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Abstract

Laser welding, a vital process in modern industry, offers significant technical and economic
benefits, including improved part quality, precision, productivity, and cost reduction. This
study significantly enhances our understanding of heat-treatable weldability (AA2024,
AA2017, AA6061) and non-heat-treatable AA5083 aluminum alloys. It establishes a “weld-
ability window” based on power density and interaction time, identifying three key do-
mains: insufficient penetration, full penetration with regular weld, and irregular weld or
cutoff. The study’s findings reveal that heat-treatable alloys soften in the fusion zone due to
the dissolution of reinforcing precipitates during welding. In contrast, non-heat-treatable
alloys exhibit hardening due to a fine dendritic microstructure. The fusion zone features
fine dendrites, and in the heat-affected zone (HAZ), coarse particles and liquation at the
fusion line are observed, particularly in AA6061 and 2024 alloys. The study also shows
that the joint efficiency, a measure of the weld’s load-bearing capacity, is approximately
90% for the AA5083 alloy and 80% for the heat-treatable alloys. These findings significantly
contribute to our understanding of welding processes. They can be used to optimize laser
welding processes, thereby ensuring the production of high-quality and reliable joints in
industrial applications.

Keywords: laser welding; aluminum alloy; aluminum weldability; microstructure;
mechanical properties

1. Introduction
Laser welding is a rapid and accurate process of joining thin metal sheets without

filler metal to reduce weight and cost in the automotive and aeronautical industries [1–5].
It is a satisfactory technique for controlling heat input and, as a consequence, minimizing
thermal distortions [6–8].

However, aluminum alloys are difficult to weld because of surface reflectivity and high
thermal conductivity [1,3], which can favor a lack of penetration and promote a thermal
gradient that can induce thermomechanical stresses [9]. Other problems in welding these
alloys are due to the low vaporization temperature of alloying elements such as Mg [10,11],
which leads to unstable keyhole processes and porosity formation. On the other hand,
some common defects, such as hot cracking and liquation, have been reported, which lead
to the degradation of mechanical properties [6,10–12].

Many recent studies and developments have been performed to improve aluminum
alloys’ weld quality [6]. Most investigations are based on controlling the thermal cycle to
prevent hot cracking. Some experiments followed the approach of the type of laser source,
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such as CO2, Yb: fiber continuous [13–15], or Nd: YAG pulsed, [10,16–18]; other kinds
of energy distribution [11,19]; or the approach of oscillating [1] and triple-spot optics to
improve weld microstructure and reduce porosity [12].

Recent innovations in the laser process have led to the development of a high-power
Yb: YAG disc source and 2-1 fiber with high beam quality, which can produce deep
penetration welds and reduce porosity formation [20].

This study focuses on the “weldability domain” for different series of aluminum alloys
with a Yb: YAG disc source and aims to provide practical insights into the influence of the
process parameters on the weld defects. The obtained welds are categorized according to
the top weld appearance, geometrical characteristics, and full penetration, with the final
mechanical and microstructural properties correlated with the welding process.

2. Materials and Methods
2.1. Materials

Heat-treatable and non-heat-treatable aluminum alloy sheets with a thickness of
1.2 mm were investigated in this work. Two AA2024 Alclad-T3 and AA2017A-T4 alloys
were investigated for the 2XXX series, and AA5083-H111 and AA6061-T6 aluminum alloys
were investigated for the 5XXX and 6XXX series. The average chemical composition of the
aluminum sheets studied is determined using an Oxford-Cegelec FOUNDRY-MASTER
spark OES spectrometer (Table 1).

Table 1. Average chemical composition of aluminum alloy sheets (in wt%).

Mg Si Cu Fe Mn Zn Cr Ti Al

AA2017-T4 0.69
± 0.01

0.62
± 0.01

4.35
± 0.03

0.32
± 0.04

0.64
± 0.006

0.17
± 0.002

0.02
± 0.001

0.05
± 0.002 Bal.

AA2024-T3 1.36
± 0.07

0.07
± 0.002

4.29
± 0.06

0.11
± 0.002

0.39
± 0.005

0.05
± 0.002

0.0039
± 0.0003

0.03
± 0.002 Bal.

