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Abstract The drive toward fulfilling weight reduction obli-
gation, superior weld quality requirement, and industrial
manufacturing rationale has sprung up considerable interest
in applying laser welding technology on aluminum alloys.
Nevertheless, porosity, solidification cracking, and surface re-
flectivity have been the major banes of laser welding of alu-
minum alloys. However, literature has shown that positive
efforts have been accomplished in reducing these fundamental
concerns by adopting careful selection of welding procedure,
modification of pure laser welding techniques, and the use of
appropriate filler metal. Albeit, there is still upbeat progression
on the application and improvement of laser welding of alu-
minum alloys. At present, laser welding technology has the
potential of fulfilling industrial requirements in joining light-
weight aluminum alloys because of its capacity for automation
and intrinsic flexibility, precision and repeatability, low gen-
eral heat input, high welding speed, and low weld distortion.
As a result, this report examines the available and current
status of laser technologies in welding aluminum alloys. It
further categorizes the laser technologies of aluminum alloys
into four assemblages, namely, pure or single-beam laser
welding, laser-arc hybrid welding, tailored heat source laser
welding, and other innovative laser welding technologies, re-
spectively. Mechanical, corrosion, and microstructural behav-
iors of laser welded aluminum alloys are also studied.
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Conversely, some of the research areas that need further in-
vestigations are proposed. Corrosion behavioral properties,
influence of micropores on fatigue and quasi-static tensile
strength, and toughness characterization of laser welded alu-
minum alloys are insufficient in literature.
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1 Introduction

The continuous evolution in laser welding technology through
proactive and problem-solving researches has undoubtedly
opened up a unique pathway toward the actualization of high-
productive industrial manufacturing in the transportation indus-
tries such as aerospace and aviation, automotive [1, 2], and high-
speed train manufacturing. Consequently, weldability concerns
in laser beam welding of aluminum alloys are gradually being
subdued and substantial interest in welding of aluminum alloys
with laser beam has been growing stronger. For instance, solid-
ification cracking in laser beam welding of aluminum alloys has
been significantly curtailed by the use of appropriate filler metals
[3], the adoption of a dual-beam laser welding approach [4], and
the use of double-pulse laser welding technology [5]. Likewise,
porosities in laser welding of aluminum alloys have been reduced
by pulse shaping and modulation at appropriate frequency to
maintain a stable keyhole motion [6] during deep penetration
welding process. Similarly, the use of twin-spot Nd:YAG laser
welding approach to generate elongated weld pool for escape of
gases [7] and hybridized laser-arc welding or plasma augmented
laser welding [8] has equally inhibited pore formation in alumi-
num alloys. In fact, it was reported that no X-ray detectable
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porosity was observed under sub-atmospheric pressure (10! Pa)
laser welding of 5083 aluminum alloy sheet [9]. On the other
hand, the use of a high quality parabolic focusing element (it
increases power density) is expected to impede reflectivity prob-
lem during laser welding of aluminum alloys [10]. Also, super-
ficial surface treatment of aluminum alloys is another proactive
means of preventing reflection of laser beam during laser
welding process of aluminum alloys. This form of surface treat-
ment has demonstrated higher radiation absorption in 5083 alu-
minum alloy [11]. With the present state-of-the-art and progres-
sion in laser beam technology, laser beam welding of aluminum
alloys is primed to fulfill industrial manufacturing dreams that
have been envisaged by manufacturers.

The contemporary laser welding equipment offers desired
industrial application attributes such as low and precise heat
input [2, 12, 13], high production rate, controlled flexibility
and repeatability, high localization ability leading to narrow
heat affected zone [2, 9, 11-13], non-contact operation, and
high weld quality. Therefore, laser welding technology has
evolved to become an all-encompassing powerful industrial
welding technology [8] that has seamless potential to weld
thin metal sheets and to complete girth welds in engineering
structures with significantly fewer numbers of welding passes
[14], and it is similarly not restrained to welding of a definite
cluster of materials but broad spectrum of materials such as
other available metals and non-metals.

On the other hand, efforts toward enacting/enforcing
weight reduction in modern facilities have consistently put
aluminum alloys on the summit of weight reduction ap-
proaches. As a result, aluminum has become one of the most
sought after structural engineering materials. Similarly, attri-
butes of aluminum alloys such as low density and high
strength-to-weight ratio [15-18], derived benefits from
aluminum-based engineering systems such as fuel economy
[19] and better performance, and government regulations on
carbon emission have conveniently made aluminum alloys
important choices in the transportation industries [20]. In fact,
7075 aluminum alloys have been reported to make light-
weight fortified structural design and integrated protection
systems possible [21]. Moreover, laser has the cutting edge
to weld not only thin sheets of aluminum alloys but also com-
plex structures of aluminum alloys. Sekhar and Bjorneklett
[22] investigated 3.2 kW Nd:YAG laser welding of complex
aluminum structures comprising of 3.0-mm-thick base/flat
plate and 2.5-5.0-mm-thick extruded tubes of 6063-T5 alumi-
num alloy. The outcome of the weld was appreciably sound
even though 4043 filler wire was utilized in the welding pro-
cess [22]. Even, cellular metallic materials such as cellular
aluminum (porous material formed by injecting gas into mol-
ten metal of aluminum) have been welded with 6 kW CO,
laser and 4 kW Nd: YAG laser, and their resultant welds have
been found to be acceptable [23]. Equally, high strength alu-
minum alloys are essentially the preferred choices for thin
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gauge frame structures [10] in aerospace, automotive, and
other major industries, and laser welding technology has per-
formed remarkably well in fabricating their acceptable welds.
In actual fact, it has been reported that aluminum laser welding
has the prospect of fabricating body in white assembly panels
and components of automobile, fuselage, and wing skin
panels of aircraft and panel structures of ships [10].

Thus, this article examines the available laser beam
welding technologies that have been applied in welding of
aluminum alloys, and it methodologically classifies them as
single-beam laser welding, laser-arc hybrid welding, tailored
heat source laser welding and other innovative laser welding
technologies, respectively. Mechanical properties of laser
welded aluminum alloys such as tensile strength, hardness,
and fatigue are examined; while the nature of microstructures
obtained under some available laser welding conditions is also
made available. Lastly, recommendations on areas that are still
insufficient in literature are suggested. Areas such as effect of
micropores on fatigue strength and toughness and corrosion
properties of laser welded aluminum alloys are some of the
noteworthy areas that need to be further expounded.

2 Aluminum alloys

Aluminum naturally exists in the earth crust in a combined
state due to its activeness [2]. It reacts with oxygen to form a
very hard tenacious aluminum oxide film or stable oxide layer
[2, 24-30] with a melting point of 2052 °C [31]. This unique
oxide film on the surface of aluminum provides its excellent
corrosion resistance [26, 32]. Table 1 shows some relevant
properties of aluminum while its other properties can be found
in different literature [2, 34-36].

Aluminum alloys are non-ferrous light weight materials for
structural applications in many of today’s industries. It has low
melting point and low density [32, 37, 38] when compared to

Table 1  Properties of aluminum [2, 24-31, 33]
Properties of aluminum Values
Symbol Al

Periodic table (category) Boron group
Atomic number 13

Atomic weight 27

Density at 293 K 2702 g/em’
Melting point 660.37 °C
Boiling point 2467.0 °C
Number of energy levels 3

Color (appearance) Silvery

Crystal structure Faced centered cubic
Major ore Bauxite

Commercial extraction process Electrolytic reduction process




Weld World (2016) 60:415-457

417

steel. Furthermore, it has high thermal expansion [27] and
contraction ratio, tenacious surface oxide, excellent corrosion
resistance [39], lifelong durability, high thermal and electrical
conductivity [32, 40-42], high strength-to-weight ratio
[16-18, 43], high strength and stiffness, energy absorption
capacity [44] and good formability [45], and machinability
[46] or workability nature [29, 30, 44, 47]. From economic
efficiency and recycling standpoint, aluminum exhibits excel-
lent attributes as compared to other non-metallic and metallic
materials [48]. At liquid state, its thermal conductivity is
higher than those of liquid steel. However, the viscosity and
surface tension of liquid aluminum alloys are lower than that
of steel [49].

The yield strength of pure aluminum is about 10 MPa; in
applications where higher strength is required, pure aluminum
needs to be alloyed and strengthened either via solid solution
strengthening (to increase stress field acting on dislocations)
or precipitation hardening [44]. Some of the major alloying
elements of aluminum include copper, manganese, silicon,
magnesium, and zinc. Advanced metallurgical technology
has generated high strength aluminum alloys with higher
strength-to-weight ratio [50] and appreciable corrosion resis-
tance [15]. However, aluminum alloys are generally grouped
into two distinctive categories; namely, cast aluminum alloys
and wrought aluminum alloys with each of these categories
being further subdivided into heat treatable and non-heat treat-
able alloys. However, this report focuses on wrought alumi-
num alloys; therefore, an overview of wrought aluminum al-
loys is considered. Non-heat treatable wrought aluminum al-
loys are strengthened by solid solution strengthening or via
strain hardening, and the initial strength of this category of
alloys primarily depends on the hardening effect of alloying
elements like silicon, manganese, and magnesium [51]. 1xxX,
3xxx, 4xxx, and 5xxx series aluminum alloys are the available
non-heat treatable wrought aluminum alloys. On the other
hand, heat treatable wrought aluminum alloys are strength-
ened by solution heat treatment whereby the alloy to be
strengthened is subjected to solution heat treating (the alloy
is maintained at elevated temperature), quenched in a medium,
and subsequently aged either naturally or artificially. This phe-
nomenon is often referred to as precipitation hardening. 2xxx,
6xxx, and 7xxx series aluminum alloys are classified into this
category. More detailed reports on aluminum alloys, their
classification and strengthening mechanisms are available in
literature [2, 34-36, 52-58].

Conversely, the drives toward low weight, energy efficient,
and improved performance [16, 19, 43, 59-64], and deleteri-
ous mitigation of environmental hazardous emission such as
CO; pollution [16, 23, 47, 65], have made aluminum alloys an
important alloys among metals [31]. Based on traditional au-
tomotive designs, theoretical estimations show that 40 %
weight reduction in the body weight of automobiles can in-
variably increase fuel economy or efficiency by 7 % or more

[15]. Likewise, increasing regulatory pressure on automobile
manufacturers to improve the overall fleet mileage of their
products [16, 28] has increased the use of aluminum alloys
in manufacturing both interior and external panels of automo-
biles. For instance, 5754 and 5182 aluminum alloys have been
extensively adopted for structural components while 6111 for
the fabrication of outer panels [28]. In general, aluminum is
recognized as one of the most versatile engineering and struc-
tural material in modern day manufacturing [48]. Aluminum
alloys have become efficient substitute materials for steel in
modern manufacturing industries [15]. In fact, aluminum al-
loys have been adopted as superb engineering and structural
materials in high speed train manufacturing, shipbuilding, avi-
ation and aerospace [66], automobile manufacturing [26, 31,
48, 67, 68], cryogenic applications, nuclear, chemical, archi-
tectural and construction applications [16], packaging such as
beverage cans and household foil [42], and other engineering
constructions [31]. For instance, Al-Li alloys have high spe-
cific strength and high specific modulus [69], and these fea-
tures have even made them extremely suitable for weight-
dependent applications [69] such as aircraft and other airships.
Secondly, safety components such as bumper beams and crash
boxes are being fabricated using aluminum alloys [44], while
various body panels, interior and external parts of modern
vehicles are made from wrought aluminum alloys [16]. In fact,
works have emerged toward producing fully maximized
aluminum-based engines and entire body structures [42].

However, the conventional or fusion welding of aluminum
alloys reduces the mechanical properties of aluminum welds
and also causes weld defects such as porosity, evaporation of
alloying elements, oxide inclusions, hot cracking, and solidi-
fication cracking [40, 51, 70, 71]. The choice of welding
method affects the quality of aluminum weld. For instance,
copper segregation in the fusion zone of 2219 aluminum alloy
inhibits its possibility for natural aging during traditional fu-
sion welding processes. However, high cooling rate-welding
processes, such as laser beam welding, have been suggested
for the welding of 2219 aluminum alloys, because these pro-
cesses will help to decrease copper segregation in the resultant
weld structure. Therefore, there will be availability of more
copper in solution for natural aging and improved weld duc-
tility through grain size reduction owing to high cooling rates
[72]. Conversely, the most efficient methods of welding alu-
minum alloys include laser beam welding, electron beam
welding, friction stir welding methods, etc. These methods
produce appreciable weld quality compared to the traditional
fusion welding methods.

3 Laser beam welding

LASER stands for Light Amplification by Stimulated
Emission of Radiation [4, 73]. A laser beam is a collimated
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and coherent light energy [30] or a concentrated coherent light
beam [73]. A laser beam is also referred to as a single phase
(coherent) light of a single wavelength (monochromatic) [73]. It
is referred to as a high power density heat source [74] with a
very low beam divergence attribute. A pulsed ruby laser was
the first recognized laser [30, 75]. Laser processing technique
has become an indispensable technology in this twenty-first
century [30] due to its unique attributes such as high power
density and high speed of operation, superlative potentials,
and contribution to contemporary manufacturing. Laser tech-
nology is efficient for joining, cutting, and drilling of engineer-
ing materials and surface modification treatments such as laser
peening and cladding. Actually, it is also reported that laser
technology support system can produce transformation harden-
ing of material surface [30, 75-80], and it can also be used for
repairing materials [11]. Laser power densities within the range
of 10°~10* W/cm? are employed for surface hardening and
chemical vapor deposition while densities of 10°~10° W/cm?
are usually employed for surface alloying and cladding.
However, the laser power densities for melting and welding
usually range from 10° to 10" W/cm? while above 10’ W/cm?
power densities are employed for drilling and ablation [81]
Laser technology as a joining medium can efficiently per-
form welding, soldering, and brazing [30]. Laser welding em-
ploys a laser beam consisting of high power, high energy
density, or localized energy [10, 29, 30, 75, 77, 82—84] and
non-contact process [10] in joining metallic and non-metallic
materials such as steels, aluminum, magnesium, titanium, car-
bon steels, stainless steel, high strength low alloy steels [40,
73, 76], plastic, carbon, and glass fiber reinforced polymers
[65] and composites. Varying thicknesses of the aforemen-
tioned materials can be laser welded. Also, laser beam
welding also offers the environment to weld both similar and
dissimilar metals together. The power density of a laser beam
is higher than that of arc or plasma welding processes but it is
almost or equivalent to that of an electron beam [30]. The
extremely powerful laser beam has made laser welding an
extremely productive tool for industrial joining of metals [8].
Laser welding offers high welding speed capacity usually

Fig. 1 Laser welding of the top
of Volvo C70 [89]; fiber coupled
diode laser welding of a test
sample [90]
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ranging from 10 to 50 mm/s when compared to 3-25 mm/s
of tungsten inert gas welding [13]. The available welding la-
sers use active mediums which are usually in the form of a
solid or a gas. As a result, they are referred to as solid-state
lasers and gas lasers [77]. At first, ruby, neodymium glass, and
the neodymium yttrium aluminum garnet (Nd: YAG) lasers
were the three classes of solid-state laser that existed.
However, Nd:YAG laser has apparently replaced the other
two because of its suitability for high production welding
and its potential for higher powers for longer periods without
jeopardizing its performance [77], as compared to the other
two. The output wavelength of Nd: YAG laser is 1.06 um [85].
Nd:YAG lasers can be delivered through an optical fiber de-
livery system [30]. Presently, CO, and Nd:YAG laser welding
techniques are the two most common industrial lasers that
have been employed in welding metals like aluminum alloys
[14]. In fact, industrial application of laser welding has been
found in offshore, aerospace (space shuttles and aircrafts)
[86], shipbuilding, automotive [87, 88], and white goods in-
dustries [76]. Figure 1 shows the industrial application of laser
and laser beam welding of a typical test sample.

Unlike electron beam welding technology, laser welding
technology does not generate hazardous x-rays. Electromag-
netic interference is also not an issue in laser welding; non-
magnetic (paramagnetic) behavior is exhibited by laser beam
[42]. Localized or smaller footprint heating [10, 78, 91] and
melting are achieved almost instantaneously during laser
welding, and this unique attribute of laser welding facilitates
high productivity or welding speed [78, 92-99]. All joint con-
figurations can be fabricated with laser beam welding process
[30]. Laser systems are usually automated and coupled with
excellent precision positioning systems [42]; this exploit
makes manipulation and repeatability of welding process to
be easily achieved. Laser beam welding offers great deal of
flexibility [91, 93, 96, 97, 100, 101] because a laser beam can
be easily modulated or regulated, shaped, reflected, aligned,
redirected, divided, and focused by either optical or
optomechanical elements [42]. Also, it offers high weld aspect
ratio (large depth to width ratio), ease of automation, high
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productivity, manufacturing flexibility [51, 102, 103] and su-
perior controllability [23, 98, 99], little distortion, and small
heat affected zones [9, 77]. Material thicknesses of 20 mm and
beyond can be welded with laser technology. However, the
success of weld depends greatly on the formation of stable
keyhole [104].

With a laser welding technology, longitudinal and trans-
verse shrinkage stress variations along material thickness are
much lower during weld pool solidification, as compared to
other fusion welding technologies. Consequently, this leads to
a very low bending and buckling of work piece [49, 84].
Generally, provoked strain from metallurgical phase changes
and local shrinkage (associated with uneven cooling rates)
during other fusion welding processes induce residual stress
[105] in weldments. Therefore, the narrow fusion or weld
zone and heat affected zone in laser beam welding processes
indicate that the level of residual stresses in laser beam welded
aluminum alloys will be considerably lowered. Some of the
unique and attractive properties of laser welding technologies
include high welding speed; ease of automation, low heat
input or low bulk heating of material [42, 94, 98, 99], low
distortion and residual stresses, high reproducible joint quality
and in most cases, there is no requirement for filler metals.
With these numerous benefits of laser welding technology,
there is reduced potential for post-weld heat treatment or
strengthening [76]. A generalized summary of the benefits
or contributions of laser welding technologies is highlighted
in Table 2.

