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Abstract

Two types of filler materials, FeCoCrNiMn and Al-10Si-0.3 Mg powder, were utilized to achieve lap welding of 5083 alu-
minum alloy to DP780 steel using laser deposition welding at various laser powers. By conducting a comparative analysis
of the macroscopic morphology, microstructure, hardness, and shear properties of two groups of welded joints, the effects
of multi-principal filler material and heat input on the weld formation, microstructure evolution, and shear properties of dis-
similar lap joints were evaluated and discussed. An interesting finding was that, compared to the Al-10Si-0.3 Mg powder,
the FeCoCrNiMn powder used as filler material had significant advantages in reducing the hardness of the weld zone and
improving the shear properties of the lap-welded joints. The multi-principal powder of FeCoCrNiMn was unable to prevent
the formation of Fe-Al intermetallic compounds in the weld metal. However, it did alter the elemental compositions and grain
morphologies in the weld metal when compared to the Al-10Si-0.3 Mg powder. Moreover, selecting welding parameters
with a low heat input was appropriate for the dissimilar metal joining of aluminum to steel using laser deposition welding.
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1 Introduction

Automobile lightweight plays a crucial role in reducing
energy consumption, saving resources, and mitigating air
pollution [1-3]. The utilization of a composite component
made of aluminum alloy and high-strength steel is an eco-
nomically viable and reasonable solution for achieving light-
weight automobiles [4, 5]. However, there are two critical
factors that make the dissimilar metals welding of aluminum
and steel particularly challenging [6—8]. Firstly, the signifi-
cant differences in thermophysical properties, including the
melting point and thermal expansion, between aluminum
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and steel, result in considerable thermal stress and residual
stress within the welded joint. This has a negative impact on
the weld formation and the mechanical properties of Al/steel
joints. Secondly, based on the Fe-Al binary phase diagram,
the maximum solubility of aluminum (Al) in iron (Fe) is
limited to 1.285 at.%, while the solubility of Fe in Al is
only 0.03 at.%. Consequently, Fe and Al are prone to form-
ing brittle Fe-Al intermetallic compounds (IMCs) during
metallurgical reactions. Previous studies have reported that
dissimilar welding of aluminum to steel can produce various
IMCs, including Fe;Al, FeAl, FeAl,, Fe,Al;, Fe,Als, and
FeAl, [9]. The fraction, size, and composition of these IMCs
have varying degrees of impact on the weld formation and
the mechanical properties of different welded joints. A high
fraction of Fe-Al IMCs in the weld zone (WZ) can directly
lead to welding failure. Moreover, research has indicated
that compared to IMCs rich in Fe, IMCs rich in Al are more
brittle and tend to form at the interface between aluminum
and steel [9]. This increased brittleness and occurrence at the
interface lead to a higher crack sensitivity of the joint [10,
11]. Additionally, reducing the size of IMCs and decreasing
the thickness of the IMC layer can help alleviate the degra-
dation in the mechanical properties of the joint. Currently,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-024-14185-4&domain=pdf
http://orcid.org/0000-0003-1141-9256

936 The International Journal of Advanced Manufacturing Technology (2024) 134:935-948

effectively controlling the generation and growth of Fe-Al
IMCs and reducing defects in the WZ are key challenges
in the advancement of aluminum-steel welding technology.

Numerous scholars have conducted extensive research on
dissimilar metal welding of aluminum to steel. Previous stud-
ies have suggested that welding parameters significantly influ-
ence the formation of the WZ and the development of Fe-Al
IMCs [12-14]. Three main conclusions can be drawn from
these studies: (i) Increased welding heat input leads to higher
levels of weld penetration, weld width, and wetting width
[15-17]. (ii) The size and quantity of Fe-Al IMCs increase
with higher heat input. This is because the high heat input can
promote the diffusion of Fe and Al elements, which can facili-
tate the formation and growth of Fe-Al IMCs [4, 18]. (iii) The
combined effects of welding heat input on weld formation and
Fe-Al IMC:s play a crucial role in determining the mechanical
properties of dissimilar metal welded aluminum/steel [12, 19,
20]. Ye et al. [21] pointed out that, due to satisfactory weld
formation and a thin interface layer, the tensile strength of
dissimilar metal joints exceeded 90% of the aluminum base
metal (BM). Yang et al. [22] reported a direct correlation
between the tensile strength of laser-welded joints and weld
penetration. They found that the optimal joint strength was
achieved at a weld penetration of 108 um. Moreover, as the
weld penetration increases, the phase structures may change
from iron-rich to brittle aluminum-rich IMCs [22].

