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Abstract: The effects of laser parameters and interlayer material on the microstructure and properties of the welded
joint between 6061 aluminum alloy and stainless steel were studied. The results show that the density and
microstructure of the welded joint can be optimized by changing the laser power with 0.05 mm Cu foil and 0.1 mm Ni
foil as interlayer. A large number of new Cu—Al binary phases were found near the aluminum alloy, which effectively
inhibited the formation of the binary brittle phase of Fe—Al. The maximum shear force of 1350.96 N was obtained with
laser power of 2200 W. The shear force of the welded joint increased to 1754.73 N when the thickness of the Cu foil

thickness changed to 0.02 mm.
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1 Introduction

In recent years, with the improvement of
human living standard, the demand for the
transportation is also increased. This requires us to
reduce pollution to the environment as much as
possible while ensuring travel. Reducing the mass
of the transport tool is an effective way to reduce
energy consumption and emission. Aluminum/steel
heterogeneous metal composite structure has high
strength and light mass, which can -effectively
reduce the mass of the transport tool while promise
the safety.

Among various
metal connection processes, explosive welding [1],
friction stir welding [2] and other processes show
great advantages on the shape of welding parts.
Laser thermal conductivity welding has become
a popular research method for aluminum/steel

aluminum/steel  dissimilar

heterogeneous metal connection due to its low
thermal input, easy operation and low limitation of
workpiece shape [3]. However, aluminum/steel has
a great difference in physical and chemical
properties, and easy to form Fe—Al binary brittle
phase during the welding process [4], which
significantly reduces the mechanical properties of
the welded joint.

It has been reported that the addition of
Ni, Co, Cu and other intermediate materials can
effectively inhibit the formation of Fe—Al binary
brittle intermetallic compounds, improving the
metallurgical reaction of the weld pool during laser
welding and thus optimizing the structure and
mechanical properties of the welded joint [5—8].
WANG et al [9] reported that the interface layer of
the welded joint becomes smoother after adding a
certain amount of Fe—B—Si to the aluminum/
steel interface during laser welding. The island-
like region and the needle-like FeAl; structure are
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significantly reduced, and the mechanical properties
are improved. HE et al [10] found that the addition
of Al—Cu dual-hot welding wire in the process of
pulse arc welding of aluminum/steel can reduce the
thickness of the intermetallic compound layer at the
bottom of the molten pool. It inhibited the
formation of the Fe—Al binary brittle phase and the
formation of Cu—Al binary new phase by replacing
some Fe atoms with Cu atoms, thus improving
the mechanical properties of the welded joints.
ESMAILY et al [11] reported that in the process of
pulse laser welding of aluminum/steel, the use of
Ni-based BNi-2 interlayer material can effectively
inhibit the generation of the binary brittle phase of
Fe—Al, and the number of cracks in the weld zone is
reduced. The hardness of the interface layer is
reduced while the shear strength of the welded
joint is improved. CHEN et al [12] used Ni
and Cu foils as interlayers to weld aluminum and
steel. The results showed that the addition of Ni
and Cu foils could effectively inhibit the generation
of Fe—Al binary intermetallic compounds and
improve the mechanical properties of the welded
joints.

It is reported that Cu and Ni can be infinitely
miscible. When the Ni content in the metal Cu
reaches a certain value, the formation of Cu—Ni
alloy has many characteristics, such as high
strength, high hardness, and good toughness [13].
Moreover, the addition of Cu and Ni as interlayer
materials can effectively improve the metallurgical
reaction of the aluminum/steel interfaces during the
welding process, thereby improving the mechanical
properties of the welded joint [14]. Therefore, in
this work the weldability of aluminum/steel
dissimilar metals was investigated by laser welding
with various laser process parameters and thickness
of Ni/Cu composite interlayer. The
microstructure and mechanical properties of the
welded joint were studied in detail.