Traditional methods of creating dissimilar joints, such as
mechanical joining (like riveting, adhesive bonding, and
screwing) [2, 66, 67], are not as fast as laser beam welding,
and they may also add to the overall weight of joints.
Therefore, laser beam welding offers the potential of welding
autogenous and dissimilar materials. In fact, it provides great
prospect of welding metallurgically incompatible materials
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Fig. 2 A transition mode at 10-ms interaction time and 1.18-mm beam
diameter [106]

because of its short processing time and one-sided access to
joining area [67]. Scherm et al. [65] applied Nd:YAG laser
welding in creating dissimilar weld of AZ31 magnesium alloy
sheet and 5754 aluminum alloy sheet with the assistance of a
ZnAl filler material. Obviously, welding of aluminum and
magnesium has a high tendency of forming intermetallic
phases like Mg,Al; and Mg;;Alj,. As a result, the amount
or layers of intermetallic compounds formed in the laser
welding process of these metals (Al and Mg) were consider-
ably minimal compared to other fusion welding processes
[65]. Also, Laukant et al. [67] conducted Nd—YAG laser
welding-brazing of zinc-coated steel and aluminum sheets.
Kazuyoshi Saida et al. [26] applied diode laser brazing in
joining 5052 aluminum alloy sheet to interstitial free steel
(type 304 stainless steel) using 4047 aluminum filler metal
and Nocolock flux [26]. Without the invention of laser beam
welding technology, welding of the aforementioned dissimilar
metals will be extremely difficult (Fig. 2).

Table 2  Benefits of laser welding technology [2-9, 11-33, 37-50, 60—150]

Properties of laser beam

Weld related benefits

Laser economy

* Collimated and coherent beam
« High power density » Narrow HAZ
« Tight focusability

* High precision

* Low heat input

* High welding speed

* Non-contact welding process * Full penetration
* Cleaner than arc or gas welding

» Large working distance is possible

* Not influenced by magnetism * Gap bridgeability

 Smaller footprint/focused diameter

* Low structural distortion

* Low thermal and mechanical strain

* Fine grain structure

» Welding of variety of joint configurations

* Thick work piece can be welded

* Accessibility for complicated structures

* High productivity/performance
* Material versatility

» Automation/robotization

* Good flexibility

* Reduced manpower

* Excellent repeatability

* Low post weld operation time
* Systematization of production lines
* No tool wear/change over time
* No tool wear/change over time
* Single-pass welding

» Single-sided accessibility
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However, low absorptivity or high surface reflectivity
at infrared wavelengths and extremely high thermal con-
ductivity are some of the major concerns in welding
alloys such as aluminum and copper alloys [28, 42,
84] with the conventional laser welding technologies
(single-laser beam welding approaches). Likewise, the
other major shortcoming of laser beam welding includes
high investment cost (costly equipment) and mainte-
nance cost, likelihood of optical damage, and cracking
in some weld metals as a result of rapid cooling rate
[73]. For instance, the volatile alloying elements in alu-
minum alloys are magnesium, zinc and lithium because
they have higher equilibrium vapor pressure [32, 74].
Therefore, loss of these elements during laser welding
process would cause loss of strength.

3.1 Laser welding regimes or mechanisms

Laser welding regime or mechanism is referred to as the mode
or approach in which weld or joint is achieved when a laser
beam is impinged on a material surface. In laser beam
welding, there are two known laser welding mechanisms,
namely keyhole/deep penetration and heat conduction/
shallow weld mechanisms or regimes [29, 30, 77, 106, 107].
These mechanisms are applicable to pure or single-beam laser
welding and other modifications to laser beam welding such
as hybrid laser welding [108] or pulsed laser welding.
However, the type of welding regime depends on power den-
sity of the laser and the absorbed laser energy by the work
piece [109]. Also, depending on the type of laser welding
technology, there are other factors or parameters that may
influence or alter laser welding regimes. It has been reported
that as the welding current of CO, laser-TIG hybrid welding
increases, the energy absorption or defocusing of laser also
increases. As a result, the welding mechanism or regime will
equally change from keyhole mode to heat conduction
welding mode and there will be quick decrease in weld pen-
etration [108]. The physics of laser beam welding is almost
equivalent to other fusion welding process. In laser beam
welding, a generated high power density beam is responsible
for fusion welding operation. It is a rapid process that involves
a high power density beam impinging on the material to be
welded and the material’s atomic constituents at the point of
focus of the beam undergo rapid excitement and haphazard
movements. As a result, temperature rise is swiftly initiated,
melting of the focused position speedily occurs, and intense
evaporation originates at a very high speed within a few
microseconds.

3.1.1 Keyhole

Keyhole welding is synonymous to deeper weld penetration,
and it is usually employed for thick work pieces. In fact, it is
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adjudged to be the most used in industries because of its ca-
pability to produce narrow heat affected zones and high aspect
ratios [11]. Keyhole welding in laser welding of aluminum
alloys requires a threshold laser power density [22, 110].
The power density required to produce keyhole mechanism
in welding is stated to be higher than 10® W/cm? [11, 108,
111] or 5% 10° W/m? [81]. Also, the required energy transfer
efficiency for the production of a keyhole must be higher than
the energy absorptivity of the work piece [74]. In this case,
absorptivity of the laser beam is greatly increased and the
absorption of laser power by the work piece material is ap-
proximately 100 % [42, 112]. This process is achieved when
the surface temperature of the molten metal exceeds its vapor-
ization temperature. The established metallic vapor exacts
pressure on liquid surface and a depression or deformation
of the surface occurs. As a result, weld penetration is formed
in such a way that the penetration depth of weld is many times
higher than the narrow weld width. However, the energy need-
ed to melt and vaporize the base metal depends on the mate-
rial’s physical properties such as the absorption coefficient,
the surface properties of the material, and the wavelength of
the laser [81]. Reduction of defocusing of the laser beam helps
in achieving deep penetration and improved laser energy den-
sity [108].

Keyhole welding regime involves focusing of a laser beam
on a small spot of a work piece and as the laser beam impinges
on the material, the temperature rises and melting occur al-
most instantaneously giving rise to the formation of weld
pool. The vapor pressure and surface tension of the molten
metal exact a downward force on the surface of the weld and
displace the molten metal; thereby, creating a cavity or deep
penetration in the material or work piece [23] [27]. In clear
terms, during deep penetration welding, surface tension and
hydrostatic pressure act on the melted aluminum alloy fluid;
these forces tend to close the keyhole while the generated
vapor pressure and recoil pressure within the hole tend to open
the keyhole. Therefore, there is a general force balance acting
on the keyhole wall which should be maintained in order to
avoid keyhole collapse. Though, high speed imaging of key-
hole has shown that it fluctuates in radial direction during deep
penetration welding process as a result of intense beam-
molten metal interaction. Actually, an unstable keyhole is
established when its length is greater than its circumference
due to Rayleigh instability [113]. In a keyhole welding re-
gime, the effects of hydrodynamics pressure, surface tension,
and recoil force due to evaporation and convection in the
liquid metal cause keyhole instability [109, 113]. Figure 3
shows a typical keyhole formation mechanism.

High vapor pressure alloying elements such as magnesium,
zinc, and lithium [48] increase the pressure in the keyhole and
also reduce the surface tension of the molten alloys. Though,
the addition of surface active elements and the degree of surface
cleanliness significantly affects surface tension of a weld pool
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Fig. 3 Conduction and keyhole 1
welding regimes [120] 1. Plasma cloud
1 2. Molten material
3. Keyhole
4. Weld depth
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Heat conduction

welding

[114]. During deep penetration laser welding of metals, plasma
is generated above the work piece. The formed plasma un-
avoidably affects the efficiency of laser welding processes and
the stability of keyhole. The induced plasma causes a shielding
effect and instability in the keyhole; as a result, deep weld
penetration is inhibited and porosity defects are strengthened
[9]. Keyhole welding regimes have the propensity to create
some issues or concerns during laser welding. The known key-
hole issues are instability [13], keyhole oscillation, and keyhole
collapse or intermittent closure of keyhole. This anomalous
tendency within the keyhole during laser welding generally
creates porosity because of gas entrapment [11]. During dual-
beam laser welding of aluminum alloys (Al-Mg alloys), mag-
nesium elements in the alloys create higher vaporization rates
and pressures in the keyhole. Consequently, keyhole instabil-
ities, porosity, and rough under-bead surfaces ensue. It was
reported that good welds were only obtained when the power
of the leading beam was higher than the lagging beam during
double-beam laser welding of aluminum alloy [27].

Full penetration laser welding was achieved with a 3 kW
single-beam Nd:YAG laser at speeds up to 15 m/min on 1.6-
mm-thick 5182 aluminum alloy sheets. However, spikey un-
der bead surface geometry was observed owing to high vapor
pressure of magnesium in the alloy [20]. Keyhole instability
was attributed to the formation of occluded porosity within the
weld borderline and partial weld penetration [20]. Penetration
depth of welds is greatly dependent on parameters such as the
material to be welded, the laser type, atmospheric pressure,
etc. The penetration depth of material under laser welding
condition increases with decreasing ambient pressure [115].
Under deep penetration welding conditions, sub-atmospheric
pressure laser welding has greatly improved keyhole stability
and weld quality. Penetration depth increases with decreasing
ambient pressure due to low metal vapor pressure, and also the
refractive angle of laser is also stabilized as the ambient pres-
sure is reduced [9, 115].

A

——

Deep penetration
welding

Variation in penetration depth of weld is highly sensitive to
vaporization tendency of alloying elements in aluminum work
pieces. Relatively higher vaporization pressures of elements
such as zinc and magnesium bring about deeper weld pene-
tration depth; although, crack propensity may be higher as a
result of gaseous vaporization. 6 NO1-T6 aluminum alloy
showed a lower weld depth as compared to 5083-O and
7 NO1-T6 alloys because of the presence of silicon as its major
element (silicon is more difficult to vaporize as compared to
zinc, magnesium, and even aluminum). The penetration
depths of 5083-0 and 7 NO1-T6 alloys were stated to be ap-
proximately twice the depth of 6 NO1-T6 aluminum alloy
[48].

3.1.2 Transition mode

A transition welding regime or mode has been reported to
exist between conduction and keyhole modes. Assuncao
et al. [106] affirms that transition mode occurs within a range
of power densities (not at a single density value), and it is
equally dependent on beam diameter and interaction time
[106]. A typical illustration diagram showing the existence
of transition mode between conduction mode and keyhole
mode is shown in Fig. 2.

3.1.3 Heat conduction

The power density necessary to establish conduction regime
in laser welding has to be less than 10° W/cm? [11]. This is a
process whereby a molten weld pool is created by conduction
of heat. However, the irradiation of material is cut off before
vaporization of the material surface is attained. As a result, the
resultant weld is often wide and not deep; in this case, it can be
stated that the penetration depth is less than the weld width.
The convection of liquid metal during laser welding exerts
strong effects on weld pool and eventually affects the shape
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of the weld pool [116]. Conduction laser welding occurs at
lower power densities or at higher welding speeds. The
absorbed laser energy is transferred into the volume of the
base metal by heat conduction. At the end, a broad and shal-
low molten pool is produced. As compared to keyhole
welding regime, conduction welding regime has been ad-
judged to be a more stable process because vaporization of
metal takes place at a lower level with respect to that of key-
hole welding regime [11]. Laser conduction welding regime
has been described as the alternative approach of welding
difficult materials like aluminum, magnesium, and titanium
alloys [11].

Heat conduction regime occurs during laser welding when
laser energy heats up the surface of the base or parent metal.
As a result, there will be high thermal conductivity of the
material and heat transfer into deeper sections of the work
piece [23]. Therefore, the material commences to melt when
the intensity of the laser is sufficiently high. It should be noted
here that the material-specific threshold intensity must not be
exceeded [23] in order to establish conduction regime, other-
wise, keyhole regime will emanate as a result of vaporization
of the molten metal. Also, the ratio of absorbed energy by the
irradiated aluminum material to the laser output energy is re-
ferred to as energy transfer efficiency of the laser welding
system [112]. Zhao et al. [74] reported that the absorption of
laser energy greatly depended on conductive absorption of
laser energy by free electrons and the nature of metal surface
influenced the absorptivity. As a result, the energy transfer
efficiency during conduction regime is adjudged to be equiv-
alent to the absorptivity of the metal or aluminum work piece
[74].

3.2 Interaction effects in aluminum laser welding

Plasma or plume is formed when high power laser beam in-
teracts with metal vapor inside the keyhole or above it. This
interaction influences welding behavior by affecting the ab-
sorption, refraction, and scattering of laser beam [113]. The
formed plasma usually has high temperature field that also
affects reaction between molten metal and atmospheric gas
[113]. Laser-induced plasma is also referred to as laser gener-
ated hot spot because it has higher temperature and greater
electron density than the adjoining regions. As a result, this
region presents least resistance or lowest potential drop [117].
High-speed video camera is generally used to investigate the
relationship between laser beam and arc in hybrid welding.
Tsukamoto [113] reported the application of monochromatic
imaging technique for the assessment of plasma state and
analysis of atomic or ionic species (metal or gas) [113] during
welding. The intensity of the laser, arc, and plasma radiations
needs to be reduced with the aid of optical filters while addi-
tional source of illumination such as the use of halogen lamp
maybe necessary in order to obtain clean and clearer image
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[40]. The integration of laser beam to arc ensures that unstable
electric arc can be stabilized by laser beam. Plasma arc stabi-
lization can be achieved in laser-arc hybrid welding with a low
power laser beam of about 100 W in a current range up to
100 A [101]. Under argon shielding condition, induced plas-
ma during high power CO, welding reduces weld penetration
[118].

Chen et al. [119] investigated the effect of laser-induced
metal vapor on arc plasma during bead on plate laser-arc dou-
ble-sided welding (LADSW) of 4-mm-thick 5SA06 wrought
aluminum alloy plates. Emission spectroscopy technique
was used to assess the laser-induced metal vapor effect on
the arc plasma, and the outcome of 5A06 aluminum laser
welding was compared with that of the conventional gas tung-
sten arc welding [119]. The emission spectroscopic analysis
revealed that the amount of metal vapor in arc plasma during
LADSW was larger than that of gas tungsten arc welding
(GTAW). As a result, the electron temperature of the
established arc plasma during LADSW was lower than that
of the GTAW. In this process, the established laser-induced
metal vapor during LADSW of 5A06 aluminum alloy
changed the composition of the arc plasma. As a result, the
major observable difference between LADSW and traditional
GTAW was the changing composition of the arc plasma [119].

The effective temperature of a weld pool is often estimated
from the vapor composition of a laser welding process. He
et al. [121] estimated the effective temperature of a laser spot
welding process from the vapor composition or laser plume
near the weld pool. It was revealed that the estimated temper-
ature was close to the numerically calculated peak temperature
of the weld pool’s surface. The authors employed an open-
ended quartz tube to condense a portion of the vapor on the
inner surface of the tube. However, the condensation proce-
dure showed that the concentrations or compositions in the
vapor or laser plume were slightly varying with increasing
power density of the laser [121].

4 Innovations in aluminum laser beam welding

Earlier efforts in laser welding of aluminum alloys have
shown difficulties or weldability concerns such as laser beam
reflectivity, evaporation of alloying element [20], weld metal
porosity susceptibility, and cracking [4, 70, 71]. Also, unique
properties of aluminum alloys such as tenacious oxide layer,
high thermal conductivities, high thermal coefficients, and
low melting temperatures [27] have posed significant chal-
lenges to the massive application of laser welding technology
on aluminum alloys. Therefore, attempts to overcome some of
these fundamental concerns in laser welding of aluminum
alloys have brought about a few innovations into laser
welding technologies. These innovations basically involve
careful selection of welding procedures or modification of
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pure laser welding techniques and the use of filler metal [22].
The available laser welding technologies of aluminum alloys
in literature are examined under this section. In order to have a
logical assessment and arrangement of the innovations in laser
welding of aluminum alloys, classification of the utilized laser
technologies was carried out based on the nature of heat
source. Laser wave characteristics such as continuous wave
and pulsed wave were not utilized in classifying the available
laser welding technologies because literature-based laser tech-
nologies were solely considered. Nevertheless, the technology
in laser beam welding of aluminum alloy is classified into four
assemblages, namely single-beam or pure laser welding, laser-
arc hybrid welding, tailored heat source-laser welding, and
other innovative laser welding technologies as shown in
Fig. 4.

4.1 Pure laser welding/single-beam laser

Pure laser or single-beam laser has a single laser heat source
and no other form of weld-influencing gadget like electromag-
netic field inducing device or vibration inducing appliance is
attached to the welding system. Conventional lasers such as
CO,, Nd:YAG, pumped diode, fiber, and disk lasers belong to
this category. They apply laser beams generated from different
sources (solid or gas) to weld aluminum alloys.

4.1.1 CO, laser welding

CO; laser welding applies laser beam generated from carbon
dioxide in welding aluminum alloys. Carbon dioxide (CO,)
lasers have output wavelengths of 10.6 um and maximum
laser power of about 50 kW [30]. They are more efficient
and generate higher power when compared to Nd:YAG lasers
[77]. Carbon monoxide (CO) laser with a shorter wavelength

Fig. 4 Innovations in laser
welding of aluminium alloys

of 5.3 um is available but they have not been investigated in
welding aluminum alloys. However, one of the major incon-
veniences of high power CO, laser is that it must be delivered
by mirrors and not by optical fibers [14]. Therefore, the optical
system of CO, laser beams includes mirrors and ZnSe lenses
[81]. Likewise, the formation of argon plasma which reduces
weld penetration depth occurs during CO, laser welding as a
result of argon shielding [30]. In addition, due to the higher
wavelength of CO, laser, it exhibits more or high surface
reflectivity when its beam is impinged on the surface of alu-
minum alloys. The energy transfer efficiency of CO, laser
beam to the base metal is capable of reaching 0.8 [81]. Very
few researchers have applied CO, laser beam in welding alu-
minum alloys. Ramasamy et al. [16] examined the continuous
wave 5 kW CO, laser beam welding on 1.6-mm-thick 5754-O
aluminum alloy sheets, but joint configuration was employed
for their experimentation.

