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Abstract: Aluminium alloys are widely used in many industries due to their high strength-to-
weight ratios and resistance to corrosion. Due to their specific thermophysical properties and
intricate physical metallurgy, these alloys are challenging to weld. Work-hardened alloys may
experience strength loss in heat-affected zones (HAZ). The strength of precipitation-hardened alloys
is severely damaged in both HAZ and weld metal due to coarsening or full dissolution. The high
thermal conductivity and reflectivity of aluminium causes lower laser beam absorptivity with lower
processing efficiency. Weld imperfections such as porosity, humping, and underfills are frequently
formed due to the low melting point and density promoting high liquidity with low surface tension.
Porosity is the most persistent imperfection and is detrimental for mechanical properties. In this
work, extensive review was made on laser beam and laser-arc hybrid welding of aluminium alloys.
Solidification cracking, evaporation of alloying elements, porosity and keyhole stability, and other
challenges are studied in detail. The current development of laser welding of aluminium alloys is not
so mature and new discoveries will be made in the future including the use of newly developed laser
systems, welding consumables, welding methods, and approaches.

Keywords: aluminium alloys; laser welding; laser-arc hybrid welding; keyhole; cracking; porosity;
metallurgy; mechanical properties

1. Introduction

Aluminium alloys are more widely used nowadays in vast variety of industries due
to their low weight (density 2.7 g/cm3), high corrosion resistance, excellent formability,
high toughness at cryogenic temperatures possessing face-centred cubic (FCC) crystal
structure, high thermal and electrical conductivity, and they are relatively inexpensive. In
addition, Al has excellent recyclability [1], and is thus widely used in the production of
car bodies [2], different structural components, shipbuilding, and as packaging material.
Recently, aluminium alloys became more attractive in electrical battery assemblies [3]
due to high conductivity and low density. Aluminium alloys exhibit good mechanical
properties among other materials and possess high strength-to-weight ratios [4]. Their
weldability may have significant challenges, especially in joining precipitation-hardened
aluminium alloys with high requirements for weld quality.

Gas metal arc welding (GMAW), which is also known as metal inert/active gas
(MIG/MAG), has been the most used process in the joining of aluminium alloys for
structural applications. Unfortunately, the process requires trivial bevel preparation, raising
costs [5]. Moreover, Kim et al. [6] evaluated multi-pass deposition, which is time-consuming
even with the twin wire method. The use of relatively high heat input may also result in
severe distortions which largely restrict the productivity and weld quality.

Laser beam welding (LBW) has been used for many decades, providing a significant
increase in productivity due to high penetration depths. To improve the process produc-
tivity and to enhance quality further, laser-arc hybrid welding (LAHW) is an alternative
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option. The application of laser in aluminium welding introduces new challenges. These
are: (i) The surface of aluminium is highly reflective, and the laser beam must have an
inclination angle of at least 8–10◦ to avoid high back reflections reaching unfavourable
Brewster angles for high absorption; otherwise, the optics system may be damaged. This
fact may, in turn, reduce the process efficiency. (ii) High thermal conductivity and low
viscosity make it difficult to perform laser welding. Hu and Richardson [7] evaluated
transverse solidification cracking and found that it was related to an elongated temperature
distribution in the welding direction, which induced a transverse tensile strain in the weld
fusion zone during the cooling phase. (iii) High tendency to porosity [8–10], loss of alloying
elements, and solidification cracking, which are detrimental to the weld integrity. Porosity
is a well-known issue in aluminium welding and occurs when humidity is not sufficiently
removed prior to welding. (iv) Kawahito et al. [11] indicated that LBW has restrictions to
gap tolerances and misalignment due to small spot area of the focused beam. Therefore,
joint preparation can be time-consuming [12,13].

Work-hardened (non-heat treatable) aluminium alloys such as the 5xxx series will
lose a considerable amount of their strength in the heat affected zone (HAZ) in the case
of arc welding due to the annihilation of dislocations [14]. In fusion welding of Al alloys,
a wide HAZ is formed due to high heat conduction. Since laser welding provides lower
heat input and more concentrated energy, it may be questioned if less strength loss can be
achieved due to narrower HAZ. Likewise, heat treatable alloys such as 6xxx and 7xxx may
undergo a severe strength loss in the HAZ. In fact, up to a 50% strength reduction may be
accounted for in the design of aluminium structures according to Eurocode 9 [15]. However,
a natural or artificial heat treatment after welding may restore some of the strength, but
such treatment will raise the fabrication costs significantly.

Friction-stir welding (FSW) is frequently used for joining aluminium alloys since it
does not melt base metal, thus less strength losses are present. Based on Threadgill et al. [16]
and the recent review by Kashaev et al. [17], it seems that FSW does offer an improvement
in strength but does not reach 100% strength efficiency to base metal in most cases. With a
newly developed stirring tool (a shoulder), hardness losses can be mitigated considerably,
and thicker materials (>20 mm) can be joined in single pass providing high competitiveness
to arc welding where multiple passes are required. Moreover, the occurrence of under-
cut/underfill and root humping is low compared to LBW/LAHW. A strength improvement
is also attributed to no porosities or cracks being found in FSW-produced joints.

In the present paper, a comprehensive review of laser and laser-arc hybrid welding of
aluminium alloys is carried out, considering both metallurgical studies and mechanical
properties of welds. The latest developments and future trends are presented.

2. Properties of Aluminium Alloys
2.1. Thermophysical Properties

Aluminium alloys possess specific thermophysical properties. High thermal conduc-
tivity implies higher heat diffusion, and hence higher energy is required for melting. The
temperature-dependent thermal conductivity of aluminium and other metals is shown in
Figure 1. Thermal conductivity decreases with the increase in temperature. Aluminium
has a low melting point (660 ◦C), but Al2O3 on the surface has a much higher melt-
ing point (~2050 ◦C) and should be removed or cleaned prior welding. Usually, it is
removed by fluxes or mechanically by a stainless-steel brush. An alternative is to use
DCEN (direct current electrode negative) polarity, which is normally used in TIG. Another
method is cathodic cleaning with DCEP (direct current electrode positive) or alternating
polarity/current where oxide is removed by the bombardment of ions with high kinetic
energy [18,19]. Temperature-dependent density, specific heat capacity, and surface tension
are presented in Figure 2. A more detailed description of the thermophysical properties
of liquid aluminium can be found in [20]. There is a rapid change of thermophysical
properties at melting points (660 ◦C) due to the transition from the solid to liquid phase.
Aluminium has a twice as high thermal expansion coefficient (2.4 × 10−5 ◦C−1) compared
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to carbon steels (1.1 × 10−5 ◦C−1), causing high distortions due to contractions upon
solidification and residual stresses [21].
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2.2. Absorptivity

For a laser beam source, the absorption of the electromagnetic wave (or laser ray)
is one of the main aspects during laser–matter interaction. The absorption coefficient of
different metals is shown in Figure 3. Note that this graph does not consider incident
laser power and angle, surface condition, welding speed, and other important process
parameters. The reflectivity of aluminium is several times higher than steel, especially for
CO2 lasers. Therefore, infrared diode lasers (λ ≈ 820 nm) have the highest efficiency on
aluminium. Hummel et al. [23] reported that shorter wavelengths than infrared lasers such
as blue lasers (wavelength of 450 nm) can have much higher absorption for aluminium
alloys. During the Nd:YAG laser (1064 nm) welding of AA1xxx, 70% absorption (at
3.2 kW) was obtained at stationary conditions [24]. Kawahito et al. [25] identified that the
absorption of the laser for AA5052 was increased from 56 to 84% by the increase in the
Yb:fiber laser power from 2.0 to 10 kW. With increased welding speed (up to 250 mm/s), the
absorption was reduced to 72%. Later, Miyagi et al. [26] measured 50–55% absorption for a
wide range of aluminium alloys. The use of laser power modulation can further improve
absorption [27]. Higher Mg content provides an increase in absorption [28] for the heat
conduction mode, especially with longer pulse durations. Surface conditions also have a
strong influence on the absorption, e.g., chemically etched or anodized surface increases
absorption [29]. Therefore, the absorption coefficient is lower for the heat conduction mode
than for the keyhole mode due to constant reflection from the surface, e.g., only 0.23 (23%)
in case of AA5182 [29].
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Another important problem is the film of aluminium oxide on the surface and a high
solubility of hydrogen (see Figure 4) at high temperatures, causing porosity formation un-
der cooling where the solubility limit at lower temperatures is exceeded. This phenomenon
will be discussed in relevant sections.
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The main difficulties in laser welding of aluminium alloys are [18,30]:

• High reflectivity with high thermal conductivity. Therefore, higher power density (as
compared to steel) must be supplied to the welding area to melt aluminium, and it
may lead to softening in the heat affected zone and weld metal.

• Higher thermal expansion in combination with the low modulus of elasticity may
provide excessive distortions and residual stresses.

• Aluminium has surface layer of aluminium oxide, which has a melting point much
higher (2050 ◦C) than Al itself, and thus may contribute to weld defects. Prior to
welding, the surface layer of oxide should be removed completely when high-quality
requirements must be met.

• High susceptibility to porosity due to high hydrogen solubility and unstable keyhole.
• Some alloys are susceptible to hot cracking due to alloying elements.
• Al has low surface tension, hence humping/sagging in root is common.
• Volatile alloying elements (Zn, Mg, Li) can evaporate from the keyhole, and the

strength may be significantly reduced as well as stability of the process.

2.3. Classification of Aluminium Alloys and Alloying Elements

Aluminium alloys are usually classified in two groups: (i) work-hardened alloys,
which gain their strength from deformation; (ii) heat-treatable alloys, which have their
strength from precipitation. The most common alloying elements are Cu, Si, Mn, Mg, Li,
and Zn. The classification of Al alloys and their properties is presented in Table 1.
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Table 1. Classification and characteristics of wrought aluminium alloys. Note: most alloys (including 1xxx) have some
elements such as Fe, Ti, or Cr in very low amounts (<0.01–0.05 wt.%) as residuals. A-H is age-hardening and S-H is
strain-hardening [18,34–36].

Property 1xxx 2xxx 3xxx 4xxx 5xxx 6xxx 7xxx

Alloying
element - Cu, Li Mn Si Mg Mg, Si Zn–Mg–Cu

Minor
alloying
elements

Mg, Li Mg, Mn, Si Cu, Mg, Si Cu, Mg, Mn Si, Mn Mn, Zn, Cr,
Cu Mn, Ni

Heat
treatment - + - - - + +

Strengthening - A-H S-H A-H S-H A-H A-H

Strength low high low moderate moderate moderate high

Tensile
strength,

MPa
70–175 180–480 130–280 105–350 140–410 120–380 320–620

Corrosion
resistance excellent moderate high high high high moderate

Weldability good poor, crack
sensitive good good moderate poor, crack

sensitive
poor, crack
sensitive

Aluminium alloys may have high strength achieved by solid solution strengthening.
It is based on interstitial and substitutional mechanism by dissolution of alloying elements
(e.g., Si, Cu, Zn, Mg, Mn, or a combination of these as solute) in liquid aluminium (as
solvent). An increase in solubility with the increase of temperature results upon cooling,
forming a homogenous composition. The purpose is to introduce strain by distortion of the
lattice. When the solubility limit is reached, secondary phases as intermetallic compounds
(e.g., CuAl2) may be formed. As a result, the strength increases while ductility is reduced
by impeding the slip between adjacent planes of atoms.

Non-heat-treatable Al alloys gain their strength by cold working or strain hardening
(work hardening by cold rolling, drawing, or stretching), which is based on the deformation
by mechanical energy, providing internal stresses with preferred grain orientation and, as a
result, anisotropy. A further application of temperature (sort of heat treatment), the internal
stresses are relaxed with the start of recovery, causing the restoration of lost ductility and
grain orientation. Recrystallisation starts with the increased temperature, substituting
deformed crystals with strain-free grains. This also results in a finer grain size and an
annealed state of material, e.g., 5083-O is one of the most popular alloys.

Heat treatment is used to achieve good strength and ductility balance through precipi-
tation hardening or age hardening. Heat-treatable alloys are homogenised at an ambient
temperature before quenching, which prevents the precipitation of secondary phases. Then,
the alloy is aged at 150–200 ◦C for some time, during which fine particles are precipitated.
The tensile and yield strength will increase after a period from a few hours to several weeks.

A filler material is used to manipulate weld metal chemical composition to reduce
cracking and increase strength. Filler materials are specified in the EN ISO 18273 stan-
dard [37]. The filler wires 5356/5556/5183 are suitable for most Al alloys [18]. The same
is the case for 4043/4047, but to a lesser extent. In welding dissimilar aluminium alloys,
selection of filler wire depends on the desired property (enhanced corrosion, strength, duc-
tility) with a wider selection of wire. The service temperature and the use of an aggressive
environment also strongly influences on the choice of filler wire. The addition of grain
refiners such as Ti and Zr is beneficial to avoid hot cracking in susceptible alloys or by
application specific process parameters.
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3. Comparison of Different Welding Methods

Various welding methods can be used in the welding of aluminium and its alloys.
Some of these are listed with their advantages and disadvantages in Table 2. Different laser
types can be used for welding and their characteristics are compiled in Table 3. Nowadays,
CO2 and Nd:YAG lasers are less commonly used due to high maintenance costs and require
a large area. Moreover, their wall-plug (electrical) efficiency or total electrical-to-optical
power efficiency is low. Electrical efficiency is an important parameter, and this may be the
main reason why these lasers are less used. The new ytterbium fiber and disc lasers have
an electrical efficiency approaching 40%, which is a significant achievement. Moreover,
they have much greater flexibility due to fiber optics. Single-mode fiber lasers can provide
very high beam quality, a beam parameter product (BPP) of 1.0 mm ×mrad, and a small
spot size can, which may reach 10 µm or less. Diode lasers are used for as a pumping
source for fiber/disc lasers. However, they are widely used in industry for cladding and
surface hardening purposes as high-power diode lasers (HPDL). Possibly, in the future,
they can be used for welding as well as with improved BPP to achieve a smaller spot size
for higher penetration.

Table 2. Comparison of different common welding methods for aluminium alloys. (Sign representation: + is low level,
++ moderate level, and +++ high level) [30,38–40].

Welding Method Productivity Resulting Properties Propensity to Defects Cost Investments

MIG ++ ++ +(+) Low
TIG +(+) ++ + Low

LBW +++ +(+) ++ High
LAHW +++(+) ++(+) ++(+) Extra high

Resistance + ++ + Low
FSW + +++ + Moderate

Table 3. Properties of laser sources used in laser beam welding of aluminium alloys [40,41].

Property Value
Laser Source

CO2 Nd:YAG Yb:Fiber 1 Disk HPDL

Wavelength µm 9.4–10.6 1.064 1.070 1.030 0.78–0.94
Maximum

output power kW 20 (fast-axial) 8 100 16 50

Electrical
efficiency % 10–15 3–10 30–40 30 35–50

Beam quality 1

(BPP)
mm ×mrad 3–8 15–25 4–12 4–12 >50

Spot size 2 µm 200–600 400–600 20–500 >800 >800
Beam delivery - Mirror Fiber Fiber Fiber Fiber
Maintenance

interval hours 1000 <10,000 >25,000 >25,000 >25,000

1 Lower BPP means better laser beam quality with lower divergence. 2 For fiber laser, the spot size may be very small when single mode is
used (10–20 µm) and for multi-mode technology, minimum is about 100 µm.