values

2 Experimental

In this study, 6061 aluminum alloy plate and
304 stainless steel plate were used. The sizes of the
samples were both 80 mm x 50 mm x 1 mm. Their
chemical compositions are shown in Table 1 and
Table 2, respectively. The thickness of the interlayer
was 0.1 mm Ni foil and 0.02 mm and 0.05 mm Cu
foils. Before the welding, the oxide layer was
removed by sandpaper and the oil layer on the
surface was cleaned by acetone. Laser equipment is
the YLS—6000 type yttrium-doped fiber laser. Due
to the high reflectivity of the aluminum alloy to the
laser beam, the stainless steel plate was placed
above the aluminum alloy plate. Considering the
relatively high melting point of the Ni foil, which
plays a good physical barrier to the diffusion of the
Al and Fe elements during the welding process, the
Ni foil was placed above the Cu foil. Figure 1(a)
shows the schematic diagram of welding. The
optimized process parameters as well as the middle
layer material selection are shown in Table 3.

The metallographic samples were obtained by
grinding and polishing the weld cross-section after
linear cutting. The solution with volume fractions of
2% HF, 2% H,0,, 10% HNO; and 86% H,0O was
used to corrode the metallographic samples for 10 s.
Scanning electron microscope (Hitachi SU8010)
with EDAX OCTANE PLUS was used to observe
the microstructure of the weld cross-section and
analyze the element composition of the weld zone.
X-ray diffractometer (SHIMADZU 6000X) was
used to determine the main phase of the welded
joint. The size of sample for shear force test is
shown in Fig. 1(b). The shear strength was
measured with a WDS digital explicit electronic
universal testing machine at the rate of 1 mm/min.
Three samples were tested in each group during the
experiment and the average value was taken.

Table 1 Chemical composition of 6061 aluminum alloy (wt.%)

Si Cu Mn Mg Fe Zn Cr Ti Al
0.4-0.8 0.15-0.4 0.15 0.8-1.2 0.7 0.25 0.04-0.35 0.15 Bal.

Table 2 Chemical composition of 304 stainless steel (wt.%)
Si Cr Mn C Ni S P N Fe
1.00 18.00—-20.00 2.00 0.08 8.00—10.50 0.03 0.035 0.1 Bal.
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Fig. 1 Schematic diagrams of aluminum/steel laser
welding (a) and shear specimen (b)

Table 3 Laser process parameters and interlayer

selection
Laser Welding Defocus Loca.l
power/ speed/ distance/ Protection  Interlayer
W (mm-s') mm flux/  material
(L-min")
0.1 mm Ni +
2100 % 0 20 0.05 mm Cu
0.1 mm Ni +
2200 % 0 20 0.05 mm Cu
0.1 mm Ni +
200 0 0 20 0.05 mm Cu
0.1 mm Ni +
>0 % 0 20 0.02 mm Cu

3 Results and discussion

3.1 Effect of laser power on joint microstructure

Figure 2 shows the original surface
morphologies of the welded samples prepared
under different laser powers with 0.05 mm Cu and
0.1 mm Ni as the composite interlayer. It can be
seen that the weld height obtained under three laser
powers is obvious when using the same interlayer
material. When the laser power is 2100 and 2200 W,
the weld surface is uniform and smooth, without
spatter. However, when the laser power is 2300 W,
the weld surface is not uniform. None of the three
groups of welded samples showed any visible
deformation.

Figure 3 shows the macroscopic morphology
of the surface along the vertical laser welding
direction. When the laser power is 2100 W, the
sample does not form an effective welding pool and

(2)

Fig. 2 Welded samples obtained under different laser
powers using 0.05mm Cu/0.1 mm Ni as composite
interlayer: (a) 2100 W; (b) 2200 W; (c) 2300 W