However, it should be noted that there is a limit to the
improvement in mechanical properties of dissimilar metal
joints between aluminum and steel through the optimization
of welding parameters. The WZ always contains a specific
size and quantity of brittle Fe-Al IMCs. To address this issue,
it has been suggested to add elements such as Cu, Ni, Zn, and
Si to control the size and number of Fe-Al IMCs [23-25].
Promising results have been achieved using Al-Si and Zn-Al
welding wires, as well as Cu and Ni metal interlayers, in
dissimilar metal welding of aluminum to steel [26-28]. For
example, Wu et al. [28] used a 1.5 mm-thick Cu sheet as an
intermediate layer for butt welding aluminum to steel, and no
Fe-Al IMCs were detected in the WZ. Xu et al. [29] reported
that the shear strength of aluminum-steel lap joints, obtained
using a 20 um Ni foil as the interlayer, was approximately 92%
higher than that of joints without the Ni foil. These findings
highlight the importance of selecting a suitable filler material
for dissimilar metal welding of aluminum to steel.

Recently, the Cantor alloy (FeCoCrNiMn) has emerged as
a typical high-entropy alloy [30-32]. It has been identified
as a promising filler material for dissimilar metal welding of
aluminum to steel. Zhou et al. [33] employed a FeCoCrN-
iMn sheet as an interlayer to join aluminum and steel, suc-
cessfully inhibiting the formation of Fe-Al IMCs in the WZ.
The study revealed that the strength and plasticity of welded
joints improve as the thickness of the IMCs layer decreases
from 85 to 30 um [33]. To expedite the manufacturing
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process and reduce costs, real-time filling of multi-principal
powder through laser deposition welding has been explored.
FeCoCrNiMn multi-principal powder was utilized as filler
material in the butt welding of 6061 aluminum alloy to 304
stainless steel [34]. The research demonstrated that the
utilization of multi-principal filler materials significantly
reduced the presence of Fe-Al IMCs in the WZ [34].

As is known, dissimilar metal lap welding of aluminum to
steel is widely used in the automotive manufacturing indus-
try. However, there is limited research on lap welding alu-
minum to steel using multi-principal powder fillers. In this
study, the lap welding of 5083 aluminum alloy to DP780
steel was carried out using laser deposition welding, with
FeCoCrNiMn multi-principal powder as the filler material.
Additionally, Al-10Si-0.3 Mg powder was used as a com-
parative filler material. Two groups of dissimilar lap joints
were fabricated using different laser powers. Comparative
analysis was conducted on the macroscopic morphology,
microstructure, hardness, and shear properties of the two
groups of welded joints. The effects of multi-principal filler
material and heat input on the weld formation, microstructure
evolution, and mechanical properties of dissimilar lap joints
between aluminum and steel were evaluated and discussed.

2 Materials and methods

The base materials (BMs) in this study consisted of DP780
steel and 5083 aluminum alloy (AA5083), with dimensions
of 120 mm X 100 mm X 1 mm. The multi-principal filler
material employed was FeCoCrNiMn powder, which was
manufactured by thoroughly blending high-purity elemen-
tal metal powders of Fe, Co, Cr, Ni, and Mn. A ball mill
was used for the mixing process, operating at a grinding
speed of 200 rpm for 2 h. The ball material ratio was 3:1.
Additionally, for comparison, commercially available Al-
10Si-0.3 Mg powder was utilized.

The dissimilar metals, DP780 steel and AA5083, were
lap-welded through laser deposition welding. The welding
system consisted of a laser welding head and a TruDisk
10002 disk laser. Caxial powder feeding and single-focus
welding methods were employed. The schematic diagram
of the laser welding device is shown in Fig. 1, with the steel
material positioned on top and the aluminum material on the
bottom. To prevent oxidation of the weld seam, argon shield-
ing gas was used. The laser beam was configured to perform
Zigzag wobble during the welding process. Two different
types of filler materials were utilized namely FeCoCrN-
iMn and Al-10Si-0.3 Mg powders. The joints welded using
FeCoCrNiMn powder were categorized as Group A, and
those using Al-10Si-0.3 Mg powder belonged to Group B.
A series of welding parameters were utilized for two groups
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Fig. 1 Schematic diagram of the weld process

of welded joints. The detailed welding parameters and their
corresponding sample numbers can be observed in Table 1.

