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Abstract: Modern industry requires different advanced metallic alloys with specific properties since
conventional steels cannot cover all requirements. Aluminium alloys are becoming more popular,
due to their low weight, high corrosion resistance, and relatively high strength. They possess
respectable electrical conductivity, and their application extends to the energy sector. There is a high
demand in joining aluminium alloys with other metals, such as steels, copper, and titanium. The
joining of two or more metals is challenging, due to formation of the intermetallic compound (IMC)
layer with excessive brittleness. High differences in the thermophysical properties cause distortions,
cracking, improper dilution, and numerous weld imperfections, having an adverse effect on strength.
Laser beam as a high concentration energy source is an alternative welding method for highly
conductive metals, with significant improvement in productivity, compared to conventional joining
processes. It may provide lower heat input and reduce the thickness of the IMC layer. The laser beam
can be combined with arc-forming hybrid processes for wider control over thermal cycle. Apart from
the IMC layer thickness, there are many other factors that have a strong effect on the weld integrity;
their optimisation and innovation is a key to successfully delivering high-quality joints.

Keywords: laser beam welding; laser-assisted arc brazing; aluminium alloys; copper; titanium;
dissimilar materials; intermetallic compound layer; mechanical properties

1. Introduction

Recently, the joining of dissimilar metals has gained much attention in the automotive,
aerospace, and electrical power industries, due to growing demands in efficiency and
specific properties for metals. Steel, as the most widely used metal, cannot fulfil certain
demands and is partly substituted by modern Al, Cu or Ti alloys. As a result, the ne-
cessity of joining dissimilar metals has gained much attention in the past decade and is
growing rapidly.

For car body production in the automotive industry, galvanised steel has been used
for many years and is commonly welded by resistance spot welding. Aluminium is
frequently applied for improved weight reduction and corrosion resistance. An example of
different metal combinations in an automobile body structure is shown in Figure 1a. In the
aerospace industry, also the combination of aluminium with titanium is becoming frequent,
due to weight reduction. Friction stir welding (FSW) has gained more popularity since
it may provide high-quality joints, due to low heat input [1]. However, the process has
limited productivity and flexibility, compared to fusion welding processes. Batteries are an
important part of society’s everyday needs, used in portable electronic devices, cordless
power tools, energy storage, hybrid/electric vehicles, and many other applications. In the
development of batteries, there are growing demands for weight reduction and an increase
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in corrosion resistance; therefore, parts made from steel in batteries are substituted with
Al (weight reduction, higher electrical conductivity, corrosion resistance) and Cu (much
higher electrical conductivity, corrosion resistance). Each individual battery cell (or cell
unit) is connected, forming a pack of batteries (module), using a busbar (or terminal),
which is now usually made from copper/aluminium, as exemplified in Figure 1b. Lithium–
ion cells are the most dominant type among batteries in the automotive vehicle industry,
due to having the highest energy density available [2], where the outer shells are often
produced from nickel-plated steel. The pouch cell type is very popular and is produced
in very large quantities, with more than 1 billion cells per year [3]. Individual battery
cells are joined (in series or parallel) to modules (consisting of cell units) by high electrical
conductivity material, which is usually copper or aluminium. According to Das et al. [4],
laser beam welding is a good alternative in the joining of electrical battery cells and
pack level assembly since it may be used for different types of batteries. Aluminium-to-
copper is particularly of high interest in the energy industry, due to the need for high
electrical conductivity and weight reduction. Therefore, there is a growing demand for
the joining of dissimilar metals, where aluminium is often one of metals, chosen for
to its unique capability to significantly improve properties of the component/structure.
However, there are many challenges and key factors in the joining of multi-material
systems that need to be addressed. Aluminium and steel/Cu/Ti have a great difference in
melting temperatures: 660 ◦C Al to 1520 ◦C/1083 ◦C/1660 ◦C for steel/Cu/Ti, respectively.
In fusion welding, more aluminium is melted in the fusion zone and contraction forces
are increased during solidification, causing hot tearing in the low melting point alloy
(Al) at or nearby parent material (weld interface). Larger difference in thermal expansion
coefficients strongly influence the residual stress distribution after welding, and hence,
affect the component integrity. Aluminium has much greater heat conduction than steel
and Ti, and thus, higher energy intensity is required for melting. Moreover, the temperature
distribution may be highly asymmetric, with a complex residual stress pattern. Therefore,
the location of melting and heat concentration is an important factor to consider. A critically
important factor is the inevitable formation of the brittle intermetallic compound (IMC)
layer (see example in Figure 1c) between dissimilar metals, which is sometimes referred to
as the reaction layer or the intermediate layer. The mechanical properties of the IMC layer
are mainly dependent of the composition and thickness, which are highly dependent on
heat input. It is known that >10 µm IMC thickness is harmful for mechanical properties in
the case of steel to Al welding [5]; being too thin may lead to poor bonding strength [6,7]
(see Figure 1d). Therefore, the heat input must be lower and strictly controlled; the choice of
the welding process (arc, laser beam, and resistance) can significantly determine the quality
of the joint. In addition, based on the selected welding process, geometrical weld pool
parameters also contribute to the final quality of welded joint. Here, laser beam welding
(LBW) is an excellent alternative to traditional resistance spot and arc welding. LBW
offers much higher productivity, due to having more concentrated energy, easily melting
highly conductive materials, and providing lower heat inputs, reducing the IMC layer
thickness. Moreover, welds are narrower and may provide enhanced fatigue resistance.
When filler wire is needed to enhance fusion zone properties with wider control of dilution,
the laser-assisted arc welding process is another possibility.

During the thermal cycle, the kinetics of the IMC layer growth is mainly controlled
by diffusion, and the diffusion coefficient (denoted as D with dimension of m2 s−1) can
be estimated, according to the Arrhenius equation based on Fick’s law of diffusion as
follows [5,8,9]:

D = D0exp
(
− Q

RT

)
↔ ln D = ln D0 −

Q
RT

(1)

where D0 is the pre-exponential factor (m2 s−1), Q is the activation energy for the growth of
the interfacial IMC layer (J mol−1), T is absolute temperature (K), and R is the gas constant
(8.31446 J mol−1 K−1).
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Figure 1. (a) Typical application of dissimilar materials in various industries, where Audi A8 is
presented as an example and (b) battery pack made of cylindrical cells; modified and based on [10,11].
(c) Typical outlook and features of IMC layer by scanning electron microscope, from [7]. (d) Effect of
IMC layer thickness on strength [6,7].

It was shown that the Fe–Al IMC layer growth has a linear relationship with the square
root of diffusion time (t), representing the parabolic rate law with the kinetic exponent
(n ≈ 0.5 for diffusion-controlled growth and n = 0.9–1.0 for reaction-controlled growth).
The thickness of the diffusion layer (denoted as dIMC) can be estimated by the following
equation [5,9]:

dIMC = Dtn = D·
√

t↔ ln dIMC = ln D + n ln t (2)

The presented Equation (1) is applicable for atom diffusion in solids (solid/solid),
which is driven by several mechanisms. For the welding case, diffusion includes also the
liquid state (solid/liquid), which is far more complex [8]. However, the Arrhenius equation
is still valid and was shown by Springer et al. [9] for the Al–Fe case. In the case of overlap
LBW joints, Fan et al. [12] showed deviation in the calculated IMC layer thickness by using
the Arrhenius equation when compared with measured values. The calculated values
provided two to three times increased thicknesses. However, both obey parabolic law.
The authors claimed that there may be the wrong selection of diffusion parameters (D0 and
Q) since they are defined experimentally, and the exclusion of more complex phenomena,
such as phase transformation and dissolution. This may also be linked to which element
diffusion controls the reaction rate: either self-diffusion of Al to the interface towards the
first intermetallic phase formed, or Fe diffusion into the phase formed.

The application of Equation (2) for Fe–Al/Ti–Al/Cu–Al is shown in Figure 2. For the
Fe–Al case, the development of the Fe2Al5 phase is assumed since it is the predominant
phase (see Section 5.1). The phase growth parameters at 750 ◦C are taken for calculations
as follows: D0 = 53×10−4 m2 s−1 [5] (iron atom diffusion in Al) and Q = 210 kJ mol−1 [13].
The IMC layer growth follows the parabolic law. At higher reaction temperatures and time, it
may disobey the parabolic law and obey the linear increase. The applicability of Equation (2)
showed also good agreement for the Ti–Al case [14] (using D0 = 21 × 10−4 m2 s−1 and
Q = 296 kJ·mol−1 at 650 ◦C) and for the Cu–Al case [15–17] (using D0 = 8.8 × 10−4 m2 s−1

and Q = 72 kJ·mol−1 at 650 ◦C). Note that the linear relationship can also be shown by
taking the natural logarithm (ln) of both sides in Equations (1) and (2) and strongly depends
on the temperature and the D0 parameter.
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Figure 2. Calculated growth of IMC layer according to Equations (1) and (2).

The wettability and wetting angle are important factors in dissimilar materials weld-
ing, especially in the case of lap or corner joint types. It depends on surface tension during
solidification, and the energy balance can be calculated based on Young’s equation [18,19]:

cosθa =
σsv − σsl

σlv
(3)

where θa is the contact angle between liquid and solid (wetting angle), σsv is the interfacial
free energy or surface tension of the solid–vapour; σsl is the solid–liquid, and σlv is the
liquid–vapour interfaces, respectively. Note that θa has a significant effect on joint strength
and will be presented later in relevant sections.

In order to obtain the liquid metal spreading, the following requirement, Equation (4),
and condition, Equation (5), must be satisfied [19]:

σsl < σsv − σlvcosθa (4)

σlv < σsv (5)

In this work, a comprehensive review is focused on the laser beam and laser-assisted
welding of Al–Fe, Al–Cu and Al–Ti, due to the high relevance to industrial applications.
The scope of the review includes understanding thermophysical properties and laser
beam absorption principles, fundamentals of laser beam and laser-assisted arc welding
physics, metallurgical studies of steel to aluminium, galvanised steel to aluminium, cop-
per to aluminium, and titanium to aluminium welding-brazing fundamentals. The latest
development in the welding of these alloys is presented, including an in-depth metallurgi-
cal analysis.