there is no obvious finger-like keyhole. When the
laser power is 2200 and 2300 W, the sample forms
finger-like keyhole during the laser welding
process. The width and depth of the molten pool
expand with the increase of the laser power. From
Figs. 3(c) and (e), there are pores in the weld zone,
which may be caused in the process of welding
metal. The metal vapor is generated under laser
irradiation, and the protective gas is drawn into the
molten pool under the violent movement of the
metal vapor. Due to the fast cooling rate of laser
welding, the protective gas that is drawn into the
molten pool cannot escape, thus forming pore
defects. At the same time, when the laser power is
2300 W, some obvious cracks are found in the weld
zone. In addition, it can be observed from the
images that when the laser power is 2200 and
2300 W, although an obvious welding pool is
formed, the depth of the pool is relatively small.
The maximum depth of the welding pool is 0.8 mm
at the laser power of 2200 W. With the increase of
laser power, the plasma on the keyhole surface
increases, and the refraction and absorption of the
laser are enhanced. The absorption of laser energy
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by the workpiece is reduced, so when the laser Figure 4 shows the microstructure of welded
power is increased to 2300 W, the depth and width joints at laser powers of 2200 and 2300 W.
of the weld pool are reduced. Unfortunately, when the laser power is 2100 W, the

Pores
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Fig. 3 Macroscopic morphologies of weld cross-section using 0.05 mm Cu/0.1 mm Ni as interlayer: (a, b) 2100 W;
(c, d) 2200 W; (e, f) 2300 W

D+

Fig. 4 Microstructures of weld cross-section using 0.05 mm Cu/0.1 mm Ni as interlayer: (a, b) 2200 W; (c, d) 2300 W
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joint fails to form an effective welding joint, so it is
impossible to study and analyze the microstructure
of the joint. From Figs. 4(b) and (d), obvious crack
defects can be observed in the joints at laser powers
of 2200 and 2300 W, respectively. However, no
needle-like structure mainly composed of FeAl, [15]
binary brittle phase is observed in the weld zone of
the two groups of samples. In Fig. 4(a), a large
number of flocculent tissues can be observed in
Region B, which are connected into pieces, while a
small number of network structures appear in
Region C in Fig. 4(b). As can be seen from
Figs. 4(c) and (d), many network structures are
formed in the welded area, which are interlaced and
closely linked. Such structures may improve the
mechanical properties of the welded joints.

Figure 5 shows the XRD analysis results of the
weld cross-section at the laser powers of 2200 and
2300 W. Table 4 shows the EDS analysis results of
Regions A—D in Figs. 4(a) and (b). Table 5 shows
the EDS analysis results of Regions E—H in
Figs. 4(c) and (d). Combined with EDS and XRD
analysis results, it can be seen that the composition
of Region 4 is close to that of the base metal of
aluminum alloy. The proportion of elements in Area
B is relatively uniform. Although no obvious
needle-like structure is observed in Figs. 4(a) and
(b), a part of FeAl, [15] binary brittle phase may be
produced in Region B, and a small amount of
CuAl, [16] and NiAl; [17] ductile phases are also
formed in Region B. The components of Regions C
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Fig. 5 XRD pattens of welded joint cross-section at
different laser powers

and D are close to those of the stainless steel base
material, which may form CuAls [16] and NiAl;
binary ductile phases. The component in Region £
is close to that of stainless steel base material, and
CuAl, and NiAl binary ductile phases may be
formed. According to the EDS and XRD analysis
results, a large number of grid-like structures are
found in Area F, which may be a mixture composed
of CuAl;s [18], Fe,Als [19] and FeAl, [20,21] binary
phases. A large number of CuAl, binary ductile
phases may be formed in Region G. The component
in Region H is close to that of the base metal of
aluminum alloy.

In the welding process, the molten metal Cu
has good fluidity. When the temperature at the

Table 4 EDS analysis results of Regions A—D in Figs. 4(a) and (b)

Content/at.%
Region Main phase
C Al Cr Mn Fe Ni Cu
A 18.87 77.92 0.32 0.05 0.07 0.17 1.26 Al
B 32.25 26.20 3.72 0.29 14.25 11.58 10.14 CuAl,, NiAl;, FeAl,
C 17.30 18.72 11.25 0.99 41.65 6.87 3.18 Fe, CuAls, NiAl;
D 16.97 23.12 10.52 1.31 38.22 491 4.95 Fe, CuAls, NiAl;

Table 5 EDS analysis results of Regions £—H in Figs. 4(c) and (d)

