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Abstract: The development of high-performance dissimilar aluminum–steel joints is necessary to
promote the feasibility of multi-material design and lightweight manufacturing. However, joining
aluminum to steel is a challenging task mainly due to the formation of brittle intermetallic com-
pounds (IMC) at the joint interface. Laser welding is considered a very promising joining process for
dissimilar materials, although its application in industry is still limited by the insufficient mechanical
performance of the joints. The present paper aims to give a comprehensive review of relevant recent
research work on laser joining of aluminum to steel, contributing to highlighting the latest achieve-
ments that could boost acceptance of laser joining of dissimilar materials by the modern industries.
To this end, the most important challenges in laser joining of aluminum to steel are presented, fol-
lowed by recent approaches to overcome these challenges, the state-of-art of comprehension of IMC
formation and growth, and the different strategies to minimize them.

Keywords: multi-material design; lightweight manufacturing; dissimilar welding; intermetallic
compounds; laser welding; aluminum alloys; steels

1. Introduction

Environmental issues have risen the modern industries’ concerns on reducing human
carbon footprint. Rissman et al. [1] stated that in 2014 industry was responsible for about
one-third of global anthropogenic greenhouse gases (GHG) emissions, and they suggested
improving the material efficiency as a strategy toward decarbonization of global indus-
try. Lightweighting is considered an important strategy towards material efficiency [2,3],
potentially leading to important reductions in GHG emissions [4].

Multi-material design has recently received much attention as a way to reduce weight,
improving the performance of technical products and limiting costs [5]. This design
concept brings improvements in overall product efficiency, as it permits applying the
most suitable material for each component according to the requirements [6]. In order
to help multi-material design along, it is necessary to develop technologies for joining
dissimilar materials.

Steels and aluminum alloys are, incomparably, the most important metals in engineer-
ing applications, being used extensively in construction, transport industry, and industrial
equipment [7]. Steels are attractive mainly due to their relatively low price, high strength,
toughness, ductility, good weldability and exceptional flexibility of properties as a result of
microstructural modifications [8,9]. In turn, aluminum alloys combine light weight, good
formability, excellent thermal and electrical conductivity, high strength-to-weight ratio and
corrosion resistance [10].
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Therefore, dissimilar aluminum–steel joints promote a striking opportunity to achieve
smart assemblies, combining interesting properties of both materials and resulting in
important weight reduction [11]. However, joining aluminum to steel is considered a very
difficult task [12], as inevitable intermetallic compounds (IMC) are formed during the
joining process, compromising the integrity of the dissimilar joints.

Due to the important role the IMC layer plays in the mechanical properties of dissim-
ilar joints, most of the research efforts have been focused on controlling IMC formation
and growth. It is well known that IMC growth is a diffusion-driven mechanism [13,14], in
which the diffusion times [15] and peak temperatures [16] are determinants. Thus, low-heat
input welding processes facilitate controlling the formation and growth of the IMC layer,
leading to better mechanical performance. In this context, laser welding stands out as a
very precise technique [17,18], which enables accurate control of heat input [19] and high
cooling rates due to its very high energy density [20].

Joining processes that involve melting such as electron beam welding (EBW) and
brazing; and solid-state processes such as friction stir welding (FSW), friction welding
(FRW) and explosion welding (EXW) can also be used to join aluminum to steel. EBW is
a high-energy-density and very precise welding process [21] and has been successfully
used to obtain dissimilar aluminum–steel joints [22]. However, EBW requires a vacuum
environment, which is not necessary for LBW [23]. Brazing is a low temperature-joining
process that avoids melting the base materials and is suitable for many combinations of
dissimilar materials [24]. However, the strength of brazed joints is usually limited [25],
hampering its use for structural applications. FSW is a solid-state joining process that uses
a non-consumable tool to join the materials, avoiding metallurgical issues present in fusion
welding [26], and has been extensively used to join aluminum to steel [27] with excellent
mechanical properties [28]. Nevertheless, compared to FSW, laser welding can be applied
to weld much more complex geometries [26] and provides much higher productivity [29].
Similarly, in FRW the materials are joined by direct friction without a tool [30]. Although
FRW can be used to join dissimilar materials, several issues can arise if the melting charac-
teristics and mechanical properties of the materials differ significantly [31], which is the
case of aluminum–steel combination. Additionally, the size of the pieces to be joined is
limited by the possibility of mounting them on the available FRW system [31]. Finally, EXW
has also been successfully used to join aluminum to steel [32,33], although the technique is
limited to simple weld geometries and shows some disadvantages such as high levels of
noise and vibration, restricting its applications [34]. Obviously, each technique has its own
advantages and limitations, but among the available options to join aluminum to steel,
laser welding is definitely a very competitive technique [35].

The present paper aims to review the most relevant recent publications on dissimilar
laser joining of aluminum to steel, giving a broad outline of what has been done in this
research field, and then discussing in detail the strategies used and the results obtained
so far. Therefore, we hope we will further contribute to complement other short reviews
already available such as [36] and the recently published [37]. To this end, firstly the
main challenges in laser joining of aluminum to steel are presented. Then, the recent
approaches to overcome these challenges and obtain sound dissimilar joints are disclosed.
Next, the microstructural features of IMCs within dissimilar aluminum–steel joints are
shown, followed by discussion, conclusions and future prospects.

2. Challenges in Laser Joining of Aluminum to Steel

Despite the advantages of dissimilar aluminum–steel joints, joining them is a very
difficult task. Welding of aluminum alloys is itself challenging owing to the physical
properties of these alloys, such as high thermal conductivity, high thermal expansion
coefficients, and low viscosity [38]. Moreover, the difficulties in joining aluminum to steel
increase substantially. Firstly, this due to the important differences between the physical
properties of these two families of materials, which increase the complexity of the joining
process [11]. Further, it is also due to the inevitable formation of brittle intermetallics
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at the joint interfaces, which can severely deteriorate the mechanical performance of the
joints [39].

In fusion welding, some physical properties of the materials being welded are deter-
minant to the process features. Melting range (the range of temperatures through which an
alloy transforms completely from solid to liquid state), thermal conductivity and thermal
expansion coefficients are examples of thermophysical properties that play a major role
in the welding process. For instance, the melting range of materials being fusion welded
dictates the energy required in the joining process [40], and obviously, physical phenomena
such as melting and solidification, aside from indirectly affecting phase transformations
during cooling. Thermal conductivity of materials significantly influences the cooling
rates, which in turn determine the final welding microstructures [20]. Moreover, high
thermally conductive materials usually need more energy to be welded [41] and present
large heat affected zones [42], while low conductive materials are more susceptible to
thermal distortions [43]. High thermal expansion coefficients are directly correlated to
welding distortion [40,44], and the dissimilar joining of materials having considerably
different coefficients results in high level of residual stress [45]. Table 1 collects the above-
mentioned thermophysical properties for pure Al and Fe, and for some common aluminum
and iron alloys.

Table 1. Thermophysical properties of selected Al and Fe alloys ([46,47]).

Material

Melting Range at
Atmospheric

Pressure
(◦C)

Thermal Conductivity Near
Room

Temperature
(W/m K)

Thermal
Expansion
Coefficient

(10−6/K)

Pure Al 660 247 22.8

1100-H18 aluminum alloy 643–655 218 23.6

2024-T3 aluminum alloy 500–638 121 23.2

6061-T6 aluminum alloy 580–650 167 23.6

7075-T6 aluminum alloy 475–635 130 23.6

Pure Fe 1538 80.4 11.7

SAE 1020 carbon steel 1470–1530 46 12

AISI 304 stainless steel 1390–1450 16 17

From the data presented in Table 1, one can notice the significant differences between
properties of aluminum alloys and steels: melting temperatures of aluminum alloys and
steels differ about 1000 ◦C from each other, thermal conductivity of aluminum is roughly
three times higher than that of iron, and thermal expansion coefficient of aluminum is
roughly twice higher than that of iron. Thus, it is not surprising that joining materials
belonging to such different families is a challenging task.

Besides all the differences in physical properties, there is another major issue when
joining aluminum to steel: the almost zero solubility of iron in aluminum, which is respon-
sible for the formation of intermetallic compounds within the welding zone [36]. Although
the formation of IMC is necessary for the effective connection between aluminum and
steel [48], the excessive amount of IMC can severely compromise the structural integrity of
the dissimilar joints due to their high hardness and brittle behavior [15].

According to Agudo et al. [48], Fe-Al IMCs formation and growth are results of both
interdiffusion and chemical reactions between Fe and Al. Therefore, the strategies to
control IMC formation and growth have been based on controlling the thermal cycles to
which the joints are submitted in order to indirectly control diffusion rates (by applying
modified beam shapes, beam oscillation, enhanced heat extraction, etc.), and on chemical
composition changes (for instance, studying the influence of different filler metals and/or
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fluxes, and welding dilution). These strategies will be shown and discussed throughout
the following sections.