AA5083-H111 3.99
± 0.08

0.20
± 0.004

0.04
± 0.003

0.20
± 0.003

0.39
± 0.008

0.01
± 0.001

0.09
± 0.002

0.01
± 0.001 Bal.

AA6061-T6 0.8
± 0.01

0.72
± 0.01

0.20
± 0.005

0.44
± 0.01

0.10
± 0.001

0.03
± 0.001

0.02
± 0.002

0.06
± 0.002 Bal.

The chemical composition greatly influences the physical properties of aluminum
alloys, such as the solidification range and thermal conductivity. The values for the alloys
studied are reported in Table 2.

Table 2. Melting range and thermal conductivity of aluminum alloys [21–23].

Melting Range (◦C) Thermal Conductivity (in W/m. K) at 25 ◦C

AA2017-T4 535–645 138
AA2024-T3 502–638 120

AA5083-H111 570–638 120
AA6061-T6 582–652 167

Alloys with a wide solidification range and high thermal conductivity are more
susceptible to hot cracking [6]. Precipitation-hardened alloys (AA2024 and AA2017) exhibit
relatively low thermal conductivity and wide solidification ranges, which increase their
tendency toward hot cracking. In contrast, AA5083, a non-heat-treatable Al–Mg alloy,
and AA6061, a medium-strength heat-treatable alloy with a narrower solidification range
and higher thermal conductivity, are less prone to hot cracking under similar welding
conditions. The initial microstructure of wrought aluminum alloys consists of moderately
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elongated grains with insoluble coarse particles. These particles have a variable chemical
composition as a function of aluminum series and heat treatment: (Cu2MnAl20, Cu2FeAl7)
for 2XXX series, (MnAl6, Mg2Si) for 5XXX, and Mg2Si for 6XXX series. For heat-treatable
alloys, a fine hardening precipitate of CuAl2(Mg) for 2XXX (T3 or T4) and Mg2Si for 6XXX
(T6) series is present.

2.2. Welding Methodology and Parameters

Aluminum sheets are cut by laser processing to ensure a precise edge for butt joint
configuration welding. After cutting, weld plates of 150 × 32 mm and 130 × 32 mm are
mechanically polished with a P600 emery paper to eliminate superficial oxides before
welding and cleaned with alcohol.

Plates are mounted in a precise fixture to ensure correct alignment and an accurate
laser focus position relative to the joint. A trailing shield and a gas chamber with a gas flow
protect the top and root of the weld. Figure 1 shows the experimental procedure scheme,
with details of the welding fixture and the geometry of the tensile specimen.

Figure 1. (a) Experimental configuration, (b) scheme of the laser welding fixture for the butt welding
configuration, (c) welding scheme concerning the rolling direction and localization of tensile test
samples, (d) geometry and dimensions of a tensile test specimen.

The laser source used in this study is a continuous Yb: YAG laser disk (TRUMPF SARL,
TruDisk 3001, Paris, France) with a maximum power of 3 kW, an emission wavelength of
1030 nm, and a beam parameter product (BPP) of 8 mrad. The delivery fiber core diameter is
100 µm. The optical device provides a broad range of beam diameters of 120 µm to 370 µm.
The beam profiler (PRECITEC, FocusMonitor PRIMES, Le Creusot, France) measures the
intensity distribution and displays a Gaussian-like distribution at the focus point.

Table 3 lists the experimental parameters considered in determining the weldability
window. The focus point is a constant 0.3 mm below the specimen surface for better
process stability.

To normalize the effect of power, welding velocity, and focal diameter, combined
parameters such as heat input (H), power density (I), and interaction time (τ) are calculated
as follows:

H =
P
V

(1)
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I =
P
S

(2)

τ =
∅
V

(3)

P represents the laser power, S is the spot area, ∅ is the spot laser diameter, and v
is the welding velocity. From parameters I and t, the energy density (F) can be deduced
as follows:

F = I × τ (4)

Table 3. Laser welding parameters and weld characterization.