4. Physics of Laser Beam Welding of Aluminium Alloys
4.1. Laser Beam–Matter Interaction

Laser beam welding is commonly carried out without filler wire and is more fre-
quently used for joining thin sheets (<3.0 mm), typically applied in the automotive and
aerospace industries. The addition of filler wire can be complicated and requires tedious
optimisation [42,43]. However, in welding of thin plates, there is less issues with porosity.
The LBW of thicker plates (>5 mm) is an attractive option due to the enhanced productiv-
ity. Therefore, most of the studies reported here are more dedicated to deep penetration
keyhole welding.
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LBW can operate in heat conduction and keyhole mode. For the keyhole formation,
a high energy per unit length to reach ~106 W/cm2 must be supplied to the workpiece.
Naturally, this number varies depending on the wavelength and surface conditions. Based
on Behler et al. [44], Nd:YAG requires half the power density to generate a keyhole, and
its drilling time is several times shorter compared to CO2 lasers. A similar occasion is
expected for fiber/disk lasers. In the case of heat conduction mode (see Figure 6), the
energy should be insufficient to form the keyhole but high enough to melt material locally.
Melt flows are very dependent on surface active elements. The physics of melt flows has
a high degree of similarity with a TIG weld pool [45] since both have the Gaussian heat
distribution but with photons instead of the electrons and ions. There is also a transition
mode between heat conduction and keyhole. Lasers may provide two essential temporal
modes: continuous wave (CW) and pulsed wave (PW) [46]. During CW, the operating
power output is constant or continuous and is mostly used for the welding of thick sheets,
whereas in PW, the laser output is modulated with different parameters such as peak
power, average power, pulse frequency and duration, and pulse shape. PW is more often
used for thinner sheets but can be used for thick plates as well.

The keyhole mode can be used for joining thin sheets (0.5–1.5 mm) with the melt pool
shape resembling catenoid [47,48] or buttonhole [42,43] geometry in full penetration, which
is highly influenced by surface tension forces. In this case, the keyhole exit is open, and a
defocused laser beam may ensure spatter- and porosity-free welds. Some portion of the
laser beam is going through the keyhole. High welding speeds can be enabled compared
to heat conduction mode. However, too high welding speeds may disturb the keyhole
stability and generate holes in the weld seam called blowholes. Application of filler wire
may be challenging in this case.

The keyhole formation is a complex phenomenon and consists of different phases.
Firstly, the surface of metal is heated up slowly by the laser beam due to low absorption
of photons. The absorption increases with temperature and promotes strong evaporation
rates of the molten metal on keyhole walls with substantial recoil (ablation) pressure
forming the keyhole by pushing molten metal downwards at high speeds. The recoil
pressure is responsible for sustaining the keyhole opening. The timeframe to generate the
keyhole is fast, ~3.0 ms [49], and can be considered as immediate. During this process,
the metal vapour, consisting of ultra-fine particles, is generated above the surface by
ejection from the keyhole and it continuously rises above the surface. This forms the
weld or plasma plume [40,50,51], which can partially absorb the laser beam. For keyhole
stabilisation, a pressure higher than the surrounding atmospheric is needed. The forces
which have a role in stability of the keyhole are the surface tension, hydrostatic pressure,
and hydrodynamic pressure of the molten material. During keyhole welding, the laser
rays enter the opening, propagate, and are subjected to multiple reflections, based on the
Fresnel absorption [52–57], generating a strong local evaporation. Therefore, most of beam
energy is absorbed at the keyhole walls. As a result, the keyhole is a cavity filled with
vaporized material which melts surrounding metal [40,51,58,59].

The graphical illustration of LBW is shown in Figures 5 and 6 for heat conduction and
keyhole mode, respectively. For the heat conduction mode, radially outward fluid flow
directions are illustrated, which are driven by Marangoni forces due to a negative surface
tension coefficient (dγ/dT < 0) [60,61]. Surface active elements such as sulphur content
play a significant role on surface tension in the case of steels [61–63], but they are irrelevant
for Al alloys. Most of the added elements reduce the surface tension even further [64] for
Al alloys; the most effective are Li, Bi, Pb, and Mg. On the contrary, Fe and Ni may increase
the surface tension. Thus, the surface tension coefficient is negative. Secondary vortices
can be generated depending on the process parameters [65]. Based on the literature [66–82],
the melt flows for keyhole LBW have extraordinary similarity between Al alloys and steels.
Such melt flows are applicable to low and medium welding speeds with high power lasers
in melting thick plates. The melt flow directions behind the keyhole can be upwards [30]
by using ultra-high power laser intensity and fast welding speeds. For thinner plate laser
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welding with lower power densities, the melt flows are different [49,83–86], resulting in
a prolonged weld pool from the root due to strong convection [87,88] in full penetration
mode. In LAHW, the melt flows are strongly affected by the arc [89,90]. The latter case will
be studied later in detail.
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Most of laser systems provide the Gaussian power distribution profile (shown in
Figures 5 and 6). However, the laser beam can be tailored to many shapes, e.g., top-hat
power distribution [91–95] or other modulations which may provide benefits for quality
and strength [96,97]. The use of non-Gaussian beam shape modes is not studied widely
yet. Moreover, the application of multi-focusing optics may provide improved stability of
the keyhole to reduce spattering and porosity [98].
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Some advantages of laser keyhole welding of aluminium alloys are [30,46,64,99,100]:

• Fast welding speed due to concentrated energy with deep penetration allowing pro-
ductivity improvement over conventional arc welding by more than 10–20 times.

• Lower heat input provides lower distortions and residual stresses.
• Reduced HAZ softening due to low heat input.
• Low heat input generates narrower HAZs with reduction of the soft zone width and

associated liquation cracking.
• Smaller molten weld pool and faster solidification rates reduce hydrogen pickup from

atmosphere; thus, the hydrogen-induced porosity is lower.
• Faster solidification rates prevent columnar dendrites resulting in more equiaxed

grains with improved mechanical properties.
• Flexible process and can join various geometries with multi-sheet setups.
• Deep and narrow welds may enhance fatigue properties.

4.2. Physics of Weld Plume and Its Effects on Process

During LBW, the laser-induced plume (also called weld plume or plasma) is exerted
from the keyhole during the non-equilibrium evaporation of the base metal, from keyhole
walls, or the Knudsen layer [101]. The plume consists of ionized metallic particles due to
very high temperatures involved, forming a particle cloud above the keyhole. Therefore,
the weld plume is sometimes called the metal vapour or the metallic vapour/plume, which
is more correct scientifically. The metal vapour has negative effects on the process. It ejects
at high speeds of 20–250 m/s [102] from the keyhole opening and strongly depends on
laser power applied [103]. The metal vapour temperature is close to the boiling point of
aluminium [104]. At high laser beam powers, the attenuation occurs due to scattering
and/or absorption of incident laser beam, called the plasma-blocking effect. This results
lower penetration depths and process instabilities.

It is also attributed in the shifting of the focal point position downwards [105], thus a
larger spot size is expected. Side-jet removal represents a highly recommended effective
method to suppress the plasma-blocking effect. Al alloys can be welded with almost all
welding process with the use of 100% inert shielding gas (argon, helium, or their mixture)
or nitrogen. Shielding gas must be used to protect the molten pool and the solidifying
metal from the harmful environmental atmosphere and has an important effect on the
process stability and the quality of welds. It influences the weld seam shape, penetration
depth, mechanical properties, and process characteristics. In LBW, the main purpose of the
shielding gas is also to reduce the amount of laser-induced plasma by blowing it away and
achieving stable melting conditions. Shielding gas composition may have a strong effect
on the synergistic effect between the laser and the arc.

The fiber lasers have the superior advantages over CO2 lasers in welding of Al alloys
due to shorter wavelength (1.07 µm), promoting higher absorption by the metal. When
argon (Ar) is used in CO2 lasers, it absorbs incident laser energy and defocuses the laser
beam due to dense and large size vapour plume. Consequently, for CO2 lasers it is highly
recommended to use pure helium (or mixtures with higher He content) to obtain ultra-
fine plume particles during the process for stability to mitigate blocking effect. However,
to obtain stable process with fiber lasers, it is enough to use Ar without very expensive
helium [40,41,50,106]. Consequently, the usage of short-wavelength lasers for LBW/LAHW
is a very promising and cost-efficient process. Nevertheless, the usage of helium shielding
gas can provide advantages such as increased penetration (higher heat input) and reduced
porosity. However, helium can also increase the instability of the arc due to its high
ionisation potential, which makes the arc ionisation more difficult [40,50]. Ar is more easily
ionized, thus providing a more stable arc.
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The shielding gas has a great effect on the size of the particles in plasma. Welding
with argon creates large enough particles which provide a stronger plasma-blocking effect
or laser power attenuation. Helium shielding gas provides smaller sized particles, and the
process stability is enhanced [40,41,50,51]. For high power Nd:YAG LBW, the particle size
for Ar was 20 nm (in average) and for He it was 12 nm according to Matsunawa et al. [107].
Greses et al. [108] reported that an 8.0 kW CW Nd:YAG laser produced particles less than
50 nm in size. The main mechanism of attenuation was the Rayleigh scattering and the
Mie scattering (both are elastic collisions) and was up to 40% of the laser power on the
top of keyhole due to the clustering of the particles and their density. Rayleigh scattering
is attributed to cases when the particle size less than the incident laser wavelength, and
Mie scattering occurs when the particle size is larger. The latter case has more detrimental
effects for a lower incident laser power, and thus lower penetration is achieved.

A detailed study of weld plasma in LBW was done by Gao et al. [109]. A weakly
ionized plasma was produced in Ar shielding gas with up to 5.0 kW irradiation. Strongly
ionized plasma was generated beyond 5.0 kW laser power, which reduces penetration
depth due to inverse bremsstrahlung (IB) absorption. According to the optical emission
spectroscopy, metal vapour during low power consisted of Al I, AlO, and Mg I spectral
lines. Similar results at 3.0 kW were observed by Zhang et al. [110]. For a high laser power
(6.0 kW), a ten times higher intensity of evaporation of Al and Mg was obtained, with
the addition of Mg II and Zn I spectral lines. With an increase in laser power, a sharp
increase in electron temperature was observed as well as in their density, possibly providing
the Thomson scattering. The thermophysical properties of aluminium metal vapour are
not widely published. It is well-known that metallic vapour has a high temperature
and it is responsible for melting surrounding material. Metal vapour velocity directions
and magnitudes are not well understood yet. The pressure of Al vapour increases with
increased temperature [36]. As a result, the absorption and scattering of the incident laser
beam becomes higher. However, more investigation should be carried out in the future.

As a result, during welding with high laser beam intensities, the appropriate shielding
gas flow, its arrangement and angle of shielding gas flow, and the use of additional air-
knife to blow-off the plasma above the keyhole are of primary importance. For example,
Katayama et al. [105] showed that the use of a fan to suppress the weld plume provided
better process stability and increased penetration depth. A remarkable achievement in
penetration depth increase was shown by Zhang et al. [111] using gas-assisted technique
with the flow blowing inside the keyhole, which reduced plasma plume density and
mitigated its severe fluctuations.

In joining of Al alloys, lap joints are frequently used, e.g., as in the automotive industry.
Naturally, when the process is performed in full penetration mode, a part of the laser power
and weld plume goes through the plate while the keyhole is open. Therefore, the plasma-
blocking effect is mitigated. A more unique and less studied situation is when air gap
is applied between the plates. The air gap has a significant effect on the laser–metal
interaction behaviour. It may also affect the behaviour of a metal vapour, and subsequently
on the whole process. In setup with an air gap, a metal vapour partly escapes from the
root. The laser-induced plasma is formed above the surface in lesser quantities since it
mostly forms between edges. This is preferable to the zero-gap configuration in some cases.
Applied shielding gas removes the metal vapour from the air gap and the process may
stabilize [50]. Air gap is difficult to implement since the laser beam must precisely follow
the gap with no changes in focal point position.

The ambient air pressure had a tremendous effect on LBW. Nowadays, there is in-
terest to use subatmospheric pressure (below 1 atm = 101.3 kPa = 1.013 bar), similarly
to EBW. Wang et al. [112] showed a remarkable achievement by welding 130 mm thick
5A06 (Al-Mg) alloy only with two passes. At significantly reduced pressures, the size of
metal vapour is significantly reduced (see Figure 7) resulting in strong mitigation of the
plasma-blocking effect. This provides improved stability with less plasma fluctuation and
spattering. However, the penetration depth was only slightly increased due to ultra-high
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power density. Under low ambient pressures, the stability of the keyhole front wall and
melt was observed based on numerical simulations [80]. Therefore, a stable penetration
depth was noted without spiking with faster melt flows but having similar directions.
Stability was also related to lower boiling in keyhole. Due to lower laser power tested, only
3 kW on 10 mm Al–Mg alloy, there was a notable increase in penetration depth as well.
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5. Laser-Arc Hybrid Welding
5.1. Fundamentals of LAHW

LAHW combines the laser beam with the arc within same weld pool (see Figure 8). It
was developed in and first published in the 1970s, and the idea was to reduce LBW limita-
tions and issues such as poor bridgeability, high demands for preparation of specimens,
and problems with the addition of filler material. Both high energy density laser beam and
electric arc work under a gaseous shielding atmosphere at an ambient pressure make it
possible to combine these heat sources to form hybrid welding. The laser beam heat source
is used to achieve deeper penetration, while the arc as a secondary heat source provides
additional functions such as improvement of productivity, process stability, and reliability.
If the arc is used as the primary heat source it is a called laser-augmented or laser-assisted
arc welding process. LAHW is complex and includes numerous processing parameters and
challenges. Moreover, it has many different setups. One of the most important variation is
leading arc/trailing laser (see Figure 8) and trailing arc/leading laser setup (see Figure 9).

The most common arc sources for LAHW are metal inert gas (MIG), tungsten inert
gas (TIG), and more rarely, plasma arc welding (PAW). MIG is the most popular due
to inherent filler wire feeding into weld pool and process simplicity. After 2006, much
research has been published. Most of these publications provide information about the
application of the fiber laser-MIG welding in general and metallurgical characteristics,
whereas very few cover the interaction between laser beam and arc plasma. MIG, as an arc
power source, is the most usable for LAHW with pulsed arc providing better and more
consistent quality [40]. One of the main reasons of LAHW usability is the increase in gap
bridging. The air gap between the plates up to 50% of sheet thickness may be used [113].
This may significantly increase the applicability of this technology. However, autogenous
LBW can be also used with filler wire and has a solution of using wobbling/oscillation
technique, which enables much higher gap tolerances.
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Generally, Nd:YAG-MIG hybrid welding is not suitable to weld thick aluminium
due to power limits and poor BPP (see Table 3). CO2 lasers has low absorption due
to longer laser wavelength (10 µm) and are no longer widely produced. The develop-
ment of high-power fiber/disk lasers has changed the situation enabling single-pass
LAHW exceeding a penetration depth of 8.0 mm with improved welding speeds due to
improved BPP.
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LAHW utilizes different energy sources, and this can compensate the disadvantages
met in LBW and in arc welding. At the same time, the advantages of both processes can
have synergetic effect if both processes are combined properly. As a result, LAHW is very
promising and is more attractive for industry.