2. Fundamentals of Laser Beam Welding

Laser beam welding has high potential in joining dissimilar metals. LBW may be
suitable for highly conductive materials, due to high concentrated energy for melting.
A laser beam is a non-contact flexible tool, and the power intensity distribution can be
changed for specific purposes with enhanced productivity [2]. Low heat input provides a
narrower heat-affected zone (HAZ), and thus, the strength may be enhanced. Laser beams
may operate under two essential temporal modes, continuous wave (CW) and pulsed wave
(PW) [20]. Modern laser beams have highly customisable pulsing capabilities with a pulse
duration in the order of µs, very high peak powers in the order of megawatts, and complex
pulse shapes with frequencies that greatly surpass that of pulsed arc welding. LBW is
normally carried out without filler wire, especially for thinner sheets, and is mainly used
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in the automotive and aerospace industry. Addition of the filler wire can be complicated
and requires tedious optimisation, especially for thin sheets [21,22]. Heat conduction laser
welding usually operates under <106 W/cm2 energy density (see Figure 3a) and is more
often used for thin plates (<1 mm), where the energy should not be sufficient to generate
a keyhole but high enough to melt the material locally. Here, the melt flows are very
dependent on the active surface elements and are similar to the tungsten inert gas (TIG)
process weld pool [23]. Higher energy density (>106 W/cm2) forms a keyhole, providing
much higher penetration depths, due to multiple reflections (see Figure 3b) and increased
absorption. The threshold for transition from the heat conduction mode and keyhole varies
and mainly depends on the wavelength and surface conditions. Based on Behler et al. [24],
Nd:YAG requires two times lower power density to generate a keyhole, and its drilling
time is several times faster, compared to the CO2 laser. Similar is expected for the fiber/disk
laser. There is also the transition mode between heat conduction and keyhole. Notably, the
stability in the heat conduction mode is much higher than in the keyhole mode, due to a
more stable weld pool with low porosity and spattering. The keyhole mode often has a
spiking effect, as the keyhole collapses, causing porosity. Therefore, more optimisation of
parameters is needed, but it is more attractive for thicker plates [25,26].

Due to the fast solidification speed, LBW may cause cracking, porosity, and poor met-
allurgical affinity in the fusion zone due to brittle phases. Microstructure in the fusion zone
can be improved by using specific interlayers by coating components [27]. Disadvantages
of LBW are high-cost investments, safety issues, high requirements of joint preparations of
components to be joined, more complex process and variables to be adjusted, and lower
wall plug (electrical) efficiency, compared to other processes.

Poor appearance of weld bead and surface defects are frequent challenges in LBW,
due to unstable melt pool formation, especially in the keyhole mode (see Figure 4). External
weld seam defects are undercut and underfill (top and root), spattering, upper and root
humping. The formation of undercuts, spattering and root humping are attributed to many
factors, including process parameters, welding conditions, shielding gas composition,
surface tension and viscosity of the used metals. International standards ISO 13919-1 [28]
(for steel) and ISO 13919-2 [29] (for Al) specify the limits for different quality levels. De-
tailed information concerning various external weld pool defects and mechanisms can be
found in [30].
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Figure 3. (a) Schematic illustration of laser beam physics (beam focused near surface) during heat conduction mode
with melt flows based on [31,32]. (b) Schematic drawing of laser beam physics (defocused beam) during keyhole mode
welding [21,22,33].
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Figure 4. Common external imperfections in LBW during full penetration mode (with focused laser beam) using V-groove
butt preparation. Based on [34–53].

3. Thermophysical Properties of Different Metals and Laser Beam Absorption

Aluminium alloys are widely used, due to their low weight and corrosion resistance.
Al alloys possess high thermal conductivity requiring higher energy for melting, similar to
Cu. A comparison of aluminium to other metals in terms of thermal conductivity versus
temperature is shown in Figure 5. For aluminium, the thermal conductivity decreases
with increasing temperature in solid and drops significantly at phase transformation stage.
Oxide film (Al2O3), which naturally occurs at the surface, has much lower conductivity with
a constant decrease with the temperature. Al has low melting point (660 ◦C), compared with
many metals and its alloying elements, except Zn and Mg as shown in Table 1. However,
on the surface, the Al2O3 film is inevitable formed and has a much higher melting point
(~2050 ◦C); thus, additional removal of the oxides is required (e.g., mechanical or chemical
cleaning). This oxide layer can be removed by applying fluxes or mechanically by a
stainless-steel brush prior to welding. The TIG process with DCEN (direct current electrode
negative) provides the cathodic cleaning effect by removing surface oxides through ions
with high kinetic energy [54]. A rapid change in the thermophysical properties (except
surface tension) of pure Al occurs at 660 ◦C, due to the transition from solid to liquid.
Another important issue is the high difference in thermal expansion between Al/Cu
alloys and carbon steels/Ti, 2.0−2.4 × 10−5 m·m−1°C−1 and 0.8−1.2 × 10−5 m·m−1 ◦C−1,
respectively, which may lead to high distortions and residual stresses [55]. The solubility
of alloying elements in Al/Fe as an important metallurgical factor is indicated in Table 1.
Metals may have high solubility in each other, forming a homogenous substitutional solid
solution when the atomic size is within 15% of Al, with a similar crystal structure, the same
valency, and similar electronegativity, according to the Hume–Rothery rules [56].
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Table 1. Thermophysical properties of different metals [57–59]. Solubility values are maximum possible values usually
achieved at high temperatures (e.g., >700 ◦C). Face-centred cubic denoted as f.c.c., body-centred cubic as b.c.c, and hexagonal
close-packed as h.c.p. crystal structures. Note, Si has complex face-centred diamond cubic crystal structure (*). Indicated
valency (+) values are most common. χ is electronegativity by Pauling scale.

Element Melting
Point, ◦C

Boiling
Point, ◦C

Solubility in
Al, wt.%

Solubility in
Fe, wt.%

Crystal
Structure

Atomic
Radius, pm Valency χ

Density,
g/cm3

Al 660 2467 − negligible f.c.c. 118 3 1.61 2.7

Mg 649 1090 17.4 negligible h.c.p. 145 2 1.31 1.7

Mn 1244 1962 1.82 negligible b.c.c. 161 2, 4, 7 1.55 7.3

Cu 1083 2567 5.65 negligible f.c.c. 145 1, 2 1.90 8.9

Si 1410 2355 1.65 negligible f.c.c. * 111 4 1.90 2.7

Zn 420 907 66.4 negligible h.c.p. 142 2 1.65 7.1

Fe 1535 2750 0.04 − b.c.c. 156 2, 3 1.83 7.9

Cr 1857 2672 0.77 <4.0 b.c.c. 166 2, 3, 6 1.66 7.1

Ni 1453 2732 0.04 <3.0 f.c.c. 149 2 1.91 8.9

Ti 1660 3287 1.32 negligible h.c.p. 176 2, 3, 4 1.54 4.5

Figure 5. Thermal conductivity changes with temperature of different metals. Redrawn from [60].

Reflectivity and the associated absorption of the electromagnetic wave, the laser ray,
during laser–matter interaction is an important phenomenon. A general overview of the
absorption coefficient of different metals in a wide spectrum [61] is shown in Figure 6a.
Note that this graph does not consider the incident laser power level and its angle, surface
condition, welding speed and other process parameters. Therefore, this graph is often
under update and mostly applicable for general understanding. Moreover, each alloy has
a specific chemical composition and provides slightly different temperature-dependent
absorption coefficients. Generally, Al alloys (and Cu alloys) have much higher reflectivity,
compared to steel, especially for long wavelength lasers, such as CO2 laser; thus, lower
absorption is expected. The most widely used is the ytterbium fibre/disc laser, due to
its high-power scalability and short wavelength of 1030–1070 nm. Infrared diode lasers
(λ ≈ 820 nm) provide higher absorption and can be increased at a shorter wavelength [62].
Emission of 450 nm wavelength (a blue laser) is preferable for highly reflective metals and
proven on the industrial scale [63,64] (see Figure 6b). These lasers can be produced up to
2.0 kW, which is enough to weld more than 1 mm thick Cu. However, they have high beam
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parameter product (BPP), meaning lower quality of the beam, but it is enough to perform
heat conduction mode laser welding.

Figure 6. Absorption of laser beam by different metals depending on laser wavelength in (a) wide spectrum [61] and in
(b) short-wavelength spectrum [62].

The actual absorption measurement is complicated and few research works have
been conducted. At the stationary condition, 70% of absorption (at 3.2 kW) was obtained
during Nd:YAG laser (1064 nm) keyhole welding of AA1xxx [65]. The absorption of
Yb:fiber laser power from 2 to 10 kW increased from 56 to 84%, respectively, during
LBW of AA5052 [66]. Moreover, the absorption was reduced (to 72%) by increasing the
welding speeds. Miyagi et al. [67] reported the absorption of 50–55% during Yb:fiber laser
welding in a wide range of different Al alloys. Absorption may be significant improved
by using power modulation as well instead of the CW mode [68]. In the case of the
heat conduction mode and high Mg content, improved absorption can be achieved [69],
especially with longer pulse durations in PW mode. Absorption may be also improved by
modifying the surface conditions, e.g., a chemically etched or anodised surface provides
high absorption [31]. Due to constant reflection by the surface, the absorption during heat
conduction mode of LBW is reduced, e.g., only 23% was obtained in the case of AA5182 [31].
Titanium alloys have reflectivity similar to steel, which also strongly depends on the laser
wavelength. Lisiecki [70] measured absorption of 52% for a polished Ti surface and up
to 72% for as-received (with oxide layer), using a high-power diode laser (λ = 808 nm) at
0.8–1.8 kW power range and 0.2–0.8 m/min scanning speed, similar to welding.

4. Laser-Assisted Welding and Brazing for Dissimilar Metals

In laser-assisted welding, the laser is frequently combined with an arc source or other
joining methods. It is then defined as hybrid welding, but it may be not the same as
laser–arc hybrid welding (LAHW), where high power laser beam is used to achieve very
high penetration depth and the arc is mainly used as an additional heat source to add filler
metal to the fusion zone [71]. In the case of laser-assisted welding, the laser beam may be
used for preheating, stabilisation of the arc process (providing high quality of the joint),
and/or enhanced penetration depth for increased productivity.

The typical setup of the laser-assisted joining process is shown in Figure 7a for thin
sheets [72] and LBW with the keyhole mode in Figure 7b. A typical butt joint configuration
and important parameters are shown in Figure 8a. When galvanised steel is used, there is
a frequent accumulation of Zn-rich zones at the edge of the fusion zones (or weld toes),
due to the low density of aluminium and higher electron affinity of Al–Fe compared to
Al–Zn/Fe–Zn, which attract Zn atoms to these regions based on the work of Jia et al. [73]
and Zhou and Lin [18]. Other typical joints are lap (overlap) joint (Figure 8b) and flange
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joint (Figure 8c). Due to the high differences in melting points of the two metals (for the
case of Al, see Section 3), an aluminium alloy with a much lower melting point is fully
melted, whereas steel is only partially melted. Therefore, the process can be termed as
laser-assisted brazing with the possible application of fluxes for improved wettability,
enhancing bonding. The location of the heat source is an important process parameter since
it is usually not located in the groove between plates but has an offset from the interface
toward the base metal. Frequently, the heat source (laser beam and/or arc) is located on
the aluminium side [7,42,74–78] (as indicated in Figure 7a) to minimize the melting of high
melting point metal (steel, Cu, Ti) to reduce harmful intermetallic compounds. In addition,
the thickness of the IMC layer is uneven across the bonding area [53]. A thicker IMC layer
is formed on the top surface of the joint, due to higher heat accumulation, compared to the
root side. Moreover, the IMC layer at the root can be so thin that it has low metallurgical
bonding. The average IMC thickness values are based on the layer present on the groove
side. In the case of deep penetration LBW of thicker sheets (>2–3 mm), the laser beam may
be located on the steel/Cu/Ti side to melt both metals (Figure 7b) [79,80]. These differences
and their effects are presented in the following sections.

Figure 7. (a) Laser-assisted arc welding or laser welding–brazing for thin components [72] and (b) keyhole laser beam
welding for thicker components [80].