Indeed, as IMC formation and growth strongly depend on diffusion rates, it has
become a common approach to generate welding-brazing joints, in which the aluminum
is melted and the steel remains solid during the process. The reason behind this strategy
is that the diffusion rate between solid steel and molten aluminum is much lower than
the diffusion rate when both materials are in a liquid state [49], resulting in much slower
intermetallic formation rates [50].

3. Approaches to Laser Joining Aluminum to Steel

The most common joints for laser welding are lap, butt, fillet and flange joints [51];
in lightweight design, however, lap and butt joints are the most frequently used, as fillet
joints are more common to thick plates and flange joints are applied to pipelines. Lap joints
have the inconvenience of increasing both overall weight, due to the overlapping material,
and crevice corrosion-related issues [52], due to the presence of small gaps. However,
they provide larger mounting tolerances and are easily clamped [53]. Butt joints, on the
other hand, are attractive to lightweight design as they have no overlapping material and
generally result in higher strength due to complete penetration. However, joint preparation
and fit-up might be concerning. Moreover, lap joints are generally autogenous, while butt
joints are usually fed with filler metal, which enables controlling the chemical composition
of the joints at the expense of potentially increasing weight.

The approaches to obtain dissimilar joints are divided into lap and butt joints, and are
presented in the following subsections. The analysis of literature to write this section was
made by manually consulting the Scopus and Web of Science databases. The keywords
“laser”, “joining”, “welding”, “brazing”, “dissimilar”, “aluminum” and “steel” were the
starting point for the research, which was done several times during the study in order
to guarantee that the review is updated with the most recent and relevant publications.
A thorough selection of publications was carried out, ensuring that only publications
dealing with laser joining of aluminum alloys to steel were included. Priority was given
to recent (last 5 years) publications, although some less recent works were also included,
as we considered them indispensable to the review. The most important issues in the
research field were then identified, and further analysis of the available data was carried
out aiming at selecting the publications that dealt with these selected issues. At this point,
some crossed references were also consulted and added to our review, although they may
not appear in the formerly consulted databases. Finally, we decided to divide the joining
approaches into lap and butt joints, and into these two groups, we present the research
works grouped, to the possible extent, regarding similitudes in their joining strategies. The
authors would like to highlight that the PRISMA 2020 guideline for reporting systematic
reviews [54] was followed during this research work.

3.1. Lap Joints

When lap joining aluminum to steel, the first choice one has to take is whether to place
aluminum or steel on top. Sierra et al. [39] joined DC04 steel to 6056 and to 6016 aluminum
alloys, with no filler metal. They compared the aluminum-on-top to the steel-on-top
configuration, and verified that the former is very susceptible to cracking, which they
associated with the high crack sensitivity of the studied aluminum alloys. On the other
hand, they achieved imperfections-free joints by limiting the penetration depth up to
500 µm in the steel-on-top configuration. In this condition, they observed a 5 to 20 µm-thick
IMC layer containing Fe2Al5 and FeAl3. It is important to highlight that despite the results
found by Sierra et al. [39], both steel- and aluminum-on-top configurations have been
successfully carried out by several authors, as it will be shown throughout this subsection.

A clear advantage of the lap joint configuration in dissimilar welding is the high
contact area between the dissimilar materials. Additionally, the wettability of molten alu-
minum on solid steel strongly influences the mechanical performance of the joints. There-
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fore, different strategies have been proposed to improve wettability. Xia et al. [55] compared
four different shielding gas conditions (pure Ar, 80%Ar-20%CO2, 50%Ar-50%CO2, and
pure CO2) to join AA6061 to CR340 cold-rolled steel, and observed an improvement in
wettability when CO2 content increases, although the most important improvement was
noticed from pure Ar to 80%Ar-20%CO2. This improvement was related to the thermal
cycles to which the joints were submitted: the higher the CO2 content, the higher the
peak temperature within the weld pool. On the other hand, IMC layer thickness and
components changed with higher CO2 contents: while only Fe1.8Al7.2Si was found in the
pure Ar condition, Fe2(Al,Si)5 and Fe(Al,Si)3 were formed when CO2 was present. Best
mechanical performance was obtained in the 50%Ar-50%CO2 condition, when a balance
between wettability and microstructure was achieved.

Peyre et al. [56] studied joining DC04 low-carbon steel to 6016 aluminum alloy without
filler metal. The authors melted the aluminum, which was placed on top, to obtain a fillet
weld. They found a 2 to 10 µm-thick IMC layer mainly composed of Fe2Al5, and stated that
locally thicker IMC layers are prone to cracking. The authors also studied the influence
of using zinc-coated steel: they reported an improvement in aluminum wettability in this
condition, which they associated with the molten aluminum being spread onto liquid zinc.
On the other hand, they reported some issues related to this condition, such as susceptibility
to porosity formation due to zinc evaporation, and an increase of crack sensitivity due to
the formation of low melting point Al-Zn phases.

Zinc has a much higher equilibrium vapor pressure than aluminum [57], so when
the former element is present whether in galvanized steel or in the aluminum alloy as an
alloying element, selective evaporation can occur, leading to porosity formation. Thus,
several attempts have been made to control zinc evaporation in aluminum–steel joining.
Zhang et al. [58] reported zinc evaporation in dissimilar joints of galvanized S235 steel to
6061 aluminum alloy with AlSi5 wire as filler metal, detecting a decrease in the concen-
tration of Zn approaching the joining zone. They highlighted that zinc evaporation also
compromises the stability of the welding process. For this reason, Weller et al. [59] proposed
a closed-loop laser welding control system to join AA6451 to DX56D low-carbon steel. The
temperature of the weld pool was assessed continually by a pyrometer, and the laser power
was controlled in order to maintain the temperature within defined ranges, guaranteeing
the process is carried out in a conduction regime and limiting zinc evaporation.

Aiming at widening the processing windows for joining 22MnB5 high-strength steel to
6061 aluminum alloy, Huang et al. [60] studied varying laser focusing distance (and conse-
quently laser spot diameter). The authors built a processing map (laser power versus laser
spot diameter), defining insufficient wire melting and burn through, respectively, as lower
and upper limits for sound weld formation. Although they obtained wider parameter
windows for higher laser spot diameter, the average IMC layer thickness in this condition
was also higher due to the higher overall heat input (despite the lower energy density).
Finally, they found the best mechanical performance for intermediate levels of laser power
and spot diameter, in which a compromise between wettability and microstructure was
reached. Laser power and spot diameter were also studied by Seffer et al. [61,62] and
Lahdo et al. [63]. In these works, linear energy density was considered, and its influence on
weld geometry and microstructures was studied. It has been shown that although penetra-
tion depth and weld width increase with the energy density, the IMC layer can thicken too
much, in such a way that the balance point has to be found in each particular application.

Due to the previously mentioned high thermal expansion coefficients presented by
aluminum alloys, distortion is an important concern when welding these alloys. Therefore,
several authors proposed special clamping devices to improve their results when welding
aluminum to steel. Meco et al. [64] joined AA5083 to XF350 high strength low alloy (HSLA)
steel in lap joint configuration. They developed a special clamping device to guarantee
the absence of a macroscopic gap between the steel (positioned on top) and the aluminum
sheets, improving the thermal contact. Taking advantage of the large difference between
aluminum and steel melting temperatures, they promoted the melting of the top surface
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of the steel and, by heat conduction, the bottom surface of steel reached temperatures
below the melting temperature of steel but above the melting temperature of aluminum.
The joining approach and the resulting welding–brazing joint are schematically shown in
Figure 1.

Figure 1. Joining configuration used by Meco et al. (a) Overview; (b) Resulting welding–brazing
joint (schematic). (Reprinted with permission from ref. [20]. Copyright 2017 Elsevier, under the terms
of the Creative Commons CC-BY license).

Later, using the same materials and joint configuration, Meco et al. [20] showed that
lap joint strength strongly depends on the bonding area. Thus, they proposed a model to
predict the aluminum weld width (which defines the bonding area) and the temperature
profile within the joints (which strongly influences IMC formation and growth) as a function
of laser parameters. The best strength was obtained when the bonding area was maximized
and IMC layer thickness was minimized.

In order to improve the thermal contact between the pieces to be joined, a special
clamping device was also developed by Liedl et al. [19] to lap-join 6016 aluminum alloy to
DC01 low-carbon steel. Additionally, the authors used different backing block materials
(aluminum, steel and copper) to control the heat extraction from the joining zone, besides a
water-cooled backing block to further improve heat extraction. However, the heat extraction
provided by the water-cooled backing block was so high that it impeded the formation of a
sound joint, and the authors concluded that the copper backing block led to the best results.
Indeed, copper backing blocks have been commonly considered an interesting choice, as
highlighted by Guan et al. [65].