The advantages of the LAHW are [30,40,50,99,130]:

• The penetration depth is much higher than arc welding and can be improved com-
pared to LBW.

• Fast welding speeds compared to arc welding can be more than 10–15 times faster.
• Laser beam promotes better arc ignition and stabilisation.
• Laser energy can be more efficiently used due to the preheating mechanism of the arc

(leading arc setup)
• Lower energy input is obtainable compared to arc welding, providing fewer thermal

distortions and residual stresses.
• Arc may prolong cooling time, which reduces susceptibility to cracking.
• Mechanical properties can be also significantly improved by means of filler wire

compared to autogenous LBW.
• Lower sensitivity to tolerances for grooves and misalignments, therefore manufactur-

ing time can be reduced dramatically. Moreover, LAHW has superior gap tolerance,
especially with MIG.

• Dissimilar thicknesses can be welded with a smoother transition.
• The arc has cleaning effect which contributes to a dissolution of the oxide layer on the

aluminium surface which is beneficial to weld quality compared to LBW.

The disadvantages and limitations of the LAHW are [40]:

• The high number of parameters, thus requiring much time for determination and
implementation into production.

• Sensitivity to welding defects such as cracks and pores in joining thick sections.
• The melt pool is larger than in LBW, hence it becomes more difficult to shield the melt

pool. As a result, occurrence of hydrogen-induced porosity is increased.
• Undercut issues in cases of fast welding speeds.
• High investment costs due to laser source considering safety issues due to 1 µm irradiation.

Currently, the LAHW is mostly used in the automotive industry, pipelines, vessel
manufacturing, and shipbuilding. The first industrial implementation of the high power
10 kW Yb:fiber laser in combination with GMAW source was performed at SLV Mecklenburg-
Vorpommem GmbH in Germany. A fiber laser–GMAW system has been used at Mayer
Turku Oy (Finland) since 2006 for cruise ships manufacturing. Nagasaki Shipyard (Koyagi
plant) use an 8 kW IPG fiber laser–GMAW installation [40]. Since 2019, a 16 kW fiber laser
system is available at Prodtex AS (Norway). Now, there are much more companies using
high-power fiber/disk lasers substituting CO2 and Nd:YAG laser systems.

Recent developments of LAHW are more concerned with finding more suitable
welding parameters, setup parameters, and shielding gas compositions for various Al
alloys. There is a huge lack of scientific material, standards, and experiments about welding
parameters for the specific joining tasks. Therefore, welding parameters in companies can
mostly be obtained from experiments and recently developed numerical models, which
are feasible due to significant development.

5.2. Variations of LAHW

LAHW has several important process variations. They can be classified according
to the energy balance, process or separation distance between the arc and the laser, and
arc torch position relative to the laser beam. These are also specified in the standard ISO
15614-14 [131]. It is important to understand distinctions between them since they have
significant effect on process stability and joint quality [40,58,132].

In LAHW, the process or separation distance between the laser beam and the arc is
a significant process parameter. When the process distance is significantly longer than
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the arc plasma radius (it is about 5–8 mm), the laser and arc plasma are separated when
it is called tandem or combined welding [133,134], see Figure 10. As a result, they have
minimum interaction, which can have positive and negative effects. On the contrary, when
the process distance is less than the arc plasma radius or approximately the same, the
two plasmas (laser and arc plasma) interact with each other, and the process is called
coupled or hybrid welding (see Figure 11). The major difference between these two
process variations is that the coupled welding results in process-specific advantages called
synergistic effects [40,58,99,133,135] and possesses a common or hybrid weld pool. As a
result, hybrid welding is more frequently used than tandem welding. Tandem welding is
viable in thick plate welding for additional filling or correction of weld seam appearance,
e.g., undercut and/or underfill. The process distance in the transverse direction, or offset,
is uncommon, and it is used for specific cases, e.g., the arc is placed in direction towards
the aluminium plate in Al/steel dissimilar welding [136].
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Figure 10. Process variation according to distance length between laser beam and arc source in case of trailing arc (leading
laser) position. (a) Shows hybrid and (b) tandem process with pulling keyhole position, and (c) hybrid process with pushing
keyhole position. DLA is the process distance between the laser beam axis and filler wire tip, α is the angle from the laser
beam axis to normal and taken as 10◦.

Another important variation in LAHW is the position of the arc. This parameter can
significantly affect the weld quality and productivity. It can be trailing arc (leading laser)
or leading arc (trailing laser) position. In various literature, these names can be different.
In the trailing arc setup (see Figure 8), the angle of the torch has a pushing (forehand)
behaviour [137]. In the leading arc setup (see Figure 9) it has a pulling (backhand) behaviour.
Typically, the trailing arc setup provides a larger width of the upper bead part due to the
molten filler wire flow and arc forces [50]. The leading arc setup may provide higher
penetration depth [132] due to its preheating mechanism [129], especially in the case of
CO2 lasers [50].
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In laser-MIG, the droplet transfer mode has a considerable influence on the weld
pool dynamics and seam formation. Droplets strongly affect the weld pool by enhancing
convection and concave deformation upon hitting. This was numerically and experimen-
tally confirmed in [138]. The droplet deposition speed was ~1.3 m/s. Considering that
hundreds of droplets per second [139] hit the weld pool, this has influence on melt flows.
In the leading arc setup with short process distance (see Figure 11), frequent hitting of
the opening area with droplets may negatively affect the keyhole stability and increase
porosity [139].

Concerning the effect of arc position on gap bridgeability, for trailing arc setup there
is a sufficient amount of molten metal for keyhole formation [129] with shorter process
distance. However, it requires some time and run-in plates are highly desirable. It has been
shown that a leading arc provided better bridgeability in the case of 2.0 mm AA6061 [113]
and provided improved bridgeability compared to arc welding. Theoretically, the pushing
arc position (trailing arc) provides a wider arc, and thus may also improve bridgeabil-
ity [137]. Run-out plates are also required since the laser keyhole usually retains a large
hole after the stop. The effect of the arc position relative to laser beam is rather complex
and will be studied in detail in the subsequent sections of the manuscript.

Innovative LAHW Setups

There is numerous advanced equipment developed for LAHW. The conventional
LAHW setup is the paraxial type. However, the process can be as coaxial, where the
laser beam is delivered through a hollow tungsten electrode, which is available for the
TIG/PAW [140]. Another solution is that the laser beam can be split and delivered from
several sides. As a result, the welding direction has a marginal effect and better process
stability, which makes it more suitable for welding parts of complex shape since no ad-
ditional robot movements are required. Under such conditions, Doi et al. [141] reported
less humping and porosity due to the reduced arc pressure. However, it can be expensive,
and the setup may not be reliable. Moreover, it is limited to low laser powers, while the
paraxial setup can be used with any laser or arc output power. In the case of two arcs from
both sides relative to the laser beam, called a double- or twin-arc process, the arc position is
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irrelevant, is along one direction, and provides more flexibility [142]. However, such a setup
may add more complexity. The multi-wire setup is often used in heavy industry where
high deposition rates are required. Alternatively, it can be used for repair or prolonging
cooling rates.

5.3. Laser Beam and Arc Interaction

The interaction between the laser beam and the arc is an important aspect in LAHW.
The strength of the interaction between the laser and the arc using short-wavelength lasers
(fiber/disk) is lower than in CO2 due to weakly ionized plasma laser welding [50,129].
With optimized process parameters, such a combination has a stable behaviour, otherwise
it may be diminished. However, fiber/disc lasers interact with the arc with short laser–
arc interdistance [139,143]. LBW operates at much higher welding speed (>1.0 m/min)
compared to conventional arc welding where the typical welding speed is from 0.4 to 0.5
m/min. An arc welding at speed of >1.0 m/min showed irregular weld beads [113,144]
with very poor quality since it cannot sustain stable conditions with filler wire melting
due to the interrupted rooting effect [143] characterized by a wandering anode/cathode
spot. The arc combined with laser beam showed good quality welds with smoother weld
bead appearance [144]. A hybrid plasma consisting of laser-induced plasma combined
with arc plasma greatly affects the stability of the process, quality of the weld, and the
efficiency of energy coupling. The interaction is a complex physical phenomenon since
the laser generates metal vapour which affects the electrical and thermal properties of the
arc plasma. The size of the arc plasma depends on the current density and its modulation,
voltage, and arc length. When the laser and arc plasmas interact, it may cause additional
laser attenuation in power [135]. The temperature of the weld plume is higher than in
LBW and strongly depends on arc current. The arc undergoes contraction and results in
the same width as the beam of the laser [59,140]. It is generally accepted that the greater
the temperature difference between the arc centre and the environment, the stronger is
the welding arc contraction. In other words, the arc radius is decreasing with reduction in
arc resistance. Reduced arc resistance means that, in the presence of the laser beam, the
voltage of the arc is decreasing, and the current is increasing [59,145]. Usually, the LAHW
includes a high-power laser operating in the keyhole mode and the arc operating in the
different metal transfer mode. For hybrid welding, pulsed or spray metal transfer modes
are more frequently used. The cold metal transfer (CMT) arc mode is becoming popular
due to lower heat input and improved stability [139,146,147].

In LAHW, the temperature of the anode (higher temperature spot) and cathode spots
increases substantially, with an associated enhanced ionisation [59]. The arc welding
process performance is improved with small process distance. LAHW can be efficiently
used for aluminium, which strongly reflects laser light and makes the initiation of melting
more difficult. The arc preheats the surface and permits the laser beam to transfer more of
its energy to the workpiece since a higher temperature of the material improves absorption.

Zhang et al. [110] reported stabilisation of the arc with low spattering in the case of
the fiber laser-MIG welding of AA6082-T6. Hybrid plasma is denser, consisting of Mg
II ions and Ar I with high intensity according to spectrographic analysis compared with
LBW or arc welding. Similar results were observed by Wang et al. [145] for hybrid plasma
spectra, and the arc column was frequently attracted by the laser-induced plume, forming
a channel. This evidently indicates that a weakly ionized plume in the fiber/disk laser has
a strong interaction, improving the rooting effect of the arc. Thus, high welding speeds are
enabled, especially during short laser–arc interdistance.

In summary, the synergistic effect of the heat source combination is maximized within
short laser–arc interdistance of ~2 to 3 mm. The interaction of the laser beam and the arc
plasma also depends on arc and beam power, arc radius, and arc plasma radius [133]. The
maximum penetration depth is achieved when the interaction of heat sources is optimized.

The study of the interaction between the laser beam and arc plasma yields several
important features [40,41,133,144,148]:
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• The arc preheats the base metal and enhances the absorption of the laser beam.
• Arc plasma interacts and merges with the laser-induced plasma and may reduce the

focal point position.
• The laser beam may stabilize the arc (stabilisation of the voltage and current fluctua-

tions) and arc may stabilize melt pool.
• The temperature of the plasma plume in LAHW is higher than in LBW, which may

provide certain advantages. The plasma emission intensity increases with increasing
arc current.

• Arc power has a significant effect on the process since it imposes electromagnetic
pressure on the weld pool and controls the bead width close to the surface.

• Pulsed arc parameters (pulse duration and pulse frequency) may affect the stability
and quality of welds. However, their optimisation is intricate and time consuming.

In the case of thick materials, >8–10 mm, by using a LBW/LAHW process with deep
the keyhole mode, there is a significant problem of filler wire transportation to deep areas
(the root) and the homogenous distribution transversally and longitudinally. Most of the
time, there is a strong inhomogeneity and macrosegregations causing significant reduction
of mechanical properties since the filler wire can strongly reduce losses of hardness and
alloying elements. EM stirring influenced filler wire distribution in LBW welds, 3 mm thick
pure Al with AlSi18 wire [149,150], where flux density was more effective in increasing
homogeneity of fusion zone. So far, no publication regarding thicker sheets (>8–10 mm)
were studied.

6. Evaporation of Alloying Elements in LBW/LAHW

Extensive melt evaporation rates are found in keyhole LBW due to very high tempera-
tures (>3000 ◦C [69–72,80,102,151–154]) caused by the high energy density of the beam. The
high intensity of Mg has been confirmed by spectroscopy in keyhole LBW [109,110,155–157].
In arc welding, the arc column temperatures are also considerably high, reaching up to
10,000 ◦C near the surface of the weld pool [158–160]. This causes the evaporation of
alloying elements and their ejection through the weld plume. Some important alloying
elements have a low boiling point and are considered as volatile (see Table 1). These may
evaporate during LBW/LAHW. It is challenging to estimate the amount of evaporated
alloying elements due to limited accuracy of measurements and high temperatures in-
volved in welding. The amount of evaporated material during keyhole LBW is not very
high [161]. However, it depends on the process parameters and has not been studied in
detail lately. The loss of a small fraction of alloying elements may be sufficient to affect the
weld mechanical properties. This is of particular concern in Al alloys with high amount
of different volatile allying elements with specific heat treatment boosting mechanical
properties. For example, in the case of 5xxx series, the addition of Mg linearly increases
the strength and ductility [29]. Thus, the evaporation of Mg will reduce the mechanical
properties. There is evidence that excessive evaporation of alloying elements (e.g., Mg, Zn)
may also be partly responsible for porosity in welds [162,163] due to their higher vapour
pressures than Al [29,33,164], disturbing keyhole dynamics. Miyagi et al. [26] showed that
low temperature boiling elements (see Table 1) provided higher penetration depth and
higher susceptibility to porosity. In addition, the excessive loss of elements may further
renew the risk of weld solidification cracking.

An increase of pulse frequency reduced Mg content due to lower temperature in melt
pool having shallower penetration depth [165] in cases of heat conduction mode Nd:YAG
LBW. The size of the molten pool is less relevant since, in liquid state, Mg is not boiling
and remains inside the melt pool. Thus, evaporation is active on the surface and inside
the keyhole where material is continuously vaporized. At higher pulse frequencies, the
process is similar to ablation with faster evaporative processes close to the surface rather
that continuous melting. At longer pulses, some of the volatile elements could condense
back to the molten pool due to more dense metal vapour. Analyses of the metal vapour
composition during processing would be helpful to better understand these mechanisms.
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In double-sided welding of 130 mm thick AA5xxx with ultra-high power densi-
ties [112], the Mg content in the weld upper areas was reduced by ~35% compared to BM,
while nearly no change (~6.5 wt.%) was found in the root areas with overlapping fusion
zones. This provided a 95% efficiency for the tensile strength taken from the overlap area,
since Mg was the main reason for high strength with higher hardness in porosity-free welds
even though grain size was larger (44 µm versus 39 µm, respectively). Wu et al. [78] found
that the lowest Mg content in AA5083 was in the upper part of fusion zone due to specific
keyhole physics during processing in BOP configuration. Evaporated Mg and some Mn
caused a reduction of mechanical properties for fiber laser-MIG welding of AA5083 with
filler wire having much higher Mg content than BM [166].