Figure 8. (a) Schematic illustration of typical butt joint produced by laser-assisted arc welding–brazing process, based
on [41,46,47,72,81]. Laser welding–brazing of (b) overlap (fillet) joint, based on [45,73,82–86]; and (c) flanged butt or flare
V-groove (fillet) joint [82]. Note, steel does not usually melt.

5. Steel-Aluminium Welding–Brazing

Steel to aluminium (Fe–Al) joining is widely used nowadays and frequently studied.
The difference in the thermal conductivity of these two metals (see Figure 2) is large,
the ratio is about 1:5–1:9, depending on the alloys used; the melting point difference is by
the factor of 2.2 (see Table 1). This implies that upon solidification, cracking and tearing may
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occur. Formation and growth of the Fe–Al IMC layer is complex. Therefore, optimisation
of the heat input is more intricate in such cases, requiring in-depth studies.

5.1. Formation and Growth of Fe–Al IMC Layer

In the welding of Fe–Al, complex metallurgical reactions take place at the interface.
Brittle Al-rich intermetallic compounds are formed, due to low mutual solubility; atomic
radius, valency, and crystal structure of Al and Fe differ significantly, providing no possibil-
ity to form a homogenous solid solution. Both Al and steel have cubic crystal structure, and
thus, substitutional diffusion is possible when Al atoms replace Fe atoms within the lattice
at sufficiently high temperatures, typically in the range of 600–650 ◦C [5]. In this interlayer,
large amounts of different IMCs (iron aluminides) are developed, and subsequently, they
may deteriorate the mechanical properties [87]. The binary Fe–Al diagram was proposed by
Kattner and Burton in 1992 [88] and is presented in Figure 9. The diagram is often revised,
and modified versions are available now [89,90]. The most common IMCs are Fe3Al, FeAl,
FeAl2, Fe2Al5, and FeAl3 [91,92] after welding. Recent studies showed that Fe4Al13 (θ)
is more often recognised than FeAl3 [93]. The detailed overview of Fe–Al characteristics
is provided in Table 2. Based on the hardness values, the most brittle phases with low
plasticity are FeAl2 (ζ), Fe2Al5 (η), and FeAl3 (θ). It is expected that cracking and fracture
during mechanical strength testing can be generated and propagated through these phases.
Therefore, these phases and the total layer thickness should be minimised as much as
possible. However, in using conventional arc welding with high heat input, it is challeng-
ing to achieve the thin Fe–Al IMC layer. Here, LBW provides advantages of a lower heat
input. Low wettability of molten Al on solid steel is another challenge in welding–brazing.
The zinc-coated steel is an alternative solution since it provides significant enhance in
wetting distances (see Section 5.5).

Figure 9. Binary Al–Fe phase diagram. Redrawn from [88] with permission.
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Table 2. Characteristics of different FexAly phases [5,73,83,94–97]. The visual representation of the crystal structure can be
found in [98]. Hardness values may vary significantly depending on parent metal used. Composition of Al (in wt.%) varies
depending on temperature.

Phase Al, wt.% Crystal Structure Hardness (HV) Morphological Features and
Mechanical Properties

Fe 0–11.2 b.c.c. 150 α-Iron, soft metal

FeAl (β) 12.8–37.0 b.c.c. 400–600 High brittleness phase with weak ionicity, band-like
or platelets

Fe3Al 13.0–20.0 b.c.c. 250–350 Ductile phase

FeAl2 (ζ) 48.0–49.4 triclinic 1000–1050 Metastable phase, do not form after welding

Fe2Al5 (η) 53.0–57.0 orthorhombic 1000–1100

Tongue-like (or serrated tooth-like) phase extending
towards steel up to 10–100 µm in length. Preferential
growth along c-axis. At low heat input may be nearly

equiaxed (or trapezoidal) morphology. Contains
glissile dislocations.

FeAl3 (θ) 58.5–61.3 monoclinic 820–980
Columnar, elliptical phase extending towards Al.

Exhibit no preferential growth. Contains high
micro-twin density and stresses upon transformation.

Fe4Al13 (θ) 61.0–65.0 monoclinic 820–980 More complex lattice structure than FeAl3, requires
advanced studies for identification

Fe2Al9 68.5 monoclinic N/A Metastable phase, rarely reported

FeAl6 74.3 orthorhombic N/A Metastable phase, forms under rapid solidification or
as precipitates

Al 100 f.c.c. 20–60 Aluminium, soft metal

Based on the work by Agudo et al. [83], where a relatively new CMT (cold metal
transfer mode, Fronius GmbH) process was used with low heat input, a very thin IMC
layer was formed (2.3 µm), consisting of Fe2Al5 and FeAl3 phases. Both have low sym-
metry lattices, orthorhombic and monoclinic, which provide low ductility and toughness.
Torkamany et al. [94] identified the gradient distribution of FexAly phases during laser-
pulsed welding in lap joints (steel was on top of Al). Fe-rich phases (FeAl and Fe3Al) were
identified close to the welding surface, and more complex Al-rich phases were located
in the bottom interface. Fe-rich phases are not easily formed, due to their lower kinetic
coefficient [5]; thus, they are easier formed at higher heat inputs. Since FeXAly phases have
significantly different thermal expansion coefficients and high hardness, they are the cause
of cracking during solidification.

Li et al. [98] identified the plasticity of different phases. Fe3Al and FeAl2 are found to
exert plastic deformation. This is probably linked to their higher lattice symmetry with b.c.c.
and triclinic lattices. FeAl, Fe2Al5, FeAl3, and Fe4Al13 provide brittle fracture. However,
according to Kobayashi and Yakou [5], the FeAl phase tends to be the ductile phase. They
proposed the plasticity ranking (from high to low) as follows [98]: Fe3Al (high plasticity) >
FeAl2 > FeAl3 > Fe2Al5 > Fe4Al13 > FeAl (brittle).

The formation of a specific θ phase (Fe4Al13) in welds is also common but challenging
to identify. In keyhole LBW of 6 mm plates, Cui et al. [79] indicated θ-phase formation as a
needle-like island on the Al side and serrated θ-phase close to the interface, consisting of
the Fe2Al5 phase layer. Due to the deep weld, inhomogeneous distribution of the IMC layer
was developed, with the θ phase predominantly formed in the upper part. Similar results
of a detached and needle-like (or acicular) Fe4Al13 phase was shown by Cao et al. [44]
during high heat input welding of 2 mm AA5052 and press-hardened steel.

The formation and growth of the Fe-Al IMC layer during welding is schematically
shown in Figure 10 [7,9,13,43,44,79,80,85,99–101]. The IMC layer is a diffusion-driven
phenomenon [5] since the thickness of IMC layer is a function of time where Fe atoms
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diffuse into the IMC layer. The diffusion coefficient of Fe in Al is ~30 times higher than Al in
Fe [5]. Initially, while Al is in a molten/mushy state and the time range depends on thermal
cycle, it covers the steel surface, and FeAl and/or FeAl3 are formed at the interface due to
the interdiffusion of Al/Fe atoms [5]. At the same time, Fe2Al5 is formed and grows toward
the steel in the preferable [1] direction, having a tongue-like morphology. Further growth
is controlled by the heat input and cooling conditions. At higher reaction temperatures
(>950–1000 ◦C) the Fe2Al5 becomes more flat in shape (as visualised in Figure 10), and its
thickness reduces, while on the Al side, a substantial amount of island-like phases are
formed with cracking at the liquid Al/FexAly interface [101]. Therefore, heat input during
welding should be strictly controlled.

Figure 10. Formation and growth of Fe-Al IMC layer during welding according to progress in weld thermal cycle: (a) initial
formation of FeAl phases; (b) FexAlx phases during low heat input parameters; and (c) FexAlx phases during high heat
input. Figure is based on [7,9,13,43,44,79,80,85,99–101].

The Fe2Al5 phase is considered the most dominant phase, and its thickness is sub-
stantially larger than any other phase, at up to 85–90% of the total IMC layer thickness
depending on parameters and conditions [93,101,102]. The mechanisms of the IMC layer
generation are similar to the hot dipping process or steel aluminisation during immersion
in molten aluminium [5,102]. Frequently, Al+FeAl3 eutectics can be found toward the Al
side, with various detached islands or free phases (FeAl3/Fe4Al13), especially at high weld
heat input. The thickness of Al eutectics is larger (20–70 µm) than the reaction layer but is
more ductile and usually is not of concern. Notably, the thickness of IMC layer may vary
significantly over the length and depends on the area in the joint.

5.2. The Effect of Filler Wire on Fe–Al IMC Layer

The selection of filler wire has a significant effect on the Fe–Al IMC layer; silicon has a
profound effect. Filler wire with high Si content may reduce the diffusion of iron in molten
Al [13], reducing the IMC layer thickness, specifically the Fe2Al5 phase. Springer et al. [9]
identified 11 phases (τ-phases) during molten and semi-solid (mushy) Al interaction with
solid Fe. Particularly important were the τ6 (monoclinic Al4.5FeSi, only relevant at high
temperatures) and τ5 (hexagonal Al8Fe2Si) phases, which inhibit the growth of the Fe2Al5
phase along its c-axis, due to structural vacancies and being filled by Si atoms. However,
with a further increase in the Si content (from 1–2 wt.% to 5 wt.%), the thickness of the IMC
layer grew. Therefore, excessive Si content in the filler wire may be adverse in arresting the
Fe2Al5 phase growth; thus, the Si content should be optimised.

Song et al. [103] studied the effect of filler wire with different Si content, using TIG
welding–brazing. Si-rich filler material (5 wt.%) successfully prevented IMC growth,
compared to pure Al wire. The wire alloyed with 12 wt.% Si provided slightly thicker
IMC layer than in the case with 5 wt.% Si wire. With the addition of Si, needle-like shaped
IMCs (FeAl3) were changed to a plate-like continuous FexAlx layer with the formation of
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τ5 in the top layer. The effect of the Si content on the IMC layer morphology is shown in
Figure 11a–c with crack path positions. Xia et al. [99] applied LBW with similar filler wires
and found that with increasing the Si content (12 wt.% Si wire), the IMC layer thickness
was significantly reduced. Moreover, the addition of Si prevented microcracking in the
IMC layer (see Figure 11d–f). However, filler wire with 5 wt.% Si provided the highest
tensile strength with a thicker IMC layer. The Si addition affected the FexAlx phases, the
FeAl3 phases transformed to Fe(Al,Si)3 and Fe2Al5 to Fe2(Al,Si)5. However, it did not
suppress the IMC layer growth. The reason for 5 wt.% Si wire having better ductility is that
it contained more Fe2(Al,Si)5 phases, which have higher plasticity, whereas the 12 wt.% Si
wire had only brittle τ5 and Fe(Al,Si)3 phases.

Figure 11. Effect of filler wire on the evolution of the Fe–Al IMC layer with TIG brazing [103]: (a) pure Al wire; (b) 5 wt.%
Si wire; (c) 12 wt.% Si wire. Red arrow indicates crack path position. Laser brazing results [99]: (d) pure Al wire; (e) 5 wt.%
Si wire; (f) 12 wt.% Si wire.

