research projects on the influence of the Cu-Si composite layer on microstructure and
properties of magnesium alloy/steel welded joints.

In this study, Cu-Si composite powder was used as interlayer to laser-weld DP590 dual-
phase steel and AZ31B magnesium alloy. The effect of the Cu-Si interlay on microstructure
evolution and mechanical properties of the AZ31B magnesium alloy and DP590 dual-phase
steel joint was investigated. The purposes of this research are to achieve magnesium/steel
dissimilar jointing, enrich the joining theory of magnesium alloy and steel, and further
promote the feasibility of magnesium alloy in the application of the automobile industry.
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2. Materials and Methods

The base metals used in this study were AZ31B magnesium alloy and galvanized
steel DP590. The chemical composition of the base materials is presented in Table 1. The
interlayer was made of micron Cu and Si powder of 99.9% purity, and the thickness
of the interlayer was 130 µm. Since the thickness of the powder on the surface of the
base material was difficult to measure directly, the mass of the powder added in each
experiment was 0.4 g, and the powder was spread evenly on the lap surface with an area
of 20 mm × 45 mm.

Table 1. Composition of welding base material (wt. %).

Material Al Zn Mn Si C S P Fe Mg

DP590 0.02 - 1.60 0.0466 0.068 0.015 0.011 Bal -
AZ31B 3.12 0.95 0.15 0.10 - - - 0.03 Bal

A continuous fiber laser system (IPG YLS-2000TR) with a wavelength of 1060–1080 nm
and the BPP of 8 mm·mrad was used. The laser beam has a diameter of 300 µm in the
focal plane and the zero-defocus amount condition was when the lowest surface of the
laser head was 47.00 mm from the top surface of the galvanized steel DP590 plate. Before
welding, the base material was polished with #400 sandpaper to remove surface oxide film,
then cleaned with alcohol to remove dust and oil, and then blown dry. In our previous
study [19], the welding parameters of the Cu on welding quality had been determined.
And, in this paper, we explored the influence of Cu-Si on microstructure and properties of
magnesium alloy/steel welded joints. So, the same set of experimental parameters were
used. During the welding experiment, the laser power was 800 W, the power density was
1131.77 kW/cm2, the welding speed was 0.05 m/s, the defocus amount was 0 mm, and the
shield gas (99.9% pure Ar) flux was 22 L/min. The lap configuration adopted in this study
is shown in Figure 1. Each sample was repeated three times.
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After the welding experiment, the samples were cut by wire cutting perpendicular
to the weld line for microstructure observation. Microstructure of the magnesium alloy
and steel interfaces was observed by S-3200-NHITACHI scanning electron microscopy
(SEM) with energy disperse spectroscopy (EDS). The interface phase characterizations were
carried out using Rigaku SmartLab SE type micro-x-ray diffraction (micro-XRD) analysis.
The hardness test was performed on both the steel side and magnesium alloy side by an
HV-1000A microhardness tester with an applied load of 50 g and a holding time of 15 s.
The microhardness and elastic modulus of the reactive layer was measured by Fischerscope
HM2000 nano-indenter with a load of 150 mN, an indentation depth of 1 µm, and a holding
time of 15 s. The specimen sample was cut along the vertical direction of the weld using
wire cutting technology. Schematic diagram of tensile specimen size is shown in Figure 2.
The tensile test of the joint was performed by a GTM2500 test machine, and the tensile rate
was 1 mm/min at room temperature. The fracture characteristics and fracture morphology
of the magnesium alloy-steel interface were analyzed by SEM.
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3. Results and Discussion
3.1. Analysis of Surface Morphology and Microstructure