Evidently, there is higher temperature in the upper part of the keyhole and is the main
reason for evaporation of alloying elements in this area. However, it depends also on other
welding parameters. The evaporation of grain refiners improving mechanical properties,
such as Ti added by the filler wire, must also be accounted for in welding as well as dilution.
Up to 50% of Ti may be evaporated due to high temperatures in welding [167].

7. Solidification Behaviour and Hot Cracking in Welds

Aluminium alloys are one-phase alloys with large and elongated grains compared to
fine-grained microalloyed steels. Grain size may vary significantly (10–50 µm) depending
on the production method, alloying elements, and heat treatment [18]. Most of Al alloys
have alloying elements and during heat treatment, the secondary phases or precipitates
(exceeding solubility in Al) forms, which are infused inside aluminium matrix (e.g., Mg2Si
in 6xxx, MgZn2), providing improved mechanical properties.

The solidification structure and other features of weld metal depends on the alloy
and welding conditions [30,168–170]. The most frequently met solidification modes are
equiaxed and/or columnar dendritic [30]. Typical weld microstructures are shown in
Figure 12. The weld structure (the top view) and solidification modes are illustrated in
Figure 13. Equiaxed dendritic grains are usually formed at high R (the solidification rate,
mm/s) and low G (the temperature gradient, ◦C/mm) values, e.g., at the weld centreline.
Columnar or oriented cellular crystals/grains from base metal grow epitaxially based
on the heterogenous nucleation at high G and low R values [169]. The important factor
is G·R, the cooling rate, which determines grain refinement or size. The G/R ratio is
used to determine grain morphology. An increase of welding speeds provides transition
from columnar dendritic mode towards equiaxed mode due to enhanced cooling rate, or
constitutional undercooling, and a favourable G/R ratio [167]. Of note, many researchers
reported grainy crystal structure in the fusion zone on the macro-level (keyhole LBW of
35 mm AA5xxx [171], 2.0 mm AA5083 [172], 4 mm AA6061-T6 [173]). However, with
higher magnification or SEM, the dendrites may be revealed. Li-bearing alloys (2xxx series)
tend to have spherical equiaxed grain zones close to the partially melted zone due to
the intricate effect of Li on heterogenous nucleation [174–176], which has a non-epitaxial
growth nature with a crystallographic orientation [177]. It is important to note that the
grain size in weld metal is usually larger than in base metal when a conventional filler
wire without grain refiners is used [167,172,178]. The grain size, solidification rate, and
its direction can be predicted with numerical modelling with high accuracy by using
the Monte Carlo (MC) method [85], various solidification parameters with the cellular
automata (CA) method [168], a combination of the finite element method (FEM) with the
phase-field (PF) methods [179], and the multi-physics laser model with PF model for the
simulation of dendritic growth and microstructure in Al–Cu alloys [180]. The application
of 3D computational fluid dynamics (CFD) with the PF method was incorporated by
Geng et al. [181,182] in case of full penetration of 1.0 mm AA5083 sheets for predicting
solidification behaviour.
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Figure 12. Typical weld microstructure of AA6061-T6: (a) equiaxed dendrites in fusion zone centre
(FZ) [183]; (b) partially melted zone (PMZ) [183]; (c) heat-affected zone (HAZ) with precipitates (dark
areas) [183]; and (d) scanning electron microscope image showing columnar dendritic grains growing
epitaxially from base metal [184]. Subfigures were modified.
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various factors adopted for Al alloys [185].

In general, the columnar dendritic solidification structure is unfavourable for me-
chanical properties and the equiaxed dendritic mode is preferred with a smaller grain
size [169]. There are different methods to manipulate the dendritic structure by external
factors and welding parameters to induce its fragmentation. One of the main parameters is
the dendritic arm spacing, which determines the mechanical properties. The mechanical
properties increase with decreased primary dendrite size and secondary dendritic arc
spacing [169,186]. With the increase of the cooling rate or reduced heat input, the primary
and secondary dendritic arm spacing reduces [169,186].
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Hot cracking is frequently observed in the joining of Al alloys. Cracking is not
permitted to any quality level according to ISO 13919-2 [187]; thus, appropriate prevention
methods should be implemented. Sensitivity for hot cracking depends on the alloying
elements and welding parameters, which controls solidification behaviour and kinetics.
The effect of alloying elements on the crack sensitivity is shown in Figure 14a. Accordingly,
lower than ≈0.5 wt.% and higher than ≈4.0 wt.% of the alloying elements are less sensitive
to cracking. However, most of aluminium alloys possess many alloying elements, and
thus are inevitably susceptible to cracking. For example, based on Figure 14a, AA5456 has
low cracking susceptibility, but cracking may be substantial if welding parameters are not
optimized [188].

Hot cracking is associated with the hot tearing of the solidifying metal within the
mushy zone, the partially melted zone withing range between solidus and liquidus tem-
perature (see Figure 14). This zone is also called the brittle temperature range (BTR). Using
high speed imaging, Stritt et al. [189] observed cracking formation at trailing edge of the
weld pool and propagation behind the weld pool. There are two primary factors involved
in the appearance of cracking [190]: (i) the induced convection in liquid due to temperature
difference and (ii) solid metal deformation is generated during solidification with a large
change in the viscosity of a metal. This produces shear or uniaxial tensile stresses [191],
or large local plastic strains [192] within dendritic structure with solid arms induced by
differential thermal contraction upon cooling, while there is some molten metal or liquid
film present between them. As a result, if there is the lack of molten metal to fill (or
’heal’) these zones and strains are exceeding the ductility of the zone, the hot tearing forms.
Movement of the molten metal is low since the melt viscosity is high due to mushy zone,
partially consisting of solidified interdendritic eutectics providing low permeability. When
dendritic structure can sustain these stresses without cracking, dendritic network is called
coherent. Another factor is restraining condition during welding related to clamping of
specimens. More restrain is introduced during welding and higher cracking susceptibility
is produced. The interplay of these factors is shown in Figure 14b. Hot cracking is fre-
quently developing and propagates at weld centreline as longitudinal cracking, especially
in case of keyhole LBW [189,193,194]. Transversal hot cracking is also common [195,196]
and can be as initiating point for longitudinal crack as noted by Hagenlocher et al. [191].

The two main approaches to predict and assess hot cracking susceptibility are stress-
and/or strain-based as mechanical approach and nonmechanical approach. Stress and
strain are interconnected in continuum mechanics. One of the most used is critical strain
(Ecrit) criteria, which is based on the ductility curve and BTR. The mechanism is illustrated
in Figure 14c, where the solidification range is defined between solidus (TS) and liquidus
(TL) lines. The ductility curve defines Emin of the liquid film prior to cracking and is
estimated experimentally, e.g., the Varestraint test or the tensile hot cracking test. Cracking
occurs when the deformation line (or curve) intersects with the ductility curve and is also
based on the slope defined by the strain rate (dE/dT) [197]. An alloy is more susceptible to
cracking with wider the BTR [190] and its ability to measure during welding should assist
in the understanding of cracking and avoid failure. The stress/strain distributions in the
mushy zone are illustrated in Figure 14d indicating that longitudinal cracks are forming at
the end of the mushy zone or at the terminal stage of solidification time, due to appearance
of tension stresses. Wang et al. [196] found that transversal cracking develops in the second
part of the mushy zone with a solid fraction of 90 to 94%.
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Rappaz et al. [190] proposed more advanced approach using the two-phase model
(liquid/solid), which is based on the mass balance and critical strain rate including: (i) the
deformation of the coherent solid network of solid dendrites; (ii) the molten metal flow
(feeding) into interdendritic areas to compensate shrinkage; and (iii) the initiation phase of
tearing or formation of a first void, the main factor for a fracture. This model explains the
rupture of mushy zone on sound scientific level. The mechanism is shown in Figure 15a.
The fracture occurs by a cavitation, when the pressure of the interdendritic liquid drops
at a dendrite root reaching a critical value which is below the cavitation pressure (pc)
providing formation of void. In addition, the critical deformation rate of strain (dE/dt)p,max
is determining the criterion for the formation of the first void. Hot crack susceptibility
(HCS) criterion, defined as (dE/dt-1)p,max, or called the RDG (Rappaz–Drezet–Gremaud)
criterion (see Figure 15b), which is estimated by the alloy composition and the solidification
interval. Aluminium alloys with 1.3–1.5 wt.% of total alloying elements within wide range
of solidification interval are more susceptible to hot cracking.
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Coniglio and Cross [199] found that the pressure drop is not responsible for cracking
at elevated levels of hydrogen content in contrary to the RDG criterion, in case of the
arc welding of AA6060. Microporosity may be generated between the dendrites during
solidification. Zhang et al. [200] presented explicit numerical simulations and experiments
showing that the hydrogen porosity forms as gas bubbles (50–200 nm in diameter) with
preferential nucleation at the roots of secondary arms at the solid–liquid interface. Thus, hot
cracking formation had a strong correlation with the porosity-based crack initiation model.
A mass balance approach, controlled by local strain rate, was used for the modelling of
crack growth. In addition, hydrogen had significant effect on crack initiation and growth.

Recently, Kou [201] proposed a newer criterion which has much similarity with the
RDG criterion. However, there is a substantial difference, and Kou’s criterion includes:
(i) the separation of grains from each other; (ii) the lateral growth of grains towards each
other; and (iii) interdendritic liquid feeding between grains. Cracking occurs when there is
excess strain rate separating grains by tensile deformation and a low growth rate towards
each other with sluggish liquid feeding along the grain boundary. The susceptibility can be
derived from steepness of the curve at a higher fraction of solid, the terminal stage of solid-
ification. Later, the back-diffusion phenomenon was studied and provided explanations of
high resistance for cracking of Al–Mg alloy with a wide BTR [202]. The positive effect of
the Mg back-diffusion on improved dendrite coalescence and liquid channel segregation
was recently proven by Geng et al. [203,204] and by Liu and Kou [205,206].

There are different methods to reduce hot cracking in more practical ways. Optimi-
sation of welding parameters, without using generalized HCS criteria, which may not
be applicable in certain situations (e.g., no precise data for thermal cycles), such as the
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solidification parameters and the measured strain values. The Varestraint and modified
Varestraint tests (MVT) [197] are well-proven methods and can be used as a part of qualifi-
cation. The first action to reduce HCS in size reduction of the mushy zone by optimizing the
welding parameters affecting the cooling rate with a subsequent reduction of the strain and
thermal gradients, promoting a lower strain rate. The control of the chemical composition
(see Figure 14a) by the addition of filler wire (with high Si) is also effective in reduction of
hot cracking.

Changing the solidification mode towards equiaxed grains by addition of grain re-
finers or optimizing processing parameters is another effective method. Grain refine-
ment has become more popular in the joining of Al alloys by fusion welding in the past
decade [167,207–210]. This effect has been known for many decades and was applied in
the form of titanium additions to casting products in the 1930s and later in terms of boron
additions in the 1960s [211]. Later, Al–Ti–B refiners (e.g., Tibor®) were developed in the
1970s and can also be applied to filler wires for welding purposes. Yunjia et al. [212]
showed the prospective potential of Zr as a grain refiner for welds. The effect of grain
refinement depends on the refinement particles including their amount, base/filler metal,
and welding parameters. Filler wire containing 5.0 wt.% of Ti and 0.99 wt.% of B, was
very effective in reducing the grain size for AA1050 and AA6082, but it was less effec-
tive for AA5083 in the case of TIG welding according to Schempp and Rethmeier [167].
Grain refiners through wire are not commercially available. Scandium additions and Tibor
refiners showed significant refinement of grains for AA6061 [213]. Völkers et al. [214]
achieved grain refining in WM and reduction of HAZ width by using vibration induced by
sound waves in case of AA7xxx. This effect was first noted by Eskin [215] and successfully
applied for AA7075-T6 [216] and for 6082-T6 [217] to reduce cracking susceptibility. More
comprehensive information about grain refinement of Al alloys is available in [207].

The solidification mode also can be manipulated by the modulation of the laser beam,
e.g., sinusoidal laser power modulation [194], which prevents hot cracking by a periodical
local change of grain morphology. Another two alternatives which can be combined
with mentioned methods: (i) pre-heating [188,218] and (ii) pre-loading with introduction
compression to counter-act tensile strains within the mushy zone [218]. Compressive force
can also be introduced by the addition of a secondary (as pre-heating) laser beam beside
the main beam used for melting [193].

Laser beam oscillations may be an effective method for splitting long columnar den-
drites into smaller constituents, providing a finer grain structure by manipulating melt
flows as reported in [173,219]. Circular oscillations provide wider welds with an increased
number of equiaxed grains, providing higher strength. Wang et al. [219] reported signifi-
cant reduction of macrosegregation in LAHW with circular beam oscillation due to more
favourable induced melt flows from the stirring effect. The reduction in segregation and
mixing uniformity can be advantageous in the welding of dissimilar Al alloys as reported
by Chen et al. [220]. Liu et al. [221] reported a grain refinement effect by using LAHW
with an assisted magnetic field. Moreover, more equiaxed grain with increased dislocation
densities may be achieved for improved mechanical properties. Similar refinement of grain
size effect was achieved in single-pass LBW of 10 mm thick AA5083 [222].

So far, the continuous melting of material has been discussed for forming a traditional
welding seam with CW or PW laser mode. However, laser spot welding is particularly
susceptible to cracking due to rapid solidification. The most effective prevention method is
use of an ‘annealing’ or ‘ramping-down’ pulse shape to reduce the critical strain rate and
the size of the mushy zone [30,223,224]. Zhang et al. [225] indicated that the ramping-down
pulse shape should also have a specific declining gradient and peak powers (millisec-
ond/Kw) to reduce cracking for AA6061-T6. Overlapping weld beads should also be
considered since it affects the solidification microstructure and gradients [226]. The same
results are applicable for continuous welds with PW laser mode.

Prof. Seiji Katayama [30] found few parameters affecting HCS for both continuous
seams and spot welds (see Figure 16). Favourable factors and parameters for crack-free
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welds: thinner plates, CW laser mode, high alloying, lower welding speeds, and tailored
pulse shapes with annealing.
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Cracking also may occur in the HAZ [192]. During welding, HAZ is subjected to high
enough temperature for liquid films to occur between grains, called intergranular liquation
or liquation cracking, under high tensile stresses which causes intergranular cracking upon
cooling. It is more common in precipitation-hardened Al alloys due to many alloying
elements. However, stresses and their conditions are more important. According to Ola
and Doern [195], HAZ cracking was more pronounced in autogenous LBW and LBW with
cold wire for AA7xxx than in LAHW. Even though in LAHW the HAZ was wider, it had
lower stresses, thus lowering cracking. In this case, the higher degree of restrain to plastic
deformation and/or faster cooling rate may be more detrimental.