) Content/at.% )
Region Main phase
Mg Al Cr Mn Fe Ni Cu
E 23.84 2.09 14.40 7.98 4.70 37.55 2.82 6.62 Fe, CuAl,, NiAl
F 19.21 1.68 46.84 1.71 1.19 19.01 0.62 9.74 CuAls, Fe,Als, FeAl,
G 19.29 1.24 44.63 2.34 0.81 8.18 0.99 22.52 CuAl,
H 21.52 1.16 76.21 0.17 0.02 0.27 0.12 0.53 Al
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aluminum/steel interface rises to 232—548 °C [18],
the fluidity of the molten metal becomes better
under the action of a small amount of Al-Cu molten
alloy. Combined with EDS analysis, it can be seen
that Fe—Al binary intermetallic compounds are
reduced, indicating that the liquid of Al-Cu alloy
with a low melting point has good wettability,
which effectively reduces the reaction of Fe and Al
elements at the interface and optimizes the
microstructure of the joints. Besides, it is reported
that there are no intermetallic compounds formed
between Fe and Cu elements, only Fe-rich or
Cu-rich solid solutions [22]. When the interlayer is
added, considering the fact that the higher melting
point of Ni foils can produce good physical barriers
to the mutual diffusion of Fe and Al elements
during the welding process, Ni foils are placed
above the Cu foils. On the basis of adding Ni foil,
Cu foil is further added for laser welding.
Combined with the EDS and XRD results, the
interface between intermetallic compounds is
mainly composed of Fe—Al and Al—Cu binary
phases. It can effectively improve the metallurgical
reaction at the aluminum/steel interface. The
microstructure has been optimized, which may
improve the mechanical properties of the welded
joint.

By comparing the weld microstructure
obtained at laser powers of 2200 and 2300 W, it can
be seen that when the laser power increases to
2300 W, the type of Fe—Al binary phase in the weld
zone increases, and the proportion of Fe—Al binary
phase also increases. According to the analysis,
during the welding heating process, the low-melting
metal liquid formed first spreads at the aluminum/
steel interface, thereby hindering the interdiffusion
of Fe and Al elements. However, with the increase
of laser power, the liquid metal is stirred under the
violent movement of metal vapor. Good fluidity of
molten Cu promotes the mutual diffusion of Fe and
Al elements, resulting in a lot of Fe—Al binary
brittle phases.

3.2 Effect of interlayer thickness on joint micro-
structure
According to the above experimental results,
when 0.05mm Cu and 0.1 mm Ni foils were
added as the composite interlayer, the macroscopic
morphology and microstructure of the weld were
optimized and improved. Considering the fact that

good fluidity of metal Cu in the molten state may
lead to a large number of pore defects, the amount
of molten Cu at aluminum/steel interfaces in the
welding process should be controlled. Now, a
thinner 0.02mm Cu foil is selected for the
experiment, and the microstructure of the obtained
welded joint is analyzed.

Figure 6 shows the macroscopic morphology
of the surface along the vertical laser welding
direction. By comparing the joint obtained when
adding 0.05 mm Cu foil as shown in Figs. 3(e) and
(f), it can be seen that when the thickness of the
added Cu foil is 0.02 mm, the overall appearance of
the joint is better. No defects such as pores,
shrinkage and cracks are found in the joint. Also,
the melting depth of the molten pool has increased
to about 0.9 mm.

Fig. 6 Macroscopic morphologies of weld cross-section

using 0.02 mm Cu/0.1 mm Ni as interlayer

Figure 7 shows the microstructures of marked
areas in Fig. 6(b). It can be observed that the
morphology of welded joint is good, and no
obvious defects are seen. It can be seen from
Fig. 7(a) that Areas J and K form a gear-like
morphology, two phases meshing together tightly,
which may improve the mechanical properties
of the welded joint. From Fig. 7(b), it is found
that during the welding process, the metals in
each phase are mixed more uniformly due to
good flowability of molten Cu. Considering good
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Fig. 7 Microstructures of weld cross-section of different regions in Fig. 6(b) using 0.02 mm Cu/0.1 mm Ni as interlayer:
(a) Region P1; (b) Region P2; (c) Region P3; (d) Region P4; (e) Region P5; (f) Region P6

physical barrier effect of Ni foil interlayer on the
elements diffusion of the aluminum/steel interface,
more Cu—Al binary ductile phases will be
produced, so as to better inhibit the formation of
Fe—Al binary brittle phase, and optimize the
microstructure of the weld zone. As can be seen in
Fig. 7(c), even at the bottom of the molten pool, the
metals remain mixed well and embed themselves
into each other. In Region S of Fig. 7(d), some
small cracks are observed, which may be caused by
the rapid heating and cooling at the interface
between the pool edge and the base metal during
the welding process. However, no cracks are found
in other areas.