4.1.2 Nd:YAG laser welding

Nd:YAG laser generates its laser beam from a solid crystal of
neodymium-doped yttrium aluminum garnet (Nd;+:Y3A1504,
garnet solid) [30]. Optical lenses and fiber optics [81] are
some of the noteworthy laser delivery systems used for
Nd:YAG laser. There is usually good coupling of Nd:YAG
laser to aluminum alloys owing to the distinctive low wave-
length (1.06 um) of Nd:YAG laser beam, unlike CO, laser
with higher wavelength of 10.6 um [30]. As a result, alumi-
num alloys absorb Nd:YAG laser beam more efficiently [66].
The thickness of materials that can be welded with Nd:YAG
laser is restricted due to its lower power as compared to higher
power of CO, lasers. However, TWI combined up to three
Nd:YAG lasers to create solitary laser beam capable of gener-
ating 8.9 kW laser power, and the resultant beam was
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transmitted through a 1.0-mm diameter optical fiber [14].
Beam absorption of aluminum alloy at 1.06 micron is about
three times much more than that of the CO, laser [51]. Several
authors have worked on the application of single-beam
Nd:YAG laser on aluminum alloys. Deutsch et al. [20] applied
a single-beam Nd:YAG laser in welding 1.6-mm-thick 5182
aluminum alloy sheets. Bead on plate welds was produced
with laser powers ranging between 2.5 and 6 kW.
Continuous wave 3 kW Nd:YAG laser welding of 1.6-mm-
thick 5754-O aluminum alloy was examined by Ramasamy
and co-authors [16]. Mujibur Rahman et al. [122] applied
3.5 kW continuous Nd:YAG laser in welding 2-mm-thick
6061 aluminum alloy sheets using 4043 filler wire [122].
Simone Mattei and co-authors investigated a 6 kW contin-
uous wave Nd:YAG laser welding of 4-mm-thick 2024-T4
aluminum alloys using a 1-mm diameter 4047 alloy filler
wire [123]. Haboudou and co-authors conducted 4 kW
continuous wave Nd:YAG laser autogenous welding of 4-
mm-thick 5083-O and 356-T6 aluminum alloy plates
[124].

Pulsed Nd:YAG laser welding of 6082 aluminum alloy has
been examined with the aid of high-speed cameras. These
cameras facilitated the capturing of visible and infrared radia-
tion [46]. Pulse lasers are usually employed when precise and
low heat input [46] is required in welds. There is usually heat
dissipation between each laser pulse in order to minimize or
reduce thermal stresses in areas near the fusion zone. As a
result, distortion is considerably reduced in this type of
welding approach [46]. Peter Stritt et al. [125] reported a
new technique in establishing a homogenized weld pool mix-
ture through modulation of pulse shape during dissimilar
welding of copper and aluminum by using a pulsed dual
wavelength of 532 and 1064 nm. At the applied frequency,
the modulation of the pulse shape transferred appreciable os-
cillations into the melt pool and homogeneous weld pool was
achieved [125].

4.1.3 High power diode laser

Diode laser obtains its laser beam from a high brightness
semiconductor or diode. This category of lasers uses a wave-
length in the near infra-red region of spectrum usually in nano-
meter like 808 nm [81] [126]. It has higher absorption coeffi-
cient on metallic materials. It is a successful innovation over
the CO, and Nd:YAG lasers because of its unique broad
wavelength spectrum usually from 450 to 2200 nm [127].
Sanchez-Amaya et al. [11] investigated laser welding of 5-
mm-thick 5083 aluminum alloys using a 2.8 kW high power
diode laser to create bead on plate. The welding was conduct-
ed in continuous mode and at a relatively high value of power
[11]. A 2.8 kW maximum powered diode laser was also
employed in welding 3-mm-thick 5083 and 4-mm-thick
6082 aluminum alloy sheets using conduction welding regime
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[11]. Diode pumped Nd:YAG laser is much more expensive
but efficient. However, its high cost has hindered it general
acceptance in the industry [51].

4.1.4 Disk laser welding

Disk laser is also an innovative advancement in solid-state laser
welding. It has a wavelength of 1.03 pm, and it equally has high
brightness and high efficiency (15-25 %) [30]. Coniglio et al.
[4] examined the weldability of 3.2-mm-thick 6060-T6 alumi-
num alloy plates using a 1030 nm, 10 kW Yb:YAG disk laser
beam. High power fiber laser and disk laser have shown tre-
mendous advantages over the common yttrium aluminum gar-
net (YAG) laser and carbon dioxide (CO,) laser. They have
superior beam quality and offer flexible fiber delivery because
of their wavelengths of about 1 pm [118].

4.1.5 Fiber laser

Fiber laser has excellent beam quality [99] with a wavelength
of 1.07 um and high efficiency ranging from 20 to 30 % [30].
Fiber lasers are classified as high power lasers because of their
features such as high power with low beam divergence, high
efficiency, and compact size [128]. In fact, the productivity
and high welding speed of high power fiber lasers are un-
matched with most of other traditional or single-beam laser
sources [99]. Wang et al. [129] examined the solidification
cracking behavior in 10 kW fiber laser welding of 2.5-mm-
thick 6013-T6 aluminum alloy plates. The solidification
cracking initiation site and propagation were examined using
a high-speed camera system and through metallurgical exam-
ination. It was revealed that the solidification cracking initiat-
ed near the fusion line and propagated through the weld center
[129]. Also, Oliveira and co-authors employed a 2 kW high
power Yb-fiber laser in welding of 1.6-mm-thick 6013-T4
aluminum alloy in overlapped and T-shaped geometries
[130]. Banglong Fu and co-authors investigated the micro-
structure and mechanical properties of 2-mm-thick 2A97-T4
aluminum-lithium alloy using a fiber laser with powers rang-
ing between 2.8 and 4.1 kW [131]. Paleocrassas et al. [132]
examined the inherent instability in 300 W ytterbium, single-
mode fiber laser (1075 nm) welding of aluminum [132].

4.2 Hybridized laser-arc welding/laser-arc hybrid welding

Laser-arc hybrid welding merges two different heat sources
(laser beam and arc heat sources) together to obtain a unified
process zone (fusion zone) and to obtain synergetic benefits of
the two heat sources. In the early 1980s, Steen first recom-
mended and realized the idea of combining laser beam with an
electric arc to facilitate efficient material processing such as
cutting. CO, laser beam source was the first class of laser that
was integrated into an electric arc welding process [101].
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Overtime, the successful synergy of laser beam and arc led to
the development of more efficient and high power laser-arc
hybrid welding approaches [14, 29, 30, 117, 133-136].

A single-weld pool is created in this class of welding. An
electric arc welding (MIG, MAG, or plasma) process is inte-
grated into laser beam welding technology in order to com-
pensate for non-consistent fit-up between parts to be welded
[22] and to equally improve the effectiveness of laser beam
welding of aluminum alloys [8]. The major outcomes of this
technique of welding are the creation of a wider weld pool and
retention of penetration depth capacity [22] [133]. Synergetic
benefits of laser and arc welding technologies are the gains of
this class of aluminum welding. Some of the advantages of
this class of welding include good weld bridge-ability [137],
higher welding speed, higher process stability, improved
depth penetration and metallurgical properties [40, 138], and
improved gap and misalignment tolerances [29, 30, 38, 123,
139, 140]. Greater tolerance toward poor joint fit up and to-
ward lateral misalignment of energy source to the joint line,
suppressed zinc exposure during welding of coated material,
smoother blend between thicker and thinner material, and high
consistency and repeatability of weld quality have been
highlighted as some other contributions of this class of laser
welding [8, 136]. Laser-arc hybrid welding assists in reducing
metallurgical defects and it helps in improving joint strength
because of laser-arc synergetic effects. Single-beam or pure
laser welding of aluminum alloys is highly susceptible to high
reflectivity of laser beams but laser-arc hybrid welding of
aluminum helps in reducing the surface reflectivity of laser
beam [141]. Plasma arc stabilization can be achieved in
laser-arc hybrid welding with a low power laser beam of about
100 W in a current range up to 100 A [101].

In literature, there are two major adaptations of hybrid laser-
arc welding: the first is the application of both laser and arc
sources directly onto the same side of the work piece while
the second has the respective heat sources directed on the op-
posite sides of the work piece. The adaptation of laser and arc
heat sources on the opposite sides of 0.2-mm-thick mild steel at
a current of 25 A has been reported to increase the welding
speed by a wholesome value of 300 %. However, when both
heat sources are applied on the same side of 0.8-mm-thick
titanium and also on 2-mm-thick mild steel, 100 % increase
in welding speed has been realized [8]. Liu et al. [142] reported
that melting efficiency of about 20 % was achieved with laser-
TIG hybrid welding mode while a fluctuating efficiency with
maximum value of 53.14 % was attained at arc current of 120 A
in TIG-laser hybrid welding mode [142].

Hybrid approach/manner in laser-arc hybrid welding may
be coaxial, paraxial, multi-electrode, or autogenous laser hy-
brid in nature. Chen et al. [108] reported on a coaxial hybrid
welding (CO, laser-TIG hybrid welding) having a concentric
hollow tungsten electrode with the laser beam [108]. Coaxial
hybrid welding has been demonstrated to effectively inhibit

energy absorption or defocusing of laser (deeper weld pene-
tration in return) as compared to CO, laser-TIG paraxial hy-
brid welding. Other authors have reported that the coaxial
hybrid welding is difficult to realize due to the limitation in
preparing hollow electrode (tungsten electrode), as compared
to the paraxial hybrid welding. Paraxial hybrid welding is easy
to realize. In fact, it is reported that welding quality is inde-
pendent of welding direction in coaxial hybrid welding be-
cause of the symmetry of the welding heat source’s distribu-
tion. On the other hand, welding quality is affected by welding
direction in paraxial hybrid welding [142].

Some of the major disadvantages of hybridized laser-arc
welding include limited orientation of torch over which an
arc can be maintained [8] and vulnerability of exposed tung-
sten electrode (in case of hybridized laser-GTA welding) to
metal vapor, ejected material, and other contaminants [8].
Page et al. [8] highlighted in their works that the major issues
with hybridized laser-GTA welding could be effectively over-
come by substituting plasma arc for gas tungsten arc in the
hybrid welding system. Since, plasma arc system has its elec-
trode enclosed behind the nozzle, and it offers stable and di-
rectional arc column that permits welding operation at an in-
creased standoff distance [8]. However, hybridized laser-
plasma arc welding has been sparingly utilized in the
literature.

4.2.1 CO, laser-TIG/GTA hybrid welding

The two type of heat sources here are CO, laser and gas
tungsten heat sources. Hybridized laser-TIG welding process
can be controlled with ease when compared to hybridized
laser-MIG laser welding process because it does not have
droplet transitions [108]. Hybridized laser-GTA welding has
been reported to provide combined greater thermal effects
together with high welding speed capability and penetration
improvement [8]. Laser radiation in a laser-TIG hybrid system
aids arc stabilization and improves process efficiency [117,
134]. Some of the advantages of hybridized CO, laser-TIG
welding as reported by Chen et al. [108] include stable arc and
deep weld penetration, improved weld appearance, high effi-
ciency and economy, high gap bridging capability with per-
missible tolerance, and high welding speed [108]. It is also
affirmed that hybridized laser-TIG welding process in com-
parison to pure laser welding offers a further 20 % increase in
penetration depth and welding speed under a definite arc cur-
rent of 100 A [108]. Chen et al. [119] report that there is an
inevitable reduction in laser energy during hybridized
laser welding because of the transfer of laser beam
through the arc plasma before reaching the surface of
materials to be welded. As a result, the authors investi-
gated a new laser welding approach aimed at preventing
laser energy loss [119].

@ Springer



426

Weld World (2016) 60:415-457

4.2.2 CO; laser-GMA Hybrid welding

This hybrid welding system combines CO, laser and gas met-
al arc heat sources to form a solitary welding system. It equal-
ly has the synergetic benefits of the two heat sources.
Alessandro Ascari and co-authors utilized a 3 kW continuous
wave CO, laser-GMA hybrid welding of 8-mm-thick 6082
aluminum alloy to investigate the porosity formation [140].
Jun Yan et al. [143] assessed the performance of 5 kW CO,
laser-MIG hybrid welding on 8-mm-thick 2A12 aluminum
alloy by using 4043 and 2319 welding wires [143]. Casalino
[144] employed a 3 kW CO, laser-MIG hybrid welding in
joining 3-mm-thick 5005 aluminum alloy plates with a 1.2-
mm diameter filler wire of 5356 alloy. It was observed
that laser power and focuses’ height had direct depen-
dence on weld penetration while an indirect relationship
existed between inclinations of the MIG torch and weld
penetration [144].

4.2.3 Nd:YAG Laser-MIG/MAG/GMA hybrid welding

Nd:YAG laser and gas metal arc heat sources are combined
together to aid the welding of aluminum alloys. Thicker plates
with deeper weld penetration can be welded with the applica-
tion of laser MIG hybrid welding. In addition, laser-assisted
alternating current (AC) pulsed MIG welding has been sug-
gested for joining thin aluminum alloys at high welding speed.
It was reported that 1.2- and 1.5-mm-thick aluminum alloys
can be reasonably lap welded at a high speed of 4 m/mm by
using laser alternating current pulsed MIG welding technique
[108]. Kim et al. [40] investigated continuous wave 3.5 kW
Nd:YAG laser-MIG hybrid welding of 5-mm-thick marine
grade 5083 and 5356 aluminum alloy sheets using a 1.6-mm
diameter 5356 alloy as filler material [40]. A high speed video
was employed to examine the relationship between laser beam
and bead formation, as well as arc and molten wire droplets.
The revelations from high-speed images during the Nd:YAG
laser-MIG hybrid welding of 5083 aluminum alloy plates re-
vealed that the heat input delivered to the plate was dependent
on the nature of the leading heat source and joint condition
employed in hybrid setup [40]. The authors reported that the
maximization of the synergetic benefits from the combination
of laser and arc heat sources was attained when the laser beam
was located between the arc center and droplet impact point
[40]. Also, other authors have equally examined the applica-
tion of Nd:YAG laser-MIG hybrid welding on aluminum al-
loys. Zhang et al. [145] examined the application of Nd:YAG
laser-GMA hybrid welding on 2-mm-thick 6061-T6 alumi-
num alloy sheets using 4043 filler [145]. Nd:YAG laser-
MIG hybrid welding of 4-mm-thick 2024-T4 aluminum alloy
sheets was performed by Mattei eta al. [123] using filler metal
of 1-mm diameter 4047 alloy and wire speed of 4 m/min
[123]. He et al. [146] also examined the influence of

@ Springer

Nd:YAG laser-MIG hybrid welding on 2-mm-thick 1A80 alu-
minum plates using 4043 filler wires and argon shielding en-
vironment [146]. Ola and Doern investigated Nd:YAG laser-
GMA hybrid welding of 6.3-mm-thick 7075-T651 with a
spool of 0.89-mm diameter 4043 welding wire [147]. Hu
and Richardson [18] conducted Nd:YAG laser-GMA hybrid
autogenous welding of 2-mm-thick 7075-T6 alloy and 1-mm-
thick 2024-T3 alloy [18].

Kim et al. [38] utilized the grey relational analysis to de-
termine the optimum Nd:YAG laser-GMA hybrid welding
parameters of 1-mm-thick 6 K21-T4 aluminum alloy sheets
in butt configuration. The optimization criteria chosen for
their works included ultimate tensile stress of weld, penetra-
tion depth, and bead width [38]. In non-aluminum metals,
improvement of weld toughness has been demonstrated in
Nd:YAG laser-MAG hybrid welding system [14]. Tong
et al. [148] also investigated the laser-alternating current
pulsed metal inert gas hybrid welding process on 1.5-mm-
thick 5052 aluminum alloy using a 1.2-mm diameter welding
wire made from 5356 alloy [148].

4.2.4 CO, Laser-TIG double-sided welding (LTDSW)
/laser-arc double-sided welding

Laser-arc double-sided welding was first utilized by Chen
et al. [119] during the welding of 5SA06 aluminum alloy.
Laser-arc double-sided welding combines a laser beam to-
gether with an arc welding source which are vertically posi-
tioned or located on the opposite sides of the work pieces to be
welded. The major aim of laser-arc double-sided welding is to
prevent laser energy loss through arc plasma (since there is
usually loss in laser energy when laser beam passes through
the established arc plasma during hybrid laser welding or
when there is overlapping of laser induced plasma plume with
the arc). In the works of Chen et al. [119], a CO, laser beam
and a gas GTAW torch were positioned vertically on the op-
posite sides of 4-mm-thick 5SA06 wrought aluminum alloy
plates with a major reason of preventing laser energy loss
via arc plasma. In LADSW process, there is compression
and stabilization of the GTAW arc on the arc side, and this
phenomenon leads to a higher arc current density and more
stable welding process. Interactions between the laser and the
arc plasma also take place in the arc side of the welding ar-
rangement. The physical process of LADSW is different from
the traditional hybridized laser-arc welding process because
the interaction between the laser-induced metal vapor and
the arc plasma only take places at a definite threshold of laser
power [119]. The interaction effect between the induced metal
vapor and arc plasma was studied by Chen et al. [119] using
electron spectroscopy in examining electron temperature and
density (Fig. 5).

Liu et al. [142] investigated the influence of relative loca-
tion of laser beam and TIG arc in different hybrid welding
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modes (laser leading mode and arc leading mode). Laser lead-
ing hybrid welding mode is designated with laser-TIG hybrid
welding while TIG leading hybrid welding mode is represent-
ed with TIG-laser hybrid welding [142]. With laser-arc hybrid
welding, high quality appearance, and stable welding process
can be easily obtained in aluminum welding. The arc voltage
in laser-TIG double-sided welding is lower than the conven-
tional TIG welding process [117]. Also, Yan-Bin and co-
authors investigated the 3.0 kW CO, laser-TIG double-sided
welding of 4-mm-thick 5SA06 aluminum alloy plates [149].