After welding, metallographic samples were selected
from the cross-sections of the welded joints. These sam-
ples were etched with an 8 vol% nitric acid-alcohol reagent.
Microstructure characterization was conducted using vari-
ous analytical tools, including an optical microscope (OM),
a SU8010 scanning electron microscope (SEM), and an
Xflash 6160 energy-dispersive spectrometer (EDS). The
phase structures of the weld metals were examined using the
Rigaku SmartLab 9KW X-ray diffraction (XRD). The XRD
samples were scanned from 20 to 80° with a step size of 2°
utilizing a Cu Ka target. In addition, electron backscatter dif-
fraction (EBSD) was adopted to analyze the microstructure
evolution of the weld metals. The EBSD detector employed
was an Oxford Symmetry detector, integrated with a Zeiss
Gemini 300 SEM. The EBSD data obtained was analyzed
using HKL Channel 5 software. Grain boundaries in inverse
pole figure (IPF) maps are defined based on a misorienta-
tion angle greater than 15°. Furthermore, the shear prop-
erties of the welded joints were evaluated using an AG-X

250kN material performance tester, with a displacement
rate of 0.5 mm/min. An HV-1000IS Vickers microhardness
tester was utilized to evaluate the hardness distribution of
the welded joints.

3 Results
3.1 Macroscopic morphology and shear properties

The surface appearances of the two groups of welded joints
are exhibited in Fig. 2. The joints of Group A were welded
using FeCoCrNiMn powder, with laser power ranging from
1300 to 1700 W. No obvious welding defects are observed in
the appearance of Group A. On the other hand, the joints of
Group B were welded using Al-10Si-0.3 Mg powder, with a
laser power ranging from 1300 to 1700 W. It should be noted
that the joints were not successfully formed when using the
Al-10Si-0.3 Mg filler material at a laser power of 1300 W.
Additionally, joints formed at laser powers of 1600 W and
1700 W fractured due to cold cracks. The results indicate
that both filler materials can be used for the laser deposition
welding of AA 5083 and DP780 steel, leading to successful
joining with a laser power ranging from 1300 (1350 W) to
1500 W.

Figure 3 indicates that weld collapse is observed in all
of the welded joints, which is a common phenomenon in
laser welding, as reported in previous studies [17, 35, 36].
As is known, weld collapse is a type of welding defect. The
formation of welding defects is closely related to welding
parameters and filler materials. To control and mitigate
weld collapse, it is crucial to select the appropriate welding
parameters, including the laser power and welding speed
[17, 35, 36]. Moreover, a gap is found between the steel
and aluminum plates. The WZs in the depth direction can
be divided into a fusion zone (FZ) and a mixed zone (MZ)

Table 1 The welding parameters and the corresponding sample numbers of those welded joints

Filler materials Classification Sample No Power (W) Welding speed Wobble Wobble cycle (s) Wobble
(mm/s) breadth (mm) frequency
(HZ)

FeCoCrNiMn Group A A-1 1300 22 1 0.786 28

A2 1350 22 1 0.786 28

A-3 1400 22 1 0.786 28

A4 1500 22 1 0.786 28
Al-10Si-0.3 Mg Group B B-1 1300 22 1 0.786 28

B-2 1350 22 1 0.786 28

B-3 1400 22 1 0.786 28

B-4 1500 22 1 0.786 28

B-5 1600 22 1 0.786 28

B-6 1700 22 1 0.786 28
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Fig. 3 The macrostructures on the cross-section of those welded joints: a schematic diagram of the cross-section of the joints; b—d the joints of
Group B; e-h the joints of Group A
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based on their different morphologies. A schematic diagram
of the cross-section of the welded joint is shown in Fig. 3a.
The macroscopic morphology and geometric characteristics
of various welded joints are presented in Fig. 3b—h. The
macroscopic morphologies of various welded joints are
unsatisfactory. Crack defects are observed in the FZs and
MZs of samples B-4, A-3, and A-4, while porosity defects
are seen in the FZs of samples A-2 and A-3. Moreover, the
morphologies of banded, blocky, and acicular IMCs are
found in the MZs of all the welded joints. These unsatisfac-
tory formations of welded joints may be closely related to
the method of laser deposition welding, as well as the weld-
ing parameters and filler materials.