Zinc-based filler wire may also be used for non-galvanised steel-to-Al alloy welding.
High addition of Zn changes the composition of the IMC layer toward Zn-rich phases
such as η-Fe2Al5Zn0.4 and δ-FeZn10 [81], instead of Al-rich phases. Zn is highly soluble
in Al; thus, it does not form Al–Zn intermetallics. According to Tan et al. [81], the filler
wire with higher Al fraction (lower wt.% of Zn) provided higher strength, due to scattering
and reduction in the brittle δ-FeZn10 phases and a thicker η-Fe2Al5Zn0.4 layer. This is an
indication that, even though a thicker IMC layer was produced, higher strength can be
achieved, due to more favourable phases, their amount, distribution, and morphology.

5.3. Effect of Process Parameters on Fe-Al IMC Layer and Mechanical Properties

The Fe–Al IMC layer thickness strongly affects the strength and ductility. However,
there is no clear understanding of the underlying mechanisms since it may also depend
on other process parameters and conditions. For FSW with low heat inputs, the critical
thickness of 0.5–0.7 µm was identified [104,105], where, below this value, high tensile
strength is achieved, comparable to base metal strength; see Figure 12a. With the IMC
thickness of >0.7 µm, a sharp decrease in strength occurs [105]. In addition, the mismatch
between different parent metals also plays a significant role since it affects principal
distribution of stresses at the interface. This effect becomes more pronounced when steel
and Al alloy have higher strength mismatch.
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Figure 12. Effect of Fe–Al IMC layer thickness on tensile strength: (a) in FSW [105] of 1 mm thin plates in butt joint
configuration; (b) in arc-assisted laser welding in butt joint for different sheet thicknesses [7].

In fusion welding, the IMC layer tends to be frequently larger than 1.0 µm depend-
ing on the heat input. Therefore, the control of the heat input is constricted with typical
thickness of the Fe–Al IMC layer, frequently >3 µm. In addition, the IMC layer is charac-
terised by a large hardness spike (see Figure 13), due to the presence of various hard Fe–Al
phases (see Table 2), which may lead to stress concentration and cracking. The hardness
spike is similar for both thin (<2 mm) and thicker sheets (>3 mm). According to many
studies [7,12,42,80,85,106], the growth of the IMC layer is linear with increase of the heat
input, which is a function of the welding speed (e.g., lower welding speeds provide higher
heat input), laser and arc power. This is reflected in Figure 14a. It seems that it does
not follow the parabolic law of growth (presented in introduction), but welding is only
within a specific range of temperatures and cooling; thus, more of the phenomena involved
should be taken into consideration, such as convective heat. Higher heat input increases
the cooling time and provides more time for diffusional growth of the IMC layer. Thus, the
laser-based welding is more attractive than arc welding, due to lower heat inputs. How-
ever, higher heat input may increase the wetting distance since more material is melted
to increase the tensile strength (will be discussed later). Too low heat input may provide
lower strength, due to low wetting distances, an unfavourable wetting angle, and poor
metallurgical integrity [47,75]. Moreover, due to a faster cooling rate, the hardness may
increase, and cracking may be generated at the IMC layer. Therefore, the thermal cycle
should be carefully considered and accordingly optimised.

Early studies indicated that the critical thickness of the IMC layer that is detrimental
for mechanical properties is ~10 µm [9,107]; this is generally accepted. The results of laser-
based welding are shown in Table 3 and shows that the highest strength is achievable within
the range of 5–8 µm, depending on the different combinations of alloys and conditions.
A clearer representation of the effect of the IMC layer thickness on strength was represented
by Yu et al. [7] and Cui et al. [80]; see Figure 12b. It shows that the maximum strength may
be achieved within the 11–12 µm thickness range and moderate heat inputs and seems
applicable to a wide range of sheet thicknesses. Chen et al. [75] reported that optimal
strength was achieved at moderate heat inputs and welding speeds in the butt joint of
2.0–2.5 mm thickness (steel/Al) sheets with laser–CMT hybrid welding. The strength was
dependent on the spreading distance (see Figure 8) and wetting angle. The spreading
distance decreased with higher laser powers and welding speeds, due to melt dropout, and
as a consequence, the wetting angle increased. In such cases, increase in the wire feed rate
is more effective in achieving improved wetting distances. However, additional heat input
from arc should be strictly controlled since it directly affects the IMC layer growth. Similar
results were achieved by Chen et al. [43] in welding 2.0 mm thick Q235 steel to AA5052 with
the same process. Dharmendra et al. [6] showed that a larger wetting distance (L) and lower
wetting angle (θ), represented by a ratio (L/θ), has a linear relationship with mechanical
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strength in laser welding–brazing of the galvanised steel to Al in the lap joint type; see
Figure 15a. Notably, with an increase in the laser heat input, the wetting angle decreased
linearly. Very thin IMC layer (<4 µm, see Figure 15b) provided lower strength, attributed to
poor metallurgical bonding. A similar trend was reported by Yuan et al. [85] in the case of
dual-beam laser-brazing lap joint of high strength DP590 steel (1.2 mm thick) and AA7075
(1.0 mm thick). Moreover, an increase in the heat input improved the wetting distance
with higher tensile strength. Mathieu et al. [107] indicated that geometrical parameters
(larger wetting distance and lower wetting angle) of the fusion zone had a significant
effect on the strength of the joint, regardless of the IMC layer thickness, as long as it was
below 10 µm. Another important factor was the effect of the IMC layer morphological
features as discussed previously in Section 5.1. Dual spot beam welding, with cross-dual
setup, may provide more uniform distribution of heat input and thermal gradients with
increased mechanical properties (by more than a factor of two), according to Xia et al. [76].
In addition, the IMC layer thickness was reduced since the overall heat input was lower,
compared to single-spot LBW. However, this method is more complex to implement. In
the case of pulsed LBW [94], the increase in pulse duration and peak power may enhance
the number of Fe–Al phases along with increased penetration depth. Increased pulse
overlapping also raised the number of Fe–Al phases, but with deterioration of the tensile
strength. The wetting distance may be improved by texturing the surface, e.g., the laser
beam. According to Pardal et al. [108], a specific surface modification may improve the
tensile shear strength by 25% in lap joints. However, laser-based microprocessing will
increase the costs significantly; thus, it may be not optimal for cost-efficient joining.

Figure 13. Hardness distribution and hardness spike at IMC layer along Fe–Al interface (a) in arc-assisted laser-brazing in
thin plates [7]; and (b) laser keyhole welding of 6 mm thick plates; results from (a) was integrated, indicated by arrow [80].

Figure 14. (a) Effect of laser power on IMC layer thickness and (b) effect of laser power on mechanical properties. From [85].
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Table 3. Strength of welds between steel and aluminium by using laser beam and laser-assisted hybrid welding–brazing. Abbreviations: t is thickness is specimen (in mm), UTS is ultimate
tensile strength, tIMC is thickness of IMC layer, Zn is zinc-coated steel where (+) means it was used and (−) was not, the same for the flux. Strength efficiency (denoted as Eff. in %) means
the strength of joint comparable to used aluminium alloy strength. Indicated weld strength is max. achieved strength under certain (optimised) welding conditions.

Steel Aluminium Alloy Filler
Material

Flux Joint Type (Shape
and Bevel Side)

Weld Strength,
MPa

tIMC, µm Fracture
Location Eff. % Ref.

Grade UTS, MPa t Zn Grade UTS, MPa t

DC04 280 1.2 + 6016-T4 260 1.0 − + Lap 250 8 fusion zone of
Al 96 Sierra et al. [106]

Q235 370–500 2.5 + 6061 180 2.5 ER4043 − Butt, V (Fe)
30◦ angle 150 8 along IMC

layer, Fe2Al5
83 Sun et al. [46]

Mild
steel N/A 1.0 − 5251 190 1.0 AlSi12

powder + Butt, I-groove 128 4 N/A 68 Zhang et al. [74]

DP590 590 2.0 − 6061-T6 310 2.0 AlSi12 − Butt, V (Fe)
45◦ angle 140 5–9 along IMC

layer 45 Li et al. [109]

DP590 590 1.2 − 6061-T6 310 1.5 ZnAl22 + Butt, V (Fe)
45◦ angle 274 8–13 along IMC

layer 88 Tan et al. [81]

DP590 590 1.2 − 6061-T6 310 1.5 AlSi5 + Butt, V (Fe)
45◦ angle 208 4–8 along IMC

layer 67 Xia et al. [99]

DP590 590 2.0 − 6061-T6 310 2.0 AlSi10Mg + Butt, V (Fe/Al)
45◦ angle 194 10 along IMC

layer 63 Xia et al. [41]

Q235 370–500 6.0 − 5083 N/A 6.0 − − Butt, I-groove 110 7–11
along IMC

layer,
Fe2Al5/Fe4Al13

- Cui et al. [80]

Q235 370–500 2.0 − 5052 N/A 2.0 ER5356 + Butt, I-groove 83 3–5 along IMC
layer - Chen et al. [43]

DP590 590 1.2 + 7075 N/A 1.0 − − Lap 123 10

along IMC
layer,

needle-like
FeAl3

- Yuan et al. [85]

301L N/A 2.0 − 6A0-T5 245 2.0 ER5183 + Butt, V (Fe)
70◦ angle 189 4

along IMC
layer,

Fe2Al5/Fe4Al13

77 Chen et al. [75]
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Figure 15. Laser welding–brazing of Fe–Al lap joint: (a) effect of wetting distance (L)/wetting angle (θ) ratio on strength
and (b) effect of IMC layer thickness on strength. Modified from [6].

In butt joints, the bevelling angle of the groove may have a significant effect on its
quality since the wetting distance or wetting length (see Figure 7) can be manipulated.
Most researchers use V-shape bevelling for both plates and a one-sided V-shape bevel on
steel. Sun et al. [46] used different bevelling geometries and identified that 30◦ bevelling
angle (on steel) provided much higher strength than larger angle bevelling (see Figure 16a).
This was attributed to a much larger wetting distance, and hence a larger total bonding
area, with better metallurgical connection, which is important. Moreover, the thickness
of the IMC layer was also significantly reduced from 9 µm to 5 µm. Li et al. [109] iden-
tified that V-shaped bevelling (on steel) provided better strength than squared-shaped
and Y-bevelling with small root face, due to a smaller temperature gradient, providing
homogenous distribution of IMC.

Figure 16. (a) Effect of bevelling angle on IMC and wetting distance (bonding area) and its effect on tensile strength of Fe-Al
joint. Modified from Sun et al. [46]. (b) Effect of flux prior to welding on galvanised steel and comparison with arc welding
results. Modified from Sierra et al. [106].

Application of flux can dissolve pre-existing oxides (e.g., Al-oxides), avoid harm-
ful oxidation during welding, and increase the wettability of Al on a zinc-coated steel
surface [106]. The IMC layer thickness was reduced by preventing the formation of inter-
metallic compounds, due to thermal barrier of the applied flux. Moreover, much lower
porosity was achieved by suppression in the evaporation of zinc. Based on the overview in
Table 3, better results were achieved with application of the welding flux prior to welding.
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The effect of flux on strength is illustrated in Figure 16b, including a comparison with
the arc welding results. It was stated previously that it is not necessary to use flux for
galvanised steel, due to the better wetting provided by the zinc coating. However, there are
obvious advantages to using the welding flux, even for galvanised steel. The most widely
reported flux is based on aluminium potassium fluorides, KAlF4 (65 wt.%) and K3AlF6
(35 wt.%).