The weld surface morphology of magnesium alloy/steel joint is shown in Figure 3.
It can be seen that the surface of the joint is well formed and the weld is continuous and
uniform, and there are no obvious defects such as spatter and visible cracks on the surface
of the base material. The backside of the weld is shown on the right side of Figure 3.
It can be observed that the magnesium alloy at the bottom is not fully melted except at the
starting and ending points of the weld. The weld appearance at the magnesium alloy side
is shown in Figure 4. The magnesium alloy/steel interface all showed an arc shape from
the middle to the steel side and some Fe blocks are observed in the weld at the magnesium
alloy side. No visible welding defects such as cracks or air holes could be observed inside
the weld. The melting depth and the melting width at the magnesium side are presented in
Figure 5. It is shown that the melting depth increases with the increase of Si content and
the melting width first increases and then decreases with the increase of Si content.
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In our previous analysis [19], using Cu as an interlayer could enhance the efficiency of
heat transfer between the magnesium alloy and steel, which can transfer more heat to the
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magnesium alloy. In addition, the absorptivity of the material to the laser is related to the laser
wavelength and the resistivity of the material itself, the relationship is shown as below [23]:

α = 0.365
√

ρ

λ
(1)

where α is the absorptivity of the material to the laser beam; ρ is the resistivity of the
material, in Ω·m; λ is the laser wavelength, and the unit is nm.

During the welding process, the wavelength of the laser remains constant. It can be
seen from the above formula that when the laser wavelength maintains at a certain level,
the laser absorptivity of the material depends on the resistivity of the material. The higher
the resistivity is, the higher the laser absorptivity of the material is. The resistivity of Si
is 2.52 × 10–4 (Ω·m), which is significantly higher than that of Cu (1.7 × 10–8 (Ω·m)) [24].
Therefore, the resistivity of Cu-Si composite powder is higher than that of pure Cu powder.
With the increase of Si content, the resistivity of the composite powder also increases,
which enhances the absorptivity of laser by the interlayer. So, the absorption of laser by
magnesium alloy also increases accordingly, which increases the melting depth of the
magnesium alloy side. In addition, the element Si can increase the specific heat of the liquid
metal in the molten pool. According to the theory of Li CL [25], the increase of specific heat
of liquid metal can increase the laser power absorbing in the molten pool during the laser
welding process, which can finally increase the melting depth at the magnesium alloy side.

3.2. Microstructure Distribution at Magnesium Alloy-Steel Interface

From Figure 4, it can be seen that light-colored phase distributes in blocks or particles
inside the weld at the magnesium alloy side; and the light-colored phase is significantly
reduced after the addition of Si. The EDS analysis shows that the light-colored phase is
mainly composed of Fe (80.39 at. %), which indicates that the addition of Si can effectively
inhibit the un-melted Fe from reaching molten pool at the magnesium side.

In order to investigate the effects of Cu and Si on the microstructure of the Mg-Fe interface
of the joint, the middle part of the Mg-Fe interface in Figure 4 (marked as A, B, C, and D) in
Figure 4 was selected for magnified observation. Furthermore, the magnification interface
is shown in Figure 6; the EDS point analysis at each point in Figure 6 is shown in Table 2.
It can be seen from Figure 6 that there is an obvious gray reactive layer at the magnesium
alloy and steel interface, and the thickness of the reactive layer decreases with the increase
of Si content in the interlayer. In addition, obvious air holes are observed in the weld at the
magnesium alloy side when the Si content in the interlayer is 0%, 2%, and 5%, as shown in
Figure 6a, Figure 6b, and Figure 6d, respectively. Moreover, a small number of cracks are also
observed in the weld when the Si content is 2%, as shown in Figure 6b. However, when the Si
content is 5% no obvious welding defects are observed (Figure 6c).