4.2.5 Fiber laser-pulse MIG/GMA hybrid welding

The application of fiber laser heat source together with pulsed
gas metal arc heat source is grouped under this category.
Zhang and co-authors employed a 6 kW continuous fiber
laser-pulse MIG hybrid welding in the welding of 6-mm-
thick 2219-T87 aluminum alloy sheets with the aid of two
types of filler wires, namely 5087 and 2325 [141]. Wu et al.
[150] also employed fiber-laser-pulsed GMA hybrid welding
on 2-mm-thick 7075-T6 aluminum alloy sheets with the aid of
5356 filler wire with a 1.2 mm diameter.

4.3 Tailored heat source-laser welding

Tailored heat source-laser welding approach makes use of two
laser beams simultaneously in order to control the weld pool
geometry, stability of keyhole, and weld bead shape. Also, this
setup is desirable to create sufficient surface area and longer
time for the escape of porosity forming gases [22]. The differ-
ence between tailored heat source-laser welding category and
laser-arc hybrid welding is that it applies laser heat sources
alone in welding, unlike laser-arc hybrid welding that employs
a laser beam source and an arc heat source in welding (two
different heat sources). This category of laser welding of alu-
minum alloys applies two or twin/double-laser heat sources
that are systematically positioned either side by side or over-
lapped with one beam leading and the other as a lagging beam.

4.3.1 Twin-spot Nd:YAG laser welding

This is a laser welding process that creates two focused beam
spots on work pieces, usually with a definite spot separation
distance. The application of twin-spot laser welding creates elon-
gated weld pool and due to this phenomenon, porosity level in
aluminum weld metal is considerably reduced. Verhaeghe and
Hilton [7] applied continuous wave twin-spot laser welding with
a spot separation distance of 0.27 mm and focus diameter of
0.45 mm on a 3.2-mm-thick 2024 aerospace aluminum alloy.
The experiment was investigated under square-edge butt weld
configuration, and a 1.2-mm diameter 2319 filler wire was posi-
tioned at the leading edge of the weld pool during the welding
operation. The authors established that the application of this

class of laser welding technology helped to effectively eliminate
coarse porosity in 3.2-m-thick 2024 wrought aluminum alloy [7].

4.3.2 Dual-beam Nd:YAG laser

Owing to the restriction in maximum power of Nd:YAG
laser welding systems to about 3 kW, dual-beam
Nd:YAG laser welding system has been made available
with higher laser power up to about 8.9 kW [27]. Dual-
beam laser welding technology assists in suppressing va-
por plume fluctuation, and it assists in establishing a
stable process and improved weld quality [9]. This type
of laser welding system systematically combines the in-
dividual power of two independent lasers to increase the
total available laser power required for welding. The first
laser beam acts as the leading laser beam while the sec-
ond acts as the lagging laser beam. Therefore, lead-lag
beam power ratio of the dual-beam Nd:YAG laser
welding system can be varied as a changing parameter
[27].

Punkari et al. [27] investigated the application of dual-
beam laser welding on 1100, 5182, and 5784 aluminum alloys
in order to examine the influence of magnesium on the resul-
tant welds. In their works, the lead laser power ranged from 3
to 6 kW while the lag beam power levels ranged from 0 to
3 kW. The second laser beam was responsible for improved
keyhole stability and improved under-bead geometry of 5182
aluminum alloy sheets [27]. Deutsch et al. [20] applied 2.5—
6 kW dual-beam laser in welding 1.6-mm-thick 5182 alumi-
num alloy sheets. Lead/lag laser beam power ratios ranging
from 2:3 to 3:2 and speeds between 4 and 15 m/min were
utilized in their works. The authors also affirmed that the
lagging laser beam of a dual-beam Nd:YAG laser
welding system influenced the stability of keyhole, the
escape of high vapor pressure magnesium gas from the
keyhole, and the efficient solidification of under bead
weld metal [20].

4.3.3 Double-pulse laser welding

This involves the application of two pulsed laser heat sources
with definite delay times. von Witzendorff et al. [5] studied the
application of a double-pulse laser welding approach in
welding 0.5-mm-thick 6082 aluminum alloy sheets. At a def-
inite temporal delay period, Nd:YAG and diode laser pulses
were superimposed and synchronized with two diachronic
mirrors. Here, the aim of the application of double-pulsed
laser welding was to reduce hot cracking in the aforemen-
tioned aluminum alloy. After the application of the first pulsed
laser (Nd:YAG), the second pulsed laser (diode) power was
needed to eliminate hot cracking susceptibility in the weld.
The author reported that the delay or timing of the subsequent
pulsed diode laser was the principal parameter in eliminating
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Fig. 5 Schematic diagram of
laser-arc double-sided welding
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hot cracking in 6082 aluminum alloy because the second laser
beam assisted in compensating for internal strains during the
welding process [5]. Representations of the pulse shaping and
timing, as well as the schematic arrangement for a double-
pulse laser welding are shown in Fig. 6.
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4.3.4 Double-sided fiber laser beam welding

Double-sided fiber laser beam welding is a typical exception
because it employs two different laser beams and two gas
metal arc sources in welding. It is classified under tailored
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heat-source laser welding because of the presence of two laser
beams; otherwise, it can be easily classified as laser-arc hybrid
welding (Fig. 7).

This is a special case that is particularly suited for T-joint
configurations in which the lower skin panel and the upper
stringer of a work piece arrangement are welded simultaneously
from both sides of the stringer. It involves the application or
focusing of two separate laser beams symmetrically onto the
opposite sides or positions along the stringer of a T-joint.
Equally, two wire feeders controlled robotically are applied in
both sides of the configuration to achieve a common molten
pool. Wang Tao and co-authors employed this kind of laser
welding procedure in welding 1.8-mm-thick 6156-T6 alloy
(skin) to 1.8-mm-thick 6056-T4 alloy (stringer). The 10 kW con-
tinuous wave fiber lasers and 4047 filler wires having diameters
of 1.2 mm were used in the welding process [133].

Yang et al. [151] also investigated the double-sided CO, laser
welding of 1.8-mm-thick 6156-T6/6056-T4 aluminum alloys
using 4047 alloy as filler wires. Penetration depth was revealed
to be dependent on the incident beam angle. As the beam angle
increases, the penetration depth also increases [151].

4.4 Other innovative laser welding technologies

Other innovative laser welding technologies are welding tech-
nologies with deviation from any of the aforementioned clas-
ses above. Here, there is an addition of a support device to a
single-beam laser welding technology in order to improve the
quality of aluminum welds. For instance, the integration of
electromagnetic inducing appliance into a single-beam laser
welding system is classified under this category.

4.4.1 Electromagnetic supported laser welding

This class of welding integrates electromagnetic field into a
single-beam laser welding in order to improve the weld qual-
ity. Avilov et al. [49] investigated the full penetration of 15 kW

-

Control system

Fig. 7 Schematic setup for a typical double-sided fiber laser welding
with filler wires [133]

Yb fiber laser welding up to 30-mm-thick 5754 aluminum
alloy plates by using an electromagnetic weld pool support.
The authors utilized a contactless inductive electromagnetic
weld pool support system to prevent gravity dropout of melt.
The electromagnetic weld pool support system made use of
460-Hz frequency and about 200 W ac power to prevent melt
outflow (from depth up to 30 mm and weld width of about
25 mm). The assistance of electromagnetic field in welding
was responsible for the creation of full penetration depth in
30-mm-thick 5754 aluminum alloy plates. Oscillating-
induced magnetic field was able to suppress Marangoni con-
vection in the lower section of the weld pool. The established
electromagnetic force helps in refining the melt and stabiliza-
tion of the weld pool. However, the authors employed elec-
tromagnetic field in preventing gravity dropout of the melt.

The results revealed that partial penetration was obtained in
welding 40-mm-thick 5754 plates without electromagnetic
support. Similarly, the weld centerline and bottom region of
the welds had clusters of small pores and irregular weld sur-
faces as a result of intensive Marangoni convection. However,
the assistance of electromagnetic support in welding the afore-
mentioned aluminum alloy helped in overcoming the major
issues of conventional laser welding [49].

Schneider et al. [152] also investigated the application of
electromagnetic field on Nd:YAG rod laser welding of 6-mm-
thick 5754 plates. It was revealed that the oscillating magnetic
field favored pore out-gassing and welds’ pore reduction of
about 80 % was attained. Thus, at high frequencies of oscilla-
tion of the magnetic field, small penetration depth and stabi-
lization of weld surface were observed [152]. Gatzen et al.
[153] examined the influence of electromagnetic stirring on
the element distribution during laser beam welding of alumi-
num alloy with filler wire via numerical modeling. It was
affirmed that the frequency of the magnetic field and the flux
density had an influence on the filler material distribu-
tion and the concentration of the alloying elements in
the weld seam [153].

4.5 Laser weldable aluminum alloys

Laser beam technology has been employed in welding quite a
number of aluminum alloys; heat treatable and non-heat treatable
wrought aluminum alloys are weldable with laser technology.
Although, the application of laser welding technology on cast
aluminum alloys is still very limited in literature. One of the
noteworthy laser-welding of cast aluminum alloys was conduct-
ed by Haboudou and coauthors in 2003. The authors examined
the application of Nd:YAG laser welding technology on 4-mm-
thick 356-T6 cast aluminum alloy [124]. Nevertheless, since the
laser-welding of cast aluminum alloys is sparingly available in
literature, the available wrought aluminum alloys are considered.
The application of the aforementioned laser welding technolo-
gies on different categories of aluminum alloys is summarized in

@ Springer



430

Weld World (2016) 60:415-457

Tables 3 and 4. However, the chemical compositions of these
alloys are given in Appendix Tables 14 and 15, respectively,
while Appendix Table 16 shows the chemical compositions of
the few cast aluminum alloys that have been welded with laser
beam welding technology. Likewise, the chemical compositions
of the filler materials that have been used in laser welding of
aluminum alloys are reported in Appendix Table 17.

5 Laser beam parameters

The success of a typical laser beam welding of aluminum alloy
strongly depends on the composition of the alloy, process gases,
filler materials, material preparation technique, and process pa-
rameters [3]. For instance, the incident laser beam that is
absorbed during welding is greatly dependent on aluminum ma-
terial and its surface properties. The amount of power needed to
produce a melted zone depends on the heat capacity of the ma-
terial [81]. Welding parameters influence the quality of welded
aluminum joints and performance level of the resultant weld-
ment. Depending on the nature of waves (continuous or pulsed

Table 3  Non-heat treatable alloys available in literature

wave), there are quite a lot of laser welding parameters available.
However, some of the most critical processing or welding param-
eters during laser welding include laser power or power density
(ratio of power to beam size), welding speed, type of shielding
gas, beam shape on work piece, position of focal plane of the
beam, etc. In case of pulsed laser welding, additional parameters
such as pure duration, pulse shape, pulse energy, and average
peak power density have to be considered.

5.1 Composition of alloys

The composition of aluminum alloy or the addition of a typical
alloying element through the use of filler material affects weld
quality of laser welded aluminum joints. Punkari et al. [27] inves-
tigated the influence of magnesium content on 1.6-mm-thick
1100-O (0.008 wt% Mg), 5754-O (3.2 wt% Mg), and 5182-O
(4.6 wt% Mg) aluminum alloy sheets using a dual beam Nd:YAG
laser welding technology [27]. Good welds were produced under
the application of a dual-beam Nd:YAG welding technique in
joining aluminum-magnesium alloys when lead/lag laser beam
power was greater or equal to 1 [27]. Excellent full weld

S/N  Laser type Material Thickness Filler material filler diameter ~ Weld type Shield gas  Ref

1 Dual-beam Nd:YAG 1100 1.6 mm Bead-on-plate  Ar [27]
2 Nd:YAG laser-MIG 1A80 2 mm 4043 Butt Ar [146]
3 CO, laser-GTA 5A06 4 mm Bead on plate Ar [119]
4 Single-beam Nd:YAG 5182 1.6 mm Bead on plate [20]
5 Dual-beam Nd:YAG 5182 1.6 mm Bead on plate [20]
6 Dual-beam Nd:YAG 5754 1.6 mm Bead on plate Ar [27]
7 Dual-beam Nd:YAG 5182 1.6 mm Bead on plate Ar [27]
8 High power diode laser 5083 Bead on plate [11]
9 Pulsed YAG laser 5083-0 5 mm Ar [109]
10 CO; laser 5083 4 mm [154]
11 CO, laser 5083 3 mm He [155]
12 CO; laser-MIG hybrid 5005 3 mm 5356 1.2 mm [144]
13 Nd:YAG laser SA90-T8 3 mm [156]
14 Nd:YAG laser 5083-0 4 mm He [124]
15 Fiber delivered Nd:YAG 5083 10 mm Ar 9]
16 CO, laser 5083 He [6]
17 Yb fiber laser welding+ EM 5754 up to 30 mm Butt [49]
18 Nd:YAG laser 5A90 3 mm Ar [91]
19 Nd:YAG laser 5754-0 1.6 mm Butt [16]
20 CO, laser 5754-0 1.6 mm Butt [16]
21 Nd:YAG laser 5182 1.0 mm He [157]
22 Nd:YAG laser 5754 1.47 mm He [157]
23 High power diode laser 5083 3 mm Bead on plate N [11]
24 Laser-GMA hybrid 5182 1.1&21mm  AA5356 spot weld [95]
25 CO; laser-TIG double side 5A06 4 mm double side [149]

Note: EM connotes electromagnetic field
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Table 4 Heat treatable alloys available in literature

S/N  Laser type Material Thickness Filler material filler diameter Weld type Shield gas  Ref
1 Nd:YAG laser 2024 3.2 mm 2319 1.2 mm Butt He [7]

2 CO, laser-MIG hybrid 2A12 8 mm 4043 & 2319 [143]
3 Fiber laser 2A97-T4 2 mm Ar [131]
4 Nd:YAG laser-GMA 2024-T3 1 mm [18]
5 Nd:YAG laser 2024-0 2 mm Ar [158]
6 Nd:YAG laser 2024-T4 4 mm 4047 1 mm T-joint [123]
7 Nd:YAG laser-MIG 2024-T4 4 mm 4047 1 mm T-joint [123]
8 Nd:YAG laser 2024-T4 2 mm Single spot [12]
9 Nd:YAG laser 2024-T4 2 mm Overlapped spot Ar [12]
10 CO, laser 2090 1.6 mm [13]
11 Fiber laser+ MIG 2219-T87 6 mm 2325 & 5087 1.6 mm [141]
12 Nd:YAG laser-GMA 6 K21-T4 1 mm 5356 Butt He [38]
13 Nd:YAG laser 6063-T5 2.5-5.0 mm 4043 1.2 mm [22]
14 Fiber laser 6013-T6 2.5 mm Ar [129]
15 High power Yb-fiber laser ~ 6013-T4 1.6 mm Overlapped & T-joint  Ar; He [130]
16  Double-pulse laser welding 6082 0.5 mm bead on plate Ar [5]
17 Fiber laser 6013 1.6 mm T-joint [159]
18  Nd:YAG laser 6082 Ar [46]
19 High power diode laser 6082 4 mm Bead on plate N [160]
20 Nd:YAG laser 6061 2 mm 4043 [122]
21 Nd:YAG laser-GMA 6061-T6 2 mm 4043 [145]
22 CO, laser-GMA 6082 8 mm Bead on plate [140]
23 Double-sided fiber laser 6156-T6/6056-T4 1.8 mm 4047 1.2 mm T-joint [133]
24 Nd:YAG laser-GMA 6056-T4 2.5 mm 4047 1 mm Ar [161]
25  Nd:YAG laser 6156-T4 3.6 mm 4047 [162]
26 Nd:YAG laser-GMA 7075-T6 2 mm 5754 & 2319 [163]
27  Nd:YAG laser-GMA 7075-T6 2 mm [18]
28  Nd:YAG laser-GMA 7075-T651 6.3 mm Ar; He [147]
29  Fiber laser-GMA 7075-T6 2 mm 5356 1.2 mm Butt [150]

penetration of a 1.6-mm-thick 1100-O aluminum alloy was pro-
duced. Meanwhile, rough, undercut, and spiky under beads with
drop-through were observed in 5754-O and 5182-O aluminum
alloys. This was attributed to the presence of volatile magnesium
constituents in them [27]. Weld penetration and welding speed
were recorded to increase with magnesium content under keyhole
welding process of aluminum-magnesium alloys. This phenom-
enon was attributed to the influence of magnesium on vapor
pressure within the keyhole and surface tension of the alloys
[27]. Zhao et al. [45] investigated the influence of silicon content
on laser welding performance of Al-Mn-Mg aluminum alloy
sheets. It was revealed that laser welding cracking susceptibility
changed with the amount of silicon in aluminum welds. When the
amount of silicon in the weld pool was below 0.34 %, no cracking
was observed. However, cracking in Al-Mn-Mg alloy increased
as the amount of silicon increased to 0.47 %. This phenomenon
(Si content inducing cracking) was attributed to different mor-
phologies of eutectic phases at the grain boundary [45].

5.1.1 Laser power

Laser power can also influence the quality of welds. The ad-
justments of laser power and welding speed affect the pene-
tration depth of welds [148]. Variation of laser power during
laser-TIG double-sided welding of aluminum alloy resulted in
the formation of three arc shapes, namely arc column
convergence, arc expansion, and arc root constriction
[117]. Figure 8 shows the influence of laser power on
weld penetration depth in 5083 and 6082 aluminum
alloys, respectively.

5.1.2 Focal position/laser focus position
Laser focus position plays a significant role in laser beam
welding of aluminum alloys. A laser beam can be focused

onto the surface or beneath the surface (keyhole) of the mate-
rial to be welded. The effect of focal position on weld quality
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Fig. 8 Dependence of weld depth and width on laser power and welding
rate/speed in 5083 and 6082 aluminum alloys [160]

was investigated with the aid of a single-beam laser and a
dual-beam Nd:YAG laser welding on 1.6-mm-thick 5182 alu-
minum alloy. However, the formation of unacceptable spikey
under bead geometry was reported not to be affected by
changes in focal position in each of the laser systems [20].

5.1.3 Welding speed/Traveling speed

Laser welding speed greatly influences the penetration depth
of weld as shown in Fig. 9. At a given laser power, the pene-
tration depth increases as the welding speed is reduced; equal-
ly, an increase in weld pool’s width also ensues [49]. With
increasing thickness of aluminum alloy, the welding speed
requires for a full penetration weld decreases [8].