Also interested in providing enhanced thermal contact between the dissimilar sheets,
Fan et al. [66] used a pressing roller-assisted laser welding system to join 99.5% pure
aluminum to DC01 steel. The authors reported that although peak temperature, cooling
time and integral of the thermal cycle (the area below the temperature–time curve during
welding) increased linearly with laser power, the IMC layer thickness increased in a
non-linear way: for low laser powers, the thickness increased rapidly, while for high laser
powers it seemed to go towards an asymptote. They also found similar behaviors regarding
the dependency of IMC layer thickness on peak temperature, cooling time and integral
of thermal cycle, observing faster increases at the beginning of the curves than at the end.
Finally, they stated that the cooling time exerts the strongest influence on the IMC layer
thickness among the studied thermal factors.

The importance of IMC formation and growth to the mechanical properties of dissimi-
lar joints has already been presented. Therefore, several authors proposed modifications of
beam profiles in order to achieve better control of the welding thermal cycles, resulting in
limited IMC layer thickness.
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Yan et al. [67] joined AA6111 to JSC270CC structural steel using a dual-beam config-
uration composed of a continuous-wave (CW) beam and a pulsed-wave (PW) one. The
configuration is shown in Figure 2.

Figure 2. Dual-beam configuration, combining a pulse-wave (PW) and a continuous wave (CW)
beam, proposed by Yan et al. (Reprinted with permission from ref. [67]. Copyright 2010 Elsevier).

The authors claimed that the pulsed beam was responsible for a resulting root-shaped
IMC layer free of imperfections, which improved the mechanical resistance of the joints.
Likewise, the resulting IMC layer was much thinner (almost one order of magnitude) than
the one formed when only CW beam is applied.

Cui et al. [68] used an in-line dual-beam configuration to join AA6061 to Q235 carbon
steel, shown in Figure 3. In the proposed configuration, the power was distributed unevenly
between the two beams, giving rise to the main and secondary beams shown in Figure 3.

Figure 3. In-line dual-beam configuration used by Cui et al. [68]. (a) Top view; (b) Cross-sectional
view. dl is the distance between main and secondary beams, W1 and W2 are, respectively, the
top weld width and weld width at the interface, P1 and P2 are, respectively, total penetration
depth and penetration depth within the aluminum sheet. Reprinted with permission from ref. [68].
2018 Elsevier.

The influence of power distribution and distance between main (trailing) and sec-
ondary beam (leading) were assessed. The authors found the best mechanical results when
the power ratio between the secondary beam and main beam was 0.67 and the distance
between beams was 1.5 mm. The good mechanical behavior was attributed to the absence
of welding imperfections, to an adequate weld shape represented by a high depth to width
ratio, and to a mixed failure pattern with some plastic deformation.

Aiming at improving the wettability of aluminum on steel, Yuan et al. [69] also
investigated a dual-beam configuration, which consisted of a lap joint with aluminum on
top and no filler metal. In their study, 20% of total laser power was used in a derived beam
directed onto the steel sheet, while 80% of laser power was maintained in the main beam
positioned on the aluminum sheet. Figure 4 illustrates the joining configuration.
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Figure 4. Dual-beam joining configuration used by Yuan et al. (a) Overview; (b) Top view. (Reprinted
with permission from ref. [69]. Copyright 2019 Elsevier).

The authors observed an improvement of wettability with higher laser power at the
expense of the formation of a thicker IMC layer, and stated that an intermediate laser
power led to the best mechanical results providing a balance between wettability and
IMC thickness.

In spite of the advantages of avoiding melting the steel, Su et al. [70] proposed
a different strategy to join AA5052 to galvanized Q235 steel in lap joint configuration
using a single beam: instead of pointing the laser at the surface of the upper plate, as
usual, the authors positioned the aluminum sheet on top, pointed the laser spot at the
intersection between the sheets, and fed a Zn-based wire to obtain a fillet weld along
the contact edge. As both the aluminum and the steel sheets were melted, the authors
defined two fusion zones (FZs) within the joints, the first one being composed of filler
metal and molten aluminum, and the second one corresponding to the molten steel. Yang
et al. [71] also proposed a single-beam approach with improved energy distribution, based
on beam oscillation. The processing parameter window was enlarged with increased
oscillation amplitude, which also improved the homogeneity of temperature distribution
and consequently of IMC layer thickness.

Another option to redistribute the energy applied to the materials is to modify the
beam profile instead of dividing the beam: Indhu et al. [72] used a diode laser with a top-hat
beam profile (instead of the standard Gaussian beam profile) to join DP600 dual-phase steel
to 6061 aluminum alloy. The authors proposed controlling power density and interaction
time in order to obtain good weld penetration and desired microstructure, composed of a
thin IMC layer. Additionally, they sought for a reduced heat-affected zone (HAZ), as steel
HAZ softening is an important issue when applying dissimilar welds to tailored blanks.

Beyond modifying the beam shape, another way to control the welding thermal cycles
is by modifying the laser wave characteristics. Torkamany et al. [73] used a pulsed laser
beam to join AA5754 to low-carbon steel without filler metal, positioning the steel on top.
Firstly, the authors varied peak power and pulse duration in such a way that pulse energy
and mean power were kept constant. They found that high peak power, which resulted in
beads showing high depth to width ratio and high amount of IMCs, was responsible for
high levels of imperfections such as porosity and cracks, and for high Al content within the
steel due to upward movement of aluminum. They stated that IMCs not only show high
hardness and brittleness, but also have different thermal expansion coefficients both from
aluminum and steel, promoting crack propagation. Next, they varied pulse duration and
mean power, maintaining constant all other parameters including peak power. They found
that high pulse duration increased penetration depth, bead width and amount of IMCs.
Lastly, they studied the influence of overlapping factors (intersection area impinged by
two successive pulses) on joints’ characteristics by varying welding speed and maintaining
all other parameters constant. They stated that a minimum overlapping factor is necessary
in order to avoid insufficient bonding and important porosity formation. On the other
hand, too high overlapping factors led to excessive IMC formation, compromising joint
strength. After all these analyses, the authors concluded the study defining the parameters
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combination that led to the best mechanical performance. Pulsed laser welding was also
studied by Pereira et al. [74] to join AA1050 to DP1000 steel. The authors assessed the
application of different laser powers, pulse durations, overlapping factors, laser spot
diameters and welding speeds and found a combination of parameters that led to sound
joints showing satisfactory mechanical performance, and highlighted the importance of
correctly choosing the processing conditions. Adjusting the processing parameters in order
to optimize mechanical performance was a concern also for Liu et al. [75]. In their study,
the authors varied laser power, welding speed and laser defocusing, aiming at finding the
heat input that provided the balance between effective connection and IMC formation.

Although lap joints are commonly welded autogenously, filler metals can be used
in order to generate beneficial chemical modifications to the weld metal. These chemical
modifications can facilitate control of welding imperfections, and improve the microstruc-
tures of the welds. Mathieu et al. [76] joined AA6016 to galvanized low-carbon steel in a
modified lap joint configuration, using ER4047 (Al-12%Si) wire. The aluminum sheet was
bent 90 degrees in order to obtain a fillet-like joint as shown in Figure 5. The filler wire and
the laser spot were positioned to coincide at the welding zone. However, while the wire
was guided by the geometry of the joint, the laser beam had to be thoroughly aligned.

Figure 5. Modified lap joint configuration proposed by Mathieu et al. (Adapted with permission
from ref. [76]. Copyright 2006 Elsevier).

The authors stated that in this configuration, the ER4047 wire fed at room temperature
did not lead to enough wettability, and found that preheating the wire led to significant
improvements in wettability. Finally, the authors highlighted that the tightening torque
applied by the welding fixture on the samples influences the wettability and has to be
controlled in the process setup.

Later, Mathieu et al. [77] used a Zn-15%Al wire to join the same materials as in [76],
but in a slightly different joint configuration (lap joint shown in Figure 6).

Again, the filler wire was fed directly into the weld pool (coincident with the laser
spot at the welding axis), in such a way that the laser beam does not impinge on the base
materials directly. Besides the single beam configuration shown in Figure 6, the authors
also used an in-line dual beam (two beams aligned to the welding direction, also known as
tandem configuration) to improve wettability and mechanical performance. They observed
a direct relation between brazed seam length (which in turn is related to wettability) and
joint strength. Finally, they stated that the seam length per wetting angle ratio is directly
proportional to the mechanical strength of the joints.
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Figure 6. Joint configuration studied by Mathieu et al. (Adapted with permission from ref. [77].
Copyright 2007 Elsevier).