8. Porosity Formation and Strength of Joints
8.1. General Overview

Porosity is the most frequently occurring imperfection in the keyhole welding of Al
alloys. Up to now, a significant research had been done on this issue. Porosity formation
is affected by four factors: (i) the solidification rate of molten metal, (ii) the back-filling
speed of molten metal, (iii) the presence of hydrogen/moisture, and (iv) keyhole instability
(periodic closures) which tends to entrap occluded gases. The latter is the most difficult
situation to proof and explicitly explain since in-situ studies of LBW/LAHW is challeng-
ing [227], and may cause large debates. As a result, this issue will be studied in more
detail being the most significant in porosity generation. When the solidification rate of
molten metal is higher than the back-filling speed of molten metal, the porosity is formed
due to improper welding parameters [228]. A combination of all these factors is common.
Porosity can be divided into two sub-groups: (i) macro-porosity and (ii) microporosity.
The latter is commonly known as hydrogen-induced porosity caused by high solubility
of hydrogen (see Figure 4) at elevated temperatures forming small pores in diameter
of 50–200 µm [8] during cooling where the hydrogen solubility is low. Such individual
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pores are fully tolerable but their density per volume unit can be high [40]. The material
preparation prior to welding is important for aluminium welding and it can be the main
source of hydrogen contamination. Dry machining of the surface prior to welding can
reduce hydrogen-induced porosity. Other methods as acetone degreasing, polishing, and
sandblasting. However, the most effective method is the laser cleaning. Haboudou et al. [8]
showed that laser cleaning suppressed porosity by several times compared to conventional
cleaning methods. Use of correct shielding gas composition is another important factor.
Pure helium or argon-helium mixtures can be used. The helium provides extra heating due
to higher thermal conductivity and the hydrogen can escape from the welding area prior to
solidification. However, recent He prices are high. Moreover, the use of modern solid-state
lasers, He is not required for processing (see Section 4.1).

The fundamental mechanism of elimination of hydrogen-induced porosity is to re-
move the source of the hydrogen contamination. This can be [40,162]:

• Inadequate shielding during welding due to low flow rate and positioning.
• Inappropriate shielding gas (with high moisture content).
• Hydrocarbons (oils, grease, and other contaminants) on plates.
• Moisture (water leaks, condensation or hydrated aluminium oxide, gas hoses).
• Contamination through mechanical cutting during preparation of workpieces.
• Filler wire with high hydrogen content.
• Improper cleaning of oxide layer prior to welding.

8.2. Porosity and Strength in Autogenous LBW
8.2.1. Heat Conduction Mode

The heat conduction mode has much lower sensitivity to porosity than the keyhole
mode [229] due to the higher width-to-depth ratio enabling improved de-gassing of gen-
erated bubbles. Moreover, at low laser powers with large spot diameter, the process is
inherently more stable. The same applies to the transition mode. However, substan-
tial porosity may also be generated due to improper welding parameters. In the case
of AA5083 [230], large pores (in the middle) were formed at short pulses (<3.0 ms) and
higher penetration depths by hindering mobility of bubbles. Porosity can be prevented by
tailoring pulse frequency, duration, and shape with gradual decrease in power. Recently,
Tao and Yang [231] found that the use of circular oscillations in laser beam welding and
very fast welding speeds (>40 m/s) provided porosity-free welds with improved mechan-
ical properties using scanning optics. The results were improved with increased laser
beam power.

8.2.2. Autogenous Laser Beam Keyhole Welding

Porosity formation due to unstable keyhole hydrodynamics is the main origin of
macroporosity in autogenous LBW. There are numerous works on physics of porosity
formation mechanisms proven both experimentally and with numerical simulations using
computational fluid dynamics (CFD). Keyhole-induced vapour filled irregular shaped
cavities, the porosity, originates from frequent collapses of the keyhole is a serious problem
leading to the deterioration of mechanical properties. The mechanisms of porosity forma-
tion suggests that the weld metal solidifies more rapidly than the possible upstreaming
velocity of the vapour bubbles that formed during keyhole collapse, resulting in severe
porosity [162,232,233]. It seems to be challenging to completely avoid the porosity during
LBW/LAHW of thick Al sheets, especially with closed keyhole situation (no keyhole
opening from bottom surface of plate) or partial penetration depth (see Figure 5a).

Modern laser systems provide stable power output. However, the keyhole itself has
lower stability due to fast turbulent melt flows and metal vapour fluctuations leading to
instabilities at the bottom of the keyhole. During deep penetration LBW, when depth is
much larger than width of keyhole, there is the spiking effect (see Figure 17). This effect was
firstly published in 1970s by Armstrong [234], Tong and Giedt [235], and Weber et al. [236]
in case of EBW of different materials including aluminium. Keyhole, or cavity, oscillates
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providing fluctuations in depth (at 8.0 Hz for AA1xxx). The hydrostatic force becomes
larger than the internal pressure in the cavity causing necking with subsequent separation
or collapse into two cavities. The bottom cavity stops to penetrate and is filled with molten
metal. If the cooling rate is high enough the generated gas pore is entrapped. Similar
mechanism was confirmed later by Wei et al. [237], showing that spiking/humping can be
reduced by applying smaller width-to-depth ratio of the fusion zone. By using numerical
modelling in case of Al (99.5%) of 2.0 mm thickness, according to Otto et al. [154,238] the
spiking was developed due to (i) keyhole fluctuation, (ii) subsequent keyhole collapse, and
(iii) gas pore remains at solid-liquid interface. At the bottom of the keyhole condensation
of vapour and reduction in pressure occurs at higher depths. It was found that an increase
of laser beam power and welding speed significantly reduced the porosity formation. By
using CO2 laser on ice, Fetzer et al. [239] found that spiking is a result of variation in
absorption distribution by the front keyhole wall at the bottom and not due to dynamic
melt instabilities. It is well-known that melt flows downwards at the front keyhole wall
(at high speeds of several m/s [240,241]) and the wall geometry is wavy consisting of
melt humps/bumps [67,242]. This causes shadowing effect [243] and uneven distribution
of absorption [71] and this may lead to the spiking effect and fluctuation of the keyhole.
However, the hydrodynamics of the rear keyhole wall was not sufficiently studied. Laser
power modulation or spatial beam oscillations could reduce spiking. As a result, the
spiking effect leads to keyhole collapses with variations in penetration depth and promotes
porosity formation. Moreover, it can be linked to humping formations during single-pass
welding (see Section 9.3) which has a periodic nature. This issue occurs in other metals (e.g.
steels) in a wide range of parameters [244]. Huang et al. [245] showed that melt flows for
Al welding are two time faster than are found in steel with frequent keyhole collapses, and
due to faster solidification rates the bubbles are captured at solid/liquid interface.
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So far, no remedies were found to eliminate this issue completely, except balancing
process parameters, at least based on reviewed literature and authors’ knowledge. Nat-
urally, in full penetration depth case with open keyhole situation, this effect should be
minimized since vapour goes through the keyhole exit and formation of bubbles is con-
stricted by vaporisation [66], or bubbles can be expelled from molten pool [88]. However,
overpenetration of sheets may lead to undercuts/underfills since a large portion of molten
metal may be ejected from the keyhole downwards [246].

In welding of thick aluminium plates (12–20 mm in BOP), Katayama et al. [247]
showed that porosity can be suppressed by few methods. Increase of penetration depth
provides more pores at lower welding speeds. This is related to the Rayleigh instability.
Higher power density may provide less porosity even at high welding speeds as observed
by Chen et al. [77] in case of EBW of 2A12 alloy. Smaller spot diameter with higher energy
intensity is preferable. With the use of nitrogen instead of Ar, there is high presence of N2
in laser-induced plume and it is not entering to vapour capillary providing bubble-free
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melt pool. Moreover, aluminium alloys containing Mg and Zn provided more pores due
to their higher vapour pressure [33,164] negatively affecting keyhole stability. As a result,
Zn-rich containing Al alloys are more susceptible to porosity. Forward inclination angle of
40–50◦ (pushing laser beam) provided much less porosity. The same trend was observed
by Seto et al. [66] in case of CO2 laser with He shielding gas. Using pushing laser beam, the
bubbles have more time to escape without being trapped by the solidification front. The
pulsed laser mode was effective in suppression of porosity. Moreover, it was observed that
in the root, irregular shape pores were formed due to keyhole collapses, but circular-shaped
pores were observed closer to the surface.

Recent results by Miyagi et al. [26] clearly showed relationship between alloying
elements and porosity formation. Porosity formation was a result of violent fluctuation of
the keyhole shape, which were more frequently observed for alloys with more alloying
elements with low evaporation temperatures. Mg oxides were spotted on the walls of pores
indicating that the bubble was formed due to evaporation [8]. In other words, fluctuation
is the result of improper balance of the surface tension and the recoil pressure of the metal
vapour. However, low penetration depths were applied (up to 1.0 mm) and more violent
keyhole fluctuations are expected for thicker plates.

The collapse of the rear keyhole wall (laser had pushing position) was the main reason
of porosity formation in fiber LBW of 10 mm AA5083 [88]. Based on experimental and
numerical simulation results, the keyhole had significant spatial fluctuations in geometry
(every 5.0 ms in average) with deformation of the rare keyhole wall due to intense local
vaporisation from the front keyhole wall having bulges with necking effect promoting
collapses. Such effect was also recently observed by Wang et al. [248]. Similar behaviour
of the rear keyhole wall was also observed for steels [68,70,71]. In partial penetration
depths, bubbles generated at the root, frequently agglomerates with other bubbles and
large pores are forming. Due to upward melt flows at the rear melt pool, these bubbles
float upwards and may remain at the liquid/solid interface. This was observed previously
in the case of pure Al by X-ray phase contrast imaging [233] and the same was described
by Seto et al. [66]. The authors claimed that the numerical model had neglection of the
transient vapour dynamics which is known to have significant influence on the keyhole
stability [249,250]. Numerical simulation of the transient vapour (gas) through vaporisation
phenomenon is very complex and computationally heavy.

Porosity may be also generated due to unfavourable melt flows, e.g. circulating melt
flows in the root of keyhole [86] or vortex-like melt flows with high speeds around the
keyhole [251]. Vapour filled cavities cannot escape from the weld pool on time. The
increase in sheet thickness causes more pores to occur. This observation implies that some
sporadic pores may even occur with the best possible welding conditions. However, small
pores and certain density is allowed to be in welds, based on ISO 13919-2 [187], level B
(stringent) is ≤3%, ≤2% for localized porosity, with maximum pore dimension below
4.0 mm or ≤0.3 times of sheet thickness.

The setup with air gap between plates is often used, but its effect is not clear. According
to Kawahito and Wang [49], there are many bubbles driven by melt flows towards the upper
surface in the case of closed keyhole. Based on this, air gap is not beneficial for eliminating
porosity unless the keyhole is open with downwards melt flows with de-gassing effect.
There are not many studies to support or negate this conclusion.

The effect of shielding gas is rarely published in case of LBW. Helium can provide
some advantages. Ola and Doern [195] reported a substantial reduction of porosity by
using Ar in case of keyhole welding of AA7075-T6. Porosity was reduced by increasing
flow rate of He.

8.2.3. Novel methods to Mitigate Porosity

Application of lower ambient pressure (10 Pa) was effective in suppression of poros-
ity [80,112]. The main reason is reduction of plasma plume above the keyhole. This results
in improved stability of the front keyhole wall, which was also enlarged, enabling faster
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melt flows without circulation behind the rear keyhole wall. In addition, there are stronger
recoil pressures assisted in eliminating pores from weld pool in blind keyhole configuration
when there is no full penetration of sheets with exit of vapour cavity.

Application of an AC magnetic field may also significantly reduce porosity (from
3% to 0.7%) in Nd:YAG laser welding of 6 mm thick Al-Mg3 alloy [252] by improved
de-gassing effect so bubbles escape from the weld pool before solidification. Porosity was
significantly mitigated (by ten times) during BOP joints (10 mm Al-Mg3 alloy) and corner
joints with AlMgSi0.5 with filler wire [253] by using oscillating AC magnetic field which
stirs the weld pool during processing and introduce EM Archimedes forces for vapour
bubbles to escape from the weld pool with upstreaming currents of melt. This shows an
impressive achievement of the electromagnetic field technology regarding porosity.

Inline and cross beam twin-spot welding was successfully applied to reduce porosity
according to Haboudou et al. [8] in case of 4.0 mm AA5083-O. Twin-spot produced wider
welds with slower solidification time for bubble in the melt to be expelled. Moreover, in
case of inline setup, larger distance between spots without overlapping was more effective.
Addition of secondary (lagging) inline beam was positive in reduction of porosities by
venting out Mg vapour from the keyhole [254].

Porosity can be successfully mitigated by using local spatial laser beam oscillation
technique. Fetzer et al. [255] showed that circular beam oscillations (at 100–200 Hz) pro-
vided porosity-free welds attributed to degassing of pores from melt pool into keyhole, in
case of 4 mm penetration depths using 4–6 kW beam power. Similar results were reported
by Shangren Li et al. [256] using constant 3 kW beam power. However, with increase of
frequency oscillations and its diameter, the penetration depth was significantly decreasing.
Therefore, the study lack of direct comparison since deep weld cannot be directly com-
pared to much shallower (by a factor of 2–3) weld depth. Zhang et al. [257] found that
400–800 Hz laser beam oscillation at higher amplitude was more effective in suppressing
porosity providing very fast keyhole movements (>70 m/min) and stirring. However, the
penetration depth was also decreasing. Sinusoidal beam oscillations improved applied by
Liu et al. [258] also improved porosity mitigation due to more favourable hydrodynamics
in melt pool. Advantages of circular oscillation over straight and sine-shaped welding
paths in reduction of porosity was confirmed by Liqun Li et al. [259] experimentally with
numerical modelling. It was attributed to lower thermal gradients with mitigated melt
flows which improved stability. Ke et al. [260] discovered that infinity (or shape of ‘eight’)
shape pattern beam oscillation with higher frequency was more effective than circular by
providing wider welds with improved stability. Wu et al. [261] applied vertical beam oscil-
lation (periodic change of focal point position) in combination with circular oscillations and
porosity was significantly reduced. It seems beam oscillation technology offers improved
quality of joints with potentially high mechanical properties due to low porosity. However,
it may imply additional costs and applicable with lower beam power for thin sheets due
to reduced laser beam interaction time with the base metal. Moreover, higher heat inputs
from oscillation may provide more distortions and wider HAZ with softening.

8.3. Laser-Arc Hybrid Welding

Porosity formation and mitigation in LAHW is more complicated since two sources
are introduced in welding. Identically to autogenous LBW, there are two porosity formation
mechanisms: (i) keyhole collapse and (ii) unfavourable melt flows. The latter is affected
by both the laser beam and the arc. The situation is more complex when an MIG source is
used. In LAHW, the wire applied may also influence the porosity through the presence of
surface flaws and cracks containing dirt and moisture resulting in hydrogen gas pores.