5.1.4 Shielding gas

The major function of a shielding gas is to protect the weld’s
molten pool from environmental gas interference. Shielding
gas affects the penetration depth of aluminum alloys during
laser beam welding process. Penetration depth of joints
shielded with helium gas is higher than that of nitrogen or
argon shielding [9]. Also, contamination of shielding gas is

25-
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Fig. 9 Influence of welding rate/speed on weld depth during laser
welding of 6082 Al alloy [160]
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a likely source of porosity in keyhole welds [69]. Nitrogen
causes more severe porosity in 2195 aluminum-lithium alloys
than either hydrogen or oxygen. Therefore, shielding of its
weld pool from atmospheric air is highly imperative [69].
The influence of shielding gas on single- and dual-beam
Nd:YAG laser welded 5182 aluminum alloy sheets was inves-
tigated. The parameters of the shielding gas were observed not
to influence the undesirable spikey under bead geometry
formed as a result of high vapor pressure of magnesium
[20]. The type of shielding gas (chemical composition of the
gas), the nozzle parameters, and the flow rate or geometry of
the shielding gas are important factors that affect the size of
plasma plume and resultant quality of laser welded aluminum
joints. Teresa Sibillano et al. [164] investigated the influence
of shielding gas on laser welding of 5083 aluminum alloy
sheets. It was revealed that shielding gas significantly influ-
enced the losses of alloying elements [164]. Ancona and co-
authors applied continuous wave CO, laser welding on 4-mm-
thick 5083 aluminum alloy plates by using two different noz-
zle configurations (two-pipe configuration and coaxial noz-
zle). It was revealed that gas flow rate and nozzle standoff
distance had a slight influence on weld penetration depth.
However, the most efficient gas delivery system was affirmed
to be two-pipe delivery system because welds with low-
er width, deeper penetration, and larger melted areas
were obtained as compared to that of coaxial nozzle
delivery system [154].

5.1.5 Filler metal/wire and wire feed-rate

Filler metal is a typical auxiliary material for gap filling or
bridging during laser welding. It offers the opportunity of
controlling the metallurgy of welds [51] and ensuring good
weld quality. The filler wires used in laser welding basically
assist in replenishing the evaporated alloying elements, and
they equally prevent solidification cracking in welds. It also
offers the possibility of controlling the properties of the fusion
zone of welds. Filler metals are necessary in establishing deep
penetration welding process [8]. Similarly, filler wire plays an
important role in improving the strength of welds. Zhang et al.
[141] examined the influence of 1.6-mm diameter 5087 and
2325 wires on the tensile strength of laser-MIG hybrid welded
6-mm-thick 2219 aluminum alloy sheets. The tensile strength
of joint produced from 5087 was about 313 MPa, which was
20 % higher than that of the 2325 wire [141]. The reasons for
strength improvement in the weld metals produced from 5087
wire were attributed to the formation of large amount of fine
S—Al,CuMg precipitates and also pinning effect of precipi-
tates on dislocations [141]. Bernard Johan Aalderink et al.
[95] reported that the use of 5356 filler wire was completely
indispensable in order to increase the gap tolerance during
single-spot laser, twin-spot laser, and laser-GMA hybrid
welding of 1.1- and 2.1-mm-thick 5182 aluminum alloy
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sheets. Though, the level of gap that could be bridged was
reported to vary from one laser welding method to another.
However, in case of laser spot welding, a proper alignment of
filler wire with the laser spots is very crucial [95]. Kah and co-
authors revealed that the application of 4043 and 5356 alloy
filler metals in welding 10-mm-thick 6005-T5 and 6082-T6
heat treatable aluminum alloys prevented solidification crack-
ing [168]. In laser-arc hybrid welding of aluminum alloys, it
was revealed that wire feeding position, feeding direction, and
feeding angle would influence the melting behavior of wire
and the process stability of the welding process. Tao et al.
[133] reported that an increased in wire feeding angle during
double-sided fiber laser welding of 1.8-mm-thick 6156-T6
and 6056-T4 aluminum alloys prevented gas escape from
the molten pool of welds [133].

5.1.6 Joint configuration

Gap presence in a laser butt joint configuration changes heat
transfer efficiency and electrical circuit condition [40]. For
joints with gaps larger than the laser beam diameter, metal
inert gas leading hybrid welding process (MIG-laser hybrid
welding) has been adjudged to be more suitable [40]. Weld
bead shape is dependent on gap condition (in case of gap
bridging or butt welding), motion, or movement of molten
wire in the gap, leading heat source and preheating effects
[40].

5.1.7 Current

During a low- or medium-current welding operation of a laser-
arc hybrid system such as laser-TIG hybrid welding, the laser
induced plasma could stabilize and compress the electric arc.
As a result, an increase in current density and penetration
depth of welds would be achieved. On the other hand, when
current level is increased up to a critical value, the arc will not
be compressed. Therefore, defocusing of the laser energy may
ensue (reduction of energy density) and shallow keyhole will
be produced [117]. Current intensities have corresponding ef-
fects on arc resistance and the number of carriers of electric
current in a hybridized laser-arc welding system. Low current
intensities bring about a reduced arc resistance and an equiv-
alent increase in the number of carriers of electric current
[108]. Transition from laser-induced keyhole (deep penetra-
tion depth) to heat conduction welding may occur in hybrid-
ized laser-arc welding process when an arc current is increased
to reach a critical value (arc expansion takes place and con-
duction mode of welding is created) [108].

5.1.8 Pulse duration and arc shape

Changes in arc shape or behavior greatly affect the arc current
density and its stability [117]. Arc shape is greatly affected by

interaction time between laser beam and arc during hybrid
welding. The influence or variation in arc shape will in turn
affect the weld penetration depth and transition of hybrid
welding mechanisms [108].

Laser pulse duration greatly influence arc shapes; short
pulse duration may not be sufficient to complete the compres-
sion and stabilization of arc while long pulse duration
may expand the arc by increasing absorption or
defocusing of laser [108].

Pulse laser can effectively reduce the interaction time be-
tween laser beam and arc in laser-TIG hybrid welding by
preventing the growth of plasma and decreasing absorption
or defocusing of laser energy [108].

6 Microstructural properties

Microstructure of laser welded aluminum alloy sheets is usu-
ally examined with the aids of scanning electron microscopy
(SEM), energy dispersive spectrometry (EDS), transmission
electron microscopy (TEM), electron backscattering diffrac-
tion, or X-ray diffraction analysis (XRD). The microstructural
properties in the fusion zones of welded aluminum alloys are
greatly influenced by the nature of welding technology, pro-
cess parameters, and the composition of base metal [169].
Optimum selection of process parameters during laser
welding of aluminum alloys can help limit the amount of
pores in welded joint of aluminum [169]. During laser beam
welding of aluminum alloys, variations in fusion zone mor-
phologies and microstructures are chiefly influenced by heat
flow which is largely controlled by laser power, travel speed,
and focus diameter [170]. Weld zones obtained during laser
beam welding of aluminum alloys are often classified into
fusion zone, heat affected zone, and at times, partially melted
zone. The high power density and low heat input of a laser
beam welding system coupled with high cooling rates influ-
ence the microstructure of laser welded joints. As result, a
narrow heat affected zone and fine grained weld zone
(microstructures) are often obtained in laser welding of
aluminum alloys.

Fiber laser welded 2-mm-thick 2A97-T4 aluminum-lithi-
um alloy showed four distinctive weld zones (apart from that
of base metal). Heat affected zone, partially melted zone, non-
dendritic equiaxed zone, and fusion zone were observed. The
amount of constitutional super cooling was described to affect
crystal morphologies in the fusion zone. Slight traces of liqua-
tion was seen in the partially melted zone while the formation
of equiaxed zone was attributed to heterogeneous nucleation
involving the effects of lithium (Li) and Zirconium (Zr) [131].

Li Cui and co-authors examined the influence of Nd:YAG
laser welding on the microstructure of 3-mm-thick 5SA90-T8
aluminum alloy. It was observed that a narrow band of
equiaxed grain structure existed along the fusion boundary
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while a predominantly equiaxed dendritic structure existed in
the weld fusion zone. The formation of predominantly
equiaxed dendritic structure in the fusion zone was attributed
to heterogeneous nucleation mechanism that was assisted by
equilibrium A13Zr phases and dendrite fragmentation or grain
detachment as a result of laser welding processes [156].

During the solidification process of weld metals, tempera-
ture gradient of the molten pool decreases and heterogeneous
nucleation of equiaxed dendrites can be initiated by the pres-
ence of nucleating particles in the center of the fusion zone. As
temperature gradient decreases, the formation of equiaxed
dendrites increases. Therefore, a decrease in the peak power
density of the laser will reduce the temperature gradient in the
fusion zone and the formation of equiaxed dendrite will be
favored [12]. Thermal gradient (G ) and growth rate (R) in-
fluence the macroscopic grain structure of weld metal and
quite a number of authors have worked on this. Norman
et al. [13] investigated the application of thermal modeling
on CO, laser beam welding of 1.6-mm-thick Al-Li-Cu-Mg-
Zr aluminum alloy. It was predicted that columnar grain struc-
tures would occur at low welding speed (high G{/R ratio or
ratio of thermal gradient to growth rate) while equiaxed grain
structures would be formed at high welding speeds (low G /R
ratio). It was also stated that dendrite arm detachment was
caused by turbulent melt flow while other particles present
in the weld pool acted as nuclei for the growth of grains in
the equiaxed structure [13].

Similarly, the microstructure of laser welded 5754-O alu-
minum alloys revealed cellular dendritic structure in the fusion
zone. Also, the weld center or fusion revealed predominantly

Fig. 10 Micrographs of Nd:YAG
laser welded 6156-T4 aluminum
alloy with 4047 filler wire: a base
metal (BM); b weld metal (WM);
¢ heat-affected zone (HAZ); d
grain boundary liquation zone
[162]
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equiaxed grain structure. The percentage or amount of
equiaxed grains in the weld center was observed to decrease
with increasing traveling speed [16]. In addition, microstruc-
tural investigation of high power diode laser welded 5083
aluminum alloy sheets was investigated by Sanchez-Amaya
et al. [11]. The inner part of the weld bead had fine equiaxed
grain microstructure. Thus, fine precipitation of the second
phases in a solid solution matrix of magnesium was observed
in the microstructure of the weld bead [11]. Regions of the
bead close to the base metal were characterized by dendritic
growth, which was attributed to higher solidification rates. In
these zones, intermetallic compounds were not completely
dissolved compared to the fusion zone that demonstrated com-
plete dissolution of intermetallic compounds to form fine mi-
crostructure during the laser welding processing of 5083 alu-
minum alloy [11]. Also, fine recrystallized grain structure was
observed in the fusion zone of Nd:YAG laser-GMA hybrid
welded 2-mm-thick 6061-T6 aluminum alloy sheets using
4043 filler wire. Likewise, the evolution of increased precip-
itate phases was observed in the heat affect zone of the welds
[145]. For instance, the pictorial representation of micro-
graphs (weld zones) for Nd:YAG laser welded 6156-T6 alu-
minum are shown in Fig. 10.

Nd:YAG laser welded 2024-T4 aluminum alloy sheets re-
vealed equiaxed dendrites in the fusion zone but columnar
zone was also observed around the equiaxed dendrites [12].
The microstructural investigation of laser-MIG hybrid welded
2219-T87 aluminum alloy sheets revealed the presence of
large percentage of fine S-Al,CuMg precipitates in the grains
of the weld metal. This precipitate was attributed to the supply
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of magnesium elements from 5087 filler wire. As a result, the
strength of the welds was improved due to the presence of
large amount of the aforementioned precipitates. In fact, it
was reported that the addition of magnesium (Mg) from
5087 wire to the molten weld puddle established an Al-Cu-
Mg ternary system. Based on this ternary system, it is obvious
that 6-Al,Cu and S-Al,CuMg phases are the likely precipi-
tates that maybe formed. However, the authors concluded that
the lower Gibbs formation energy (AG) and higher cohesive
energy of S-Al,CuMg phase ensured that it precipitated first
and its precipitates restrained the formation of 6-Al,Cu phase
because most of the copper (Cu) element of the weld pool was
consumed (there was no enough copper to form 6-Al,Cu
phase) [141].

Fine equiaxed zone or chill zone is considered to be formed
in Al-Li alloys during solidification process, under a high
under cooling condition [171]. Badini et al. [66] conducted
continuous wave Nd:YAG laser welding of 3.2-mm-thick
2139-T3 alloy to extruded 2.5-mm-thick 7xxx-T4 aluminum
alloy with the assistance of 4047 filler wire having a diameter
of 1 mm. A mixture of helium and argon was utilized by the
authors. The authors revealed that the microstructural analysis
of 2139-T3 alloy showed large grains with relatively low as-
pect ratio and that of 7xxx-T4 alloy revealed characteristic
texture caused by extrusion. However, after welding and upon
solidification of the weld puddle, fine, and equiaxed grains
were revealed in the fusion zone while the partially melted
zones showed dendritic structure with elongated grains.
Remarkable contents of alloying elements such as Si, Zn,
Cu, and Mg were present in the resultant welds prior to post-
weld thermal treatments (artificial aging at 175 °C for 8 h and
at 120 °C for 24 h). The aging performed at 120 °C showed a
certain increase in hardening precipitates in the section of
2139 alloys, and the resultant microstructure of the weld was
not affected by heat treatment compared to the as-welded al-
loys. However, post-weld aging at 175 °C for 8 h revealed
further precipitation of strengthening phases in the weld metal
[66].

Cui et al. [91] studied the microtexture of 4.5 kW Nd:YAG
laser welded 3-mm-thick 5A90 aluminum-lithium alloy using
electron backscattered diffraction analysis. A change in com-
ponent and intensity of texture was observed in the weld metal
and heat affected zone of the welded aluminum joints.
Though, the weld metal was predominantly composed of
equiaxed grains with a random microtexture [91]. A very nar-
row heat affected zone was obtained due to the low heat input
and high cooling rate. However, the fusion boundary of the
weld was majorly composed of narrow band of non-dendritic
equiaxed grains [91]. The microtexture of SA90 aluminum-
lithium sheets revealed cold rolling microtexture with strong
intensity. However, the texture’s characteristic of the heat af-
fected zone was similar to that of the base metal except that it
had a lower intensity while that of the weld metal had a

random texture [91]. Sanchez-Amaya et al. [160] employed
high power diode laser welding in autogenous welding of 3-
mm-thick 5083 and 4-mm-thick 6082 aluminum alloy
sheets. The microstructural analyses revealed dendritic
grain growth in areas with higher solidification rates (that
is external zone or part of the welds). Thus, the inner parts
of the fusion zones were predominated by fine precipitation
of the second phases in the solid solution matrixes of the
aluminum alloy [160].

7 Defects/imperfections and solutions

Like other fusion welding technologies, laser beam welding of
aluminum alloy also has its own shortcomings. Porosities,
cracking as a result of solidification shrinkage and thermal
stresses, weld inclusions, and evaporation of alloying ele-
ments [66] are some noteworthy defects in laser beam welding
of aluminum alloys. Equally, geometrical defects such as mis-
alignment and undercut could impair the quality of laser
welded aluminum joints. Thus, precise joint fit-up and place-
ment of filler materials are vital in eliminating geometrical
defects in laser welding processes. Besides, rapid and complex
flow in the molten puddle of aluminum alloys during laser
beam welding process coupled with the high cooling rate of
aluminum weld metal induces gas entrapment or porosity in
laser welded aluminum joints [24]. Also, low absorption co-
efficient of laser energy is a concern during laser welding
process of aluminum alloys. In fact, it has been emphasized
that the absorption coefficient of laser beam or radiation is a
function of laser wavelength [157]; there is an inverse rela-
tionship between the wavelength of a laser beam and the ab-
sorption coefficient of laser radiation. A laser with a shorter
wavelength, such as high power diode laser (having a wave-
length of about 808 nm), will demonstrate a higher laser ab-
sorption coefficient than other lasers with higher wavelength
such as CO, laser (10.6 um) or Nd:YAG laser (1.06 um).

Nevertheless, the main defects of laser beam welding of
aluminum alloys as reported in open literature are directly
discussed in this section. These include porosity due to dis-
solved hydrogen and other alloying elements, solidification
cracking, and surface reflectivity. Meanwhile, other defects
such as stress corrosion cracking in certain alloy, loss of
alloying elements [51], loss of precipitation hardening due to
thermal cycling, softening due to grain growth [8], and poor
weld bead geometry [3] are to some extent referred to under
corrosion behavioral, microstructural, and mechanical sec-
tions, respectively.

7.1 Porosity

Porosities are internal or external small pores or large irregular
voids (gas blowholes) formed in weld metals of aluminum
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alloys during fusion welding process or during the solidifica-
tion phase of molten weld pool. External hydrogen sources
(from welding supplements), keyhole instability as a result of
flow turbulence [42] or collapse of keyhole [51, 124], and
metal vapors (evaporation of volatile alloying elements such
as magnesium) are some manners in which porosity is formed
during laser welding of aluminum alloys. During laser
welding process of aluminum alloys, diffusion or floatation
of gases such as hydrogen is impeded [51] because of the
weld’s high cooling rate and narrow weld zone. Therefore,
hydrogen gas is entrapped in the solidifying aluminum weld
metal; numerous small pores of varying sizes are consequently
left in the resultant joint. In fact, after laser welding of
aluminum-magnesium alloy, grey powder is normally left on
the surface of the alloy’s weld area, which directly signifies
the evidence of loss of magnesium alloying element [27]. A
typical morphology of porosity in the fusion zone of laser
beam welded aluminum joint is shown in Fig. 11.

On the other hand, evaporation of alloying elements during
laser welding of aluminum alloy has a beneficial contribution
to deep penetration welding process because of the recoil
pressure of vaporization needed to create deep penetration
weld. However, this strong and dynamic pressure action cre-
ates keyhole and weld pool instabilities during laser welding
process. The unstable state of the keyhole will eventually
bring about entrapment of gases within weld metals, and it
will consequently form gas pores in the fusion zone of laser
welded joints [6].