Seeking for controlling porosity formation due to zinc evaporation in dissimilar joints
of 5052 aluminum alloy to galvanized SPCC steel, Ogura et al. [78] proposed to insert a
50 µm-thick Ti interlayer between the dissimilar sheets. Although thermal deformation
of Ti insert was observed, porosity was significantly suppressed, resulting in much better
mechanical performance in comparison to the joints without the Ti insert. Additionally,
by varying laser power and welding speed with a constant wire feed speed, the authors
defined the processing parameters window that led to sound joints without the occurrence
of welding imperfections such as insufficient wire melting or burn through.

Non-conventional filler metals were studied also by Liu et al. [79]: the authors pro-
posed the application of high-entropy powders to inhibit IMC formation and growth in
dissimilar joints of 304 stainless steel to 6061 aluminum alloy. By using CoZnCuMn0.8Si0.2
and FeCoCrNiMn high-entropy powders obtained by dry ball milling, they obtained an
important decrease in the diffusion of Fe from the welding zone (WZ) toward the unmixed
zone (a zone between WZ and HAZ that they observed in all joints in the study). The results
were much thinner Fe-Al IMCs in the unmixed zone in comparison to when commercial
Al-12%Si powder was used, and the complete absence of IMCs in the WZ. The authors
explained that the high-entropy alloys are capable of delaying precipitate nucleation by
diffusing and redistributing different elements, resulting in solid solutions or amorphous
structures instead of IMCs.

Several authors sought for microstructural improvements and modifications of weld
pool dynamics by adding external magnetic fields to the joining system: Chen et al. [80]
explained that magnetic fields reduce the diffusion rates of both carbon and aluminum,
reducing austenite grain size and IMC layer thickness, respectively. Later, Yan et al. [81]
proposed the application of an external magnetic field to assist in joining 6061 aluminum
alloy to galvanized DP590 steel in lap joint configuration (see Figure 7). By positioning
the steel on top and applying up to 200 mT magnetic flux density, they could improve the
control of the joint cross-section (transforming it from cylindric to conic), reducing the element
segregation, decreasing the occurrence of cracking, and refining the resulting microstructure.
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Figure 7. Magnetic field-assisted laser joining configuration proposed by Yan et al. (Reprinted with
permission from ref. [81]. Copyright 2019 Elsevier).

More recently, Yan et al. [82] connected coils to an alternating current power supply to
study the influence of alternating magnetic fields (50 Hz frequency) on joining AA6061 to
galvanized DP590 steel. They managed to enhance the wettability of aluminum on steel
and also to reduce IMC layer thickness (although it showed some local heterogeneities),
leading to improvements in mechanical performance.

3.2. Butt Joints

Unlike the lap joint configuration, the contact area in butt joints is limited by the
thickness of the pieces being joined. Thus, the use of a brazing flux has become very
common when joining aluminum to steel in butt configuration in order to improve the
wettability of molten aluminum on solid steel [83]. Additionally, it is also a common
practice to bevel the workpieces (at least steel side) to obtain a larger contact area, although
this additional preparation step increases total operation time and cost. In this sense,
Sun et al. [84] joined 60◦-beveled AA6061 to 30◦- and 45◦-beveled zinc-coated low-carbon
steel, employing ER4043 welding wire. The authors reported a competitive effect regarding
the bevel angle of steel sheets: although the 30◦ bevel angle in the steel plate resulted in a
thicker IMC layer, which leads to worse mechanical behavior due to the brittle characteristic
of the IMCs, the resulting bonding area was large enough to compensate for this strength
loss. Additionally, they found a heterogeneous IMC layer, and related the heterogeneities
to different local thermal cycles: the higher peak temperatures reached by regions closer to
the laser heat source led to a locally thicker IMC layer.

Another interesting study of the influence of groove shape on the characteristics of
dissimilar joints was carried out by Li et al. [85]. They assessed three combinations of bevel
characteristics at aluminum and steel sides, respectively: half-V and square; half-Y and
half-Y; and half-Y and half-V. Figure 8 shows the three combinations of groove shapes used
by the authors in the study.
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Figure 8. The three different combinations of groove shapes studied by Li et al. Beveling at aluminum and steel, respectively:
(a) half-V and square; (b) half-Y and half-Y; and (c) half-Y and half-V. (Reprinted with permission from ref. [85]. Copyright
2018 Elsevier).

The best wettability of aluminum on steel at weld root was obtained when steel was
half-V beveled (Figure 8c). Additionally, this condition was responsible for the thinnest
and most uniform IMC layer (although thickness decreased from top to bottom). They
concluded that the best wettability, the best IMC layer characteristics and the largest
bonding area promoted by condition c, were all responsible for the best mechanical behavior
under tensile testing.

In another research work, the same authors [86] applied a 45◦ bevel angle on both alu-
minum and steel sheets, as well as a 1.0 mm root opening (gap). The joining configuration
is shown in Figure 9.

Figure 9. Joining configuration used by Li et al. (a) Overview; (b) Cross-sectional view. (Reprinted with permission from
ref. [86]. Copyright 2018 Elsevier).

The authors adjusted the laser power in order to find the adequate heat input: too
low laser power would lead to a lack of fusion, while too high laser power would lead to
imperfections such as undercuts and sagging, not to mention that the IMC layer would
thicken due to excessively high heat input. Variations in laser power were also responsible
for the formation of different IMCs, influencing the mechanical behavior of the joints. The
joints that presented the highest resistance under the tensile test were the ones joined at
an intermediate laser power of 2200 W. The authors related good mechanical behavior to
the absence of welding imperfections, a good wettability of aluminum on steel, and to the
formation of a suitable IMC layer.

The use of filler metals is much more common in butt joints than in lap joints. Thus,
several authors have studied the influence of different filler metals in order to improve the
mechanical properties of dissimilar aluminum–steel butt joints. Xia et al. [87] assessed the
application of pure aluminum, Al-5%Si and Al-12%Si welding wires to join non-beveled
AA6061 to 45◦-beveled DP590 dual-phase steel. They obtained only binary Fe-Al IMCs in
the pure Al-wire condition, while ternary Fe-Al-Si IMC were found with the application of
Si-containing wires. Although the IMC layer of Al-12%Si wire condition was the thinnest,
the authors found the best mechanical behavior in the joints generated with Al-5%Si
wire. The authors attributed this result to the formation of a thin IMC layer composed of
Fe(Al,Si)3 and Fe2(Al,Si)5 in the joints welded with Al-5%Si wire, while the Al-12%Si wire
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resulted in an IMC composed of Fe(Al,Si)3 and Fe8Al2Si. To support their claim, the authors
showed that the fracture under tensile stress was initiated along the Fe2(Al,Si)5 layer in the
samples generated with Al-5%Si wire, while in the samples joined with Al-12%Si wire the
fracture was initiated at the interface between steel and Fe(Al,Si)3. Moreover, the wettability
of molten aluminum on solid steel was much better in the joints generated in Al-5%Si
wire conditions compared to those made with Al-12%Si, which could also influence the
mechanical performance of the joints.

Besides the more commonly used Al-Si filler metals, several authors have studied other
filler metals whether in wire or in powder form. Tan et al. [88] assessed the application
of Zn-2%Al, Zn-15%Al and Zn-22%Al flux-cored wires to join 45◦-beveled AA6061 to
non-beveled DP590 steel. The IMC layer was composed mainly of Fe2Al5Zn0.4 layer in all
conditions. Additionally, continuous layers of FeZn10 were found adjacent to steel when Zn-
2%Al and Zn-15%Al were used, and scattered islands of the same phase were detected in
all joints. Although the joints welded with Zn-22%Al wire showed the thickest Fe2Al5Zn0.4
layer among the three studied conditions, these joints showed the best mechanical behavior,
which the authors related to the absence of continuous FeZn10 layer. Xia et al. [16] proposed
the application of laser powder deposition to join AA6061 to DP590. By depositing two
layers of spherical AlSi10Mg powder in a V-grooved butt-joint (shown in Figure 10), they
studied the influence of laser power on the joint formation and stated that although high
laser power led to a thicker IMC layer, a minimum power was necessary to achieve a
reaction layer without which there is no effective bonding.

Figure 10. Two layers of laser powder deposition used by Xia et al. to join aluminum to steel in butt
joint configuration. (Reprinted with permission from ref. [16]. Copyright 2019 Elsevier).

The authors also claimed that, compared with laser welding with wire feeding, the
higher welding speed provided by laser powder deposition led to faster thermal cycles
and resulted in the formation of a thinner and more homogeneous IMC layer, improving
joint strength. Moreover, the deposition of the second layer of powder could act as heat
treatment, leading to fewer residual stresses.