Figure 4 reveals the force—displacement characteristics of
various welded joints during the shear tests. It is observed
that for each test sample, the shear force rapidly decreases
once it reaches the maximum value, without any post-yield
deformation. It is indicated that the fracture mode is brittle
[37]. Figure 4 suggests that the B-2 sample presents the high-
est force and displacement among the samples in Group B.
However, only a small displacement is observed during the
shear test for the B-2 sample (~ 1.4 mm). This reveals that all
joints in Group B exhibit poor ductility. On the contrary, the
joints in Group A exhibited higher shear force and displace-
ment in the force—displacement curves compared to Group B.
Even some samples in Group A have welding defects, such as
cracks and porosity (refer to samples A-2 and A-3 in Fig. 3).
In particular, the highest shear force is achieved in the A-1
sample (~2013 N), which is~ 1.6 times higher than that of
the B-2 sample. Moreover, the displacement of the former
is~4.9 mm, which is ~ 3.5 times higher than the latter. These
results validate that the shear properties of Group A joints
are superior to those of Group B. Therefore, compared to
Al-10Si-0.3 Mg powder, the filler material of FeCoCrNiMn
powder may possess more advantages in terms of enhancing
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Fig.4 The force—displacement behaviors of various welded joints

shear properties. Additionally, as the laser power increases,
the shear properties of these joints gradually decrease. This
implies that selecting welding parameters with lower heat
input is appropriate for achieving dissimilar metal joining of
aluminum to steel using laser deposition welding.

3.2 Hardness

To analyze the hardness characteristics of the welded joints
between DP780 and AA5083, three paths of hardness tests
were conducted. The schematic diagram depicting the hard-
ness measuring paths is illustrated by the white arrows in
Fig. 5a. Figure 5b presents the hardness values of the welded
joints on the steel layer for the A-1 and B-2 samples. The
DP780 BM has an average hardness value of ~255 HV. The
hardness value increases in the heat-affected zone (HAZ).
Both the A-1 and B-2 samples reach their maximum hard-
ness value of ~415 HV in the HAZ. As is known, the HAZ
is in an overheated state during the welding process, which
may promote the formation of martensite due to rapid cool-
ing, especially for dual-phase steels with both ferrite and
martensite [38, 39]. Furthermore, the hardness values of the
FZs are higher than that of the DP780 BM. It is notewor-
thy that the FZ of the A-1 sample has an average hardness
value of ~310 HV, which is much lower than that of the B-2
sample (~370 HV). Figure 5c presents the hardness distribu-
tion of the FZs along the thickness direction, utilizing the
hardness measuring path of ¢ in Fig. 5a, for the A-1 and B-2
samples. It is indicated that the FZ in the A-1 sample exhib-
its lower hardness compared to the B-2 sample.

Figure 5d exhibits the hardness evolution on the cross-
section of the welded joints in the aluminum layer for the A-1
and B-2 samples. The AA 5083 BM has an average value
of ~70 HV. The hardness is rarely changed in the HAZ on
the AA5083 layer. Moreover, an extremely high hardness
of ~1180 HV can be found in the MZ of the B-1 sample,
while the maximum hardness in the MZ of the A-1 sample
is~565 HV. The results reveal that the FeCoCrNiMn powder
may result in a lower hardness value in the MZ for the dis-
similar welded joints of AA5083 to DP780, compared to the
Al-10Si-0.3 Mg powder. According to previous studies, great
differences in hardness values are presented in different types
of Fe-Al IMCs [22, 33, 36]. Al-rich IMCs typically exhibit
hardness values of ~800-1100 HV, while Fe-rich IMCs
exhibit hardness values of ~350-500 HV. Based on the hard-
ness values in the MZs of two welded joints, it can be inferred
that different types of Fe-Al IMCs may be formed in the MZs.

Figure Se illustrates the average hardness values of the
FZs for various dissimilar welded joints, including Groups
A and B. The hardness variation in the FZs with the laser
power changes can be observed. Figure Se indicates that only
a few changes in hardness values can be found in the FZs of
Group A. The A-1 sample shows the lowest value of ~310
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Fig.5 The hardness of various dissimilar welded joints: a the schematic diagram of hardness measuring paths; b—d hardness evolutions for the
A-1 and B-2 samples; e the average hardness values of the FZs for various dissimilar welded joints

HYV, while the A-3 sample has the highest value of ~355
HV. In Group B, the B-4 sample presents the highest value
of ~380 HV. The results indicate that, overall, the hardness
value of the FZ in Group A is lower than that of Group B.
This means that compared to using the Al-10Si-0.3 Mg pow-
der, the weld metals using the FeCoCrNiMn powder would
exhibit a lower hardness value.