The classification of porosity in aluminum alloys has been
carried out by a few researchers such as Geert Verhaeghe and
Hilton [7] and Matsunawa [6]. Verhaeghe and Hilton [7] clas-
sified porosity into fine and coarse porosities. Fine porosity is
referred to as a distribution of fine spherical pores in weld
bead, and it is understood to originate from hydrogen entrap-
ment or from the rejection of shielding gases during solidifi-
cation process. Coarse porosity has detrimental influence on
mechanical performance of welds, and it is referred to as ran-
dom distribution of large irregularly shaped voids in weld
bead. This is usually observed in penetrating welds and in

Fig. 11 Typical SEM analyses of
porosity in fusion zone of laser
welded 5083 alloy a 0.2 mm
spherical porosity; b magnesium
oxide enriched walls of 0.6 mm
macroporosity [124]
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keyhole instability caused by low boiling point constituents
[7]. However, the most distinctive porosity is formed in deep
penetration or keyhole laser welding of aluminum alloys.
Matsunawa [6] reports that keyhole porosity majorly consists
of large spherical and elongated cavities around the upper and
middle sections of aluminum weld metal [6]. Nevertheless,
other porosities attributed to laser beam welding of aluminum
alloys existing in open literature are summarized in Table 5.

7.1.1 Porosity preventive measures

Porosity in laser beam welding of aluminum alloys can be
reduced through two basic manners, namely, laser innovative
approach and conventional approach as depicted in Table 6.
Based on the existing literature, the laser innovative ap-
proaches for reducing the formation of porosity in aluminum
welds can be classified into five groups which include laser
pulse shaping and modulation, sub-atmospheric laser welding,
application of oscillating magnetic field, application of twin-
spot laser welding, and welding with dual beam laser.

7.1.2 Laser pulse shaping and modulation

In an attempt to stabilize keyhole during laser welding pro-
cess, laser pulse shaping and modulation were investigated by
Matsunawa [6] in 2001. He examined porosity formation dy-
namics and solutions in CO, laser welding of 5083 aluminum
alloy under a helium shielding environment via an X-ray tech-
nique [6]. Thus, his result affirms that pulse shaping and pulse
modulation with appropriate duty cycle and frequency are
efficient in reducing porosity. The shaping and modulation
of'the laser beam assist in maintaining a stable keyhole motion
by forced oscillation of the keyhole [6].

7.1.3 Sub-atmospheric pressure laser welding

Porosity defects have been effectively eliminated under sub-
atmospheric pressure Nd:YAG laser welding of 10-mm-thick
5083 aluminum alloy sheet. Weld beads without any porosity
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Table 5 Reported causes and nature of porosity in literature

Ref

Max. Diameter of pore (im)

Nature of Pores Reported causes of porosity

Alloy (filler metal) Shielding gas (flow rate)

Type of laser

[150]

[9]

150-280

Hydrogen induced

Near spherical pore

— (125 m*h?)

Hybrid fiber laser- pulsed GMA  7075-T6 (5356)

Nd:YAG laser

25-80 (sub-atmospheric condition)

Irregularly shaped pores; Hydrogen induced; keyhole

Atmospheric and sub-

5083

fluctuation; entrapped gas bubbles

micro-pores
Occluded vapor porosity Mg induced; keyhole instability

atmospheric conditions

Ar (9.4 L/min)

[27]

5754-0

Dual beam Nd:YAG laser

or blowholes
Occluded vapor porosity Mg induced; higher vaporization rate

[27]

5182-0 Ar (9.4 L/min)

Dual beam Nd:YAG laser

[155]

and pressure in keyholes
Loss of Mg induced; insufficient incident

or blowholes

5083

CO, laser

power to keep the keyhole steadily open

Keyhole instability; high cooling rate

[157]
[157]

He (5.66 m>/h)

5784
5182

Nd:YAG laser

Keyhole instability; high cooling rate

He (5.66 m’>/h)

Nd:YAG laser

were produced under sub-atmospheric pressure or ambient
pressures of 10”" Pa as shown in Fig. 12. Plasma shielding
effect is suppressed under sub-atmospheric pressure, and it is
utterly eliminated under 10> Pa ambient pressure as seen in
Fig. 13. Thus, effective laser power deposition inside the key-
hole is achieved and porosity is also extremely reduced. This
achievement was attributed to keyhole stability and change in
liquid flow (upwards movement along the rear wall of the
keyhole) [9].

7.1.4 Application of oscillating magnetic field

The instability in laser weld pool can be efficiency reduced
through the application of oscillating magnetic field. Avilov
and co-authors employed an AC magnet in inducing oscillat-
ing magnet field in the weld pool of 4.4 kW Nd:YAG laser
welding of 5754 aluminum alloy sheets. It was reported that
the induced magnetic field reduced the surface roughness of
welds and the x-ray image analysis revealed that weld porosity
was also greatly reduced. In fact, the electromagnetic field
performs electromagnetic rectification on the aluminum melts
[172].

7.1.5 Twin-spot laser welding

The application of twin-spot laser welding approach on alu-
minum alloy has shown its effectiveness in eliminating coarse
or large and irregular pores in weld metal of aluminum alloy.
Twin-spot laser welding creates elongated weld pool during
the welding process of aluminum. As a result, this offers more
room for the escape of gases that are likely going to be trapped
when a single-beam laser welding process is used. However,
evidence of the reduction of micro-pores with twin-spot laser
is still missing in literature. It was reported that the application
of a twin-spot Nd:YAG laser welding with a spot separation
(distance) of 0.27 mm effectively eliminated coarse porosity
in 3.2-mm-thick 2024 aerospace aluminum alloy, but it was
ineffective on pores smaller than 0.4-0.5 mm diameter [7].

7.1.6 Dual-beam laser welding

Dual beam laser welding approach can effectively reduce po-
rosity level in full penetration welds by paying attentions to
laser beam power ratio of the welding system. It has been
reported that an efficient porosity reduction can be attained
in dual beam laser welding of aluminum alloy by constraining
the lead/lag laser beam ratio to be greater than or equal unity
(lead/lag laser power ratio is >1) [27]. Punkari et al. [27]
investigated the effects of dual-beam Nd:YAG laser welding
on 1.6-mm-thick 1100, 5754, and 5182 aluminum alloys, re-
spectively. No evidence of porosity was affirmed in full pen-
etration welds of 5754 and 5182 alloys when the leading and
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Table 6  Generalized causes of porosity and their preventive measures in aluminum welds

Types of weld porosities Causes Preventive measures through Conventional preventive measures
innovative laser modifications

Fine porosities or spherical Hydrogen contamination Laser pulse shaping and modulation Pre-cleaning of aluminum alloys and
micro-pores [6, 7] of welding materials with appropriate frequency [6] other welding supplements [7, 22]
Coarse porosities or large Keyhole instability due to Sub-atmospheric pressure Use of low dew-point research grade
irregularly shaped voids [7] flow turbulence [42, 157] laser welding [9] shielding gas [7]
- Entrapment of gas bubbles [6] Application of oscillating Temperature controlled storage of
magnetic field [172] aluminum specimens, filler

metals and shielding gas

- Evaporation of alloying elements [6] Twin-spot laser welding to induce ~ Reduced or lower welding speed [51]
weld pool elongation [7]
- High cooling rate of deep Dual beam laser welding suitable Aluminum oxide removal through
welds [157] for full penetration weld (when chemical etching, machining, etc. [7]
the lead/lag laser beam
power ratio is >1) [27]
— High welding speed [6] - -

Fig. 12 Weld porosity levels
under varying ambient 5 * A rAR. 00y B0 2SN p 0
conditions: a atmospheric
pressure; b 10° Pa; ¢ 10! Pa; d
10 'Pa; e 103Pa [9]

-
—
N

4mm

Fig. 13 Nature of plasma plume
under varying ambient pressures:
a atmospheric pressure; b 10° Pa;
¢ 10' Pa; d 10 'Pa; e 10 °Pa [9]
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lagging beams had equal powers (lead/lag=1) and when the
leading beam had higher power (lead/lag>1).

7.1.7 Conventional approach

The conventional approach of reducing porosity is referred to
as any approach suitable for removing or reducing external
hydrogen content from welding supplements and aluminum
work-piece prior to actual laser welding process. This includes
surface preparation or cleaning of welding supplements and
work-pieces [3, 66, 124]. Thus, porosity in weld metal of
aluminum alloys can be reduced by performing filler wire
cleaning (through chemical etching, etc.), using of low dew-
point research grade helium shielding gas (high purity) and
removing aluminum oxide layer (linishing, scraping, machin-
ing, or chemical etching). After the removal of oxide layer, the
recommended time prior to welding must be less than 24 h in
order to avoid atmospheric pick up [7]. Sekhar et al. [22]
recommended in their works that pre-cleaning of aluminum
alloys’ surfaces, temperature controlled storage of aluminum
specimens and filler wires, and use of helium as processing
gas could prospectively reduce porosity levels in aluminum
weld metal. Also, steel wool scraping of the filler metal and
mechanical scrapping or linishing of aluminum base metal
need to be carried out before degreasing and welding [22].

7.2 Solidification cracking

Solidification cracking is extremely detrimental to the integri-
ty of aluminum welds. Cracks are regions of high stress con-
centration sites and weld failures often commence from these
regions. Solidification cracking in laser welded aluminum al-
loys is majorly attributed to the properties of aluminum alloys
such as high coefficient of thermal expansion, high thermal
conductivity, and high solidification shrinkage. During solid-
ification process, the induced (or restrained) contraction of the
weld causes tensile-compressive stresses in the weld zones
and this may eventually cause cracking. Though, there are
two major categories of cracking in aluminum alloy’s

weldments which are solidification cracking (it occurs in the
weld’s fusion zone) and liquation cracking (it occurs in the
narrow partially melted zone due to tearing of liquate) [51, 158].
It has also been reported that pulsing of laser power increases the
susceptibility of cracking in aluminum alloys owing to high
cooling rates and rapid solidification [12] of the fusion zone.
Also, aspect ratio (depth/width) affects the degree of cracking
in fusion zone of aluminum alloys. An increase in aspect ratio
increases the tendency of cracking in the fusion zone [48].
However, other reported causes of solidification cracking in laser
beam welding of aluminum alloys are highlighted in Table 7.

Solidification cracking has been reported to occur during or
immediately after solidification of weld metal, when the alloy
being welded passes through a temperature range where duc-
tility is incredibly low. At this unique temperature range,
cracking commences and the thermal tensile strains of the
weld exceed its endurance strain limit [12]. As a result, crack-
ing occurs in weld when the accumulated strain exceeds the
ductility limit represented by characteristic ductility curves of
specific alloys [4]. When a weld metal is solidifying, there is
thermally induced deformation as a result of thermal contrac-
tion and shrinkage from phase transformation. These condi-
tions (residual stress or strain) open up connected dendritic
arms in the mushy zone and eventually if there is an insuffi-
cient amount of liquid flow back to fill or heal up the existing
opening, solidification cracking will occur [129].

The 2024 aluminum alloy is one of the most vulnerable
aluminum alloys to solidification cracking during laser
welding [12]. Likewise, 6xxx series alloys are also highly
susceptible to solidification cracking [4]. Welding parameters
and the resultant weld’s microstructure influence the severity
of cracking in aluminum alloys. Consequently, crack mor-
phology greatly depends on microstructure of the weld metal
and overlapping factor [12]. Wang and coauthors investigated
solidification cracking behavior with the application of a
10 kW fiber laser in welding 2.5-mm-thick 6013-T6 alumi-
num alloy plate. The solidification cracking initiation site and
propagation were examined using a high-speed camera sys-
tem and through metallurgical examination. It was revealed

Table 7 Causes of cracking and their preventive measures in aluminum welds

Types of Cracking Causes

Thermal approach Metallurgical Approach

‘Weld metal solidification
cracking [51, 158]

Increase in aspect ratio
(depth/width) [48]

Liquation cracking [51, 158] Residual stress or strain [129]

Welding parameters like power
density, overlapping factor [9, 12]
High cooling rate [12]

Resultant weld microstructure [12]

Dual beam laser welding [4] Use of appropriate filler metal to
compensate for evaporated

alloying elements [3]

Double-pulse laser welding [5] Microstructural change attributed

to thermal influence [12, 129]

Modification of
cooling rate [147]
Decrease in peak power
density of laser [12]
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that the solidification cracking initiated near the fusion line
and propagated through the weld center [129]. Typical mor-
phologies of solidification cracking (longitudinal and trans-
verse cracks) in laser beam welded joints of aluminum alloys
are represented in Fig. 14.

Sheikhi et al. [12] examined the effect of power density and
overlapping factor on cracking behavior during single-spot
welding and overlap spot welding modes by using 2-mm-
thick 2024-T4 aluminum alloy. Cracking severity was charac-
terized by estimating the mean crack length of the welds and
the severity index of crack (crack length divided by surface
area of fusion zone). The authors revealed that equiaxed den-
drites and columnar dendrites existed in the fusion zone of
welds. However, the ratio of equiaxed zone to fusion zone
increased with decreasing the peak power density of the laser.
It was concluded that the mechanism of cracking in columnar
zone was based on shrinkage brittleness theory while the
mechanism of cracking in equiaxed zone was based on strain
theory [12].

7.2.1 Prevention of solidification cracking

Prevention of solidification cracking in aluminum alloys re-
volves round thermal and metallurgical factors as illustrated in

Fig. 14 Morphology of a
solidification cracking: a Crack = -
initiation and propagation; b
magnification of crack initiation
zone; ¢ magnification of crack
propagation zone [129]; d
Transverse cracks in 7075 weld
samples [18]
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Table 7. The thermal approach of preventing solidification
cracking is employed to minimize induced thermal strains in
welds, while the metallurgical approach is utilized to balance
the composition of weld metal and to equally prevent alloy
segregation. In actual fact, the thermal approach includes the
application of dual-beam laser and double-pulse laser welding
methods on aluminum alloys. On the other hand, the metal-
lurgical approach includes the use of filler metals during laser
beam welding of aluminum alloys.

7.2.2 Metallurgical approach (filler material)

Solidification cracking in laser welding of aluminum alloys
can be eliminated by using appropriate filler metal. The major
aim of appropriate filler material is to minimize the solidifica-
tion temperature interval and to equally compensate for loss of
alloying elements as a result of evaporation [3]. According to
the report of Ion [3], Al-Cu and Al-Si filler wires are popular
choices for 2000 and 6000 series alloys, respectively. Several
authors have applied different filler materials during laser
welding of aluminum alloys but only a few has reported on
the role of filler materials on solidification cracking. A com-
pilation of aluminum alloys welded with the application of
filler materials is highlighted in Table 8 while their chemical

: o MR

Welding direction 1
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Table 8  Aluminum alloys welded with filler materials

Alloy Filler materials SC Mechanical Properties Microstructural properties Corrosion properties Ref
2219 2319 - H; TS YES - [72]
6063-T5 4043 - TS YES - [22]
6061 4043 - - YES YES [122]
2A12 4043 & 2319 - TS; EL YES [143]
5005 5356 - - - - [144]
5083 5356 - - YES - [40]
6061-T6 4043 - - YES YES [145]
2024-T4 4047 - - - - [123]
1A80 4043 - H; TS; F YES - [146]
7075-T651 4043 YES H; YES - [147]
6 K21-T4 5356 - TS - - [38]
5052 5356 - YES - [148]
2219-T87 2325 & 5087 - H; TS YES - [141]
7075-T6 5356 - F - - [150]
2024 2319 - TS YES - 9]
6056-T4 4047 - - YES - [133]
6156-T6 4047 - - YES - [133]
5182 5356 - TS YES - [95]
6056-T4 4047 - TS YES - [161]
6056-T4 4047 - TS YES - [151]
6156-T6 4047 - TS YES - [151]
6156-T4 4047 - H;F YES - [162]
7075-T6 2319 & 5754 - H; TS YES - [163]
Txxx-T4 4047 - H YES - [66]

SC solidification cracking, H micro-hardness, 7 tensile strength, EL % elongation, F fatigue

compositions are given in appendix Tables 14, 15, and 17,
respectively. Equally, the nature of microstructure of the weld
zone affects cracking susceptibility. Crack severity or suscep-
tibility is reported to be minimal in fully equiaxed microstruc-
ture while it is more sensitive in columnar part of the fusion
zone [12]. Lower interdendritic spacing and finer equiaxed
dendritic grained microstructure are suggested to reduce hot
cracking susceptibility in aluminum weld metal. In fact, mi-
crostructures with longer growing primary dendrites are also
adjudged to curtail solidification cracking susceptibility [129].

7.2.3 Thermal approach (welding method)

Likewise, solidification cracking can be efficiently arrested by
welding with a dual-beam laser welding technology (addition-
al pulsed laser beam trails the weld pool created with the first
laser beam) [4]. Thus, the thermal strains established by the
leading beam are reduced by the lagging beam. Double-pulse
laser welding (Nd:YAG pulsed laser-diode pulsed laser) was
applied on 0.5-mm-thick 6082 aluminum alloy sheets. It was
reported that it effectively prevented solidification cracking
because of the second laser’s (diode) effects on the weld zone;
the laser assisted in compensating for internal strains created

by the first laser (Nd:YAG) [5] as illustrated in Fig. 15. Also,
the power density of a laser beam affects the microstructure of
welds; while the microstructure influences the susceptibility to
solidification cracking. For instance, a decrease in the peak
power density of a single-spot laser beam was reported to
increase the percentage of equiaxed zone in the fusion zone
of 2024 aluminum joints. As a result, susceptibility to solidi-
fication cracking was reduced in the laser weldment of 2024
alloy [12].

Modification of the cooling rate of weld is also classified as a
thermal approach. Modifying the cooling rate of laser welded
aluminum alloy reduces the susceptibility of welds to cracking.
For instance, intergranular liquation cracking was observed in
the heat affected zone of 7075-T651 alloy welded with a 4043
filler metal, and this crack was minimized by modifying the
cooling rate within the heat affected zone of the joint [147].