Welding Parameters Values Responses

Power [W]
Speed [m/min]

Focal spot diameter [µm]
Argon gas flow [L/min]

2500–2700 (3 levels)
1–13 (7 levels)

133–586 (7 levels)
40 (top); 20 (bottom)

Visual aspect
Weld penetration
Weld geometry

Tensile test

2.3. Weld Characterization Methods and Equipment

Metallographic specimens for optical examination and tensile tests are cut by laser
transversely from the weld area of interest to ensure a comprehensive study of the welds.
The top and bottom surfaces of weld seams are analyzed to classify welds according to their
morphological characteristics, such as penetration or weld appearance (Figure 2). Optical
examination of the cross-section using an OLYMPUS-PMG3 microscope enables analysis of
the morphology, macro-, and microstructure of the weld beads to determine weld quality.
Geometric defects such as underfill, undercut, and undesirable root profiles are evaluated
according to NF-L06-395-2010 specifications [24].

Figure 2. Examples of visual criteria used for weld quality assessment: (a) regular weld bead,
(b) irregular weld bead, (c) collapse of the weld bead, and (d) insufficient penetration. Zoomed-in
insets have been added to highlight key morphological features in each case, allowing for a more
detailed visualization of typical defects and weld characteristics.
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A scanning electron microscope (SEM) ZEISS GEMINI 1 coupled to an OXFORD
X MAX energy dispersive spectrometer (EDS) is used to study the heat-affected zone
(HAZ) and fusion zone (FZ) microstructure and defects such as cracks or porosity more
thoroughly. Acceptable welds in the operating window are then tested in a tensile test using
an INSTRON 5982 series testing machine at room temperature, with a constant crosshead
speed of 1 mm·min−1. These tests are carried out in the transverse direction of the sheets,
and three samples are tested for each welding condition.

2.4. Hot Cracking Test

A crack susceptibility test based on the self-restraint cracking test is carried out on
the aluminum alloys most susceptible to hot cracking [12]. This test consists of producing
a fusion line on a trapezoidal specimen. The widths WF and WS of the trapezoidal plate
are critical parameters for crack initiation and propagation, as they control the temperature
gradient and, therefore, the thermal expansion of the melt pool in a perpendicular direction.
The greater the width of WF and WS, the less severe the crack test. An optimized width WS
of 20 mm and WF of 60 mm for a specimen length of 200 mm was suggested by Matsuda
et al. for crack initiation in aluminum alloys.

Our experiment is carried out on a modified trapezoidal specimen [25], embedded at
the broadest edge by a fixture specially designed for this study (Figure 3a). A fusion line
of 150 mm in length (LW) is made in the center of the specimen (Figure 3b). The length Lc
of the hot crack is measured for each test by optical binoculars (Leica Wild M420) at ×32
magnification. A “critical width” (WC) is obtained at the width where crack propagation
stops. Solidification crack susceptibility can be characterized by the crack length (Lc) or
the ratio LC

LW
and the parameter WC. The longer the LC and WC, the higher the crack

susceptibility. An argon flow of 20 L·min−1 and 10 L·min−1 protects the specimens’ top
and bottom from oxidation during laser welding (Figure 3c). Three specimens are tested
for each welding condition.

Figure 3. (a) Schematic representation of the trapezoidal sample; (b) specimen geometry [25], weld
line location, and determination of the critical width of the WC; (c) configuration of the self-restraint
cracking test.

3. Results
3.1. Process Window and Weld Quality

The results of the visual inspection of the weld joints are plotted as a function of
laser power density and interaction time (Figure 4). This approach allows us to assess
an essential process window for all aluminum alloys in a butt joint configuration.
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Figure 4. Laser welding process window according to weld penetration and weld aspect for the
aluminum series, after visual inspection. Laser welding process window for aluminum alloys
according to specified geometric criteria in the NF-L06-395-2010 standard (acceptable weld).

These graphs underline that a process window exists for all aluminum series. It is
marked by two boundaries, which delimit approximately three domains: a domain with
insufficient penetration, a domain with full penetration and regular weld, and another
with irregular weld or cutoff. This first approach highlights an operating window that
is significantly reduced in the case of AA2017 and AA6061 compared to AA2024 Alclad
and AA5083 alloys. The threshold intensity for full penetration varies according to the
aluminum alloy. A minimum power density of 2.5 × 106 W/cm2 is required for AA2024
Alclad, AA2017, and AA6061, whereas it is twice as low for AA5083 alloys. This is mainly
a function of power density and chemical composition. The high content of elements
with a low boiling temperature, such as Si, Mn, Mg, and Zn, evaporates, favoring keyhole
formation [26]. The difference in surface composition between AA2024 Alclad and the
AA2017 alloy does not significantly affect the absorption of the laser beam. However, for
the AA5083 alloy, a large amount of magnesium (4.0 to 4.9), compared to AA2024 Alclad,
AA2017, and AA6061 alloys, appears to affect the penetration threshold density of the
welds significantly. This can be explained by the lower boiling temperature of Mg than Al,
favoring Mg vaporization and forming a deeper keyhole.