3.3 Microstructure

As described above, the A-1 and B-2 samples have prom-
ising welding formation and demonstrate the best shear
properties within their respective groups. Therefore, the
microstructure analysis focuses on these two samples. The
microstructure evolution of the WZs is presented in Fig. 6.
In the A-1 sample, columnar grains are mainly observed in
the FZ (Fig. 6a). The average primary arm spacing of the
columnar grains is ~43.0 um. Differently, the microstruc-
ture of the FZ in the B-2 sample consists mainly of equi-
axed grains (Fig. 6d). The average grain size of the equi-
axed grains in the FZ center is ~24.5 um. Figure 6b exhibits
the morphologies of belt-like and acicular structures in
the MZ of the A-1 sample, which are significantly differ-
ent from those in the FZ of the same sample. It means that
macrosegregation, caused by material flow during the weld-
ing process, particularly in dissimilar metal welding [40],
is presented in the MZ. The MZ has a different chemical
composition, phase composition, and structure, compared to
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the FZ. The high magnification of the acicular structures is
presented in Fig. 6¢. The acicular structures, with an average
length of ~27.0 um, are distributed between two belt-like
structures. Similar acicular and belt-like structures are also
found in the MZ of the B-2 sample (Fig. 6€). And the size of
acicular structures in the MZ of the B-2 sample (~57.8 um)
is~2.1 times that of the A-1 sample.

SEM images of the microstructure in the WZ of the A-1
sample are presented in Fig. 7. The elemental composi-
tions of the various microstructures were investigated using
EDS point analysis, and the measured points are indicated
in Fig. 7. The possible phases have been listed based on
the elemental composition, as shown in Table 2. Figure 7a
illustrates that Points 1 and 2 are located at the interior and
boundary of the columnar grains in the FZ, respectively.
It has been found that the primary elements in the FZ are
Fe and Al, along with small amounts of Cr, Mn, and Co
elements. The segregation of Fe and Al elements is pre-
sented, resulting in the formation of various Fe-Al phases in
the weld metal. However, no segregation of other elements
is observed due to the low content of the Cr, Mn, and Co
elements. The contents of Fe and Al elements for Points 1
and 2 are ~ 84 at.% and ~ 13 at.%, respectively. Based on the
phase diagram of the Fe-Al binary alloy [41, 42], the Al ele-
ment may exist in a-Fe as a solid solution and does not form
the Fe-Al phase when the Al content is less than 22.2 at.%.
Therefore, the possible phase of the columnar grains in the
FZ of the A-1 sample is a-Fe. The measured Points 3 and
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Fig.6 Microstructure evolution of the WZs. a The FZ of A-1 sample. b, ¢ The MZ of A-1 sample. d The FZ of B-2 sample. e, f The MZ of B-2
sample

Fig.7 SEM and EDS point
analysis of the microstructure in
the WZ of the A-1 sample

Table 2 Element content (at.%)

. . Measured points Fe Al Mn Cr Mg Possible phase
in the measured points of the
A-1 sample 1 84.21 12.67 2.01 1.11 - o-Fe

2 83.37 13.41 1.98 1.25 - a-Fe

3 80.49 15.66 227 1.58 - a-Fe

4 62.97 33.65 2.18 1.21 - Fe;Al

5 44.79 52.09 1.80 1.32 - FeAl

6 82.35 13.71 2.49 1.45 - a-Fe

7 20.18 78.03 1.24 0.54 - Fe,Al;

8 0.25 93.74 - - 6.01 a-Al

6 are located at the belt-like structures in the MZ. Table 2 5, located in the structures with concave morphologies, has
indicates that structures with convex morphologies have a  increased to 33 ~52 at.%. Based on the phase diagram of the
similar elemental composition to Points 1 and 2. This means  Fe-Al binary alloy, the Fe;Al phase can be generated when
that the possible phase at the convex structures in the MZ  the Al content is 22.2~36.5 at.%, while the FeAl phase
should be a-Fe. Moreover, the Al content for Points 4 and can be formed at 22.0~54.5 at.%. Therefore, the possible
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phases of the structures with concave morphologies in the
MZ should be Fe;Al and FeAl. For the acicular structures
in the MZ, Table 2 reveals that the Al element reaches ~78
at.% (see Point 7). The possible phase of the acicular struc-
tures may be Fe,Al,; based on the phase diagram as well as
previous studies [41, 43, 44].