Wallerstein et al. [89] proposed the combination of Al-5%Si welding wire and pre-
placed eutectic Al-12%Si powder to join S235 structural steel to AA6061. The joining
approach is shown in Figure 11.
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Figure 11. Welding–brazing approach proposed by Wallerstein et al.: 45 degrees-tilted welding wire
in combination with preplaced AlSi powder mixed to the brazing flux. (a) Overview; (b) Detailed
processing area; (c) Picture of joining setup. (Reprinted with permission from ref. [89]. Copyright
2021 Elsevier).

Sound joints were obtained, whose satisfactory mechanical properties were associated
with the good wettability of aluminum on steel due to the 45◦ degrees inclination of
welding wire towards steel, combined with the wettability improvement provided by
the preplaced powder, especially at the weld root. Additionally, a combined parameters
analysis was carried out in order to elucidate the relation between processing parameters
and imperfections formation. The thin and homogeneous IMC layer was composed of
Fe2Al5, Fe4Al13 and Fe4Al17.5Si1.5.

Modifications of beam profiles applied to lap joints were presented in the previous
subsection. Similarly, modified beams have also been applied to butt joints. Xia et al. [90]
studied the application of single beam, cross, and in-line dual beams to butt-join AA6061
to DP590 dual-phase steel. Figure 12 shows the configuration used by the authors, in
which one can see the three-beam configurations used. Additionally, one can notice that
the authors used a thermocouple to assess the thermal cycles during the process.

Figure 12. Joining configuration used by Xia et al. (a) Overview; (b) Top view. (Reprinted with permission from ref. [90].
Copyright 2020 Elsevier).

To improve wettability, the authors used a V-shaped groove (45◦ bevel angle on both
sides) and a 0.6 mm gap distance. Single beam welding resulted in the highest level of
porosity and thickest IMC layer, and consequently worst mechanical behavior. In contrast,
the application of cross dual laser beam configuration resulted in the formation of the
thinnest IMC layer, no porosity, and the best mechanical performance under the tensile test.
The authors attributed the best results to the most homogeneous temperature distribution
and to the lowest peak temperatures provided by the cross dual beam configuration,
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which were demonstrated both by thermocouple measurement and finite element method
(FEM) analysis.

Hybrid laser-arc welding (HLAW) combines a laser beam and an arc source in order
to produce a synergic welding process and overcome some limitations of the individual
processes [91]. Thus, some approaches involving HLAW have also been proposed to join
aluminum to steel. Chen et al. [92] used hybrid laser-CMT (Cold Metal Transfer) to join
AA5052 to Q235 steel. The authors studied the influence of processing parameters such as
wire feed speed, offset distance (distance between the laser spot and the aluminum–steel
interface) and welding speed on the characteristics of the resulting joints. In CMT welding
the wire feed speed is proportional to the arc current, and consequently also to the heat
input. Therefore, the wire feed speed was found to influence porosity formation, shape
of the joints, and thickness of the IMC layer. Offset distance, in turn, showed a strong
influence on the strength of the joints: too low offset distances led to high IMC layer
thickness, resulting in cracking. On the other hand, too high offset distances resulted in low
wettability of molten aluminum on solid steel. Finally, a similar effect was shown to take
place regarding welding speed: higher welding speeds led to thinner IMC layers, as the heat
input is reduced. However, if the welding speed is too high, wettability was compromised.

Laser-CMT was also studied by Meng et al. [93]: they proposed the application of
circular beam oscillation to butt-join AA6061 to AISI304 stainless steel, shown in Figure 13.

Figure 13. Circular beam path configuration used by Meng et al. (a) Overview; (b) Top view. ∆D is the laser offset distance,
A is the oscillating amplitude, ∆F is the defocusing distance, α is the angle between arc torch and base metal, CTWD
stands for “contact tip to workpiece distance”, and DLA is the laser-arc distance. (Reprinted with permission from ref. [93].
Copyright 2020 Elsevier).

The authors varied the laser offset distance keeping all other processing parameters
constant, and found that the offset distance strongly influences not only the formation of
welding imperfections, but also the Fe element distribution within the fusion zone and the
characteristics of the IMC layer. The authors stated that an even distribution of Fe led to a
homogenous IMC layer, resulting in the best mechanical performance.

It is interesting to notice that, although the attempts to enhance the bonding area of
butt joints usually take relatively complex approaches, the mechanical performance of the
resulting joints is also usually much better than if direct laser welding without filler metal
is applied to this type of joint [94].

Table 2 collects the above-discussed works on laser joining of aluminum to steel
recently published. Some useful information regarding materials and methods applied by
the authors are summarized, along with some results such as joints’ mechanical properties
and intermetallic compounds detected.
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Table 2. Recent publications on laser joining of aluminum to steel.

Joint Type Laser System Aluminum Alloy Steel Filler Metal Joining Approach Mechanical
Properties Reported IMCs Ref.

Lap

Continuous Wave
(CW) Nd:YAG laser,
3.5 kW max. power

6016
Thickness not

reported

Low-carbon steel
(0.002% C)

Thickness not
reported

ER4047 solid wire Preheated wire 195 N/mm max.
tensile resistance

FeAl3, Fe3Al3Si2,
Fe2Al7.4Si [76]

CW Nd:YAG laser,
3.5 kW max. power

6016
Thickness not

reported

Low-carbon steel
(0.002% C)

0.77 mm-thick
ZnAl15 In-line dual beam 230 N/mm max.

tensile resistance Fe2Al5, FeAl3 [77]

CW Nd:YAG laser,
3 kW max. power

6016
1 mm-thick

DC 04 (both
galvanized and
non-galvanized)

1.2 mm-thick

None Aluminum on top,
fillet weld

230 MPa max.
tensile strength Fe2Al5 [56]

CW Nd:YAG laser,
3.5 kW max. power

6056
1.3 mm-thick,

6016
1 mm-thick

(the authors used a
stepped lap joint,

the thicknesses refer
to the joint location)

DC 04
1.2 mm-thick None

Both aluminum- and
steel-on-top, keyhole

regime, control of
penetration depth, two

parallel beads

250 N/mm max.
shear load Fe2Al5, FeAl3 [39]

Pulsed Wave (PW)
Nd:YAG laser,

400 W max.
mean power

5754
2 mm-thick

St14
0.8 mm-thick None Pulsed laser, steel on top

Approx. 300 MPa
max. tensile

strength

FeAl, FeAl2,
FeAl3, Fe3Al,

Fe2Al5
[73]

CW/PW YAG laser,
CW: 390 W;

PW: 2.61 kW

6111
1.2 mm-thick

JSC270CC
0.8 mm-thick None

Steel on top, dual beam
(one in CW and another

in PW)

128 MPa max.
shear strength FeAl, Fe3Al [67]

CW lamp-pumped
Nd:YAG laser, 4 kW

max. power

Al (99.5% purity)
1 mm-thick

DC01
0.75 mm-thick None

Steel on top, pressing
roller to improve heat

transfer
Not reported Not reported [66]

CW fiber laser,
8 kW max. power

5083
6 mm-thick

XF350
2 mm-thick None Steel on top, special

clamping device
30 kN max.
shear load Fe2Al5, FeAl3 [20,64]
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Table 2. Cont.

Joint Type Laser System Aluminum Alloy Steel Filler Metal Joining Approach Mechanical
Properties Reported IMCs Ref.

CW disk laser, 5 kW
max. power

6451
1 mm-thick

DX56D (galvanized)
0.8 mm-thick None Aluminum on top,

cross-line dual beam
146 MPa max.

tensile strength
FeAl, Fe2Al5,

FeAl3
[59]

CW fiber laser,
2 kW max. power

5754
2 mm-thick

301 stainless steel2
mm-thick None

Steel on top, application
of external magnetic
field with different

intensities keeping laser
parameters constant

2.91 kN max.
tensile load Fe2Al5, FeAl3 [80]

CW disk laser, 16
kW max. power

6016
1.15 and 2.0
mm-thick

1 mm-thick
HX220LAD

high-strength
low-alloy steel, 1.25
and 1.50 mm-thick
22MnB5 ultra high

strength steel, and 1.0
and 1.50 mm-thick 304

stainless steel

None Steel on top, assessment
of linear energy density

3.50 kN max.
tensile load Not reported [61]

CW lamp pumped
Nd:YAG, 3 kW max.

power

6016
1 mm-thick

DC01
1 mm-thick None

Aluminum on top,
special clamping device,

backing blocks
(aluminum, steel,

cupper, water-cooled)

16 kN (approx..)
max. shear load Not reported [19]

CW disk laser, 16
kW max. power

6082
1.5 mm-thick

304 stainless steel
1.5 mm-thick None

Steel on top, up to 3
welding seams,

assessment of linear
energy density

6.41 kN max.
shear load Not reported [62]

CW fiber laser, 6 kW
max. power

6061
1.5 mm-thick

Q235
1.5 mm-thick None

Steel on top, in-line dual
spot laser beam,
different energy
distribution and

distances
between beams

115.6 N/mm max.
tensile shear

resistance

FeAl2, Fe2Al5,
Fe4Al13

[68]
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Table 2. Cont.