Regarding the influence of the interaction time, this parameter tends to favor weld
irregularities and over-penetration in the power density range studied. In the case of the
AA2017 and AA6061 series, irregular welds appear as early as 4 ms, whereas AA2024
Alclad and AA5083 are present at values two and three times higher, respectively. The weld
densities are too high at high power densities and long interaction times, and the baths
collapse. Optical examinations of the weld geometry are reported and plotted as a function
of the power density and interaction time.

Preliminary welding tests are first carried out on AA2024 to evaluate the feasibility of
different combinations of power density and interaction time. These trials reveal that certain
parameter sets systematically result in welds with unacceptable geometrical defects, such
as lack of fusion or excessive collapse, regardless of the energy density value. Consequently,
these combinations are excluded from further testing. As a result, a higher number of
energy density levels is presented for AA2024 in Figure 4. In contrast, only the most
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promising and defect-free conditions are retained and applied to the other alloys. These
standards are strictly adhered to, guiding the correct weld geometry. This phase allows
us to obtain a weldability window, which underlines conditions that lead to an acceptable
weld bead, ensuring the validity of the process. The width of the top and bottom welds does
not meet the standard criteria and is the primary defect in the welds. Incorrect welds are
wider than the maximum acceptable widths at the top and bottom. Other geometric defects,
such as underfill or undercut, are not present. The weldability windows for AA2024 Alclad
and AA2017 alloys are more reduced than for AA6061 and AA5083 alloys. An increase
in interaction time up to 4 ms for 2024 and AA2017 alloys results in defective weld joints
at the top and bottom. The interaction time is a limiting factor in obtaining an acceptable
weld seam.

3.2. Effect of Energy Density on Weld Shape

The influence of energy density is investigated on AA2017, AA2024, AA5083, and
AA6061 aluminum alloys. The welding bead width tends to increase with increasing energy
density, which aligns with the results of Faye et al. [27] (Figure 5). A linear relationship
between this parameter and the top weld width can be established. However, it should
be noted that an increase in energy density does not have the same effect on bead width,
according to the aluminum alloys. It can be observed that the smallest top weld widths are
obtained with alloy AA5083.

Figure 5. Influence of energy density on top weld width for AA2017, AA2024, AA5083, and AA6061.

While power density and energy density may appear conceptually similar, they are
distinct physical parameters and should not be directly compared. Energy density reflects
the total input per unit length, while power density characterizes the instantaneous concen-
tration of energy on the surface. Nevertheless, in our experimental configuration, power
density is strongly correlated with laser power, as the focal spot diameter remains relatively
constant within a narrow range.

Our results (Figure 6) show that the interaction time has a more pronounced effect
than power density on the top weld width. This observation suggests that the duration of
energy input—rather than its instantaneous intensity—is a dominant factor in controlling
heat conduction perpendicular to the welding direction. This is in agreement with the work
of Ahn et al. [16], who reported similar behavior. The role of interaction time is therefore
critical in understanding and optimizing the weld bead geometry.

Optical observations after a metallographic cross-section (Figure 7) exhibit an “hour-
glass” morphology for all laser welds, typical of a stable keyhole mode [16]. This morphol-
ogy tends to change from an “hourglass” shape to a large rectangular shape with increasing
energy density. In addition, minor geometrical defects such as underfill and undercut are
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present, which confirm a stable welding regime [16]. Equiaxed dendrites are visible in
the center of the melted area, while in the peripheral zone, dendrites are columnar and
oriented, following the thermal gradient during solidification.

Figure 6. Influence of interaction time (a) and power density (b) on the face weld width for AA2017,
AA2024 alclad, AA5083, and AA6061 aluminum alloys.