EBSD is adopted to obtain more detailed information
about the microstructure in the WZ of the A-1 sample. The
phase maps of the FZ and MZ, measured by EBSD, are illus-
trated in Fig. 8. The a-Fe phase is presented in the FZ of
the A-1 sample, which is consistent with the EDS analysis
results. Moreover, three phases of a-Fe, Fe,Als, and Fe Al ;
are detected in the MZ. The acicular structures are Fe,Al |4
phase, which is well consistent with the EDS analysis. In
addition, the grain boundary image (GB), IPF, KAM, and
misorientation angle distribution of the FZ and MZ of the
A-1 sample are exhibited in Fig. 9. It can be observed that
the grain size gradually refines from the FZ to the MZ. The
grain morphologies are transformed from columnar to equi-
axed grains. The IPFs of the FZ and the MZ in Fig. 9a and b
indicate that the color distribution of the grains is relatively
scattered. This means that the texture is rarely presented in
the WZ [45]. Comparing the KAM maps of the FZ and MZ
in Fig. 9a and b, it is evident that the KAM values of the MZ
are higher than those of the FZ [46, 47]. The misorientation
angle distribution (Fig. 9¢c, d) exhibits that the fraction of
low-angle boundaries (2 ~ 10°) in the MZ (~6.9%) is largely
decreased compared to that of the FZ (~27.6%). The frac-
tion of the misorientation angle of 30 ~60° is a significant
decrease from ~77.2% in the FZ to ~44.6% in the MZ. The
results indicate that the MZ should have more recrystallized
grains compared to the FZ [48].

SEM images of the microstructure in the WZ of the B-2
sample, and the EDS-measured points, are indicated in
Fig. 10. The results are presented in Table 3. It is observed
that the microstructure morphologies in the WZ of the B-2
sample are more complex compared to those in the A-1 sam-
ple. Figure 10 indicates that equiaxed dendrites are found on
the top of the FZ for the B-2 sample. Equiaxed grains appear

Fig. 8 EBSD phase map of the
FZ and MZ for the A-1 sample.
a The FZ. b The MZ

I Fe-BCC
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in the middle of the FZ. Table 3 demonstrates that the main
elements of the FZ are Fe and Al, which are similar with those
found in the A-1 sample. The contents of Fe and Al elements
in the FZ are 69~76 at.% and 22 ~29 at.% (see Points 1 and
2 in Table 3). This means that the Al content in the FZ of
the B-2 sample is much higher than that of the A-1 sample,
which may promote the formation of the Fe-Al IMCs in the
former, taking the place of the a-Fe phase found in the latter.
Moreover, structures with island and acicular morphologies
were found in the MZ of the B-2 sample. These structures are
clearly distinct from the FZ. It means macrosegregation is also
presented in the welded joints when using Al-10Si-0.3 Mg
powders [40]. The MZ has a different phase composition and
structure compared to the FZ. Therefore, EDS analysis was
conducted on these structures. Table 3 shows that the island
structure has a low Al element content of ~19.7 at.% (Point 3),
which is much lower than that of the acicular structure (~79.3
at.%) (Point 5). Based on the phase diagram of the Fe-Al
binary alloy [41, 42], the possible phase for island morphol-
ogy is a-Fe, and that of the acicular structure is Fe,Al,;. The
microstructure between the island and the acicular structures
has an Al element content of ~68.4 at.%. It may be Fe,Al;
(Point 4). Moreover, ravine-like and strip-like structures were
also observed in the MZ of the B-2 sample. Table 3 suggests
that the ravine-like structure may be FeAl, and the long strip-
like structures may be a-Al. The results prove that the phase
structure in the weld metal of the B-2 sample is complex.
The XRD patterns of these two WZs are exhibited in
Fig. 11. The diffraction peaks 20 of those two samples are
similar on the whole. This means that the types of IMCs
in those two WZs are similar. Many types of Fe-Al IMCs,
including FeAl, Fe,Als, and Fe,Al,;, are detected in the
WZs, which is well consistent with the analysis mentioned
above. Moreover, as described above (Tables 2 and 3), the
FZ of the A-1 sample has a lower content of Al element
and can promote the formation of a-Fe or a small amount
of Fe-Al phase, while that of the B-2 sample has a higher
content of Al element and promotes the formation of Fe-Al
phase. Due to the increase in the Al content of the MZs,

Fe Al I Fe Al
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Fig. 10 SEM and EDS point { (b-)
analysis of the microstructure in J ;
the WZ of the B-2 sample

Al-rich IMCs such as Fe,Als and Fe,Al,; are generated for ~ on the hardness and shear properties of the WZs, which will
both the A-1 and B-2 samples. The analysis is confirmed by  be further discussed in the “Discussion” section.
the EBSD (Fig. 8). Different phase structures have an impact
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Table 3 Element content (at.%) in the measured points of the B-2
sample