Figure 8 shows the XRD analysis results of the
welded joint when 0.02 mm Cu and 0.1 mm Ni foils
were added as the interlayer. Table 6 shows the
EDS analysis results of the Region /—V from Fig. 7.
The element compositions in Region / in Fig. 7(a)
is very close to those of the base stainless steel. A
large number of CuAl, and CuAls ductile phases

A A —CuAl,
+ —CuAl;
A v —FeAl
= —FeAl,y
s v
5 20 35 50 65 80

200(°)

Fig. 8 XRD pattern of cross-section of welded joint
using composite interlayer made of 0.02 mm Cu/0.1 mm
Ni

may coexist in Region J. Only trace amount of Fe is
present in Region K. The element compositions in
Region M are close to those of the base material of
aluminum alloy, and most of them are composed of
Al and Cu elements. Combined with XRD results, it
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Table 6 EDS analysis results of Regions /—V from Fig. 7
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Content/at.%
Region - Main phase
Fe Ni Al Cu C Mg Cr Mn

1 30.33 0.43 0.14 6.53 60.01 223 0.33 - Fe
J 0.17 0.23 21.91 3443 35.85 0.95 0.84 - CuAl,, CuAls
K 0.37 - 39.54 24.60 34.87 0.25 0.12 0.25  CuAl,, CuAls, a-Al
L 23.66 2.30 28.46 4.60 30.70 1.93 5.14 3.21 FeAl, FeAl;
M 0.15 0.13 83.50 0.74 13.23 1.63 0.53 0.08 Al
N 10.27 0.53 28.73 2.55 53.79 1.51 1.62 1.00 FeAl, FeAl;
0 0.28 4.29 1.12 90.52 3.57 0.09 0.13 - Cu
P 19.51 0.54 60.78 5.80 10.73 1.83 0.72 0.09 FeAl;
0 1.47 291 78.92 13.17 1.60 - 1.93 - Al, CuAls
R 7.92 2.39 0.51 87.52 1.02 0.07 0.39 0.18 Cu
S 6.85 12.11 15.74 26.57 58.04 1.24 2.87 0.58 CuAl,
T 3.54 0.06 92.83 1.16 0.72 0.08 1.22 0.39 Al
U 40.94 2.81 14.28 3.80 23.77 0.37 8.54 5.49 Fe, CuAls
14 36.09 3.15 11.12 3.00 32.98 0.87 7.74 5.05 Fe, CuAls

can be seen that most of them are binary ductile
phases of CuAl, and CuAls. FeAl and FeAl; [23]
binary brittle intermetallic compounds are produced
in Regions L and N, and most of them are composed
of CuAls binary ductile phase, but there was no
needle structure dominated by FeAl, binary brittle
intermetallic compounds. Combined with EDS and
XRD analysis results, it can be seen that Region O
in Fig. 7(c) is mainly Cu, and a large number of
FeAl; brittle phases are formed in Region P. The
element compositions of Region O are close to
those of the base material of aluminum alloy, and a
small amount of CuAls binary ductile phase may be
produced in Region Q. The element compositions
of Area R are close to those of the base stainless
steel. CuAl, binary ductile phase is dominant in
Region S. This region is located at the place where
the weld edge is combined with the base material.
Based on EDS analysis results, a small amount of
FeAl; is also produced in Region S, which may be
another reason for the cracks in Area S. The element
compositions of Region T are close to those of the
aluminum alloy base material. Regions U and V are
dominated by stainless steel base, and some Cu—Al
binary ductile phases are produced.
Because the Cu—Al interface is far from the
keyhole, with increasing the
temperature, the ability of atomic inter-diffusion at
the Cu—Al contact interface is enhanced, and the

laser interface

mutual diffusion rate reaches the peak at about
65 °C. The concentrated energy and short action
time of laser welding make the rise and fall of the
interface temperature during the welding process
very short. Cu atoms are diffused into Al matrix,
forming a small amount of aluminum-based solid
solution and causing lattice distortion. Lattice
distortion increases the resistance of dislocation
motion and makes slip difficult to be carried out,
thus playing the role of solid solution strengthening.
The toughness and strength of the welded joint are
improved to different degrees.