Joint Type Laser System Aluminum Alloy Steel Filler Metal Joining Approach Mechanical
Properties Reported IMCs Ref.

CW diode laser, 10.4
kW max. power

6082
8 mm-thick

S355
5 mm-thick None

Steel on top, variation of
parameters to assess

influence of linear
energy density

8 kN max. shear
load

Fe2Al5, FeAl3,
FeAl [63]

CW fiber laser, 6 kW
max. power

6016
1 mm-thick

DC04
1 mm-thick

Si, Zn, and Ni
powders

Steel on top, special
clamping device,

orthogonal design of
experiment involving
laser power, welding

speed, defocusing and
gas flow

103 N/mm
(approx.) max.

tensile resistance
Fe2Al5, FeAl3 [65]

CW fiber laser, 4 kW
max. power

6061
1 mm-thick

DP590 (galvanized)
1 mm-thick None

Steel on top, application
of a magnetic field to

improve microstructure

1.22 kN max.
shear load

Fe2Al5, FeAl3,
Fe46.22Al192.4

[81]

CW fiber laser, 10
kW max. power

7075
1 mm-thick

DP590 (galvanized)
1.2 mm-thick None

Aluminum on top, dual
beam: 80% power

density main beam (on
aluminum), 20%

derived beam (on steel)

123.7 MPa max.
tensile strength Fe2Al5, FeAl3 [69]

PW Nd:YAG laser,
12 kW max. peak

power

1050
1 mm-thick

DP1000
1 mm-thick None

Steel on top, two
parallel welding beads

with pulsed laser
varying laser power,

pulse duration,
overlapping, defocusing

and welding speed

123 MPa max.
tensile strength Not reported [74]

CW fiber laser, 4 kW
max. power

5052
2 mm-thick

DP780
2 mm-thick None

Steel on top, variation of
processing parameters
to optimize mechanical

performance

1964 N max. shear
load

FeAl2, Fe2Al5,
FeAl3

[75]
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Table 2. Cont.

Joint Type Laser System Aluminum Alloy Steel Filler Metal Joining Approach Mechanical
Properties Reported IMCs Ref.

CW fiber laser, 5 kW
max. power

5052
2 mm-thick

Q235 (galvanized)
1.8 mm-thick

ZnAl22 flux-cored
wire

Aluminum on top, laser
spot both on steel and
aluminum (i.e., fillet
weld in a lap joint)

1.22 kN max.
shear load

FeAl, FeZn10,
Fe2Al5−xZnx

[70]

CW fiber laser, 6 kW
max. power

6061
1.5 mm-thick

CR340
1.2 mm-thick

Al-12%Si
flux-cored wire

Aluminum on top, laser
spot both on steel and
aluminum (i.e., fillet
weld in a lap joint),

different welding gases
(CO2, Ar, CO2+Ar)

163 MPa max.
tensile-shear

strength

Fe2(Al,Si)5,
Fe(Al,Si)3,

Fe1.8Al7.2Si
[55]

CW fiber laser, 6 kW
max. power

5052
1 mm-thick

SPCC (galvanized)
1 mm-thick

Al-2%Si flux-cored
wire

Aluminum on top, use
of a jig to tilt the joint

and improve wettability
and Ti interlayer to

reduce porosity

185 MPa max.
tensile-shear

strength

FeAl3, FeZn3,
FeZn8

[78]

CW diode laser, 6
kW max. power

6061
3 mm-thick

DP600
2.5 mm-thick None

Steel on top, controlling
interaction time and

power density to obtain
desired weld

penetration and
microstructure

231 MPa max.
tensile-shear

strength
Fe2Al5, FeAl3 [72]

CW diode laser, 2.5
kW max. power

6061
1.5 mm-thick

AISI 304
1.5 mm-thick

CoZnCuMn0.8Si0.2,
FeCoCrNiMn
high-entropy
powders, and
commercial

Al-12%Si powder

Application of
high-entropy powders

to inhibit IMC
formation and growth

(coaxial powder
feeding)

Not reported FeAl, Fe4Al13 [79]

CW fiber laser, 6 kW
max. power

6061
2 mm-thick

304 stainless steel
2 mm-thick None Steel on top, oscillating

laser beam

185 N/m max.
tensile-shear

resistance
Fe2Al5, Fe4Al13 [71]
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Table 2. Cont.

Joint Type Laser System Aluminum Alloy Steel Filler Metal Joining Approach Mechanical
Properties Reported IMCs Ref.

CW fiber laser, 5 KW
max. power

6061
2 mm-thick

Q235 (galvanized)
2 mm-thick ER4043 solid wire

Aluminum on top, tilted
wire feeding, Cu

backing plate

70.4 MPa max.
tensile strength

Fe2Al5Zn0.4,
Fe3Al0.5Si0.5,
Fe3Al0.7Si0.3

[58]

CW fiber laser, 6 kW
max. power

6061
1.5 mm-thick

22MnB5
1.9 mm-thick ZnAl15 solid wire

Aluminum on top,
different defocusing
distances to widen

processing
parameters windows

2793 N max. shear
load

Fe2(Al,Zn)5,
FeZn10

[60]

CW fiber laser, 4 kW
max. power

6061
1 mm-thick

DP590 (galvanized)
1 mm-thick ZnAl15 solid wire

Aluminum on top,
application of external

alternating
magnetic field

2.26 kN max.
shear load

Al5Fe2Zn0.4,
FeZn10, ZnAl [82]

Butt

CW fiber laser, 10
kW max. power

6061
2 mm-thick

Q235 (galvanized)
2 mm-thick ER4043 solid wire

60◦ bevel angle at
aluminum, 30◦ and 45◦

bevel angle at steel

150 MPa max.
tensile strength Fe2Al5, FeAl3 [84]

CW fiber laser, 6 kW
max. power

6061
1.5 mm-thick

DP590
1.2 mm-thick

ER1100, ER4043,
ER4047 solid wires

45◦ bevel angle at steel
side, 1.0 mm root

opening (gap)

204 MPa max.
tensile strength

Fe2Al5, FeAl3,
Fe2(Al,Si)5,
Fe(Al,Si)3,
Fe2Al8Si

[87]

CW fiber laser, 10
kW max. power

6061
2 mm-thick

DP590
2 mm-thick

Al-12%Si
flux-cored wire

Different combinations
of beveling aluminum

and steel, respectively:1)
half-V and square; 2)
half-Y and half-Y; 3)

half-Y and half-V

145.8 MPa max.
tensile strength

Fe(Al,Si)3,
Fe1.8Al7.2Si [85]

CW fiber laser, 6 kW
max. power

6061
2 mm-thick

DP590
2 mm-thick

Al-12%Si
flux-cored wire

45◦ bevel angle at both
sides, 1.0 mm root

opening (gap)

140 MPa max.
tensile strength

Fe(Al,Si)3,
Fe2(Al,Si)5,
Fe1.8Al7.2Si

[86]

CW fiber laser, 6 kW
max. power

6061
1.5 mm-thick

DP590
1.2 mm-thick

ZnAl2, ZnAl15
and ZnAl22

flux-cored wires

45◦ bevel angle at
aluminum side, 1.0 mm

root opening (gap)

274 MPa max.
tensile strength

FeZn10,
Fe2Al5Zn0.4

[88]
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Table 2. Cont.

Joint Type Laser System Aluminum Alloy Steel Filler Metal Joining Approach Mechanical
Properties Reported IMCs Ref.