In joining dissimilar materials, the offset distance (see Figure 7a) is an important
parameter to consider since it directly affects the amount of melted material (or dilution),
cooling rate and characteristics of the IMC layer. The tensile strength was improved with
shorted laser offset due to balanced melting and bonding between AA5052 and press-
hardened steel, according to Cao et al. [44]. However, a too-short offset distance can cause
a thicker IMC layer, and needle-like shape phases developed in large amounts, providing
much lower mechanical properties [80].

The effect of the post-weld heat treatment (PWHT) is rarely reported. In general,
PWHT may have a negative effect on the IMC layer since reheating increases the IMC layer
thickness. On the other hand, ageing may be positive for the Al alloy, due to precipitation
of strength-enhancing particles, which were fully dissolved during the weld thermal cycle.

5.4. Steel–Aluminium with Interlayers and Coatings

In some industries, such as automotive and battery production, the steel is frequently
coated with a thin nickel layer for strength and electrical conductivity improvement [110].
Nickel-coated steel represents coating deposited by electroplating process with approxi-
mately 10–100 µm in thickness and very high integrity of bonding. A detailed description
of the production process can be found in [111]. This Ni interlayer increases corrosion
resistance and provides improved joining capabilities with aluminium. In the case of fusion
welding, the fusion zone consists of three different metals. The binary Al–Ni phase dia-
gram was proposed by Nash, Singleton and Murray in 1991 [88] and is shown in Figure 17.
Properties of different Al–Ni intermetallic compounds, nickel aluminides, are listed in
Table 4. Preferable phases for higher strength are Al3Ni, AlNi, Al3Ni5 and AlNi3. The Al–
Ni system is well established in composite area in metallic laminated composites [112,113].
The growth kinetics of the Ni–Al IMC layer is well coped with the parabolic rate law,
according to Arbo et al. [114]. Al3Ni forms first and is presumably more relevant for laser
welding, due to faster cooling. With the increase in annealing time, or slower cooling
rate found in arc welding, the Al3Ni phase was consumed by the Al3Ni2 phase, and the
optimal thickness for strength was found to be 3–5 µm. The porosity layer was found on
the Al fusion side in the Al3Ni2 layer, due to the Kirkendall effect, and the Al2O3 layer.
In laser-based welding with substantial penetration depths, such as in keyhole welding or
high heat inputs, complex ternary Fe–Ni–Al phases may form, due to dissolution of the
Ni-interlayer [115] (e.g., Fe3NiAl10, FeNi3Al10, and FeNiAl9). However, the literature on
this topic is very limited.

Chen et al. [116] showed that 100 µm nickel coating can be advantageous for the
welding of Al to Fe. However, some problems still existed due to Al3Ni formation. The Ni
interlayer was shown to be positive for toughness in friction welding of Al to stainless
steel [117]. Friction melt bonding was successfully used between high-strength steel and
AA1050, using the Ni interlayer of 10 µm, resulting in significant reduction in the Fe–Al
IMC layer thickness by 90% [87]. Dissolution of the Ni interlayer in liquid Al provided
hot tearing on the solidified Al side close to the IMC layer. This changed the solidification
behaviour in the fusion zone when compared to Fe–Al systems without the Ni interlayer.
Therefore, the heat input should be limited, and/or Ni interlayer thickness increased.
Recently, Trinh and Lee [110] applied single-mode laser welding with short pulses (<200 ns)
with low energies (10–20 W) to join pure Al tabs to Ni-coated steel (10 µm thick Ni) for
a battery case. Due to low thickness of the Ni-layer, it was easily vapourised during
welding, causing pores, or blowholes, at a low laser power. At higher laser power, vapour
successfully escaped from the keyhole. As a result, the tensile strength increased along with
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an increase in laser power. Moreover, an associated reduction in the electrical resistance
across the joint was found, which is fundamental to the current application. Therefore,
the welding speed and laser power should be balanced. Another important observation
was the significant hardness increase (up to 320 HV) in the Al part, due to the formation of
nickel aluminides. This hardness level was up to six times higher than that of the Al base
metal. Unfortunately, no metallurgical studies were reported. As a result, Ni-coated steel
may provide certain benefits for the weld integrity but needs more in-depth metallurgical
studies to fully understand the advantages of the Ni interlayer. In most cases, steel should
not be melted, using the heat conduction mode, and thus the IMC layer should comprise
more ductile Al–Ni intermetallics. At higher laser power, the Ni layer may evaporate with
substantial melting of steel and Al. Therefore, mainly Fe–Al phases are formed, providing
low mechanical properties and electrical conductivity.

Figure 17. Binary Al–Ni phase diagram. Redrawn from [88] with permission.

Application of interlayers, such as silver (FSW of AA6061-T6 with AISI 304 stainless
steel [118]), cobalt (friction welding of AA1050 with DP600 steel [87,119]), and copper (LBW
of 5052 with Q235 low carbon steel [120]) reported to be positive in reduction of the IMC
layer thickness, providing improved mechanical properties, due to reduction in the hot
tearing susceptibility. However, it may involve triple mixing of materials, having complex
metallurgical reactions.

Table 4. Characteristics of different AlxNiy phases forming at room temperature [88,112,114,121–124]. Composition of Ni
(in wt.%) varies depending on temperature.

Phase Ni, wt.% Crystal Structure Hardness (HV) Morphological Features and Mechanical Properties

Al 0–0.24 f.c.c. 20-60 Aluminium, soft metal

Al3Ni 42.0 orthorhombic 440 Semi-brittle phase

Al3Ni2 55.9–60.7 trigonal 740–780 Brittle phase, elongated grains growing
perpendicular to interface

Al4Ni3 60.7–61.0 cubic N/A Brittle phase, rarely reported

AlNi 61.0–83.0 cubic 220–360 Semi-brittle phase

Al3Ni5 79.0–82.0 orthorhombic N/A Semi-brittle phase, rarely reported

AlNi3 85.0–87.0 cubic 460–570 Semi-brittle phase

Ni 89.0–100 f.c.c. 90–110 Nickel, soft metal
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5.5. Galvanised Steel–Aluminium

Galvanised steel is widely used in various industries, providing improved corrosion
resistance. Galvanisation is well studied and much information has been published by
Marder [125] on the metallurgy of Zn-coated steels. The thickness of zinc coating depends
on steel thickness and varies in the 10–100 µm range. Zn-coated steel provides better wetta-
bility of molten filler wire by lowering the surface tension, which increases fluidity [18,86].
In addition, the zinc layer provides a thermal barrier during brazing by reducing the heat
input and reducing the IMC layer thickness since the thermal diffusivity of Zn is three
times higher than that of steel [18].

Steel coated with zinc frequently produces gas-filled cavities, due to zinc evaporation
by high temperatures present in welding, driven by the Kirkendall effect. It is a common
issue in arc welding [86,126–128] and even in the CMT process with better control in heat
input and stability [129–131]. In laser keyhole, the welding of aluminium to galvanised
steel may be even more challenging. Zinc has a higher vapour pressure than Al and Si [31]
and is mainly responsible for excessive generation of porosity [132,133] and spattering,
due to melt ejection from the keyhole [134]. These are well-known issues in the case of
galvanised steel to steel welding, especially in overlap joints, which are most frequently
used in car body manufacturing [133]. One of the solutions is to use a small air gap between
the plates to reduce pores by eliminating zinc vapour from the processing zone. With
optimisation of welding parameters, it is possible to achieve high quality welds, even
without an air gap [135,136].

Zinc has high solubility in Al (up to 66.4 wt.%) and does not form IMCs with Al in a
wide range of concentrations; see Al–Zn binary diagram in Figure 18a. Therefore, most
of the IMCs are Zn-rich since solubility of Al in Zn is much lower; their properties are
shown in Table 5. At high Zn concentrations, ductile Zn–Al eutectoids (e.g., Zn–22Al) or
eutectics (e.g., Zn–5Al) are formed. However, with the presence of Al, a complex ternary
Fe–Al–Zn intermetallic is formed. The use of zinc coating may significantly affect the
welding stability in the keyhole mode, and hence, the quality of the joints. However, due
to very thin zinc layer, it has a not so obvious effect on the IMC layer characteristics after
welding since it completely melts during welding and dissolves/mixes in the fusion zone.

Figure 18. (a) Binary Al-Zn and (b) Fe-Zn phase diagrams. Redrawn from [88] with permission.

The binary Fe–Zn diagram was proposed by Burton and Perrot in 1992 [88]; shown
in Figure 18b. Characteristics of Fe–Zn intermetallics are presented in Table 5. According
to Sierra et al. [106], autogenous LBW has no obvious effect of galvanisation (20 µm thick
Zn) on metallurgical quality of the IMC layer. Most welds had high strength efficiency due
to better Al wettability on steel surface. However, welds without welding flux contained
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much Zn-induced porosity, providing lower strength. Springer et al. [93] studied the effect
of zinc on the formation and growth of the Fe–Al IMC phases. In general, very similar IMC
layer behaviour was found as for the Fe–Al interaction without Zn coating. Zn-coating
provided more uniform IMC morphology and may increase the growth of the IMC layer
under slow cooling rates, especially at high temperatures (>700 ◦C). Zn had higher affinity
to Al than Fe, and thus, the largest portion of Zn was melted and transferred to the Al–Zn
eutectoid nearby the Fe–Al IMC layer upon cooling. Sun et al. [46] applied the Zn coating
on a bevelled surface for welding–brazing of Fe–Al with the ER4043 filler wire. The Zn
coating during welding was driven to the outer region of the weld, e.g., on weld toes at the
top and bottom surfaces as shown in Figure 8a. Zn-rich zones were, thus, generated, due to
complex melt flows [137] composing an Al matrix with the Al–Zn eutectic. No detrimental
effects of Zn-rich zones were identified. However, some complex Fe2Al5Znx/FeAl3Znx
IMCs were observed at the Fe–Al interface. When Zn-rich filler wire is used, the effect of
Zn-coating on chemical composition of IMC layer is negligible, due to low thickness.

Jia et al. [73] found that the Fe2Al5Zn0.4 IMC layer is formed since Zn atoms replace Fe
atoms during the later stage of solidification in the LBW of lap joints with pure Al powder
as the filler material and a 10 µm thick Zn coating. This layer possesses better ductility,
compared to the FeAl3/Fe2Al5 phase [138], and thus, higher mechanical properties may
be provided without cracking. Zn-rich zones with dendritic microstructure in the fusion
zone were formed at the edge of the fusion zone, as shown in Figure 8a. Therefore, a
very thin IMC layer was formed in this zone. Agudo et al. [83] reported formation of Zn
dendrites in an Al matrix with hypoeutectoidal composition in such a zone. The Zn-rich
zone was shown to be detrimental since it acts as a crack initiation point, due to the high
stress concentration in these zones [131] and brittleness [86].