Moreover, when the temperature reaches the
Cu—Al eutectic point (548.2 °C) [18], due to the
relatively high temperature and uneven composition
of the liquid phase, the diffusion rate of atoms in
the liquid phase is relatively high. When the Cu
composition reaches eutectic composition, the Al
matrix near the liquid phase is dissolved, which
makes the thickness of the liquid phase increase,
and hinder the Fe element diffusion to aluminum
side. When the laser moves forward, the interface
temperature decreases with the reduction of the
conductive heat. Once the temperature is lower than
the melting point of the liquid phase, crystallization
begins. At last, eutectic products CuAl, and
a-Cu [21] are precipitated in the interfacial layer,
further improving the weldability of laser welded
joints of aluminum/steel dissimilar metals.
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3.3 Mechanical properties

Figure 9 shows the tensile shear test results of
the aluminum/steel welded joints. The results show
that the shear force of the welded joint is 520.39 N
(Sample D) at laser power of 2100 W and 734.97 N
(Sample B) at 2300 W. The maximum shear force is
1350.96 N (Sample C) obtained at 2200 W. With
the increase of laser power, the interlayer between
the material and the parent metal is more “stirred”.
Cu and Ni atoms in the welding process generate
more Ni—Al and Cu—Al binary phases, respectively,
which suppresses the formation of Fe—Al binary
brittle phase. However, as the laser power continues
to rise, the molten Cu with good fluidity is further
amplified under the intense movement of metal
vapor. The diffusion of Fe and Al is improved. At
2300 W, EDS and XRD results show that a large
number of Fe,Als and FeAl, binary phases appear
in the weld zone, which reduces the mechanical
properties of the welded joint. After that, when
0.02 mm Cu and 0.1 mm Ni foils are used as the
composite interlayer, the shear force is obtained to
be 1754.72 N (Sample A).

2000

1754.72  wm Sample A, 0.1 mm Ni/0.02 mm Cu, 2300 W
Sample B, 0.1 mm Ni/0.05 mm Cu, 2300 W
= Sl e
21600‘ ample D, 0.1 mm Ni/0.05 mm Cu,
) 1350.96
&
T 1200 F
5
<
170]
734.97
E 800t .
= 520.39
%
< s
= 400
0
A B C D
Sample

Fig. 9 Histograms of tensile shear test results with
different process parameters

When the thickness of Cu foil decreases to
0.02 mm, the temperature at the Cu—Al interface
increases relatively, the diffusion efficiency of Cu
element into the base material of aluminum alloy
increases, and the grain symbiosis becomes more
obvious. At the same time, as the temperature
increases, the homogenization process of liquid
compounds is simpler, the element diffusion is
uniform, and more strengthened phases are
precipitated. Compared with 0.05mm Cu foil
addition, the shear force is dramatically increased.

4 Conclusions

(1) The addition of Cu/Ni as composite
interlayer effectively inhibits the generation of the
binary brittle phase of Fe—Al. The formation of the
new binary phases of Cu—Al and Ni—Al in the weld
zone improves the weldability of aluminum/steel
dissimilar metals.

(2) When the thickness of Cu foil is 0.05 mm,
the mechanical properties of the welded joint first
increases and then decreases with the increase of
laser power. The maximum shear force of
1350.96 N can be achieved when laser power is
2200 W.

(3) With the same laser power, the mechanical
properties of the welded joint decrease with the
increase of the thickness of the Cu foil. The
addition of the 0.02mm Cu foil makes the
maximum shear force of the welded joint reach
1754.72 N. The welding reaction zone forms a
gear-like shape and is combined closely.
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