CW fiber laser, 4 kW
max. power (in

combination with
Cold Metal Transfer

arc welding)

5052
2 mm-thick

Q235
2 mm-thick ER5356 solid wire

Hybrid laser-CMT
(laser-leading
configuration)

83.4 MPa max.
tensile strength Fe2Al5, Fe4Al13 [92]

CW fiber laser, 6 kW
max. power

6061
2 mm-thick

DP590
2 mm-thick AlSi10Mg powder

45◦ bevel angle at both
sides, two layers of
powder deposition

inside an Ar chamber

194 MPa max.
tensile strength

Fe(Al,Si)3,
Fe2(Al,Si)5,
Fe1.8Al7.2Si

[16]

CW fiber laser, 5 kW
max. power

6061
2 mm-thick

DP590
2 mm-thick ER4047 solid wire

45◦ bevel angle at both
sides, 0.6 mm root

opening (gap), dual
laser beam (cross and

in-line)

196 MPa max.
tensile strength

Fe(Al,Si)3,
Fe2(Al,Si)5,
Fe1.8Al7.2Si

[90]

CW fiber laser, 6 kW
max. power (in

combination with
Cold Metal Transfer

arc welding)

6061
2.1 mm-thick

AISI304
1.8 mm-thick ER4043 solid wire

Hybrid laser-CMT
(laser-leading

configuration), circular
beam oscillation (offset

oscillation)

160 MPa max.
tensile strength Fe2Al5, Fe4Al13 [93]

CW fiber laser,
1.20 kW max.
mean power

7075
1 mm-thick

D6AC
1 mm-thick None

Direct laser beam
welding, laser spot in
the middle of the joint
melting both materials

94 MPa max.
tensile strength

FeAl3, Fe3Al,
Fe2Al5

[94]

CW fiber laser, 3 kW
max. power

6061
1.6 mm-thick

S235
1.5 mm-thick

ER4043 solid wire
and Al-12%Si

preplaced powder

Welding wire (tilted 45◦

from joint axis towards
steel) in combination

with preplaced powder

169 MPa max.
tensile strength

Fe2Al5, Fe4Al13,
Fe4Al17.5Si1.5

[89]
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As one can see in Table 2, most of the researchers have used thin sheets (up to 2
or 3 mm, with rare exceptions), as one should expect due to the interest in lightweight
structures. The most common aluminum alloys used in dissimilar aluminum–steel joints
belong to 5xxx and 6xxx series, which are the most commonly used aluminum alloys
for automotive and aircraft applications. On the other hand, steels used in these studies
are as diverse as mild steels, stainless steels and high strength steels. Additionally, some
of them are galvanized. Although different filler metals have been applied, the most
common choice is Al-Si wire, due to the known capacity of these alloys to reduce Fe-Al
IMC layer thickness. Interestingly, regardless of the combination of aluminum alloy, steel
and filler metal used, the dissimilar joints usually show very similar intermetallics and also
comparable mechanical properties.

4. Microstructural Features of IMCs within Dissimilar Aluminum–Steel Joints

As already discussed, the intermetallic compounds (IMC) layer formed at the interface
between dissimilar materials is the weakest region of dissimilar joints. Thus, most of the
research efforts in laser joining of aluminum to steel have been focused on controlling IMC
formation and growth. On the other hand, the mechanisms of formation and growth of
IMCs are still not clear, although several authors have obtained dissimilar aluminum–steel
joints with very thin IMC layers and relatively good mechanical properties. In this section,
the formation and growth of intermetallic compounds within dissimilar aluminum–steel
joints are reviewed. It is worth mentioning that several published research works aiming at
understanding these mechanisms were performed by carrying out hot dipping experiments
(solid steel sheets in molten aluminum baths) or aluminum–steel diffusion couples, as
these experimental configurations provide more means to study the involved phenomena
(easy control of reactions time and temperature, flexibility of bath compositions, possibility
of changing parameters without compromising the stability of process, etc.) than welding
experiments themselves. Although these experimental configurations are not identical to
the actual welding process due to the very short times involved and very high-temperature
gradients characteristic of welding, they provide useful information on the formation and
growth of IMCs.

Rong et al. [95] studied the growth kinetics of Fe-Al IMCs by submitting pure Al-Q235
steel couples to controlled thermal cycles using a thermophysical simulation methodology.
The aim of the authors was to simulate the actual welding conditions (peak temperature
from 700 to 900 ◦C and holding time at peak temperature up to 9 s). They observed the for-
mation of predominant Fe2Al5 adjacent to the steel, and when peak temperature increased
the layer was thicker and its morphology changed from tongue-like to wavy. Figure 14
illustrates how IMC layer thickness and morphology change with dipping temperature.

A thinner Fe4Al13 layer was found adjacent to the aluminum, and when peak tem-
perature exceeded 800 ◦C, small free-morphology islands of Fe4Al13 were detected inside
the Al matrix. Figure 15 illustrates the appearance of the resulting IMC layer, showing
commonly found Fe-Al IMCs such as Fe2Al5 (η) and Fe4Al13 (θ), and a line scan chemical
analysis carried out by Energy Dispersive X-Ray Spectroscopy (EDS).
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Figure 14. The dependence of IMC thickness on dipping peak temperature. Holding time for all samples was 5 s.
Reproduced from Rong et al. (Reprinted with permission from ref. [95]. Copyright 2017 Elsevier).

Figure 15. Intermetallic compounds commonly seen in dissimilar aluminum–steel joints, and the
line scan chemical composition analysis for Al and Fe elements. (Reprinted with permission from
ref. [95]. Copyright 2017 Elsevier).
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The authors proposed that Fe2Al5 growth is controlled by a mixed mechanism, both
by interfacial reaction and diffusion. The growth in the c-axis direction would be predom-
inantly governed by interfacial reactions, and the growth in other directions would be
mainly controlled by diffusion. Additionally, the Fe2Al5 thickness would depend more
strongly on interfacial reactions when reaction time is short, and more strongly on dif-
fusion at longer reaction times. In turn, Fe4Al13 would nucleate heterogeneously at the
aluminum–steel interface during cooling, explaining the needle-like morphology at the
interface. On the other hand, Fe atoms that diffused into Al matrix apart from the interface
give room to homogeneous nucleation of Fe4Al13, originating the free-morphology islands
seen in Figure 14.

He et al. [96] calculated the Gibbs free energy of formation for Fe-Al IMCs from
approximately 650 to 1200 ◦C, and found that Fe4Al13, FeAl3 and Fe2Al5 show the lowest
energy values within this temperature range, which explains the common formation
of these IMCs. By carrying out hot dipping experiments of Q235 mild steel in AA1050
aluminum bath, they observed the formation of Fe2Al5 and Fe4Al13, and assessed separately
the formation and growth of each IMC. They stated that Fe2Al5 seems to obey a parabolic
rate law, showing a considerable increase in thickness both when dipping temperature
and time increased. In turn, Fe4Al13 thickness decreased both when dipping temperature
increased from 700 to 900 ◦C, and when dipping time increased from 2 to 10 s, although
the thickness variations of Fe4Al13 were slighter than Fe2Al5 ones. The authors related the
thickness decrease to the dissolution of Fe4Al13, suggesting that Fe4Al13 growth kinetics is
ruled by interfacial reactions.

Effect of Aluminum Alloy Composition

Some authors have studied the influence of bath composition for hot dipping experi-
ments of steel sheets into aluminum alloy baths. Although the conditions are not exactly
the same as those of a welding process, they can assist the understanding of the influence of
filler metal composition and welding dilution. Therefore, relevant works on the influence
of bath composition in hot dipping experiments are reviewed below.

Takata et al. [97] studied hot dipping of pure Fe sheets in pure Al and in Al-8.2%Mg-
4.8%Si baths. Although the same IMCs (Fe2Al5 and FeAl3) were found in all conditions,
the samples dipped into the Al-Mg-Si bath showed much thinner IMC layers. The authors
stated that the growth kinetics of Fe2Al5 was approximately ten times faster in pure Al
baths than in the Al-Mg-Si bath, which they related to the continuous FeAl3 layer acting
as a diffusion barrier. In pure Al baths, the FeAl3 layer was discontinuous, providing
a solid–liquid contact interface, which results in much faster IMC growth. FeAl3 layer
was also thicker in pure Al baths than in Al-Mg-Si ones, but the difference in thickness
was not so relevant as in the case of Fe2Al5. Lastly, the authors found up to 3 at. % Si in
solid solution within both IMCs in the IMC layer while no Mg was detected, indicating
that Si atoms are more likely to enter the IMC sublattices as a substitutional atom. The
significant differences in the dimensions and morphology between the IMC layers in pure
Al and in Al-Mg-Si baths are shown in Figure 16a,b, while phase maps obtained by Electron
Backscattered Diffraction (EBSD) are shown in Figure 16c,d.
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Figure 16. Intermetallic compounds (IMC) layers reported by Takata et al. for Fe sheets dipped at
750 ◦C for 60 s in (a,c) Al-Mg-Si bath; (b,d) pure Al bath. (Reprinted with permission from ref. [97].
Copyright 2014 Elsevier).