Measured  Fe Al Mn Mg Possible phase
points

1 69.22 29.84 0.95 - Fe;Al

2 76.24 22.83 0.93 - a-Fe +FeAl

3 79.20 19.72 1.09 - a-Fe

4 31.25 68.36 0.39 - Fe,Als

5 17.73 79.26 1.07 1.94 Fe,Al5

6 54.11 45.16 0.73 - FeAl

7 0.34 94.96 - 4.69 a-Al

8 0.46 94.27 - 5.26 a-Al

= ® a-Al » Fe

X o Fe,Al; mFeAl
5:\ * v F€4A1]3
3
>
= | B-2Sample ! .
g X 54
=
o

A-1 Sample
J - A
30 40 50 60 70 80
20 (Deg.)

Fig. 11 XRD patterns of the WZs for the A-1 and B-2 samples

4 Discussion

4.1 Influence of laser power on geometric
parameters

As described in Fig. 3, various weld morphologies, includ-
ing weld collapse, FZ, and MZ, are observed in the welded
joints. To further investigate the morphological variation
of the WZs corresponding to different laser powers, several

parameters were roughly measured, including the depth of
weld collapse (H), the maximum melting width of the alu-
minum layer (W), the penetration depth of the aluminum
layer (h1), and the maximum thickness of the MZ (h2). The
results are summarized in Table 4. In Group A samples, it
is observed that the value of H increases as the laser power
increases. In Group B samples, the values of H initially
decrease and then increase with increasing laser power. The
results indicate that reducing the laser power is beneficial in
mitigating weld collapse.

To further clarify the influence of laser power on the geo-
metric characteristics of the WZs, geometric parameters of
@ and A are proposed and calculated. The geometric param-
eters of ¢ and A can be calculated according to the following
equation:

_w
= M
_h2
A= @

The parameter of ¢ indicates the width-depth ratio of
the WZ on the aluminum layer, describing the state of
weld formation on the aluminum layer. On the other hand,
the parameter of A implies the proportion of the MZ to
the WZ on the aluminum layer. The results in Table 4 and
Fig. 12 indicate that for Group A, the geometric param-
eters of ¢ and A are positively correlated with laser power.
This suggests that the welded joint tends to form a narrow
and deep WZ with a relatively small proportion of MZ
when the laser power is low. For Group B, the variation
of A is similar with that of Group A. The parameter of ¢
increases first and then decreases with the increase of laser
power. It implies that the laser power has a significant
effect on the geometric characteristics of the welded joints
when using Al-10Si-0.3 Mg powder. Based on the experi-
mental results, a high ¢ parameter can lead to cracks in the
WZ, which can also deteriorate the shear properties of the
welded joints. It means that the appropriate parameters are
important for the weld formation of Al/steel joints when
using laser deposition welding. In addition, Fig. 12 shows

Table 4 The geometric

Samples Geometric parameters

parameters of WZs for those

welded joints H (um) W (um) hl (um) h2 (um) @ A (%)
A-1 775 1414 926 515 1.53 55.6
A-2 798 1762 948 512 1.86 54.1
A-3 1342 2343 1016 825 2.31 81.3
A-4 845 1583 687 554 2.31 80.7
B-2 954 1838 811 304 2217 375
B-3 387 1111 422 156 2.63 36.8
B-4 921 1883 1057 506 1.78 47.8
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that the type of filler materials can affect the geometric
parameters of ¢ and 4. Compared to the samples of Group
B, Group A usually has a smaller value of ¢ and a higher
value of A with the same laser power.

Geometric parameters have an impact on the shear prop-
erties of dissimilar welded joints [49-51]. Based on the
experimental results (Figs. 4 and 12), for both Group A and
Group B, an increase in laser power resulted in a gradual
increase in the geometrical parameter of A and a decrease in
the shear strength of the joints. This suggests that there is
a significant correlation between the shear properties of the
welded joints and the A parameter. As described above, many
Fe,Als and Fe,Al,; IMCs are present in the MZ (Figs. 7, 8,
and 10). The increase in the proportion of the MZ can signif-
icantly deteriorate the shear properties of the welded joints.