7.3 Surface reflectivity
During laser beam welding of aluminum alloy, little fraction
of the incident laser radiation maybe absorbed due to high

surface reflectivity. Also, laser plume formed just above the
weld zone could also reduce the absorption of the incident
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Fig. 15 Effect of superposition
of laser beams on weld a no laser
superposition; b double-pulse
laser welding [5]

beam during laser welding [8]. As a result, there would be a
need to increase the incident laser power (energy) required for
welding purpose. In fact, depending on purity of the alloy,
surface reflectivity of aluminum alloys can be as high as
80 % or even higher [11]. In case of high reflectivity of the
laser beam, much laser energy would be wasted or dissipated
out of the focused position.

The danger of optical feedback during laser welding of alu-
minum alloys is another major problem attributed to high sur-
face reflectivity. However, this has been prevented by
conducting and positioning laser beam at an angle to the
work-piece material. Cai et al. [9] prevented optical feedback
in their works (Nd:YAG laser welding of 5083 alloy) by
employing a laser beam having an incident angle of 50° along
the welding direction. In order to avoid optical damage of lens,
the laser incident beam was positioned at 10° to the vertical
direction while the arc torch was at 60° to the surface of the

0.25 mm
D

work piece by Zhang et al. [141]. In the works of Avilov and
co-authors, the incident angle of 15 kW Yb fiber laser beam
was about 8° to the vertical in order to prevent optical feedback
[49]. Pastor et al. [157] positioned their laser focusing head at
an angle of 75° to the aluminum plates in order to prevent
optical damage of lens due to any possibility of laser reflection.

Meanwhile, the preventive approaches that have been
employed to reduce surface reflectivity and its associated risk
during laser welding of aluminum alloys are summarized in
Table 9. The reflectivity problem in laser welding of alumi-
num alloys is expected to be overcome or positively affected
by using a high quality parabolic focusing element. A para-
bolic focusing lens increases the power density of the laser
beam at focus, compared to when a spherical focusing optics
is used. As a result, the increase in laser power density is
expected to influence the reflectivity problem of aluminum
alloy surfaces [10].

Table 9  Causes of surface reflectivity and their preventive measures during aluminum welding

Causes Preventive measures

Demerits of surface reflectivity

Aluminum alloys are reflective materials

aluminum plate [9]

Reflection of laser beam is dependent on
wavelength or laser type

Use of a definite beam incident angle to

Use of a high parabolic focusing element [10]

Danger of optical feedback or damage
to optical lens [9, 157]

More laser energy will be needed
for welding or waste of laser energy [11]

Use of oxide activating flux but a poor
weld appearance ensues due to

slag removal [167]

Superficial treatment of the surface
of aluminum alloys with black coating [11]
Use of lasers having shorter wavelengths
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Qin Guo-liang et al. [167] investigated the effect of activat-
ing flux on CO, laser welding process of 1.8 mm thick 6013
aluminum alloy. The result showed that oxide activating flux
assisted in improving the absorption of CO, laser energy as
compared to fluoride activating flux. However, slag detach-
ability was affirmed to be poor and caused bad weld appear-
ance [167].

It has been reported that high reflectivity of aluminum al-
loys are not affected by grounding or polishing of the surfaces
of aluminum alloy; laser radiation demonstrates higher reflec-
tivity under these conditions. As a result, different superficial
treatments have been examined on aluminum alloys to im-
prove laser radiation absorption during high power diode
welding of 5083 aluminum alloy sheets. It was revealed that
superficial treatments with the incorporation of black
marker layer caused higher radiation absorption in
5083 alloy and larger values of weld penetration depth
and width ensued [11].

8 Mechanical properties and corrosion behavior

Mechanical properties of aluminum alloys such as tensile
strength and ductility, fatigue and hardness can be impaired
by weld porosity, surface appearance of work piece and other
factors like the type of welding mechanism, etc. [48]. Also,
loss of strengthening alloys such as magnesium during laser
welding of aluminum alloys invariably degrades mechanical
properties of joints [131, 149]. As a matter of fact, the pres-
ence of weld defects or imperfections and loss of strengthen-
ing precipitates (solid solution or precipitation hardening
phases) in laser welded aluminum alloy are some of the prin-
cipal means through which mechanical quality of welds are
being impaired [131].

Table 10  Some tensile properties of laser welded aluminum alloys

8.1 Tensile strength

Some of the reported tensile properties of laser welded alumi-
num alloys in literature are highlighted in Table 10. The ap-
plication of filler metals, the choice of laser welding method
and porosity levels in welds affect the tensile strength of laser
welded aluminum joints. Improved tensile strength and hard-
ness of laser welded 5A90 aluminum-lithium alloy sheets
have been attributed to fine microstructure of the weld metal
or fusion zone and narrow heat affected zone [91]. Also, most
reports have shown that tensile strength of pure laser welding
method reduces weld strength. However, the use of appropri-
ate filler metal in laser welding of aluminum has greatly im-
proved weld strengths. Likewise, the strength of laser welded
aluminum alloys is considered to be better when compared to
other traditional fusion welding methods. Zhao et al. [165]
compared laser-arc double-sided welding of a 6-mm-thick
5A06 aluminum alloy with that of double-sided arc welding.
It was observed that the strength of laser-arc double-sided
welded alloy was about 91.7 % of the base metal as compared
to 82.3 % of the double-sided arc welding [165].

Also, decrease in ambient pressure influences the tensile
strength of laser welded aluminum alloys. In fact, up to
87.7 % joint efficiency has been reported and attributed to
the contribution of sub-atmospheric pressure effect. Cai et al.
[9] affirmed that the tensile strength of 10-mm-thick 5083
aluminum alloy increased up to 300.2 MPa at a critical ambi-
ent pressure of 10" Pa compared to that of atmospheric pres-
sure (254.4 MPa). However, beyond the critical ambient pres-
sure, the resultant weld strength was reported to remain the
same [9].

Likewise, the fabricated joint of 2219-T87 aluminum alloy
sheets with 2325 wire showed the presence of 6-Al,Cu pre-
cipitates in the microstructure of the weld. These precipitates
were few and coarser; consequently, it affected the tensile

Type of laser Alloy (filler metal) Joint UTS Comment Ref
Laser-arc double-sided welding 5A06 - 91.7 % of BM Due to finer grain size of the FZ [165]
CO; laser 5083 Butt  Lesser than 70 % of BM  Due to high Porosity level [155]
CO; laser 5083 Butt  More than 90 % of BM  Due to less than 3 % porosity level [155]
Fiber laser 2A97-T4 Butt  83.4 % of BM loss of precipitation hardened structure  [131]
weakens UTS
Hybrid fiber laser + pulse MIG 2219-T87 (5087 & 2325) Butt  UTS ofjoints produced  Due to formation of large amount [141]
with 5087 was 20 % of S-Al,CuMg precipitates in
higher than 2325 5087 & pinning effect of precipitates
Nd:YAG laser 5083 85.7 % of BM under Due to plasma plume suppression [9]
ambient pressure and reduced porosity
Hybrid CO, laser + MIG welding  2A12 (4043) 69 % of BM Presence of Si and Cu at the dendritic [143]
boundaries
Hybrid CO, laser + MIG welding  2A12 (2319) - 78 % of BM Only Cu was concentrated at the [143]

dendritic boundaries

UTS ultimate tensile strength, BM base metal, FZ fusion zone
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strength of the weld [141]. Jun Yan et al. [143] utilized 5 kW
CO, laser-MIG hybrid approach in welding 8-mm-thick 2A12
aluminum alloy using welding wires of 4043 and 2319, re-
spectively. It was revealed that joint efficiency of 2319 and
4043 wires reached 78 % (316 MPa) and 69 % (280 MPa) of
the base metal [143]. Zhang et al. [141] examined the strength
improving the mechanism of laser-arc hybrid (laser-MIG)
welding of 6-mm-thick 2219-T87 aluminum alloy using
5087 wire. The presence of fine S—Al,CuMg precipitates in
the weld metal and pinning effect of precipitates on disloca-
tions strengthened the resultant welds. In fact, the collision of
adjacent dendrites during the solidification process of laser-
MIG hybrid welding of 2219-T87 alloy with 5087 wire in-
duced dislocations in the joints. As a result, the interaction of
moving dislocations and precipitates caused pinning effect of
precipitates on the dislocation. This attribute was reported to
also improve the tensile strength of the welds [141].

The influence of heat treatment on tensile stress or strength
and ductility of laser welded aluminum alloys was investigat-
ed by Rafael Humberto Mota de Siqueira et al. [159]. About
1.5 kW average powered fiber laser was employed in welding
1.6-mm-thick 6013 aluminum alloy sheets in T-joint configu-
ration. The result of their hoop tensile strength revealed an
increase in tensile strength (76 MPa) and a decrease of about
4 % in strain when post weld heat treatment was performed at
190 °C for 4 h. However, at 205 °C for 2 h, the strain decrease
by 5 % and there was an increase in strength as well.
Conversely, the result of T-pull tensile tests was not affected
or influenced by post weld heat treatment [159].

Cicala et al. [173] examined the influence of operational
laser parameters on the tensile strength of 6xxx series alloy by
using continuous wave Nd:YAG laser. The authors reported
that welding speed, wire parameters like wire feed rate and
position, and fastening system had great influences on the
tensile strength of the fabricated welds. However, low welding
speeds and uniform compression fastening system are
recommenced in order to obtain optimum weld strength
[173]. Also, the influence of laser heat input on tensile
strength is revealed in Fig. 16b while Fig. 16a shows the effect
of varying laser power on engineering stress—strain properties
of 2A97 aluminum joints.

8.2 Hardness

Microstructural changes and the formation of precipitates in
laser welded aluminum alloys greatly influence the hardness
values of aluminum alloys’ weld metal [81]. Table 11 shows
some of the hardness properties of laser welded aluminum
alloys that are available in literature. For instance, a gradual
increase in hardness profile was observed in dual beam
Nd:YAG laser welded 5754 and 5182 aluminum alloys. The
hardness values increased from the base metal of the alloys
through the heat affected zone to a maximum value in the weld
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metal adjacent the fusion boundary. This hardness measure-
ment increase was attributed to the presence of precipitates
such as Mg,Al; or metastable Mg,Al; in heat affected zone
and the weld zone [27].

Meanwhile, magnesium element plays a dominant role in
strengthening. The results of laser welding of 5182 and 5754
aluminum alloys revealed that the hardness values of the weld
metal and the base metal of 5182 alloy were higher than that of
5754. This was attributed to higher magnesium content in
5182 alloy [27]. Loss of magnesium element from the weld
metal produces an equivalent drop in hardness value and a
reduced solid solution strengthening in aluminum-
magnesium alloy [27].

The application of high power diode laser in welding 5083
aluminum alloy sheets showed no evidence of heat affected
zone between the weld bead and the base metal. It was report-
ed that hardness measurements of the weld beads were slightly
higher than those of the base metal. This major increase in
weld bead’s hardness values was attributed to microstructural
changes provoked by laser heat treatment and refinement of
grain structure [11]. Also, Sanchez-Amaya et al. [160]
accessed micro hardness measurements of high power diode
laser welded 3-mm-thick 5083 and 4-mm-thick 6082 alumi-
num alloy sheets. It was reported that the micro hardness
values of the alloys’ fusion zones were slightly higher by
values between 5 and 10 HV, than those of their respective



Weld World (2016) 60:415-457 445
Table 11  Some hardness properties of laser welded aluminum alloys
Type of laser Alloy (filler metal) Joint Hardness Comment Ref
Dual beam Nd:YAG 1100-0O, 5754-0, - presence of Mg,Als Good welds were produced when the [27]
5182-0 precipitates in lead/lag laser beam power
the HAZ increases hardness ~ ratio>1
in 5754 and 5182
High power diode laser 5083 Bead on Micro hardness value of FZ  Refinement of microstructure in FZ  [11]
plate is slightly higher than that
of BM
Nd:YAG laser + MIG 1A08 (4043) Micro hardness value in FZ is  Due to the presence of brittleness [146]
hybrid welding higher than that of HAZ phase (Mg,Si) in FZ
and BM
Hybrid Nd:YAG Laser-GMA 7075-T6 (2319) Butt Micro hardness value of the  due to redistribution or segregation  [163]
welding FZ is about 70 % of BM of alloying elements
Nd:YAG laser 5A90 - Micro hardness value of Due to decrease in the quantity [156]
FZ was lesser of precipitate in the FZ
than that of BM
CO, laser 5083 Butt Micro hardness value of Due to fine solidification structure ~ [155]
the FZ is higher than BM. caused by steeper temperature
gradient
Hybrid fiber laser 2219-T87 Butt 5087 produces (81 HV) higher Due to formation of large amount of [141]
+ pulse MIG (5087 & 2325) hardness than 2325 S—Al,CuMg precipitates in 5087
(63 HV)

HAZ heat affected zone, FZ fusion zone, BM base metal

base metals. This micro hardness variation was attributed to
microstructural changes within the welds. In the same manner,
He et al. [146] examined the hardness profile of Nd:YAG
laser-MIG hybrid welded 2-mm-thick 1A08 aluminum alloy
using a Vickers indenter with a load of 0.98 N, dwell time of
15 s and spacing of 0.25 mm. It was revealed that micro-
hardness value in the fusion zone was higher than that of the
heat affected zone and the base metal due to the presence
brittleness phase (Mg,Si) of high hardness [146].

However, in the Nd:YAG laser-GMA hybrid welding of
7075-T6, dendritic structure was formed in the fusion zone
of the weld and this resulted in the segregation of alloying
elements. As a result, the hardness values of the fusion zone
were greatly impaired [163]. Cui et al. [156] examined the
influence of Nd:YAG laser welding on the hardness profile
of 3-mm-thick 5A90-T8 aluminum alloy. Lower micro-
hardness values were obtained in the fusion zone as compared
to that of the base metal. This was attributed to the decrease in
the amount of strengthening precipitates in the fusion zone
[156]. Typical hardness characterizations performed on
Nd:YAG laser-GMA welded 7075-T6 alloy are shown in
Fig. 17.

8.3 Fatigue

Metallurgical defects such as microstructural flaws signifi-
cantly influence initiation and propagation of fatigue cracks
or fatigue failure. Laser welded aluminum alloys having mi-
cropores are at risk of rapid failure during cyclic or monotonic
loading conditions [150]. Porosity is easily induced in laser

welding of aluminum alloys and pores are stress concentration
sites which aid crack initiation and propagation. Therefore, it
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is of high importance to determine the correlation between
fatigue damage and induced weld pores in welded aluminum
alloys. Some authors reported that porosities in welded alumi-
num alloys such as 7075-T6 greatly influenced fatigue crack
initiation and propagation. Under fatigue cyclic loading con-
ditions, it was observed that weld micropores grew until they
were distorted and in due course, resulted in fatigue cracks
[150]. Eibl et al. [166] revealed that the cyclic properties of
6005A-T6,361-T6, and 5083 aluminum alloys were governed
by porosity. As a matter of fact, fatigue strength was restrained
to about one half of that of the base metal due to the presence
of weld micropores [166].

The available number, size, and morphology of pores [150]
present in laser welded aluminum alloy sheets have been re-
ported to greatly impair fatigue resistance. Also, fatigue fail-
ure or crack initiation may commence from the surface pores
or pores within the resultant aluminum weld metal [150]. In
fact, it has been reported that interaction occurs between fa-
tigue cracks and pores during cyclic loading; and in some
instances, this interaction can lower fatigue crack growth rate.
Likewise, when there is fatigue crack advancement into adja-
cent pores, fatigue crack growth may be hindered due to notch
blunting effect [150]. Some of the available fatigue properties
of laser beam welded aluminum alloys are summarized in
Table 12.

Also, Wu et al. [150] examined porosity-induced fatigue
damage on fiber laser-pulsed GMA welded 2-mm-thick 7075-
T6 aluminum alloy joints using a high resolution synchrotron
radiation X-ray microtomography. The authors investigated
the spatial distribution and growth behavior of pores [150].
Irregularities in the size and location of pores or micropores in
the hybrid welds were observed. It was concluded that the
largest micropore was generally not responsible (not the pref-
erential site) for fatigue crack initiation. However, fatigue
cracks were prone to be initiated and propagated into pores
with effective diameters within the range of 10 to 100 um
[150]. Secondly, fatigue crack initiation sites were frequently
observed to commence from pores situated near the surface of
the weld while the interior pores were regarded to be relatively

safe [150]. The general morphology of fatigue cracks was
observed to be non-planar and nonlinear due to the complex
microstructural interactions between weld pores, primary, and
secondary cracks (or fatigue cracks) respectively [150].

Liu and co-authors investigated the fatigue crack growth
behavior of Nd: YAG laser welded 3.6-mm-thick 6156-T4 alu-
minum alloy plates using a welding wire of 4047 Al-Si alloy.
It was revealed that the base metal of the aforementioned alloy
demonstrated superior fatigue resistance compared to its weld
metal (lowest crack growth resistance) and heat affected zone.
However, this variation in fatigue crack resistance was attrib-
uted to microstructural changes, dissolution of second phase
particle, and grain boundary liquation in the fusion line [162].

The fatigue analysis of fiber laser welded 6013 aluminum
alloy sheets in T-joint configuration revealed that the number
of cycles to failure for the tested welds reduced. Equally, post
weld heat treatment did not affect the fatigue properties of the
alloy when subjected to 190 °C thermal treatment for 4 h and
equally, at 205 °C for 2 h, respectively [159]. He et al. [146]
investigated the fatigue behavior of Nd:YAG laser-MIG hy-
brid welded 2-mm-thick 1A08 aluminum alloy plates using a
stress ratio of 0.1 and frequency of 50 Hz. It was revealed that
the accumulated plastic strain or deformation continuously
increased in the heat affected zone of the alloy during cyclic
loading. However, no plastic deformation was observed in the
fusion and base metal of the alloy [146].