Table 5. Characteristics of different FexZny phases forming at room temperature [88,139]. Composition of Zn (in wt.%)
varies depending on temperature.

Phase Zn, wt.% Crystal Structure Hardness (HV) Morphological Features and Mechanical Properties

Fe 0–46.0 b.c.c. 86-104 α-Iron, soft metal

Fe3Zn10 (Γ) 30.0–35.0 b.c.c. 326 Common phase, semi-brittle phase

Fe5Zn21 (Γ1) 72.0–85.0 f.c.c. 505 Brittle phase

FeZn10 (δ) 88.5–93.0 hexagonal 273-358 Semi-brittle phase

FeZn13 (ζ) 94.0–94.8 monoclinic 118-208 Semi-brittle phase, lath-shaped crystals

Zn 100 h.c.p. 41-52 η-Zinc, soft metal

According to Dong et al. [126] the most suitable filler wire was Al–Si12 (12 wt.%
Si) compared to Al–Si5, Al with 6% Cu, Al with 10% Si and 4% Cu, and Zn with 15%
Al wires, for the welding of AA5xxx with galvanised steel (15 µm Zn coating). During
welding, much porosity was found near the IMC layer, due to Zn evaporation in all welds.
With Al–Si12/Al–Si5 wires, the IMC growth was suppressed, grains were refined, and
more favourable IMCs (more ductile Si-rich) were formed, providing better mechanical
properties with fracture in the fusion zone. Cu-alloyed wire resulted in increased IMC
growth, while Zn-based wire provided a thicker IMC layer and brittle Zn-based phases.

The effect of zinc evaporation on the process stability in laser-assisted GMA welding-
brazing was very limited. Qin et al. [45] found that the arc stabilised by defocused laser
beam (in leading position) and welding speeds up to 6 m/min showed acceptable welds,
compared to pure GMA. Furthermore, it showed superior wettability of the liquid filler
material due to the preheating effect from the laser beam. However, zinc vapour jets
destabilised the weld plasma during peak current periods, due to strong evaporation,
while during the base current period, only melting with slight vaporisation was noted.
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6. Aluminium–Copper

The combination of two non-ferrous metals, Cu and Al, has become popular in recent
years. Both metals possess high electrical conductivity and high corrosion resistance.
However, they are highly reflective with high thermal conductivity. Moreover, they possess
high affinity to form intermetallic phases at higher temperatures. Therefore, FSW [140–142]
and ultrasonic [143,144] (also ultrasound-assisted variant [145,146]) welding are the most
widely adopted method for the joining of these alloys. The latter is mostly used for very
thin sheets or foils. However, with the invention of higher quality laser beams and recently
emerging lasers with shorter wavelength (e.g., 400–600 nm lasers; see Section 3), laser-based
brazing is becoming more frequently applied for increasing productivity. The Cu-based
components may be significantly reduced in weight by substitution of Cu with Al, which
is three times lighter. In fact, this seems to become an important trend in, for example, the
automotive industry, in terms of battery assembly. One of the most important Cu–Al weld
properties is maintaining high electrical conductivity between the two materials. These
alloys are typically welded in overlap; most of the published papers rarely include butt or
T-joints. Typically, an Al sheet is placed on a Cu sheet since Al is much easier to melt and
penetrate by the laser beam.

6.1. Formation and Growth of Cu-Al IMC Layer

During fusion welding, the formation of the Cu–Al IMC layer upon solidification is
harmful for mechanical properties and electrical conductivity. At the IMC layer interface,
there is a significant hardness spike [147], similar to the Fe–Al case. Therefore, dilution
should be estimated carefully, and it should be toward the Cu-rich IMCs since they provide
better ductility. There are numerous amounts of Cu–Al intermetallics; their characteristics
are presented in Table 6. The binary Cu–Al diagram was proposed by Murray in 1985 [88]
and is shown in Figure 19. It is also under constant revision, and updated versions are
available [90,148]. Due to the large difference in thermal expansion coefficients, joints are
prone to cracking with initiation at the IMC layer. Therefore, careful optimisation of the
parameters is required. Considering that both metals are highly reflective, and Al usually
tends to produce pores, high quality welds are a real challenge. Based on the work by
Sharma et al. [149], the conductivity may be reduced by a factor of 100 times compared to
Cu and 50 times to Al, which is very significant. However, the bimetallic layer of Cu–Al
may provide reasonable electrical conductivity of 66–91% of Cu with optimised parameters,
which is even higher than pure Al. According to Lee et al. [150], the electrical resistivity
follows a linear relationship with the IMC layer thickness up to 80 µm, after which it
growths exponentially.

During friction welding, Lee et al. [150] showed that the Cu–Al IMC layer is diffusion
controlled and that the main phases were CuAl and CuAl2. More complex behaviour
was found in fusion welding of 0.3 mm thick Al and Cu. Here, Zuo et al. [151] reported
that the IMC layer consisted of four distinct zones: (i) columnar grains γ1-Cu9Al4 close to
Cu; (ii) lump-like θ-CuAl2 and eutectic (α+θ); (iii) eutectic (α+θ); and (iv) α-Al equiaxed
dendrites. These phases are formed due to melting, which increases the complexity when
compared with solid-state friction welding. Xue et al. [152] reported that Cu9Al4 and
CuAl2 were the main phases in FSW. In fusion welding of AA6061 to pure Cu, Yan and
Shi [153] proposed that the θ-phase dominated in the formation of growth of the Cu–Al
IMC layer; see Figure 20.
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Figure 19. Binary Al–Cu phase diagram. Redrawn from [88] with permission.

Table 6. Characteristics of different CuxAly phases forming at room temperature [88,148,151,154–158]. Composition of Cu
(in wt.%) varies depending on temperature.

Phase Cu, wt.% Crystal Structure Hardness (HV) Morphological Features and Mechanical Properties

Al 0–5.65 f.c.c. 20–60 Aluminium, soft metal

CuAl2 (θ) 52.5–53.7 tetragonal 324–630 Lump-like morphology, brittle phase

Cu2Al3 61.0–70.0 trigonal N/A Metastable phase, rarely reported

CuAl (η2) 70.0–72.1 monoclinic 628–905 Preferable phase for maintaining electrical
conductivity, brittle phase

Cu11Al9 (ζ2) = Cu4Al3 74.4–75.2 orthorhombic 616–930 Brittle phase

Cu33Al17 (δ) = Cu3Al2 77.4–78.3 hexagonal N/A Rarely reported

Cu9Al4 (γ1) 79.7–84.0 b.c.c. 549–770 Semi-brittle phase, preferable IMC for strength
improvement

Cu4Al (α2) 88.5–89.0 cubic N/A Rarely reported

Cu 90.6–100 f.c.c. 60-100 Copper, soft metal

6.2. Effect of Filler Wire and Interlayers on Cu–Al IMC Layer

Zn–Al filler wires are most frequently used for the brazing–welding of Cu–Al. Feng et al. [17,159]
applied Zn–Al–Ce filler wire for the brazing of Cu–Al. A small cerium addition (0.03–0.05 wt.%)
improved the spreading area up to 30%, suppressed the IMC layer growth and refined
the microstructure by reducing dendrite size and its arm spacing. Therefore, strength
was improved, compared to Zn–22Al filler wire, providing ductile fracture. According to
Ye et al. [160,161], a novel development of a Zn–Al–Si wire improved strength by reducing
the IMC layer thickness, compared to commercial Zn–22Al filler wires. Simultaneously,
the corrosion rates were reduced by several times, including the mitigation of stress cor-
rosion cracking. The latter was shown to propagate along diffusion layer or Zn-rich
precipitates. The addition of silica to the wire refined the microstructure and improved
dispersion of Al–Si/Zn–Al eutectics near the diffusion layer with reduced Zn concentration
and impeding CuAl2 phases. Thus, the growth of the IMC layer was suppressed. With a
further reduction in Zn by increasing the Al (from 22 to 28 wt.%), the corrosion resistance
of the joints was slightly improved as described in [162].
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Figure 20. IMC layer formation and growth in lap joint between Al and Cu. From [153].

The addition of a nickel interlayer between Al and Cu provided a more favourable
microstructure, due to reduced Al diffusion into Cu, according to Yan et al. [163]. Up to 30%
in strength increase was achieved, when compared to the Al–Cu joint without the interlayer.
These advantages diminished with an increase in laser power since more deleterious Cu–Al
intermetallics were formed. Even higher strength can be achieved by mitigating undercut
and porosity in welds.

6.3. Effect of Density Difference and Placement of Sheets in Lap Joints

The density of Al is three times lower than Cu (see Table 1). Therefore, in overlap
joints, which are often used, the placement of material may be an important factor to
consider. A large difference in density adversely affects mixing in the fusion zone. With the
Al alloy sheet placed on top of the Cu, difficulties in mixing with Cu may arise, and most
of the Al will stay in the upper part of weld; see Figure 21. On the one hand, it is positive
to avoid excessive mixing. Moreover, the fusion zone will be more separated and weaker
joints may be formed with low strength. With Cu being on top, Cu can mix with Al, due to
Cu’s higher density, which may potentially form stronger welds. However, the effect of
the Cu sheet placement had no significant effect up to welding speeds of 40 m/min [164].
Up to this point, not many studies have been done on the effect of sheet placement in
lap joints, and more results are needed for stronger evidence of its potential. Since Cu is
more reflective than Al, more energy is required to achieve deeper penetration. According
to Lee et al. [164], the IMC layer thickness and width reduced with increasing welding
speed, which is in agreement with faster cooling rates. This may, in turn, increase the
joint strength.

6.4. Effect of Welding Parameters on Cu-Al IMC Layer and Mechanical Properties

It was reported that an increase in laser power provides a thicker IMC layer [153],
similar to the Fe–Al case. In the case of lap joints, higher penetration is required to
create a reasonable joint strength. This is one of the main reasons why the Al sheet
preferably should be located on top of the Cu sheet. The Cu sheet underneath acts as
a heat sink, and more concentrated energy is required for melting. Therefore, the laser
beam power should be optimised. Although Cu–Al components are mostly used for
electrical conductivity applications, and hence do not bear structural loads, they should
provide reasonable strength and ductility. Zuo et al. [151] showed that the γ1-Cu9Al4 phase
provided more plasticity to the joint and θ-CuAl2 decreased the shear tensile strength
of the lap joint in welding 0.3 mm thick plates. According to Yan and Shi [153], higher
laser power provided higher hardness spike in the IMC layer, due to larger IMC growth
(Figure 22a), specifically due to the formation of brittle CuAl2, where fracture propagated.
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Moderate laser power provided optimal tensile strength (Figure 22b). Similarly to the
Fe–Al case (see Section 5.4), the larger thickness of the Cu–Al had a negative effect on
strength, according to Zhou et al. [165], and the optimal thickness was 2–3 µm for high
strength; see Figure 23.

Figure 21. Effect of welding speed (vs) and sheet placement on (a) quality of weld and (b) strength. Based on [164].

Figure 22. (a) Hardness profile at Cu-Al IMC layer and (b) effect of laser power on tensile strength. From [153].