Cheng and Wang [98] studied hot dipping of low-carbon steel in pure Al and in Al-Si
baths with different concentrations of Si (0.5, 2.5, 5 and 10%Si) at 700 ◦C for 180 s, followed
by cooling in static air. They stated that the IMC layer thickness decreased with an increase
in Si content. Additionally, they reported the formation of ternary Fe-Al-Si IMCs (besides
binary Fe-Al ones) and the transformation of the IMC morphology from tongue-like into
a flat morphology/y when Si content was higher than 2.5%. The authors also reported
the formation of metastable Al7(Fe,M)2Si (M = Mn, Cr or Cu) when Si content was up to
5%, and the occurrence of Al7Fe2Si when Si content was higher than 5%. Although both
IMCs seem to take place by the same mechanism, the metastable ternary IMC is more
likely to form in fast solidification conditions. The authors explained that, when Si content
approaches 10%, the melting temperature of the bath decreases (the eutectic composition
of Al-Si alloys is 12%Si), and so do the cooling rates, as the cooling departs from the same
temperature in all experiments independently of the Si content. It is interesting to notice
the synergic effect that takes place when modifications in the chemical composition of the
bath influence the cooling rates, although the global experiment thermal cycle is exactly
the same.

Although the effects of Si on IMC thickness have been reported by several authors, the
mechanism by which Si suppresses the IMC layer growth is still not clear. Several authors
claim that Si occupies vacancy sites in the c-axis of Fe2Al5 phase and impedes the IMC layer
growth by blocking diffusion [15,99–101]. However, Springer et al. [102] earlier showed
experimental evidence that contradicts this hypothesis, as they found Fe2Al5 layer in solid
steel/semi-solid Al-5%Si diffusion couples at 600 ◦C were thicker than Fe2Al5 layer formed
in steel/pure aluminum couples at the same temperature. Later, Lemmens et al. [103]
observed Fe2Al5 layer in steel samples hot-dipped into Al-10%Si at 670 ◦C were thicker
than at 725 ◦C, and also questioned the diffusion-blocking mechanism. It is clear that
further research is needed in order to clarify the IMC growth suppression by Si and other
alloying elements.
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5. Discussion, Conclusions and Future Prospects

Laser welding is an advanced joining process that provides high flexibility, accurate
control of heat input, and fast cooling rates. Due to its characteristics, laser welding has
become an interesting choice when it comes to joining dissimilar materials, yet it still has
to evolve in order to achieve wide acceptance by industry.

We believe that the poor comprehension of complex phenomena involved in laser
joining of aluminum to steel, and also the limited mechanical performance of resulting
joints are important reasons why the application of this technique in the industry is still
modest. There are several scientific issues that still remain unsolved and need to be further
investigated. In order to obtain high-performance aluminum–steel joints, it is highly
desirable to control as much as possible the formation of imperfections, and to maximize
the wettability of aluminum on steel. However, there are no general rules that could lead
us to the optimal processing conditions. Although there are many parameters involved in
a particular laser joining configuration, the most commonly studied processing parameters
are laser power, beam diameter, welding speed, and wire feed speed (when wire is present).
Although they can be adjusted individually, there are important interactions between
them, in such a way that usually the parameters have to be adjusted simultaneously: for
example, in order to increase wire feeding, laser power has to be also increased to guarantee
enough wire melting. Such interactions bring difficulty to the joining process operation,
and, in fact, can increase together with the complexity of the joining approach itself.
Additionally, some competitive effects that have been presented throughout this review
are inherent to the joining process: for instance, higher laser power leads to improvements
in wettability and wire melting, but can thicken the IMC layer, undesirably melt the
steel, cause welding imperfections such as sagging and burn-through, and increase zinc
evaporation. Therefore, the right balance has to be achieved, and this is normally a
challenging and time-consuming task.

One possible way to deal with the high quantity of parameters is to consider combi-
nations of them: power density (laser power divided by the beam area at the material’s
surface) [104,105], interaction time (beam diameter divided by welding speed) [104,105],
and specific point energy (laser power times interaction time) [106] have been introduced
by different authors and can help us with transferability and repeatability [107]. How-
ever, combined parameters unfortunately are not commonly considered in the context of
aluminum–steel laser joining.

The IMC layer is usually the weakest part of the dissimilar joint, and failure commonly
takes place within it. Therefore, most of the researchers’ efforts have been put on controlling
the IMC layer in order to produce high-performance dissimilar joints, yet so far only
limited-strength joints have been obtained due to the brittle behavior of IMCs.

As presented throughout this review, the current state of the art of laser joining ap-
proaches could be classified into two groups: approaches based on thorough control of
thermal cycles, and approaches based on chemical modifications. The most important
issues in the former group are related to controlling diffusion time and peak temperature,
as these two parameters influence IMC formation and growth in a determinant way. In the
latter group, in turn, chemical modifications are imposed to the weld pool aiming at con-
trolling the resulting IMC layer thickness and morphology. These chemical modifications
are usually achieved by using different combinations of filler metals (wire, powder, or both)
and fluxes. Obviously, a particular approach may have characteristics of both groups, as the
welding conditions are usually selected taking the IMC into account, and a filler metal is
commonly used. Additionally, some particular approaches have characteristics that do not
fit precisely into this classification. Anyway, we believe that the first group has been much
more explored than the second one. Although the mechanisms of IMC layer formation and
growth are still unclear, there is, to a certain extent, considerable comprehension of the
influence of thermal cycles on the resulting IMC layer characteristics. On the other hand,
there is still room for advancements by investigating new combinations of existing filler
metals and fluxes, not to mention the development of new chemical compositions, aiming
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at obtaining favorable IMC layer modifications that would lead to higher mechanical per-
formance. Unfortunately, these approaches usually involve arrangements such as modified
beam shapes and waves, oscillating beams, advanced clamping devices, non-conventional
filler metals, powder deposition systems, and beveling the sheets. Although the complexity
of such approaches is intentionally introduced aiming at improving microstructure and
mechanical properties of resulting joints, welding costs, time and operation difficulty are
increased along with the complexity of these joining approaches, limiting the acceptance of
the technology by the industry.

Although considerable achievements have been obtained, comprehension of phenom-
ena involved in IMC formation and growth in the context of dissimilar laser joining is still
limited. The deepest studies available regarding this issue have been carried out in hot
dipping or diffusion-couple experiments. Yet useful, these studies do not reproduce the
conditions under which a laser welding process takes place. While many authors focused
on the mechanical properties of the joints, the physical phenomena behind IMC formation
and growth are still unclear.

An important step towards understanding IMC formation and growth is accurate
phase identification. Most of the research works on aluminum–steel laser joining have
identified IMC based only on EDS and sometimes X-ray diffraction (XRD) analyses. Par-
ticularly, the EDS technique shows an important flaw: unwanted material underneath
the surface is also analyzed due to the pear-shaped interaction volume inherent to the
technique [108]. Thus, although usually the chemical analyses obtained by EDS are un-
questionably considered, they should be carried out carefully. More refined techniques
such as EBSD, transmission electron microscopy (TEM), selected area electron diffraction
(SAED), integral low-energy electron Mössbauer spectroscopy (ILEEMS), and electron
energy loss spectroscopy (EELS) are not commonly used, although they potentially lead
to much more accurate results. Indeed, different characterization techniques should be
combined, complementing each other to increase the reliability of results. Moreover, the
employment of real-time monitoring technology potentially connected to adaptative con-
trol systems [109], which have been successfully employed in laser welding systems, could
bring more advancements to dissimilar joining applications. Lastly, thermo-mechanical
and multi-physical simulations [110] are also expected to be further explored, although
some models have already been developed by these means [71,111–113].

Considering the exposure, we expect on the one hand the development of trustworthy,
relatively simple and affordable approaches to obtain high-performance dissimilar joints.
We hope novel approaches will provide an appropriate balance between wettability, absence
of imperfections and suitable microstructure (particularly IMC thickness), still maintaining
costs and complexity to limited levels. On the other hand, we also expect further scientific
improvements in understanding IMC formation and growth, and the influence of welding
thermal cycles and filler metals on it. We wish that future research on laser welding will
focus not only on obtaining high-performance joints, but also on further clarifying the
phenomena involved in IMC formation and growth in specific welding conditions. To this
end, we expect that researchers’ attention will not only be put on mechanical properties,
but also on improving our comprehension of the issues presented throughout this review.

In conclusion, further research is expected to be carried out in the near future in
order to promote the consolidation of laser welding as a reliable joining process applied
to dissimilar materials. It is expected that the formation and growth of intermetallic
compounds at the interface of aluminum–steel welds will be further clarified, providing
mains to manage the microstructural features of the joints. Additionally, more effort is
expected so as to promote transferability and repeatability of the technology. Finally, it is
expected that this knowledge will lead to the development of new laser joining approaches
in order to provide high-performance dissimilar joints at a reasonable cost, promoting
future broad acceptance of this technology by the industry.
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