In order to further analyze the composition of different IMCs, EDS test was conducted
at different points, and the result is shown in Table 2. It shows that reactive layer is
composed of Fe, Mg, and Al when the Si is 0% (Point 1). Plus, the content of Al in
the reactive layer reaches 14.00 %, which comes from the magnesium alloy base metal.
Combined with the Fe-Al binary phase diagram [26], the phase at Point 1 is deduced to
be Fe3Al+α-Mg. The Si content in the reactive layer reaches 5.48% when the interlayer
is Cu-5%Si (Point 4), so the reactive layer is deduced to be Fe-(Al, Si) +α-Mg, in which
Si substitutes Al elements or fills the lattice vacancies [27]. The weld at the magnesium
side is consisted of the dark matrix and the light reticular phase. The dark matrix (Point 2
and Point 5) is mainly composed of Mg, which should be α-Mg, and the white reticular
phase (Point 3 and Point 6) is mainly composed of Mg and Cu, and a small amount of Al.
Combined with the Al-Mg-Cu ternary phase diagram [28], it should be the (Mg, Al)2Cu
phase, which was also observed in the arc spot welding of AZ31 Mg alloy to Q235 steel
with Cu as interlayer system according to [29].
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Table 2. The results of EDS analysis at each point in Figure 6 (at. %).

Point Fe Mg Al Cu Zn Si Possible Phase

1 50.89 31.78 14.00 2.37 0.97 – Fe3Al+α-Mg
2 0.59 92.47 1.63 1.93 3.38 – α-Mg
3 – 70.47 4.13 23.14 – – (Mg, Al)2Cu
4 22.44 53.24 12.04 5.08 1.62 5.48 Fe-(Al, Si) +α-Mg
5 1.01 92.56 1.89 3.22 1.14 0.19 α-Mg
6 1.43 69.42 4.4 18.75 5.17 0.83 (Mg, Al)2Cu

In order to further determine the phase of the reactive layer, micro-XRD analysis was
performed on the reactive layer of the magnesium alloy/steel joint. The results are shown
in Figure 7. It shows that the intermetallic compounds of Cu−0%Si and Cu−5%Si reactive
layer are Fe3Al+α-Mg and Fe-(Al, Si) +α-Mg, respectively, which are consistent with the
EDS results of Table 2.
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Results of the EDS line and map analysis at the middle of the magnesium alloy/steel
interface for Cu−0%Si and Cu−5%Si are shown in Figures 8 and 9, respectively. It can be
seen that both the Al and Fe content increase significantly and the content of Mg fluctuate
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obviously at the Mg/Fe interface, which verifies the existence of both the Fe-Al phase
and the α-Mg phase. The EDS line analysis and map analysis show a low Si content in
the whole reactive layer; moreover, the content of Mg in the reactive layer is much higher
than that without Si addition in the interlayer. Combined with the micro-XRD analysis, it
indicates that the addition of Si transforms Fe3Al IMC into Fe-(Al, Si) IMC, and the content
of IMC in the reactive layer decreases. It can be measured that the thickness of the reactive
layer is 6.7 µm and 4.0 µm when the interlayer is Cu−0%Si and Cu−5%Si, respectively, as
shown in Figure 8. According to Pouranvari, M [30], Si can inhibit the diffusion of Al to the
Fe side, so the thickness of the reactive layer decreases with Si addition in the interlayer.
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3.3. Mechanical Analysis

The microhardness test was carried out through the weld at both the steel side and the
magnesium alloy side. Plus, the microhardness distribution of the magnesium alloy/steel
joint with Cu−0%Si and Cu−5%Si interlayer is shown in Figure 10, respectively. It can
be found that the microhardness of the joint presents a “convex” shape with the center
of the weld as the axis of symmetry. The microhardness of the fusion zone (FZ) at both
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the steel side and the magnesium alloy side is the biggest, followed by the heat-affected
zone (HAZ), and the lowest in the base material (BM), which is consistent with the result
of Tao T [31], who laser lap welded AZ31B-alloy to DP590-steel. The average hardness of
the weld at the steel side with the Cu−5%Si interlayer (267.5 HV) is slightly higher than
that with Cu−0%Si (263.1 HV). This is because Si can enhance the hardness of the steel [32].
During the welding process, a small amount of Si enters the steel side, which can enhance
the hardness of the weld at the steel side.
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The hardness and elastic modulus of the reactive layer with Cu−0%Si and Cu−5%Si
interlayer are shown in Figure 11a, respectively. Both the hardness and the elastic modulus of
the reactive layer with the Cu−5%Si interlayer is much lower than those with the Cu−0%Si,
as shown in Figure 11a. The load–displacement curves of different reactive layers are shown
in Figure 11b. The results indicate that the plastic deformation capacity of the reactive layer
improves and the ductility of the reactive layer increases when the reactive layer transforms
from Fe3Al+α-Mg to Fe-(Al, Si) +α-Mg. This is beneficial for the release of residual stress in
the joint and could improve the mechanical properties of the joints.
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In this paper, the tensile shear force of magnesium alloy/steel lap joint was character-
ized by the load per unit length of weld. The relationship is shown as below:

F =
Fmax

l
(2)

where Fmax is the maximum load of joint fracture, and the unit is N; l is the length of weld,
and the unit is mm.

The tensile shear force of the magnesium alloy/steel joint with different Si content
in the interlayer is shown in Figure 12. The tensile shear force firstly increases and then
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decreases with the increase of Si in the Cu interlayer. When Si content is 5%, the tensile
shear force of the joint reaches the maximum of 86.2 N/mm, which is about 20.4% higher
than with pure Cu interlayer. From the analysis of microstructure and nano-indentation, it
is found that the addition of Si transforms Fe3Al IMC into Fe-(Al, Si) IMC and decreases
the content of IMC in the reactive layer, which improves the ductility of the reactive layer.
Furthermore, the thickness of the reactive layer is greatly decreased, which is also beneficial
for the improvement of mechanical properties. However, with the further increase of Si
content, the weld at the magnesium alloy side generates a large number of cracks, which
reduces the tensile shear force of the joint.
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The macroscopic morphology of the fracture of the Cu−0%Si and Cu−5%Si joint
and the cross-sectional after the tensile test are shown in Figure 13, respectively. It can be
seen from Figure 13a,b that quite a lot of unmelted Cu remains at the magnesium alloy
side near the fracture surface with the Cu-0%Si interlayer, which is not observed near the
fracture surface with the Cu−5%Si interlayer. Moreover, the spatter on the magnesium
alloy with Cu−0%Si interlayer is more than Cu−5%Si layer. From the cross section of
the fracture shown in Figure 13c,d, it can be observed that the joint without and with
Si addition fractures on the weld near the steel side and near the magnesium alloy side,
respectively. In addition, the fracture location of the joint with Si addition presents a more
tortuous cracking shape and much more secondary cracks, which indicates that it absorbs
more energy during the tensile shear test.
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4. Conclusions

Laser lap deep penetration welding of AZ31B magnesium alloy and DP590 dual-phase
steel with Cu-Si composite interlayer was carried out in this study. The effects of the
addition Si on interfacial microstructure and mechanical properties were studied. The main
conclusions are as follows:

(1) A well-formed and no obvious defects weld can be obtained with both Cu and
Cu-Si interlayer. The addition of Si improves the laser absorption rate of the interlayer,
which increases the melting depth at the magnesium side.

(2) The microstructure at the interface with Cu interlayer consists mainly of Fe3Al
phase and α-Mg phase. After adding Si into the interlayer, Fe3Al IMC converts to
Fe-(Al, Si) IMC, and the content of IMC in the interlayer decreases. Moreover, the thickness
of the reactive layer reduces gradually with the increase of Si content.

(3) The addition of Si improves the plastic deformation capacity and the ductility of
the reactive layer. The hardness and elastic modulus of the reactive layer reduced from
571.5 HV and 350 Gpa (Cu−0%Si) to 447 HV and 218.4 Gpa (Cu−5%Si), respectively. The
tensile shear force firstly increases and then decreases with the Si increase. The maximum
tensile shear force of 86.2 N/mm is achieved when the Si content is 5%, which is 20.4%
higher than that of the Cu interlayer. The fracture location changes from near the steel side
(Cu−0%Si) to near the magnesium side weld (Cu−5%Si).
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