Figure 23. Effect of Cu-Al IMC layer thickness on strength. Based on [165].
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Laser offset affects the melting and dilution of base metals, and hence, the weld
mechanical properties. With laser placement towards the Cu side, Zhou et al. [165] showed
that more Cu is melted, providing harder phases and a columnar dendritic microstructure,
resulting in lower strength and susceptibility to cracking. With the laser offset closer to
Cu-alloy side, weld discontinuities, such as lack of penetration and fusion, were easily
obtained, due to the higher reflectivity and thermal conductivity of Cu compared to Al.
Optimal results were achieved with laser placement on the Al side, providing thinner IMC
layer and higher strength (up to 56% efficiency).

The effect of annealing on the Cu–Al joint may be beneficial in some cases, although it
may add additional costs. With improper selection of temperature and time, Lee et al. [150]
demonstrated that the IMC layer thickness containing CuAl and CuAl2 increased signif-
icantly with an associated reduction in electrical conductivity. The use of ageing after
brazing was detrimental for the shear strength by using Zn–22Al wire, according to Feng
and Songbai [17]. However, the strength was slightly improved by adding Ce to the
wire. Based on Wang et al. [166], a parabolic growth in the IMC layer was found with
a mixture of Cu9Al4, CuAl2 and CuAl intermetallics. The IMC layer thickness increase
was accompanied by an increase in the heat treatment time and a linear decrease in the
tensile strength.

In the case of the laser pulsed welding, the effect of the pulse shape had a profound
effect. The pulse shape with a slight preheating and annealing at the end improved
the quality of joints by suppressing cracking and porosity with increased the mixing
between Cu and Al [167] for improved strength. Therefore, higher strength may be
achieved. Application of oscillation in laser brazing–welding showed improvement of
Cu–Al homogeneity as well as use of moderate pulse duration, according to Solchenbach
and Plapper [156]. A too-long pulse duration resulting in high hardness and brittleness,
due to formation of Cu4Al3 and CuAl phases [158]. Moreover, too-high mixing of material
resulted in poor quality with high electrical resistance of the joint. Too-short pulses caused
poor melting with very low strength. According to Lerra et al. [168], the pulse shape with
increasing ramp (enabling preheating) and square shape with larger pulse distance (lower
overlapping) provided higher mechanical properties than pulses with annealing properties
(decreased ramp or step). However, all pulse shapes provided high mechanical properties
with certain pulse with higher overlapping related to appropriate penetration and melting.
Therefore, all pulse characteristics should be optimised by tailoring different characteristics.
For very thin specimens (<100 µm thick), the use of nanopulses for welding purposes is a
viable solution, based on Wang et al. [169], and is called laser shock welding. In this way,
the IMC layer thickness is negligible with low hardness spike at the interface.

7. Aluminium–Titanium

The use of Al–Ti dissimilar joining is rapidly growing, due to the needs in the aerospace
and the automobile industries [170]. Titanium alloys have a much higher melting tempera-
ture than Al; thus, in most of cases, joining is similar to a mixed welding–brazing process
(see Figure 7a). There is low solubility of Ti in Al (only 1.32 wt.%); thus, detrimental Ti–Al
IMCs are formed between the two alloys during welding.

7.1. Formation and Growth of Ti-Al IMC Layer

During melting and solidification, the interdiffusion of Ti and Al atoms occurs at the
interface, forming an IMC layer. During the interdiffusion process, there is initial nucleation
of the TiAl3 IMC layer on the Ti–Al interface [171]. This TiAl3 phase grows towards the
fusion zone, which is on the Al side. The growth is promoted by an increase in heat input,
providing a slower cooling rate. It was determined that the Al diffusion coefficient is
20 times higher than that of Ti, which makes the Ti diffusion rate controlling [172]. Some
researchers [173] observed only the presence of the TiAl3 phase in the reaction layer at
low heat input, with possible low fraction of Ti-rich phases. TiAl and Ti3Al layers develop
from TiAl3, due to the diffusion of Al atoms. In LBW, Jiang and Chen [174] identified
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the formation of the Ti2Al layer between Ti3Al and TiAl. The binary phase diagram was
proposed by Murray in 1987 [88] and is shown in Figure 24. The formation and growth
of the Ti–Al IMC layer is illustrated in Figure 25 [53,77,173–180]. For higher heat input,
there is a substantial growth in the TiAl3 phase with frequent detachment, providing an
island-like morphology. Another common morphology of TiAl3 is a rod-like shape as
reported by Zhu et al. [77]. At the Al/TiAl3 interface, microporosity formation is possible,
due to the Kirkendall effect [172] and is usually called Kirkendall porosity. The most
detrimental IMC is TiAl3, due to excessive hardness and its abundance. Moreover, TiAl3
phases contained crystal defects, such as a stacking fault, when the IMC thickness was
about 1 µm [173]. The properties of different TixAly intermetallics are described in Table 7.

Figure 24. Binary Al-Ti phase diagram. Redrawn from [88] with permission.

Figure 25. Formation and growth of Ti–Al IMC layer during welding according to progress in weld thermal cycle: (a) initial
formation of Ti–Al phases; (b) Ti–Al phases during low heat input parameters; and (c) Ti–Al phases during high heat input
parameters. Based on [53,77,173–180].
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Table 7. Characteristics of different TixAly phases forming at room temperature [88,122,181]. Composition of Al (in wt.%)
varies depending on temperature.

Phase Al, wt.% Crystal Structure Hardness (HV) Morphological Features and Mechanical Properties

Ti 0–7.5 h.c.p. 80–120 Titanium, soft metal

Ti3Al (α2) 14.0–26.0 hexagonal 150–200
Main IMC in weld, has continuous band-like

morphology and becomes thicker at higher heat inputs.
Relatively ductile

TiAl (γ) 35.0–41.5 tetragonal 320–340

Develops in moderate amount at higher heat input
with slower cooling rates, has continuous band-like

morphology and is detrimental effect on
mechanical properties

Ti3Al5 44.0–49.0 tetragonal 300–320 Relevant only at high temperatures

TiAl2 50.5–51.2 tetragonal 250–300 Develops in moderate amount at higher heat input,
usually has continuous band-like morphology

TiAl3 62.8 tetragonal 200–250
Main IMC in weld and the most detrimental for

mechanical properties, due to brittleness, has
serrated morphology

Al 98.8–100 f.c.c. 20–60 Aluminium, soft metal

7.2. Effect of Filler Wire and Interlayer on Ti–Al IMC Layer and Strength

The most widely used filler wire for Ti–Al dissimilar welding is Si-based aluminium
filler wire. Near the IMC layer, complex Al+Al/Ti–Si eutectoids may form. The use
of Si-based filler wire (4xxx alloy) strongly affects the IMC layer composition and its
characteristics. The nanosized granular intermetallic Ti3Al5Si12 phase (commonly known
as τ1-phase) was observed along the interface, due to the segregation effect of the Si atoms
towards the Ti base metal by using 12 wt.% Si filler wire [173]. The growth of TiAl3
columnar crystals towards the Al-rich fusion zone (from the Ti3Al5Si12 layer) caused partial
transformation to Ti(Al,Si)3 crystals (up to 15%) since Si atoms replace Al atoms due to
their similar atomic radii [182] (see Table 1). Tomashchuk et al. [49] demonstrated the
significant suppression of the IMC layer growth by using Si-alloyed Al wire instead of pure
Al wire [183], and strength increased from 60% to 90% of the Al BM strength. Both 5 wt.% Si
and 12 wt.% Si wires provided formation of more ductile Ti5Si3 phases at the interface and
columnar Ti(Al,Si)3 phase. Filler wire with 12 wt.% Si provided a thinner IMC layer with
better strength and ductility, which is possibly linked to the more favourable morphology
of columnar IMC crystals consisting of complex τ2-phase (Al21Si46Ti33-Al8Si59Ti33) and
TiAl3, due to higher Si content. Similar results were obtained by Li et al. [50]. The effect
of the Si content on the wire is illustrated in Figure 26, where an increase in Si causes a
reduction in the IMC layer thickness, providing improved mechanical properties. However,
formation of the τ2-phase was not confirmed. Based on EDS results, there was a peak in the
Si content in the IMC layer close to the Ti base metal with both 5 wt.% and 12 wt.% Si wires.
The authors showed by high-resolution TEM that nano-granular Ti5Si3 and Ti7Al5Si12
phases were formed in the IMC layer together with Ti(Al,Si)3, due to lower Gibbs energy.

An alternative to direct welding-brazing, an intermediate layer of zinc (50 µm thick
foil) was evaluated in the case of an overlap joint, as conducted by Wang et al. [184]. They
observed that zinc enhanced the spreading of Al –Si filler wire on the Ti6Al4V surface
together with an increased wetting distance. These phenomena paved the way for an
improved strength, i.e., a tensile shear strength up to 180 MPa corresponding to 80% of the
Al base metal. However, it provided additional brittle Ti–Zn phases in the reaction layer
at low currents (60 A). By increasing the arc power, the Ti–Zn disappeared but it should
be controlled to reduce the IMC layer thickness. No effect on other IMC characteristics
was reported.
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Figure 26. Effect of filler wire composition of IMC layer structure: (a) pure Al wire; (b) 5 wt.% Si
wire; (c) 12 wt.% Si wire; (d) EDS results for 5 wt.% Si wire; and (e) EDS results for 12 wt.% Si wire.
From [50].

7.3. Effect of Welding Parameters on Ti –Al IMC Layer and Mechanical Properties

One of the most important parameters in controlling the Ti–Al IMC layer thickness
and its characteristics is the heat input and laser offset. According to Zhang et al. [177],
the IMC layer thickness within 3–4 µm provided optimal strength (see Figure 27) at
moderate arc power and welding speed. A too-thin IMC layer (<1 µm) does not facilitate
appropriate metallurgical bonding, providing low mechanical continuity [49]. With an
increase in the IMC thickness beyond 4–5 µm, the strength reduced. This is also attributed
to unfavourable morphology, such as brittle, rod-like TiAl3 phases growing from the
Ti–Al interface. Therefore, similar to the Fe–Al and the Cu–Al cases, there are other
factor contributing to the strength, such as the IMC layer morphology, absence of defects
(porosity, cracks), wetting distance, etc. Li et al. [53] reported that moderate laser beam
power was beneficial for strength, due to improved wetting conditions (angle and distance)
and uniform IMC morphology within a relatively thin IMC layer. At low laser power,
poor metallurgical bonding was facilitated with short wetting distance from the root side.
At higher laser power and/or arc power in the case of LAHW, thicker IMC layer with
serrated rod-like morphology was developed and provided lower strength. According to
Song et al. [180], shorter laser offset provided more melting of the Ti alloy and a thicker IMC
layer, providing low tensile strength; see Figure 28. By contrast, a too-large offset distance
provided incomplete interdiffusion between the two materials without any metallurgical
bonding. As a result, the laser offset should be located between the two extremes. With
an increase in the laser offset (from Al base), Zhu et al. [77] showed that the porosity was
significantly reduced with a decrease in the IMC layer thickness. With the highest laser
offset on the Ti side, the wetting distance in the root was poor with a lack of bonding
between WM and the Ti base metal. The maximum tensile strength of 230 MPa, which is
80% of the Al BM strength, was achieved at a moderate laser offset distance.
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Figure 27. Effect of Ti–Al IMC layer thickness on strength based on [177].