 

Figure 7. Evolution of the transverse cross-section of weld seams produced with given interaction
times of 1 ms ((a), (c), (e), (g)) and 3 ms ((b), (d), (f), (h)) producing energy density of 1.2 × 10 4 and
3.6 × 104 J/cm2, for welding of AA6061 (a) and (b), AA2017 (c) and (d), AA2024 (e) and (f), and
AA5083 (g) and (h); Optical microscopy, Keller etching.

Some micro-voids are visible in the FZ, with an average diameter of 10–50 µm. ImageJ
(version 1.54f), a free and open-source image processing software widely used in scientific
analysis, is employed for the quantitative measurement of micro-voids. Their proportion,
evaluated in a cross-section, is less than 1%. A few process porosities with a larger di-
ameter in the 100–120 µm range are occasionally present. These round, regular-shaped
micro-voids are characteristic of hydrogen discharge due to a drop in solubility during
solidification [18,28]. The absence of coarse and irregular porosity confirms stable keyhole
conditions for welds within the weldability window.
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3.3. Microstructure and Microhardness of the Welded Joint

A metallographic cross-section highlights three distinct zones: base metal (BM), heat-
affected zone (HAZ), and fusion zone (FZ) (Figure 8). A columnar dendritic structure
marks the fusion line between the FZ and the HAZ, following the thermal gradient
during solidification.

 

Figure 8. Examples of microstructure at the fusion line for acceptable welds obtained at
3.6 × 104 J/cm2 (Keller etching) for (a) AA2024, (b) AA2027, (c) AA6061 and (d) AA6061 alloys.

Some coarse and dark particles are visible in the HAZ, with liquation at the fusion
line, for the AA5083, AA6061, and 2024 series. This liquation is usually the starting point
for solidification cracks [6,29].

The microstructure in the FZ shows a dendritic structure for AA2017 and AA2024
alloys and an equiaxed structure for AA5083 and AA6061 alloys with no solidification
orientation (Figure 9). The presence of precipitates is not visible at this scale. A fast cooling
rate characterizes the presence of fine dendrite arms in the FZ during welding [30]. For
acceptable weld joints, the FZ must be free from cracking.

 

Figure 9. Example of dendritic microstructure in the FZ of the butt joints for acceptable welds obtained
at 3.6 × 104 J/cm2 (Keller etching), for (a) AA2024, (b) AA2027, (c) AA6061 and (d) AA6061 alloys.
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3.4. Vaporization of Magnesium

Many studies have highlighted the evaporation of Mg for aluminum alloys [6,16,27,30]
in the keyhole welding mode due to its low melting point and high vapor pressure. This
loss of Mg degrades the mechanical properties and favors porosity [31].

In this part, two welding conditions are selected for energy dispersive X-ray (EDX)
microanalysis to study the conditions for Mg vaporization. The first condition corresponds
to an energy density at 1.2 × 104 J/cm2 with 2500 W, 3.2 m/min1, and a 163 µm beam diam-
eter, and the second condition to an energy density three times higher at 3.6 × 104 J/cm2

with 2500 W, 9.8 m/min1, and a 163 µm beam diameter.
The average Mg content in the FZ welded specimens is measured on a cross-section

(Figure 10b). There is no significant loss of Mg in the FZ on the welded specimens. Con-
sequently, the fine porosity highlighted above could be attributed to hydrogen rejection
in the melt zone due to the reduction in solubility. Nevertheless, a heterogeneous local
repartition of Mg is visible in the FZ. It seems more pronounced in the sample welded at a
higher energy density and lower welding speed.

Figure 10. (a) Sites of interest for EDX analysis on a cross-section of welded samples, (b) Mg weight
content across sample T1 welded at 3.6 × 104 J/cm2 (2500 W, 3.2 m/min, 163 µm diam.), and sample
T10 welded at 1.2 × 104 J/cm2 (2500 W, 9.8 m/min, 163 µm diam.).

This may be related to chemical microsegregation due to the dendritic microstructure.
On the other hand, the specimen, which is welded at a higher welding speed, shows
a fine equiaxed dendritic structure (Figure 11). Welding speed is the first-order processing
parameter that controls the heat input and, consequently, the evaporation of chemical
elements and the cooling rate [16]. Although a keyhole mode risks vaporizing alloying
elements, high-speed welding reduces the loss of Mg as the interaction time becomes shorter.