8.3.1. Laser and Arc Power

According to Katayama et al. [262], LAHW can mitigate porosity formation using
increased arc current from 60 A to 240 A see Figure 18. No porosity was found using
240 A for 3.0 mm AA5052. Bubbles filled with vapour are generated from the bottom part
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of the keyhole due to an intense evaporation from the front wall causing collapse of a deep
vapour capillary. The collapse is generated due to unstable flows of molten metal and
bubbles are trapped by the solidification front. At 240 A, the surface of the molten pool is
concavely depressed due to the higher arc pressure providing faster melt flows, thus the
keyhole diameter is much larger. At the same time, the penetration depth was significantly
increased with the width of the fusion zone.
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The balance of laser/arc power ratio was studied by Leo et al. [263] where 3.0 mm
AA5754-H111 was joined with fiber laser-MIG with filler wire containing various levels
of Mg content. It was found that an increase of arc power also suppressed the porosity,
providing better tensile strength with lower Mg evaporation. Improved performance
was at slightly higher arc power ratio to laser beam power. Currents that were too high
provided slightly larger grain size with porosity. However, the weld strength was much
lower than the BM, exhibiting only 68%. Higher laser power can benefit to higher stability
of the keyhole by providing less porosity according to Casalino et al. [264]. As a result,
laser/arc power is not straightforward and requires balancing depending on other welding
parameters, e.g., welding speed. Ola and Doern [265] showed that porosity increased with
increase of laser power (from 2.5 to 4.0 kW) in case of 6.0 mm AA2024-T3 due to keyhole
collapse. By variation in the welding speed (from 1.0 to 2.5 m/min at 3.0 kW) at lower laser
power, no pores were generated since the process was in heat conduction mode with wide
weld geometry at shallower penetration depth. As an alternative, a defocussed laser beam
may be applied to reduce porosity.

Based on results evaluated here, the laser/arc balance is intricate to optimize since
other parameters should be also considered, e.g., the welding speed. In general, the best
way is to achieve keyhole stability by balancing welding parameters. Another suggestion
is switching from keyhole mode towards transition mode or even to heat conduction mode.
Lower depth of the keyhole reduces collapsing at the bottom. This is somewhat contra-
dictory. However, it may enable high welding speeds, which surpass the conventional arc
welding speed by several times. Moreover, some balancing of the parameters, e.g., increase
of arc current and appropriate process distance, allows not only to increase the laser beam
power at fast welding speeds but also to enhance penetration depths.

8.3.2. Shielding Gas

The effect of He/Ar shielding gases is not widely published in detail. Pure argon
shielding gas is the most common for Al alloys due to cheapness. However, due to unstable
keyhole processing, He–Ar mix shielding gas can be considered as alternative since LAHW
is cost-efficient process compared to conventional arc. Ar–He mixed gas may be a viable
option. Argon ionisation potential is only half of that for He, 15.8 eV for Ar I-stage (27.6 eV
for He) and 24.6 eV for Ar II-stage (54.4 eV for He), respectively. High ionisation potential
reduces the plasma size and density leading to higher penetration depths but can provide
unstable arc conditions in pure He [266] or even by adding more than 40% of He [267].
Tani et al. [267,268] suggested that Ar is safer to use due to its heavier mass with more
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reliable protection without a need to use a high flow rate compared to He, which is lighter
and may not properly cover the weld pool. Campana et al. [266] stated that shielding gas
flow rate should not be high to avoid turbulent distribution providing unstable processing
and optimal shielding of melt pool. More interesting is that the angle should be horizontally
flat (at 0◦) or inclined up to 30◦. In LAHW this angle is always much higher and thus
inherently possess non-optimal shielding. In such a case, additional shielding can be
applied, e.g., a special nozzle [269] or a back extended diffuser [270], for the tail of melt
pool seems to be reasonable to protect from oxidation. The application of pure nitrogen
reduces porosity and is a viable option for LBW due to its cheapness and for LAHW if the
arc is stable.

By using 4 kW CO2 laser-MIG hybrid welding of 12 mm aluminium alloy, an increase
in He reduced porosity from 5% to <1% due to improved stability by reducing inverse
Bremsstrahlung effect and height of hybrid plasma [157]. However, the effectiveness was
reduced after >50% of He concentration. Bunaziv et al. [228] reported negligible effect of
He on porosity compared to Ar in the case of fiber laser-MIG of 5 mm AA5083-O in certain
range of parameters.

8.3.3. Arc Position

Arc position relative to the laser beam may have substantial effect on generation of
the porosity but only few studies are reported on this issue. The results are compiled in
Table 4. Trailing arc setup seems much more effective in suppressing porosity due to better
stability since the droplets frequently hit the keyhole opening area in leading arc [139].

Table 4. Result of laser-arc hybrid welding on porosity formation and resulting strength. MIG source was used. References
compiled in chronological sequence.

Alloy t, mm Technique Laser Type, kW Preferable Arc Position:
Comments Efficiency Reference

6061 2.0 Single-sided Nd:YAG, 3.0
Leading arc: had lower
porosity at top of bead

with DLA = 1.0–3.0 mm 1
N/A Lee and Park

[113]

5052 3.0 Single-sided Nd:YAG, 3.1

Trailing arc: shallower
and wider welds with
more stable weld pool
improved degassing

of bubbles

N/A Katayama et al.
[90]

5754 3.0 Single-sided Fiber, 3.0-3.5
Trailing arc: lower

porosity due to better
stability, TIG was used.

N/A Casalino et al.
[271]

5083 5.0 Single-sided Fiber, 2.5
Trailing arc: provided
significant less pores
with DLA > 1.0 mm

~70% 2 Bunaziv et al.
[228]

5083 10 Double-sided Fiber, 4.9

Trailing arc: less porosity
due to more stable

process (based on A/V
waveforms) and wider

weld pool more time for
bubbles to escape

90% Huang et al.
[272]

5083 30 Double-sided Fiber, 10
Trailing arc: slightly less

porosity due to
improved stability

N/A Jiang et al. [273]

1 not clearly specified but photo images were provided. 2 incomplete penetration welds.

8.3.4. Process Distance

The effects of process distance (DLA) between the arc and the laser on porosity is
seldom published. Katayama et al. [90] identified that the maximum penetration depth
was at 2.0 mm DLA with trailing arc setup. At 0 mm, droplet impinged the laser beam
opening area and disturbed the process. The effect of DLA on porosity was not clearly
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identified, but it was stated that lower porosity was in full penetration welds compared to
partial penetration. Thus, optimal DLA to avoid porosity should be within the range of 2.0
to 5.0 mm. Ascari et al. [274] showed that the process distance (range of 0–6.0 mm) has low
effect on porosity formation in the case of 3.0 kW CO2 laser for welding 8.0 mm AA6082
with trailing arc setup.

Ola and Doern [265] identified that severe porosity was generated at shorter DLA
(1.0–2.0 mm), and the minimum was achieved at longest separation of 5.0 mm, in the
case of trailing arc setup of AA2024-T3 for constant 4.0 kW laser power. Similarly,
Bunaziv et al. [228] identified that a greater process distance provided substantially less
porosities, which indicates that tandem welding is a more stable processing with shal-
lower (partial) penetration depths than shorter DLA where keyhole is disturbed providing
much porosity.

The process distance and arc position are interdependent parameters making LAHW
more complex joining technology. So far, no structured research was done on this issue.
At certain process distances, one or another arc position can provide different results due
to strong interaction. It is expected, that in the leading arc position [139], an increase
in the process distance may provide acceptable quality of welds with less porosity and
more stability. This can be especially true in the case of thicker plates. Thus, based on
Table 4, it cannot be claimed that a trailing arc setup is always preferable since the laser–arc
interdistance was not considered.

8.3.5. Torch Angle

The effect of the arc torch inclination angle (see Figures 10 and 11) on porosity forma-
tion is very seldom studied for Al alloys. Katayama et al. [90] found no difference in the
range of the torch angle from ~26◦ to 40◦. The maximum penetration depth was achieved
at 2.0 mm laser–arc interdistance.

8.3.6. Welding Speed

The welding speed in LAHW is substantially more intricate than for LBW, where it
is basically unrestrained and can be up to 10 to 15 m/min [275]. Due to the added arc,
there are restrictions in use of high welding speeds (>2.0 m/min) since the arc rooting and
subsequently the stability is sharply becoming unstable. It is reported that with increasing
welding speed, the porosity formation tendency is reduced [90] similarly to LBW. Contro-
versially, Han et al. [276] reported higher porosity with increased welding speed (from 0.7
to >1.2 m/min) related to more rapid solidification and narrower welds preventing bubbles
from escaping the weld pool. As a result, there should be a delicate balance between laser
beam power, arc power, welding speed, and other associated parameters (see Section 5).

8.3.7. Air Gap

LAHW has good bridgeability and is thus frequently employed with air gap. Air
gap may significantly enhance the increase in the penetration depth [277]. However, too
large of an air gap is the main cause of melt pool sagging/humping [278] and keyhole
collapses [139,244]. Therefore, to balance the air gap size is crucial. Welds with zero gap
may in general show a larger amount of porosity for constant process parameters according
to Andersen and Jensen [279]. Jiang et al. [273] used different bevelling types and air gaps
and found effects on porosity formation when for double-sided LAHW of AA5083. Most of
the pores were located in the upper part of the weld with no pores in the root. This result
was suggested due to low welding speeds providing very wide welds. The same trend was
noticed by Huang et al. [272] in thinner sheets of 10 mm without air gap. This implies that
there was enough time for bubbles to escape from the weld root. Furthermore, pores in the
upper part of the weld were eliminated by depositing an additional MIG layer.
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8.3.8. Novel Methods to Mitigate Porosity

Circular beam oscillations were successfully applied for LAHW of 8 mm AA6082 [248]
where the porosity was reduced from 5% to <1%. The diameter of the keyhole and the width
of melt pool were increased by stirring effects promoting improved stability, especially
at higher frequencies of oscillation and higher arc currents. Recently, LAHW assisted by
magnetic fields was applied [221]. Sine-wave magnetic fields along the weld path stabilized
the keyhole dynamics and prolonged the cooling rate. Moreover, the penetration depth
was increased by at least 20%.

8.4. Effect of Porosity on Mechanical Properties

Porosity has a detrimental effect on weld metal mechanical properties. There are plenty
of published works on this issue for different materials [280]. However, a limited number
of studies were made specifically for welding of Al alloys. Most researchers claimed that
porosity was one of the factors for strength decrease and served as fracture initiation
point as indicated in [281,282] and extensively studied by Wu et al. [283] indicating that
pores near the surface are more prone for crack initiation. Scanning electron microscope
image examples of porosity on the fatigue crack initiation are shown in Figure 19a,b.
Typical microporosity is shown in Figure 19c with mixed ductile dimples and brittle
fracture areas [284]. A large amount of porosity reduces the cross-section of the weld,
thus directly causing a loss in strength. Moreover, high density of micropores promotes
much easier coalescence of voids. Han et al. [276] reported that the direct relation between
tensile/fatigue resistance decrease and high porosity in the case of fiber laser-MIG welded
6.0 mm thick AA6082-T6. According to Ancona et al. [285], the ultimate tensile strength
(UTS) is reduced with increasing porosity (see Figure 19d). To achieve strength approaching
that of the BM, or 95–100% efficiency, the porosity level should be below 2.0% if no
solidification/liquation cracking or another negative factor present.
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Figure 19. (a) Porosity in LAHW as fatigue initiation point with (b) cracking [282]. (c) Typical micro-
porosity with mixed ductile dimples (no. 1) and brittle quasi-cleavage (no. 2) fracture morphologies
using scanning electron microscope [284]. (d) Effect of porosity on ultimate tensile strength (UTS) to
base metal ratio in case of autogenous LBW of 3 mm AA5083 showing strong polynomial and linear
correlation, modified, and redrawn from [285].
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8.5. Summary on Porosity

Based on aforementioned information for LBW/LAHW, the general influence of
process parameters on porosity is summarized in Figure 20. The most effective method
for porosity suppression is to have a stable keyhole condition. However, this is difficult
to achieve since it depends on many process parameters including many factors and
phenomena. Many studies signify that use of higher laser beam energy is effective in
suppressing porosity by stabilisation. Moreover, it is positive in reducing cracking (see
Section 7). However, it may provide greater distortions and residual stresses.
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9. Bead formation, Undercut, and Spattering

LBW of aluminium alloys frequently has an uneven weld bead appearance due to
an unstable melt pool [247]. Main external weld seam defects are undercut and underfill
(top and root), spattering, and humping at the top and bottom surfaces (see Figure 21).
The generation of undercuts, spattering, and root humping is attributed to low surface
tension of Al with high viscosity. More information concerning weld imperfections can
be found in ISO 13919-2 [187]. Other factors are insufficient shielding gas flow rate and
protection coverage from oxidation which are detrimental factors and can be difficult to
notice. The laser beam angle provides different melt flows and physics of the keyhole
hydrodynamics. The pushing laser beam may provide much better weld appearance than
the pulling laser [247]. Improvement of the weld bead’s appearance on the top and the
root is challenging and is related to the delicate balance of many welding parameters. Very
detailed information regarding various weld pool defects and mechanisms can be found in
the work by Wei [286]. Spattering is a product of melt ejection from an unstable keyhole or
weld pool and the deposition of ultra-fine particles on the surface due to metal vapour (see
Section 4.1) are main factors for the poor weld appearance.

In the case of LAHW, weld seam appearance is also affected by the arc position. Lee
and Park [113] showed that higher seam quality can be obtained in trailing arc setup (MIG
with DCEP) since it provides improved Al2O3 film cleaning effect by the stable arc. DCEN
should be used since the workpiece is anode with better Al-oxide removal (see Section 2.1).
Laser beam circular oscillation may provide improved surface quality with low spattering
and other imperfections [173,220,259] due to more stable keyhole conditions. The induced
magnetic field can stabilize the weld pool resulting in better appearance by reducing melt
velocities on the top of the weld bead by suppressing Marangoni convection [287] during
BOP welding. Moreover, the shape of weld changed from typical wine glass shape to a
V-shape, presumably reducing distortions [288]. The same effect was noticed for 12 mm
pure Al [289] and for 4.0 mm AA2024 [290]. In addition, the magnetic field may also change
the geometry of the weld towards more straight rectangular shape, which can provide
lower residual stresses and enhanced fatigue properties. This fact was attributed to change
in the vortices of the melt [291]. Highly uniform weld beads were achieved in single-pass
welding of 7.0 mm 5A06 alloy with increasing magnetic flux (>200 mT) based on [292].
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9.1. Undercut and Underfill

Undercut and underfill are detrimental factors for the structural integrity since they
may act as stress concentration areas. Undercuts lead to significant reduction in fatigue re-
sistance. Wang et al. [173] clearly showed that the fracture during tensile testing frequently
starts from weld surface discontinuities in the form of undercuts, deep notches or underfills
in case of 4.0 mm AA6061-T6. According to ISO 13919-2 [187], undercuts are permitted for
B level to be h ≤ 0.05 × t (where t is the sheet thickness) but with a maximum of 1.0 mm
depth. Underfill, or incomplete filled groove, has the same requirements as undercuts.