Figure 28. Effect of laser offset on (a) IMC layer thickness (average values since top IMC layer is thicker than root IMC
layer) and (b) tensile strength. From [180].

Groove geometry preparation, when the bevel is made on the Ti side, may influence
the IMC layer characteristics and mechanical properties. Li et al. [51] identified that higher
strength can be achieved by using V-groove shape, having a 45◦ angle bevel on the Ti side,
compared to Y-groove and I-groove shapes. It was attributed to a more homogenous and
continuous IMC layer morphology. Moreover, the thickness was reduced by more than
twice on top and middle regions of the brazing cross section (see Figure 8 for reference).
In the case of the V-shaped bevel, Chen et al. [175] claimed that too-low laser beam power
did not provide reasonable melting in the root. This made the root zone more susceptible
to fracture and frequently acted as an initiating point. When compared to Gaussian
and circular spot geometry, the use of rectangular spot provided more homogeneous
distribution of the IMC layer with better mechanical properties.

The summary of various welding parameters effects on joint efficiency is reflected in
Table 8. Higher joint strength is achieved in Al–Ti than in Fe–Al joints (compared with
Table 3), due to the thinner IMC layer. The IMC thickness is not the main contributor to the
strength, similar to the Fe–Al case. Other factors, such as wetting distance, morphology
of the IMC and composition, may significantly contribute to the strength. Usually, flux
may be used for Ti–Al joining, and the effect [48,77] is similar to the Fe–Al joints (KAlF4
flux, see Section 5.4). However, Ti is frequently treated with special chemicals to increase
wettability [53]. Many welding parameters have similar effects on the IMC layer and
mechanical properties as for Fe–Al and Cu–Al material joining.
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Table 8. Strength of welds between titanium and aluminium alloys by using laser beam and laser-assisted hybrid welding–brazing. Abbreviations: t is thickness is specimen (in mm), UTS
is ultimate tensile strength, tIMC is thickness of IMC layer, if flux was used (+) or was not (−). Efficiency (Eff.) means the strength of joint comparable to aluminium alloy BM strength.
Indicated weld strength is max. achieved strength under certain (optimised) welding conditions within publication, which may contain more diversity in applied welding parameters,
consumables, and conditions.

Titanium Alloy Aluminium Alloy Filler
Material Flux Joint Type Weld Strength,

MPa
tIMC, µm Fracture

Location
Eff., % Ref.

Grade UTS, MPa t Grade UTS, MPa t

Ti6Al4V 895 1.5 5A06 315 1.5 Al–Si12,
flux-cored − Butt V-shape 278 N/A fusion zone of

aluminium alloy 88 Chen et al. [175]

Ti6Al4V 895 2.0 6061-T6 318 2.0 − − Butt I-groove 203 0.26 fusion zone of
aluminium alloy 64 Song et al. [180]

T40 N/A 3.0 5754 222 3.0 AlSi12 − Butt V-shape,
45◦ angle bevel 200 2–3 Ti-WM interface 90

Tomashchuk
et al. [49],

double half-spot

Ti6Al4V 895 2.0 6061-T6 320 2.0 AlSi12 −
Butt V-shape,

45◦(Al)/30◦(Ti)
angle bevel

241 ~0.45 HAZ of Al base
metal 75 Li et al. [53],

dual-spot

Ti6Al4V 895 2.0 6061-T6 222 2.0 AlSi12 +
Butt V-shape,
20◦(Al) angle

bevel
213 N/A fusion zone of

aluminium alloy 96 Gao et al. [48]

Ti6Al4V 895 3.0 6061 288 3.0 AlSi12 + Butt I-groove 230 ~1.5 HAZ of
aluminium alloy 80 Zhu et al. [77]
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Even though the reported joint strength in the case of laser-based welding is usually
lower than Al base metal (<100%), the arc welding seems not to offer significant improve-
ment. However, better results may be provided, due to lower porosity and favourable
weld geometry with larger wetting distances. For example, Miao et al. [176] achieved
96% of the initial Al base metal strength by using low heat input bypass-current MIG
welding–brazing between AA6061 and Ti–6Al-4V. However, the arc process is slower
and heat input should be strictly controlled; thus, the CMT process is more often used to
overcome these challenges.

8. Challenges and Future Trends

The welding of aluminium alloys to other metals is challenging, due to the formation
of the hard and brittle intermetallic compound layer. The thickness of the IMC layer has
a direct effect on strength in all studied multi-metal systems (Fe–Al, Cu–Al, and Ti–Al).
The thickness is mainly controlled by the heat input, which mainly depends on the heat
source power output and welding speed. In fusion welding, the heat inputs are higher than
in FSW or ultrasound welding, and thus, the IMC thickness is usually larger than 2 µm.
However, a too-thin IMC layer (<2–3 µm) may provide poor metallurgical bonding. The
layer thickness of >10–12 µm provides reduced mechanical properties, due to excessive
hardness and brittleness. Therefore, the optimal thickness is 5–10 µm. Another important
factor is the morphology of the IMC layer. With continuous, non-disruptive morphology
of the layer, improved strength is achieved, due to lower stress raising. A too-high heat
input provides an unfavourable morphology in the form of sharp edges and islands, along
with large IMC layer thickness, which is harmful for mechanical properties. The heat input
may influence the chemical composition or formed phases. An important note is that a
true heat input from laser beam, especially in the keyhole mode with full penetration, is
very challenging since the laser beam partially escapes through the keyhole exit. Moreover,
the absorption must be considered as well. The spreading distance, both on top and root
side, and wetting angle have large influence on strength. The process parameters must be
adjusted to provide larger spreading distance with good metallurgical bonding along with
smaller wetting angles, regardless of the type of the joint. In this case, the optimisation of
arc welding parameters is more important, due to the wider effect on melting material; the
CMT arc process is advantageous, with lower heat inputs to mitigate layer growth.

The IMC layer thickness can be effectively suppressed by filler wire with 5 wt.% Si
by changing the chemical composition. As an alternative, interlayer coatings are effective.
Further development of filler wires is required. So far, the most widely studied are Si-
alloyed and Zn-based filler wires. More advanced filler wires may provide an enhanced
microstructure, improved spreading distances and bonding strength.

An important factor is the type of joint and stress/strain distribution at the IMC
layer interface. Thus, the bevelling angle is an important factor to consider. The effect of
residual stresses and stress/strain fields on mechanical properties is not widely studied.
However, dissimilar materials exert much of the strain field, due to the high difference in
the thermophysical properties and contraction upon cooling. The optimisation of process
parameters is more complex in satisfying the adapted stress field, thermal cycle affecting
microstructure and welding defects (cracking and pores).

There is a necessity to use newer techniques, e.g., preheating with pulsed laser, laser
ablation of oxide Al alloy prior welding, external factors (ultrasound/mechanical vibra-
tions), as they may further improve the weldability and strength of joints. The use of fluxes
was proven to increase the quality of the joints by removing oxides from surfaces effectively.
However, there is very low development towards more effective and less aggressive types
of fluxes. A multi-beam system may provide a solution to the challenges. However, they
are more complex than single beam solutions. Laser beam oscillations may help to improve
spearing distances along higher tolerances to air gaps. Moreover, the morphology of IMC
layer can be manipulated. However, the penetration depth may be reduced, and heat in-
puts may be increased. The application of acoustic vibrations during welding may provide
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a more uniform IMC layer morphology, grain refinement, lower porosity (as described
in [185–187]) and is very rarely published. Surface texturing and surface roughness opti-
misation can significantly improve strength by increasing the bonding area. It is scarcely
studied, and there is a large room for newer discoveries. However, surface modification
may add substantial additional costs for production and should be carefully accessed.

Numerical simulation of the IMC later formation and growth in multi-materials
system is scarcely studied, due to its complexity. In welding, more complex physical
phenomena are involved; the IMC layer growth may deviate from parabolic law and its
thickness prediction with mechanical properties is challenging. This is mainly related to
high thermal gradients and stronger heat convection by fast melt flows.

Hydrogen trapping and precipitation, due to its high solubility in Al alloys within a
multi-material system, has been scarcely addressed. Hydrogen may significantly degrade
the mechanical properties of joints. Thus, more studies are expected in this area.

In the case of Cu–Al joining, electrical conductivity plays a vital role, and thus, pa-
rameters and IMC layer characteristics should provide low electrical resistance. In general,
Cu–Al joining may be more challenging since Cu is a highly conductive and reflective
material. Therefore, more advanced laser systems are required with shorter wavelengths
(<500 nm). However, these lasers have power limitation (<2 kW) with low beam quality
that is unable to be focused to smaller spots for advanced manufacturing, having wider
windows for heat inputs. There is a trend to substitute Cu with mode advanced Al alloys,
due to weight and costs. However, the electrical conductivity of Al alloys must be enhanced
for energy sector needs. Moreover, the weldability of these alloys should also be considered.
In addition, due to Cu, more advanced techniques for phase recognition are required.

As a result, high mechanical properties and integrity of welded joints can be achieved
by the optimisation of many process parameters and factors with implementation of the
innovative techniques, which represent a significant challenge.

The future research direction for the filling knowledge gaps may include better un-
derstanding of formation and growth of the IMCs during welding and their properties
after welding, more advanced filler materials and cost-effective interlayers allowing higher
heat inputs to use for enhanced productivity, and advanced filler materials for improved
corrosion resistance in harsh environments. In laser-based welding–brazing, more in-depth
research of the process parameters and heat source interaction would be beneficial for a
more stable process, providing improved quality welds.

9. Concluding Remarks

Based on the studied material systems (Fe–Al, Cu–Al, and Ti–Al), the identified main
factors contributing to the strength are as follows:

• Thickness of the IMC layer. Optimisation of welding parameters, mainly by controlling
the heat input, provides appropriate thickness of the IMC layer. The optimal thickness
reported to be 10 µm for the Fe–Al case. For the Ti–Al case, the optimal IMC layer
thickness is 2–3 µm and for the Cu–Al case, it is 5–7 µm.

• Morphology or continuity of the IMC layer. A uniform IMC layer provides higher
strength by ductile fracture, compared to discontinuous and/or serrated-like mor-
phology that has higher stress concentration.

• Optimisation of the thermal cycle can lead to more ductile phase generation in the
IMC layer, and hence, higher strength and ductility.

• Laser beam welding systems are more flexible and may provide enhanced productivity
and quality than conventional arc welding methods.

• The use of (i) dual-spot laser welding technique, (ii) rectangular spot, and (iii) mechan-
ical vibrations and oscillations may provide more uniform IMC layer morphology and
reduce its thickness.

• Larger wetting or spreading distance of filler wire may significantly increase the joint strength.
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• Application of appropriate filler material, e.g., Si-rich wire, affects the IMC compo-
sition and may prevent its growth. Zn-based filler wire can improve the corrosion
resistance and weld strength.

• The preplaced interlayer (Fe, Cu, Ti, Co, Ni) may change the composition of the IMC
layer and suppress its growth, similar to filler wire.

• The use of flux removes harmful oxides and mitigates oxidation. Therefore, it may
improve the weld strength significantly by improving the wetting angle, distances,
and metallurgical bonding.
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