 
(a) (b) 

Figure 11. SEM observation of FZ microstructure: (a) columnar dendrites for the sample welded at
3.2 m/min, (b) equiaxed dendrites for the sample welded at 9.8 m/min.
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The thermal effect of welding on the microstructure is measured using a ZWICK/ROELL-
EMCO-Test microhardness tester in a transverse section in the center of the molten zone
(Figure 12). These results show that the FZ’s microhardness has a 30 to 50 HV drop for the
AA2017, AA2024, and AA6061 alloys compared to the received sheets. On the contrary,
an increase of around 10 HV for the AA5083 series can be noticed. A similar trend has
been reported [1]. For the precipitation-hardening aluminum alloys AA2017, AA2024, and
AA6061, this FZ softening can be explained by the dissolution of strengthening phases
AlCu2 or Mg2Si, present at T3 or T4 temper for as-received sheets [16,23]. Concerning the
slight increase in hardness for the AA5083 series, a possible explanation is a mechanical
reinforcement because of the supersaturation of the solid solution combined with the
formation of fine dendrites induced by a fast cooling rate [1,23].

Figure 12. Microhardness profiles across acceptable welded joints at mid-thickness obtained with
3.6 × 104 J/cm2.

As seen in Figure 12, the thermal effect of the weld is less pronounced in the HAZ
than in the FZ for AA5083 and AA6061. Regarding the AA2024 and AA2017 alloys, the
slight increase in HAZ hardness is around 20 points higher than in the BM. This could be
explained by a re-precipitation of AlCu2 hardening particles under the thermal effect after
reaching the solution temperature.

3.5. Tensile Properties of Welded Joint

Tensile tests are only performed on acceptable full-penetration welds. Three sam-
ples are tested for each welding condition. Figure 13 shows that the fracture position
of the laser welds seems to vary with energy density (Figure 13). For an energy density
of 1.2 × 104 J/cm2, the fracture of heat-treatable AA2024, AA2017, and AA6061 welded
samples is located in the FZ, while for the non-heat-treatable AA5083 alloy, the fracture is
located in the HAZ/BM.

Figure 14 shows the joint efficiencies for all aluminum alloys: the ratio of weld strength
to base metal strength.
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Figure 13. Fracture location after tensile tests of butt joints welded at (a–d) 1.2 × 104 J/cm2 and
(e–h) 3.6 × 104 J/cm2.

Figure 14. Joint efficiency of butt joints for AA2017, AA2024, AA5083, and AA6061 aluminum alloys
as a function of energy density: (a) 1.2 × 104 J/cm2 and (b) 3.6 × 104 J/cm2.

Laser-welded joints of the AA5083 alloy appear to have the highest joint efficiency
compared to the AA2024 Alclad, AA2017, and AA6061 alloys. The tensile strength of the
AA5083 alloy is 90% of the base metal strength, while the tensile strength of the AA2024
Alclad, AA2017, and AA6061 alloys is between 85% and 75% of the base metal strength.
Similar results using a conventional fiber and the Nd: YAG laser source were reported by
Cao et al. [23]. An increase in energy density appears to slightly affect the AA2024 Alclad
alloy’s joint efficiency, which remains in the range of 60 to 80% of the base metal strengths,
as reported by Cao et al. For the heat-treatable alloys AA2024 Alclad, AA2017, and AA6061,
the reduction in tensile strength can be mainly attributed to the loss of hardening in the FZ
and HAZ due to the dissolution of precipitate phases. In contrast, for the non-heat treatable
alloy AA5083, the cause of this reduction in strength may be the loss of Mg [6] and the
presence of porosity in the FZ.