The mechanism of undercut formation is not well understood and depend on many
factors. With increasing welding speed an undercut may frequently be formed. In LBW the
typical source travel speed is 2–10 times faster than conventional arc welding. According
to Kaplan and Powell [297], the spattering from the keyhole may be the main factor for
undercut/underfill formation since a portion of molten metal expelled from the melt pool.
The addition of filler metal by the arc source causing a wider weld pool can substantially
mitigate undercut and underfill formation [296]. An increase of the spot diameter can
reduce undercut [247] but lower penetration depth is provided. Undercut formation [294]
can be further suppressed by an increase of the laser–arc interdistance (DLA), providing
more favourable melt flow and solidification conditions. Removal of oxides from the
surface can mitigate undercuts and microcracks in the case of steel [295]. The same may
apply for aluminium by removing Al2O3. Insufficient protection of the weld pool from the
surrounding atmosphere occurred during welding, where the weld appearance was im-
proved with a reduction in undercut by increasing flow rate [247]. Jiang et al. [273] showed
that use of air gap and edge bevelling leads to formation of undercuts and underfills. Air
gap may be needed for certain improved filler wire transportation. Increase of filler wire
feed rate can solve this issue but adding wire can disturb the keyhole when a short DLA
is used.

9.2. Spattering and Upper Bead Humping

Spattering is a frequent imperfection and is considered harmful for finished products.
Based on experimental and numerical studies by Wu et al. [78] (AA5083) in BOP, spattering
forms mainly due to high melt-flow-induced momentum around the keyhole opening.
Large swelling, as a column of molten metal, forms due to the upward melt flow directions
in combination with upstreaming metal vapour escaping from the keyhole. The same
trend is visible from high-speed imaging excerptions presented by Katayama et al. [247].
Such behaviour of molten metal around keyhole is typical even in laser drilling [298] with
possible vortex rotation around the keyhole [299]. Subsequently, droplets separate due
to low surface tension and high vapour shear stresses. In addition, it was identified that
spattering can be a cause of Mg losses. In case of full penetration of 10 mm thickness,
spattering was reduced in the upper part due to the keyhole opening with no upstreaming
melt flows. Some spattering was generated from root side instead.

Spattering can be reduced by increasing welding speed [247] in sacrifice for higher
penetration depths. At lower welding speeds, there is a rise of molten metal behind
the keyhole, called swelling, due to molten metal and vapour expulsion at high speeds.
According to Fabbro [300], very high welding speeds (e.g., >12 m/min) may be used
to eliminate molten metal swelling behind the keyhole. However, it is suitable only for
thin sheets. The application of a circular motion of the laser beam helped to stabilize
the weld pool providing spatter-free welds in autogenous LBW [173]. LBW in vacuum
generates a much smaller weld plume (see Section 4.2) and spattering can be suppressed.
The use of magnetic fields may also mitigate spattering by reducing upper weld pool
velocities [287]. Adding an MIG arc to the weld pool, especially the trailing arc and CMT,
can effectively suppress spattering. The arc with added filler material can smoothen the
molten metal surface suppressing vigorous melt flows in the weld pool [139]. However,
the droplet transfer mode must be stable without explosive-like behaviour [139,301,302]
due to improper welding parameters.
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9.3. Humping and Sagging of Root

The root humping is easily formed in a full penetration of the plates and is a periodic
sagging or melt drop-out along a weld. Root humping is not defined by the ISO 13919-2 [187]
standard, but it may be treated as sagging (imperfection no. 509) or excessive penetration
(no. 504). Root sagging is attributed to the improper balance between the gravity of liquid
metal in the weld pool and the surface tension [278] due to higher liquidity/viscosity at
higher temperatures with excessive high laser powers and/or too low welding speeds. For
steels, this problem has been known for a long time and has recently become a popular
research field. However, a significant lack of research is still the case for aluminium alloys.

According to Deutsch et al. [254] and Punkari et al. [303], Nd:YAG LBW of 1.6 mm
thick AA5754/AA5182 sheets persistently experienced poor root quality with spike-like
morphology and undercut due to the higher Mg vapour pressure (similar to Zn), which
caused destabilisation of the keyhole dynamics compared to pure Al that has a smooth
root quality. Root quality was mainly improved by introducing secondary (lagging) laser
beam using a 1.2:1.0 power ratio and reduced welding speed, which stabilized the keyhole
by venting out Mg vapour from the keyhole. Notably, the process window was relatively
very narrow, showing the seriousness of this challenge.

Zhang et al. [88] showed experimentally and numerically that humping is formed
due to strong recoil pressure overcoming surface tension forces at the keyhole bottom. It
is extended by strong backward heat convection with weak forward convection which
prevent the fluid to redirect melt flows upwards, see Figure 22.
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There are conventional methods to avoid humping and other root imperfections such 
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shielding gas jet supply from the root side [278], arc weld pass deposition from the root 
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Figure 22. Formation of humping in root in case of 10 mm AA5083: (a) image taken in situ by observation through glass; (b)
numerical simulation of hump formation; and (c) thermal fluid behaviour (F1 is forward melt flow and B2 is backward melt
flow). Longitudinal weld sideview. After [88].

Avilov et al. [304] applied electromagnetic backing, where humping formation was suc-
cessfully suppressed in the case of single-pass of 30 mm thick Al plates. Later,
Bachmann et al. [253,305] showed a reduction in root drop-out for 20 mm thick plates
within the specific range of magnetic field strength and oscillations. It is based on gen-
erating a secondary opposite melt vortex against the drop-out and balanced hydrostatic
pressure. Recently, Xu et al. [222] applied electromagnetic field support for single-pass
welding of 10 mm thick AA5083 with full mitigation of root sagging.

There are conventional methods to avoid humping and other root imperfections such
as backing strips [278]. When there is access from the root, the problem is easily solved by
shielding gas jet supply from the root side [278], arc weld pass deposition from the root or
simply double-sided welding technique. However, it adds more direct and indirect costs in
production. For LBW/LAHW, backing strips may be not readily available since the weld
root is very narrow when compared to arc welding.
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10. Microstructure-Mechanical Property Relationship

Mechanical properties of welded joints are essential for their integrity. The effects of
cracking and porosity on strength were discussed earlier, see Sections 7 and 8, respectively.
Softening in WM and HAZ is inevitable in case of precipitation hardened Al alloys (AA2xxx,
AA6xxx and AA7xxx). It is the main cause of strength decrease and efficiency, and it is
challenging to achieve 100% strength of the aluminium alloy BM. As a result, most of studies
show fractures in the HAZ or WM and rarely in the BM of Al alloy. There is lower softening
for solution strengthened 5xxx. The hardness distribution for solution-strengthened and
precipitation-hardened alloys is shown in Figure 23. Of note, the optimized parameters
with the appropriate heat input and filler wire are reported to have no hardness losses
in both HAZ and WM for certain Al alloy, e.g., AA5754 [264] and annealed 5083 [229].
Hardness for WM can be restored by use of suitable filler wire. Further application of
post-weld heat treatment (PWHT) can restore hardness comparable to BM and higher for
solution strengthened Al alloys. PWHT cannot fully restore hardness for precipitation-
hardened alloy, thus a slight softening is expected. This is related inevitably dissolved
precipitates and complexity of re-precipitation. PWHT to T6–T8 is more effective than T4,
which is not a viable option due to long lasting natural ageing.
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For the HAZ, the situation is more difficult since the properties are only affected by the
base metal chemical composition and the weld thermal cycle. Some precipitation-hardened
alloys can be welded with minimum strength loss in HAZ [18]. Post-weld heat treatment
such as ageing can increase hardness and mechanical properties in WM and HAZ. However,
it can be expensive and time-consuming process (which can take weeks long) leading to
excessive costs. The strategy in increasing mechanical properties is presented in Figure 24.
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Joining dissimilar aluminium alloys is much less frequent and should be more concen-
trated on the material with lower weldability of the two parent materials. Filler wire for
dissimilar alloy cases is challenging and should be finely tuned according to two alloys to
be welded.

Some achievements of Al alloys welding are listed in Table 5. Most of research
indicates that up to 70% of strength efficiency as-welded condition with optimized welding
parameters and filler wire can be achieved. After PWHT, a strength efficiency of >80–90%
is possible with failure in BM. Porosity, cracking, and HAZ/WM softening are the main
responsible factors for strength decrease.

10.1. Weldability Aspects and Microstructural Features
10.1.1. Al–Cu Alloys (2xxx)

Al–Cu alloys are widely used in structural applications due to their high strength
provided by the precipitation of Al2Cu (semicoherent θ’ plates) and Al2CuMg (metastable
incoherent S’ laths) phases in an α-FCC Al matrix [46]. Yang et al. [323] indicated the
increase of peak temperature according to the Gleeble simulation, equivalent to the high
heat input in welding, where coarsened incoherent S’ phase resulted in low strength of
2024-T3. They possess improved resistance to fatigue-crack growth. The most often used
Al–Cu alloys are 2014, 2020, and 2060. The 2024-T3 alloy has been extensively applied in
the aerospace industry due to its high resistance to fatigue crack growth. However, they
are susceptible to hot cracking and possess, in general, poor weldability. Hot cracking can
be mitigated by applying specific filler wire according to Ion [46]. Recent trends indicate
that these alloys may be substituted by Al–Cu–Li (2xxx) and Al–Li–Cu–Mg (8xxx) or 7xxx
alloys. For example, 2024-T3 can be substituted by 7055-T7, 7150-T7, 2524-T3, 2026, and
2224 alloys in the aerospace industry [324]. However, there are attempts to develop new
alloys which are based on further grain refinement [325].

10.1.2. Al–Cu–Li Alloys (2xxx)

Lithium-containing aluminium alloys provide high strength in combination with
lower density and have high potential in the aerospace industry and possibly for electrical
vehicles in the future. The first-generation alloys include famous 2020 from the 1950s.
The second-generation includes 2090 and 2091 from the 1970s. However, due to their
flaws in anisotropy, low corrosion resistance, high cracking susceptibility, and toughness
issues, these were substituted by the modern third generation (from the 2000s) such as
2195, 2196, 2198, and 2199, which offer improved weldability and can be joined with
LBW/LAHW characterised by lower Li content (<2.0 wt.%) [175,324,326]. There are also
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the newest third generation Al–Li alloys (from the 2010s) such as 2060-T8, 2055-T8, 2065,
2076 [327], and 2A97 alloys developed in China [324]. Their strength relies on complex
precipitates of metastable coherent Al3Li (δ’ phase), Al2CuLi (T1 phase), and Al2Cu (θ’
phase) phases [328]. Different precipitations are observed depending on the added Cu
content [329]. More information on their metallurgy is available in [175,326]. Al–Cu–Li
alloys may be challenging to weld due to their susceptibility to hot cracking and porosity,
in principle, similar to most of alloys. Enz et al. [218] pointed out that hot cracking can
be reduced in AA2198 by higher heat input resulting and preheating which both slower
cooling rate. Further, only third generation and the latest welding developments will
be acknowledged. Most Al–Li alloys have similar welded joint structures of the fusion
zone [174,175,308]: equiaxed dendrites predominantly in central part of WM, columnar
dendrites closer to the fusion line, and very fine equiaxed grains are observed near the
partially melted zone, which is a unique property of these alloys. More information about
the weldability of Li-bearing aluminium alloys is available in [175].

10.1.3. Al–Mg Alloys (5xxx)

5xxx alloys are widely used due to their good strength and corrosion resistance as
structural components for bridges, shipbuilding, pressure vessels, transportation, and
automotive industries. They do not possess high strength such as 2xxx and 7xxx series (see
Table 2) and thus are not widely used in specific industries such as aerospace. The most
important strengthening compound is fine precipitate of Al3Mg2, which is dispersed along
the grain boundaries [18] and thus high heat input must be restricted. Softening in the WM
and HAZ is frequent, but LBW may prevent it due to its relatively fast cooling rate. Too
high Mg content in filler wire is not recommended due to higher susceptibility to cracking.

10.1.4. Al–Mg–Si Alloys (6xxx)

6xxx alloys have better weldability compared to 2xxx and 7xxx alloys. Thus, they
have higher potential in use for various structures providing good strength, corrosion
resistance, high toughness, and stress corrosion cracking resistance. Typical precipitates
are fine needle-shaped Mg2Si (β”→ β’→ β phase) compounds of 7 × 200 nm size [46,330],
usually obtained in the T6 condition. Thus, filler wire containing high Si and Mg is highly
recommended. Modern alloys are microalloyed with a variety of elements (Mn, Zr, Zn, Sc,
Sn) to achieve specific properties [331]. During welding, fine Mg2Si precipitates dissolved
in HAZ and causes significant softening. However, LBW provides slightly lower softening
with narrower HAZ which may increase mechanical properties [317].

10.1.5. Al–Zn–Mg–Cu Alloys (7xxx)

7xxx alloys are heavily alloyed with volatile elements such as Zn and Mg having
the highest vapour pressure among alloying elements causing rapid keyhole fluctuations
causing much porosity [33]. Moreover, these alloys are highly susceptible for cracking,
primarily in the HAZ. As a result, LBW/LAHW application is more challenging. The
heat input must be strictly controlled. Therefore, the productivity is hindered. Popular
alloys for aerospace industry are 7075-T6, modified 7475, 7075, and the newly developed
7055-T77, 7056-T79, and 7085 [324]. The precipitation in these alloys is more complex and
diverse due to different alloying elements and is thus dependent on the treatment route.
The precipitation is much slower than in 2xxx and 6xxx. Therefore, there is a need for a
much longer PWHT time but with lower tendency for harmful over-aging [169].

Application of nanoparticles in filler wire is effective method to provide good mechan-
ical properties in WM. Sokoliuk et al. [322] showed that AA7075 with very low weldability
due to high susceptibility to hot cracking, can be successfully joined by use of TiC nanopar-
ticles. Higher mechanical properties were achieved by changing solidification mode from
elongated dendritic towards equiaxed dendritic with smaller grains. Moreover, the complex
Mg(Zn,Cu,Al)2 secondary phases were split to smaller and had more uniform distribution
within matrix. Nanoparticles supressed cracking but a significant reduction in hardness
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was measured in as a welded condition. After PWHT, hardness was restored to BM level
(180 HV) and WM was overmatched. As a result, it provided a tensile strength comparable
to BM, providing 96% strength efficiency (after PWHT) with the fracture outside welded
joints. Such an achievement can be easily applied for LAHW. Filler wire enhanced with
TiC nanoparticles was applied to a weld by TIG of 6.35 mm thick AA7075-T7351 butt
joints. A high strength efficiency of 98% was achieved only after heat treatment to T73
condition by restoring hardness similar to BM hardness since providing fracture in BM.
As the welded condition had only 74% efficiency, it seems that TiC nanoparticles are not
so effective for as-welded condition due to severe susceptibility to softening in HAZ, and
added nanoparticles do not affect this zone. As a result, modern high strength aluminium
alloys cannot be utilized in as welded condition even with use of nanoparticles, especially
when heat input is not optimized.

Table 5. Overview of results achieved in LBW and LAHW of Al alloys. Here, Eff. means WM to BM strength ratio in %,
(aw—means as welded condition, pw—post-weld heat treatment).

Alloy (Thickness in mm) Wire Eff. Results

2xxx series, Al–Cu alloys

2A12 (8.0) 2319 (Cu ~6 wt.%) 78

Defect-free welds in CO2 laser-MIG
hybrid welding. Segregation of
Cu/Si-rich precipitates on grain

boundaries and in interdendritic areas
resulting in intergranular fracture. The

wire provided more Cu for formation of
precipitates, resulting in higher strength.