8.4 Corrosion

Corrosion behavior of laser beam welded aluminum alloys is
summarized in Table 13 while images of corroded laser
welded 6061 alloy are shown in Fig. 18. High power diode
laser welding of 5083 aluminum alloys with superficial sur-
face treatments showed clear improvement in corrosion be-
havior due to microstructural refinement. The corrosion be-
havior of the weld zones was investigated by means of elec-
trochemical techniques. Among the three superficial treat-
ments (black marker layer coated samples, chemical treatment
with black marker layer samples, and corindon blasted

Table 12 Some fatigue properties of laser beam welded aluminum alloys
Type of laser Alloy (filler metal) Test conditions Fatigue cracks General comments Ref
Hybrid fiber 7075-T6 (ER5356) R=0.1; f=10Hz Complex non-planar and non-linear  Interaction of gas pores with other pores  [150]
laser + pulsed morphological characteristics influenced the fatigue crack mode
GMA welding
CO, laser 6005A-T6; 5083; R=0& —0.1; — Presence of pores reduced fatigue strength [166]
361-T6 f=2535s" to about one half of base metal
Nd:YAG 6156-T4 (ER4047) R=-1,0.06 & Quasi-cleavage fracture with river WM had the lowest fatigue resistance [162]
0.5; =10 Hz pattern and plastic tearing due to microstructural changes
Fiber laser 6013-T4 (4047) R=0.1; f=20 Hz Mixed mode of failure (dimples Heat treatment had no influence on [159]
and cleavage) comparative fatigue behaviour
Nd:YAG laser 1A80 (4043) R=0.1 Initiation and propagation of fatigue At lower cyclic loading, fatigue crack [146]
+MIG welding crack along slip bands in the HAZ ~ was controlled by the size of gas pore
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Summary of corrosion behaviors of laser beam welded aluminum alloys

Table 13

Ref

Comment

Base metal

Weld bead

Corrosion test

Alloy (filler metal) Joint type

Type of laser

[11]

Corrosion improvement of the weld

Anode behaviour

Cathode behaviour

Bead on plate Polarisation or electrochemical tests

5083

High power diode laser

bead is as a result of microstructural

refinement during laser treatment
Increased precipitation phase enhanced [145]

Severe pitting corrosion

Weight loss corrosion test &

Nd:YAG+GMA hybrid 6061 (4043)

corrosion in the weld metal

of the fusion zone

electrochemical measurement
Bead on plate Galvanic potential measurement and The most cathodic region The most anodic region Porous nature of the surface film layer

[122]

6061 (4043)

Nd:YAG laser

and build up of intermetallic phases

increased galvanic corrosion

potentiodynamic polarization

measurement

samples), corindon blasted samples demonstrated the best
corrosion behavior on (bead on plate) welds. This behavior
was attributed to the effect of blasting superficial surface treat-
ment on magnesium evaporation; blasting process was report-
ed to minimize magnesium evaporation [11].

In the Nd:YAG laser-GMA hybrid welding of 2-mm-thick
6061-T6 alloy with 4043 filler metal, galvanic corrosion of
the weld fusion zone was reported; this was attributed to in-
crease precipitate phase in the zone. As a result, aggravation
of pitting and cracking (severe pitting and cracks) occurred in
the weld fusion zone of the alloy [145]. Also, in the works of
Mujibur Rahman and co-authors, Nd:YAG laser welded 6061
aluminum alloy sheets with 4043 filler metal demonstrated
galvanic corrosion in the weld fusion zone. This was attribut-
ed to either increase in intermetallic phases in the surface
layer or significant increase in the surface area of the weld
fusion zone. Also, it was reported that a local increase in pH
of the weld fusion zone as a result of cathodic process of the
zone caused the dissolution of the surface film or layer; con-
versely, loss of aluminum to solution and an increase of in-
termetallic phases occurred [122]. Typical corrosion potential
changes across the weld zones of laser welded 6061 alumi-
num alloy are shown in Fig. 19. It reveals that the most ca-
thodic region is the weld fusion zone while the base metal is
the most anodic region.

9 Outlook

The ultimate goal of welding is to obtain high quality welds
capable of meeting expected performance or service condi-
tions. Therefore, a full understanding of laser welding phe-
nomena during the welding process and solidification stage
will influence defect control and improvement of weld quality
in laser welding of aluminum alloys. As a rapid and complex
process, laser welding process causes intermittent or continu-
ous melting of aluminum base metal, generates fluid flow
behavior or dynamics, originates atomic or ionic distribution
of gases and metals, induces the formation of plasma or plume
(interaction of laser beam with metal vapor), and establishes
heat transfer through mechanisms or modes like conduction.
The characterization of laser welding phenomena in literature
has majorly been on pure or single-beam laser welding and
with a few observatories or numerical modeling and simula-
tion on hybridized laser welding. Limited resources on alu-
minum laser welding phenomena of tailored heat source-laser
welding technologies such as double-pulse laser welding,
double-sided laser beam welding, and dual-beam Nd:YAG
laser are available in literature. Also, limited number of liter-
atures is available on other innovative technologies like the
integration of electromagnetic field into laser welding of alu-
minum alloys.
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Fig. 18 SEM Images of corroded
Nd:YAG laser-GMA welded
joints of 6061 alloy a corroded
weld surface; b pit in fusion zone
[145]

Likewise, information on precise identification of the type
and location of interior or inner weld defects during aluminum
laser welding is still insufficient in literature. At present, de-
fects on weld seams are predominantly examined with off-line
investigational measure; this will eventually add up to
manufacturing cost. An alternative means known as on-line
or real-time monitoring of welds can help in locating and
classifying of defects during laser welding process of alumi-
num alloys and it will consequently reduce manufacturing
cost. Together with this, on-the-job information about molten
pool, keyhole and metallic vapor can also be obtained from
real time monitoring of laser welding of aluminum alloys. You
et al. [1] reported that non-contacting optical sensing such as
photodiode sensor has been proposed to be an ideal real time
monitoring technology for laser welding process, owning to
its low cost, simple structure, rich information on high fre-
quency features, and industrial manufacturing adaptability
[1]. Though, in situ X-ray transmission technique and other
high-speed powerful imaging techniques are available but few
aluminum laser welded joints have been investigated with
these technologies.
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Fig. 19 Corrosion potential plots of fusion zone, base metal and heat
affected zone of Nd:YAG laser welded 6061 alloy [122]

@ Springer

As an evolving technology, laser beam welded aluminum
alloys need full mechanical, microstructural, and corrosion
characterizations, in order to avoid catastrophic failure of alu-
minum weldment when placed in service. Currently, a host of
articles is available on microstructure, tensile, and hardness
properties of laser welded aluminum alloys. However, there
are important aspects that are still insufficient in literature;
areas such as fatigue behavior, fracture toughness, and corro-
sion sensitivity of laser welded aluminum joints are limited in
literature. Other areas like characterization of stress intensity
factor of laser welded aluminum joints, interaction between
weld defects like porosity and microstructural cracks or local
crack inducing mechanism in laser welded aluminum joints
are research areas that need further assessments.

10 Summary

The advancement in laser beam welding technology has
evolved to be considerably suitable for virtually all materials
including thin metal sheets of aluminum alloys, copper, mag-
nesium, and stainless steels such as duplex and super duplex
steels [174, 175]. With weight saving and performance en-
hancement focus, aluminum-based manufacturing has be-
come one of the most logical and efficient approaches for
weight reduction in the industries; it is at the summit of weight
reduction measures. Diverse industries such as automotive,
aviation and aerospace, shipbuilding, and high speed train
manufacturing are seeking aluminum alloys for weight reduc-
tion of their products, in order to enjoy better performance and
fuel efficiency or to meet compelling government regulations
on carbon footprint. On the other hand, industrial justifications
for the use of laser welding technology in welding aluminum
alloys are enormous and these rationalizations have strongly
impelled advancement or innovative development in alumi-
num laser welding. As a result, the fundamental concerns with
the application of laser welding technology on aluminum al-
loys are progressively being cut back. The progressions in
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laser beam welding of aluminum alloys have shown remark-
able achievements such as mitigation of porosity, inhibition of
solidification cracking, and improvement of laser energy effi-
ciency (better coupling). Consequently, this report covers the
present state-of-the-art and achievements of laser welding
technology of aluminum alloys and it logically classifies the
available aluminum laser technologies based on the number
and type of heat source/input as pure or single-beam
laser welding, laser-arc hybrid welding, tailored heat-
source laser welding and other innovative laser welding

technologies, respectively. Reviews of mechanical prop-
erties, microstructural behavior and corrosion sensitivity
of laser welded aluminum alloys are also carefully scru-
tinized. The appraisal of literature shows some research
areas that have not been fully expounded in the appli-
cation of laser welding technology on aluminum alloys;
these areas are reported under this article’s outlook.
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Appendix

Table 14  Chemical composition of laser welded non-heat treatable Al alloys

Alloy Si Fe Cu Mn Mg Zn Cr Ni \% Ti Pb Ga Others Al Ref
1A80 0.15 0.15 0.03 0.02 0.02 - - - - 0.03 - - - Bal [146]
1100 0.13 0.53 0.079 0.016 0.008 - - - - - - - - 99.2 [27]
5083 0.155 0295 0.068 0471 4.85 0.074 0135 - - 0.022 - - - 93.88 [11]
5182 0.065 02 - 0.34 4.65 - - - - - - - - Bal [20]
5083-0 0.082 0.167 0.019 0.631 4472 0.037 0121 0.022 - 0.017 - - - Bal [48]
5A06 0.4 0.4 0.1 0.5-0.8 58-6.8 02 - - - 0.02-0.10 - - Bal. [119]
5083-0 0.5 - 0.1 0.5 45 - - - - 0.15 - - - Bal [124]
5083 0.4 0.4 0.1 040-1.0 4049 025 0.05-0.25 - 0.15 - - 0.15 Bal [40]
5A06 <04 <04 - 0.5-0.8 6.0-68 — - - - - - - - Bal [149]
5083-0 0.08 0.19 0.05 0.63 4.6 - 0.1 - — - - - - Bal [109]
5083 0.4 0.4 0.1 0.4 4.1 0.25 - - - 0.15 - - 0.2 Bal [9]
5182 0.2 - - 0 4.44 - - - - - - - - Bal [157]
5754 0 - - 9.45 2.82 002 - - - - - - Bal [157]
5182 0.08 0.11 0.26 49 - - - - 0.01 - - - Bal [95]
5182 0.065 0.2 0.04 0.34 4.65 - - - - - - - - 94.66  [27]
5754 0.083  0.18 0.016 025 3.19 - - - - - - - - 96.25  [27]
5A06 0.4 0.4 0.1 0.5-0.8 58-6.8 02 - - - 0.02-0.10 - - Bal [165]
5083 0.4 0.4 0.1 0.7 4.45 0.25 0.15 - - 0.25 - - - Bal [166]
5083-T0 0.1 0.3 0.02 0.5 422 - 0.08 - 0.01 0.02 0.01 001 - 94.73  [160]

**Data not specified by the author; — indicates nil

@ Springer



Weld World (2016) 60:415-457

450

[1s1] Ted - - - - - - - - - - - 60 90 60 - I 9I-9S19
[1s1] Ied - - - - - - - - - - 7’0 60 90 80 - I L9509
[eet] Ted - - - - - - - - - - - 60 90 60 - I 9I-9519
[ect] Ied - - - - - - - - - - ¥'0 60 90 80 - I L9509
[¢] red - - - 1'0XeN - - STOXeN - - - CTOXeN 7190 1-+'0 10 xe]N g oxewt €1-L'0 9.1-7809
[891] *% *% *% *% *% *% *% *% % *% *% *% *% *% *% *% *% 9.L-C809
[891] % *3% % *% *% *% % *3% % % % ok *k *ok ok *% ok ¢1-5009
[Lo1] s P s o o w3k P P oo s oo o *k % *% *% % €109
[991] led - - - 10 - - €0 - - - 0 S0 S0 €0 Se€0 L0 9LV S009
[co1] red - - - - - - S0°0> - - - SI°0 80 1340 0L ¥80°0 L0 719619
[191] ed - - - - - - - - - - 81°0 1L°0 290 L9°0 LO0 L8°0 $1-9509
[o91] ¥0'L6 - 100 100 €00 - - 100 - - - 100 L8°0 LSO 900 €0 €01 9.L-7809
lest] fed 10°0F90°0 - - - - - - - - - = SO0F¥6'0 v0OOFLTO TOOFCSO I100FOCO CO0OFTY90 €109
log1] red 100F90°0 - - - - - - - - - = SO0F¥60 YOOFLTO TOOFC80 100F0CO CO0OFTI0 PL-€109
loz1] led - - - - - - 10> - - - STO0> 71-80 8°0-C0 1'1-9°0 S0> 0’190 9L-€109
[+] *k *x *k *x% D *x% wk *% D *% D *% D *% *x% D *% 9.L-0909
[ov] *% *% *% *x% *% *% *% *% *% *% *% *% *% *% *% *% *% 809
[ov1] *% *% *% *% *% *% *% *% *% *% *% *% *% *% *% *% *% 809
[st1] red - - - - - - €000 - - - S0 1-80 SI'o 0¥'0-S1'0 L0 8010 9L-1909
[8¢] red - - - 100 - - 00 - - - 100 Gso L00 100 91°0 I LI 9
[cei] 1TL6-$8°S6 L0 - - - - SE0—+00 - - - - 1-80 - 70-S1°0 L0 800 1909
[87] red - - - 00 - - 65C0 - - - €00 120°1 00 LLTO 681°0 SI19°0  9L-I0N 9
[Tl *ok *ok *ok *k *% o o sk ok o ok o ok ok o ok ok S1-€909
[81] ok sk ok o o o ok sk ok ok ok o ok ok o ok ok €L-¥20C
[cz1] P ok P ok ok ok P ok o P o ok P sk ok ok P 71-¥20C
[1t1] led - - - ¥0°0 - - - - 110 - $0°0 200 (430 9 1’0 S0°0  L8L-61TC
[£] ok ok ok o o o ok ok o ok o o ok ok o o ok 20T
[c1] led - - - - - - - €91 10 - - L8'C 90 171 - - 060C
[c1] led - - - S0°0 - - - - - - 800 ¥l 190 (454 - 91°0 y1L-+20C
[8s1] led - - - S0°0 - - - - - - 80°0 ¥l 190 (454 - 91°0 O-+20T
[ter] red 1 SI'0 +vC0 70 (440 €0 6'¢ o - Pl-L6VT
[cL] led - - - 900 600 - - - 1’0 - - - LTO0 S6'S 10 S0°0 61¢C
[evi] red - - - ST'0 - - - - - - A 8'1-C1 6'0—¢0 617-8'¢ S0 S0 cIve
[99] Ieg - - - (wddois - - -~ $I00 €€0 - €0 620 LOS 900 v00  €L6E1T
[69] Hok *k Hok ok o o *% o sk o sk o sk o o sk o S61¢C
Jod v sPWPO O qd IL A IN D "1 Iz 38y uz SN U e} od IS Kofry
sKO[[e TV 9[qeiean 18y papom 19se] Jo uonisodwod [eoruay) ST JqRL

pringer

Qs



451

Weld World (2016) 60:415-457

[Tu sayedIpur —
[991] [eg - - - 110 - - 90°0 870 €10 L00 920 796 91-19¢
[veil Ied - - - ST0 - - - €0 S€0 ST0 - L 9L-96¢
REN | v SYO eD ad 1L IN e} uz SN uN no o IS Kofry
SKo[[e [V 1Sed pap[om Jase] Jo uonisodwod [edruay) 91 d[qe],

[Tu soyedIpur — ‘Joypne ) Aq pay1oads 10U BIB([y

losT1] Ted - - - - - - - - - - ¥S'S 544 - €1 - - 9I-SL0L
[81] sk Kk o Kk o Kok sk sk sk sk sk Kok sk sk % % % 91-SLOL
[Lp1] [ed - - - 200 100 81°0 - - - 9L°S v'T S0°0 651 LT0 LO0  T1S9L-SLOL
[st] [ed - - - 200 - - 970 - - - PIFS L99°T £00°0 809'1 ¥80°0 €00 9L-T0N L
[¢91] led - - - - - - - - - - 191§ 671 - 0Tl S0 70 9L-SLOL
[99] reg - - - 200 - - S0 1'0 S0°01 LOE S0 19°0 110 10 pL-XXXL
BN | v sPyPO B qd IL A N n 1 Iz 38y uz SN up n) o IS Kojry

(panunuod) gy dYqeL

pringer

Qs



452

Weld World (2016) 60:415-457

Table 17  Chemical composition of filler metals used in laser welding of Al alloys

Alloy Si Fe Cu Mn Mg Cr Zn Zr Be \ Ti Others Al Ref
2319  0.04 0.1 6.1 0.29 - - - 0.15 0.1 0.15 - Bal [72]
2319 02 03 5868 0204 0.02 - 0.1 - - - 0.2 - Bal [143]
2319 *% *% *% *% *% *% *% *% % k% *% *% [163]
2319 ok ok o ok *% *% *% *% ®% k% *% *% [7]
2325 02 03 6.8 0.2 0.02 0.1 0.1 0.1 Bal [141]
4043 4560 08 03 - 0.1 - - - - - - 0.5 93.80-92.30 [122]
4043 4560 08 03 0.05 0.05 - 0.1 - - - 0.2 - Bal [143]
4043 4560 08 03 0.05 0.05 - 0.1 - - - 0.2 - Bal [145]
4043 48 0.08 0.3 0.05 0.05 - 0.1 - - - 0.2 - Bal [146]
4043 5 08 03 0.05 0.05 - 0.1 - - - 0.2 - Bal [147]
4047 12 0.8 03 0.15 0.1 - 0.2 - - - - - Bal [66]
4047 11.52 02 <0.001 0.01 0.01 - 0.001 - - - - - Bal [162]
4047  11.52 02 <0.01 0.01 0.01 - 0.001 - - - - - Bal [133]
4047  11.52 0.2 <0.01 0.01 0.01 - 0.001 - - - - - Bal [151]
5087 0.04 0.14 0.01 0.75 4.76 - 0.01 0.11 - - 0.08 - Bal [141]
5356  0.25 04 0.1 0.05-0.20 4.5-55 0.05-0.20 0.1 - 0.0008 — 0.06-0.20 0.15 Bal [40]
5356 - - - 0.1-0.5 4555 <03 - - - - <0.15 - Bal [95]

**Data not specified by the author;

— indicates nil
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