Moreover, an increase in the ¢ parameter is unfavorable
to the shear properties, especially for the samples in Group
A (Figs. 4 and 12). A high ¢ parameter can lead to cracks
in the WZ, which can also deteriorate the shear properties
of the welded joints. This means that, for dissimilar metal
joining of aluminum to steel using laser deposition welding,
it is appropriate to use the welding parameter with low heat
input. However, for the multi-principal filler material, many
elements with a high melting point, such as Fe, Co, Cr, and
Ni, are used [5, 52]. High heat input is required to melt the
filler materials. It means that welding parameters with exces-
sively high or low heat input are not suitable for dissimilar
welding of aluminum to steel. Therefore, it is imperative to
optimize the welding parameters for laser deposition welding
of aluminum to steel using a multi-principal filler material.

4.2 Relationship between microstructure
and mechanical properties

Figure 11 reveals that multiple types of Fe-Al IMCs are
detected in the WZs for both the A-1 and B-2 samples. The
results demonstrate that the multi-principal filler material of
FeCoCrNiMn was unable to fully prevent the formation of
Fe-Al IMCs in the weld metal during the laser lap welding

of aluminum to steel. This finding is different from previous
studies, which reported that the high-entropy effect could sig-
nificantly inhibit the formation of Fe-Al IMCs in the WZ when
using FeCoCrNiMn filler material [33, 34]. In this study, the
steel is arranged on the top, and the aluminum is arranged on
the bottom. This means that the filler material powder is depos-
ited and mixed onto the upper steel layer, which has minimal
contact with the lower aluminum layer. Therefore, it has not
hindered the formation of Fe-Al IMCs, which are mainly found
in the MZ, close to the aluminum layer.

Figure 11 indicates that the types of IMCs in the weld met-
als of the two samples are similar. For the A-1 sample, the
FZ mainly consists of the Fe-BCC phase without the Fe-Al
phase, while the MZ predominantly contains a fine acicular
Fe,Al,; phase and a small amount of Fe,Al; phase. However,
for the B-2 sample, the FZ contains a significant amount of
IMCs such as Fe;Al and FeAl. Moreover, the predominant
Al-rich Fe-Al phases, specifically Fe,Als and Fe,Al;, are
presented in the MZ. As is known, Al-rich IMCs have higher
hardness and lower plasticity compared to Fe-rich IMCs in
Fe-Al phases. Increasing the proportion of the Fe-rich phase
in the weld metal can improve the mechanical properties of
the Al/steel joint, compared to Al-rich IMCs [53, 54].

Based on the experimental results (Tables 2 and 3), the filler
material of FeCoCrNiMn may prevent the migration of the Al
element from the bottom to the upper WZ. As a result, the FZ
of the A-1 sample has a lower content of Al element, which
can promote the formation of a-Fe or a small amount of Fe-Al
phase (Fig. 8). However, the B-2 sample has a higher content of
Al element, which promotes the formation of Fe-Al phases in
the FZ. Moreover, Fig. 6 shows that the grain size of the FZ in
the A-1 sample is larger than that of the B-2 sample. However,
Fig. 5 indicates that a higher hardness is observed in the FZ of
the B-2 sample, compared to the A-1 sample. It means that the
phase structures, especially those of Fe-Al IMCs, contribute to
the higher hardness in the FZ of the B-2 sample. In addition,
Fig. 6 shows that the size of Fe-Al IMCs (acicular structures)
in the MZ of the B-2 sample is~2.1 times that of the A-1 sam-
ple. It may be another reason for the higher hardness in the FZ
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and lower shear properties of the B-2 sample, compared to the
A-1 sample. Therefore, when compared to the Al-10Si-0.3 Mg
powder, the FeCoCrNiMn powder offers several advantages in
terms of reducing the hardness and improving the shear proper-
ties of the laser lap welding of AA 5083 to DP780 steel.

5 Conclusions

(1) The use of FeCoCrNiMn as a multi-principal filler mate-
rial was unable to prevent the formation of Fe-Al IMCs in
the weld metal during the laser lap welding of AA 5083
to DP780 steel. Many Fe-Al IMCs were detected in the
weld zone, particularly in the mixed zone.

(2) The use of FeCoCrNiMn powder would result in coarse
columnar grains in the upper fusion zone, replacing
the equiaxed grains found in the joints made with Al-
10Si-0.3 Mg powder.

(3) Compared to the Al-10Si-0.3 Mg powder, the FeCoCrN-
iMn filler material had advantages in reducing the hard-
ness of the weld zone and improving the shear properties
of the lap welded joints of AA 5083 to DP780 steel.

(4) Selecting welding parameters with a low heat input was
appropriate for dissimilar metal joining of aluminum to
steel using laser deposition welding.
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