As a result, finer distribution of
precipitates by controlling welding
parameters should be adopted in

combination with Cu-alloyed filler wire.
Yan et al. [332]

2024-T3 (3.0) 4043 86

Fiber laser-MIG hybrid welding of butt
joints with different He–Ar shielding gas

combinations. He-rich shielding gas
provided wider welds with lower

undercut and underfill. HAZ softened by
~15–20% due to the coarsening and

dissolution of secondary phases by slow
cooling rate. Weld metal strength was

reduced by ~30% due to evaporation of
Mg and larger grain size. Some porosity
and cracking were observed. Use of 4043
filler wire slightly increased the strength

(86% eff.) by reducing the crack
sensitivity. However, elongation with and
without filler reached only 24%, 14.9% for

BM, and 3.7% for weld, respectively.
Further optimisation of parameters

yielded improvement in reducing crack
sensitivity and stability by combination

of a slightly defocused laser, lower
welding speed, and lower heat input

from laser beam. Ahn et al. [311,312,333]
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Table 5. Cont.

Alloy (Thickness in mm) Wire Eff. Results

AA2219-O (2.0) none >100 pw

A combination of PWHT and EM pulse
treatment was applied after fiber laser.

This treatment which reduced the
presence of eutectic phases and promoted

precipitation strengthening by
dispersoids formation, i.e., G.P(II) zone

and metastable θ′′ phase (Al2Cu). Higher
hardness than in the BM was observed.

Tensile strength of 393 MPa after PWHT
was achieved, while the corresponding

BM strength was 153 MPa, i.e., an
increase of 258% in strength was found.

After EM treatment, it was raised to 303%.
However, the ductility (reduction of area

after tensile testing) was reduced from
33% in the BM to 10% as-welded

condition. Ductility was slightly restored
to 18% after PWHT, but down to 9–11%

after EM treatment. Zhu et al. [334]

2xxx series, Al–Cu–Li alloys

AA2060-T8 (2.0)
5087 63

Fiber LBW provided poor reprecipitation
due to fast cooling rate. HAZ and WM
had reduced hardness by the factor of
two compared to BM. In interdendritic

and intergranular zones, high
segregation of Cu, Mg, and Li solutes

was observed. In the further work, high
strength eff. of 83% was achieved by use

of AlSi12 filler wire were WM was
strengthened by LiAlSi phases in

addition to Al2Cu and some Mg2Si.
However, high hardness losses still

presented in WM. Zhang et al. [174,308]AlSi12 83

2060-T8/2099-T83 6 wt.% Cu 80

Fiber LBW of double-sided T-joints
produced high strength welds due to low
porosity and favourable microstructure

by filler wire with high Cu content
instead of 4047 with high Si. Wire

provided Al6–CuLi3 phases between
grains providing low hot cracking

susceptibility. Han et al. [335]

2A97-T4 (2.0) none 83

Autogenous fiber LBW, butt joints.
Losses in strength were associated to low

tendency to re-precipitation which
caused softening in WM and partly in
HAZ, and segregation of Cu on grain

boundaries. Fu et al. [177]

5xxx series, Al–Mg alloys

AA5083-H111 (4.0) ER5356 85

Fiber laser-MIG hybrid welding provided
lower softening in HAZ and WM

compared to MIG. The HAZ width was
twice as narrow. Tensile strength was
slightly better than MIG. Fatigue was
improved but failed due to porosity.

Yan et al. [282]
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Table 5. Cont.

Alloy (Thickness in mm) Wire Eff. Results

AA5083-H111 (10) ER5183 90

Fiber laser-MIG hybrid welding provided
softening in WM and HAZ was achieved.

For leading laser setup due to more
uniformly dispersed Al6(Mn,Fe)

secondary phases with higher density of
dislocations. Huang et al. [272]

AA5754 (3.0) ER5356 82 aw, 98 pw

Fiber laser-MIG provided 82% in as
welded condition. After PWHT at 35 ◦C
for 50 min, eff. increased to 98% close to
BM with UTS of 244 MPa, since softening

was eliminated by reduction of
segregation and restoration of Mg
solution strengthening mechanism.

Leo et al. [314]

5A06-H112 (8.0) none 90%

Infinity shaped oscillations (∞) with fiber
LBW reduced porosity from 40% down to

2%. At the same time ductility
(elongation) was also substantial reaching

90% of BM. However, oscillations
significantly reduced penetration depth

with change from keyhole towards
transition mode. Wang et al. [316]

5A06 (35) none 90%

Welding in subatmospheric pressure
increased mechanical properties of deep
welds due to higher retained hardness in

fusion zone, lower porosity, lower
evaporation of Mg, and more uniform
grain distribution. As a result, welds

made at 10 Pa ambient pressure,
provided 90% strength eff. compared to

welds made at 1 atm with 73% eff.
Peng et al. [171]

6xxx series, Al–Mg–Si alloys

AA6013-T4/T6 Al12Si 75 aw, 90 pw

Nd:YAG LBW was used for butt joints
with different atomised powders as filler
material. No cracking was observed on
macro-level. In as-welded condition for

WM regardless tempering condition,
similar hardness was produced with

softening (T6 for BM had 140 HV) except
the weld with application of AlSi12Mg5
powder. Hardness was increasing with
increase of Si with Mg content. Applied

PWHT to T6 condition significantly
restored low hardness in FZ but for WM
low hardness remained. Restoration after

PWHT in WM was associated with
precipitation strengthening in α-Al

dendrite cores having needle-shaped β′′

and Q’ phases, aligned along <100>
direction due to Mg and Si enrichment

from filler powder. In interdendritic area,
residual elements (Fe, Cu) were observed

which are harmful for mechanical
properties. Most optimum filler materials

found was Al12Si compared to filler
powders containing Si with Zr, Mn, and

Cr. Braun [100]
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Table 5. Cont.

Alloy (Thickness in mm) Wire Eff. Results

AA6005-T5 (5.0) 5356 74

Fiber laser-MIG showed better results
than MIG. Decrease in efficiency was
attributed to WM and HAZ softening
(hardness reduced by 15%), porosity,

larger grain size than BM, and losses of
alloying elements (Mg, Mn) due to

keyhole regime but lower than in MIG.
Moreover, LAHW provided a twice as
narrow HAZ with lower decrease in

hardness compared to MIG.
Yan et al. [166]

AA6082-T6 (8) 5087 80 aw

Fiber laser-MIG hybrid welding of butt
joints produced equiaxed dendrites in

centre of WM were achieved which were
twice smaller compared to only MIG, 96

µm and 50 µm, respectively. Mg2Si
phases re-precipitated due to faster

cooling rate in LBW. Decrease in strength
was associated with large pores in WM

and coarsened precipitates to size of
0.5–1.0 µm. Zhang et al. [336]

AA6061-T6 (4) ER4043 80 pw

LAHW of butt joints using ER4043 filler
wire provided higher strength due to
smaller grain size with reprecipitation
but lower fatigue due to microporosity

and their density than ER5356 filler wire.
Yan et al. [281]

AA6061-T6 (3) ER5365 87 pw

Fiber laser-TIG was used for butt
provided high strength after PWHT (at
520 ◦C for 1 h) due to fine (nano-level)

reprecipitation of β′′ phase with uniform
distribution. Wang et al. [183]

7xxx series, Al–Zn–Mg–Cu alloys

AA7075-T6 (2.0) 2319 85 pw

Artificial ageing after Nd:YAG laser-MIG
hybrid welding (at 120 ◦C for 24 h)

provided the strength comparable to BM.
Significant softening was obtained in

as-welded condition. Natural aging (3
weeks) compared to 10-day artificial

ageing had no significant improvement
in strength. Alloying elements were

mainly redistributed in dendritic
structure along grains boundaries

(element segregation) with depletion
inside dendrite branches regardless type

of PWHT. Hu and Richardson [337]

AA7075-T651 (6.3) ER4043 85 pw

Yb:YAG laser-MIG provided much less
HAZ cracking than LBW with cold wire

due to higher heat input causing less
tensile stresses on cooling. High cracking
susceptibility in HAZ was noted. Natural

aging (5 weeks) restored hardness and
strength was improved to 85% from that

found in BM. Ola and Doern [195]
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Table 5. Cont.

Alloy (Thickness in mm) Wire Eff. Results

Al-Zn-Mg-Cu alloy T6 (2.0
mm) with 0.23 wt.% Zr and

0.14 wt.% Er
none 70 pw

After fiber LBW of butt joints, significant
softening in WM and in HAZ closer to

BM was achieved providing 70% strength
eff. after 7–60 days of PWHT. Relatively

small grains were only achieved near the
fusion line, but the WM centre consisted
of equiaxed dendrites with larger grain
size similar to BM. A strong segregation

of alloying element along grain
boundaries was observed forming brittle
T-phases consisting of Al2Mg3Zn3. As a
result, the matrix in WM had a lack of Zn

and Mg, which caused softening. This
shows that delicate balance between heat
input and response of alloying elements
must be taken into consideration making

these alloys very hard to weld.
Zhang et al. [306]

AA7xxx (12.7) 5556 60

Fiber laser-MIG was used for I-groove
butt joints. LAHW provided level B

quality [187] with 0.3% porosity due to
cleaning parent material and use of low
moisture shielding gas. Novel filler wire
provided very fine grains with increased

mechanical properties. However, the
tensile strength and elongation (the

parameter of ductility) of the hybrid weld
metal were slightly lower than welds

made by autogenous LBW. Weld metal
was least ductile zone due to

unfavourable microstructure including
severe microsegregation and formation of

interdendritic eutectic films.
Allen et al. [338]

Dissimilar Al alloys

AA7050 (2.0)/ AA2023 (2.0) 4047 90

Fiber laser welding of T-joint. Helium as
shielding gas was used for porosity

suppression by lowering melt viscosity
with improved degassing. It seems the
authors in subsequent works changed

towards Ar as much more cost-efficient
shielding gas with similar quality of

joints. Efficiency of 90% eff. was achieved
due to softening in welded zone and

HAZ. Enz et al. [339]

AA6156 (3.0)/ AA2139 (2.7) 4047 100 pw

Nd:YAG laser welding of T-joint. Slight
softening in HAZ. It was characterized by

favourable strains distribution after
welding in BM, not in softer HAZ.

Viscusi et al. [340]
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Table 5. Cont.

Alloy (Thickness in mm) Wire Eff. Results

AA7075/ AA5182-O (2.0) none 60

Nd:YAG LBW was used for butt joints
and larger beam diameter (0.8 mm as
focused) resulted in larger weld pool

with improved degassing and low
hydrogen (2 ppm). AA7075-T6 had

softening while AA5182-O had similar
hardness in both WM and HAZ as BM.
PWHT to T6 condition greatly restored

hardness similar to BM. Strength eff. was
high of 118% in term of 5182-O BM but
much lower for 7075-T6 BM case, 60%
eff., due to high initial strength of base
metal. Fracture occurred in BM of 5181

alloy, otherwise fracture occurs in fusion
zone due to discontinuities

(undercut/underfills). Enz et al. [341]

11. Future Trend in LBW/LAHW of Al Alloys

The use of laser beam welding offers enhanced productivity due to contracted energy.
In joining thin plates, >10 m/min welding speeds are possible compared to traditional
arc welding and FSW. However, it is susceptible to weld many imperfections (undercut,
underfill, humping, porosity, cracking, spattering, etc.). Thus, much research was made on
understanding process physics and optimisation of parameters. In case of LAWH where
many parameters are involved, optimisation is time-consuming and resourceful. However,
general understanding can be made through extensive observations.

Based on a wide literature review, the most important factor for high quality welds
is the stability of the keyhole. The keyhole physics with induced melt flows are complex
and is still not well understood considering that it requires in situ studies with special-
ized equipment (e.g., high speed imaging, direct observation of keyhole and melt flows
through Al/glass-sandwich technique, use of X-ray filmography with tracing particles,
and numerical simulation tools). Considering that there is a wide range of different process
parameters with a wide range of their levels, understanding and optimisation maps was
the trend for publication for many years. However, it is difficult to understand how much
of these studies reached the industry and how it influenced the further development of
the process. Apart from keyhole stability, metallurgical integrity in aluminium alloys is of
high importance since it strongly affect mechanical properties. This also must comply with
appropriate thermal cycle. Recently, laser beam oscillation method gained high popularity
since it may provide increased mechanical strength by grain refinement and elimination of
porosity. It may also provide more robustness of the process since it is less dependent on
optimisation of parameters compared to conventional linear welding. However, the tech-
nology is not mature yet and requires further investigation with improvement. Moreover, it
also has limitation to thin sheets and lower powers. Application of electromagnetic stirring
may also be alternative but not readily available for industry, requiring more in-depth
studies. Future trends may include a combination of the aforementioned techniques and
further development of laser beam equipment.

There are few studies on effect of spatial laser beam power intensity distributions
(including number of laser beam, their locations, and polarisation) and more in-depth stud-
ies in understanding multi-mode fiber lasers with sporadic high peak powers on keyhole
stability compared to single-mode lasers. Novel developments of diode lasers provide
increased absorption due to shorter wavelengths 450–550 nm and is an upcoming trend
for aluminium alloys possessing high reflectivity. Weld plume behaviour and shielding in
high-density LBW is rarely studied, but it may have a great influence on quality of welds.
Development of novel filler wires for grain size refinement and promotion favourable
solidification modes is of concern. Numerical simulations can be an excellent tool but
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requires much computational resources and can be challenging in model development due
to complex physics. Therefore, there is a shortage of novel numerical models and solutions.
In situ cracking and porosity formation monitoring is growing in demand and requires
extensive development.

12. Summary and Conclusions

A state-of-the-art review has been performed for deep understanding of laser beam
and laser-arc hybrid welding of aluminium alloys. The following conclusions are drawn:

• Fusion welding inevitably provides reduced mechanical properties due to softening
in heat affected zone and weld metal, thus hinders their usage.

• Deep penetration keyhole mode may offer significant increase in productivity
>10–20 times compared to conventional arc welding. However, welds are suscep-
tible to imperfections and critical defects such as cracking and porosity, which are
detrimental for mechanical properties.

• Porosity can be minimized by optimizing process parameters, which is a challenging,
especially for laser-arc hybrid welding with many parameters to be adjusted. The
parameters may interact with each other and can be time-consuming process.

• With explicit understanding of the effect of process parameters, it is possible to develop
laser welding plan in short time in demanding industries.

• Laser-arc hybrid welding may offer advantages by use of filler wire and wider process
window through manipulation of heat inputs. Development of novel filler materials
is necessarily to enhance strength and corrosion resistance.

• Application of novel technologies such as laser beam oscillations, electromagnetic
backing, shorter wavelength diode laser sources, grain refiners, and nanoparticles in
filler wire may further enhance the quality of welds to achieve strength comparable to
base metal. With the use of a vacuum, most of processing problems can be solved with
significant improvement in productivity, opening new frontiers for manufacturing.
However, creating a vacuum is complicated and leads to additional costs, especially
for small and medium-size industries.

• The development of aluminium alloys towards higher strength goes much faster than
fusion welding technologies. As a result, there is a need to study and analyse the
application of laser welding and laser-arc hybrid welding capabilities to be more
competitive with friction stir and arc welding.
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