The decrease in ductility is generally due to a cumulative effect between the microstruc-
tural change in the FZ, the orientation concerning the tensile solicitation, and the presence
of defects such as porosities and defect geometries such as underfill and undercut [1,23].
This is believed to be due to the microstructural orientation and porosity in the weld bead
for our welding conditions. On the other hand, an increase in energy density tends to
reduce the ultimate tensile strength, with an improvement in elongation at break for all
aluminum series. The tensile strength of the AA2024 alloy remains higher than that of the
other alloys.
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3.6. Hot Cracking Susceptibility

The susceptibility to hot cracking depends on many parameters, such as alloying (Mg,
Si, Cu. . .), solidification temperature range, thermal conditions, types of joints, and fixture
design. Thermal and solidification contraction can promote hot cracking by increasing
external stress during cooling. Heat-treatable 2XXX and 6XXX aluminum alloys have
a greater tendency toward hot cracking than work-hardening 5XXX alloys [12,23].

Consequently, a comparative study is conducted on the most sensitive AA2024 Alclad
and 6061 alloys. Figure 15 shows the crack length of the tested specimens after the self-
restraint cracking test as a function of the heat input. A red arrow marks the end of the
crack as determined by optical binoculars.

Figure 15. Macroscopic appearance of solidification cracking in AA2024 Alclad (a–c) and AA6061
(d–f) alloys with a WF and WS width of 20 mm and 60 mm, respectively, as a function of welding
energy density.

Figure 16 shows details of the macroscopic morphology of the solidification cracks
along the weld center. The crack in the center does not propagate in a straight line; it
appears to follow the grain boundaries.

The hot crack propagation increases with the heat input due to more melted material
and, consequently, more significant contraction (Figure 17a). These results agree with
Ahn et al. [16]. The AA2024 Alclad alloy exhibits a higher propensity for crack formation
than the AA6061 alloy (Figure 17b). Melting of the Alclad layer and its dilution in the
weld bead do not appear to improve the crack susceptibility of the alloy. The 2024 alloy
is twice as susceptible to cracking as the 6061 alloy. The thermal conductivity and so-
lidification range of aluminum alloys have a significant influence on their susceptibility
to hot cracking during laser welding. Alloys such as AA2024 and AA2017, which are
precipitation-hardened and contain a relatively high amount of copper, exhibit lower ther-
mal conductivity (~120–138 W/m·K) and wide solidification ranges (over 130 ◦C). These
characteristics contribute to steep thermal gradients and a prolonged mushy zone during
solidification, conditions that are known to favor hot cracking.
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Figure 16. Details of the solidification crack in the horizontal plane of the weld joint. AA2024
alloy welded at 180 kJ·cm−1 (a), 280 kJ·cm−1 (b), and 458 kJ·cm−1 (c); AA6061 alloy welded at
180 kJ·cm−1 (d), 280 kJ·cm−1 (e), and 458 kJ·cm−1 (f).

Figure 17. Comparison of the solidification crack susceptibility of AA2024 Alclad and AA6061 alloys
as a function of heat input: (a) critical width WC, (b) LC

LW
ratio.

In contrast, AA6061 has a higher thermal conductivity (~167 W/m·K) and a narrower
solidification range (~70 ◦C), which promote more uniform heat dissipation and reduce
the duration of the partially solidified state. AA5083, a strain-hardened Al–Mg alloy,
also shows relatively better behavior with respect to cracking, despite its lower thermal
conductivity, due to the absence of low-melting eutectics typically found in Cu-containing
alloys. These differences help explain the observed variations in hot cracking sensitivity
among the studied alloys.

Metallographic examination of the crack formation at the top of the weld after pol-
ishing and chemical etching shows crack propagation at grain boundaries with different
appearances (Figure 18). Cracks in alloy AA2024 propagate almost in a straight line and
appear to follow the boundary of columnar grains, whereas in alloy AA6061, the sinuous
propagation follows the contour of more equiaxed grains. A columnar microstructure is
more prone to hot cracking than an equiaxed microstructure since it is more difficult for the
liquid metal to maintain a uniform distribution [16,17]. The crack location and appearance
of the AA2024 alloy remain unchanged with increasing heat input, as there is no significant
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change despite a slight coalescence of the dendrites. In alloy AA6061, the cracks are more
deflected due to the coalescence of the equiaxed grains.

Figure 18. Relationship between hot crack propagation and microstructure of AA2024 and AA6061
alloys welded at (a–d) 180 kJ·m−1 and (e–h) 376 kJ·m−1. General views ((a), (c), (e), (g)) and detailed
cracked areas ((b), (d), (f), (h)).

SEM analysis of the fracture surface of the crack shows a smooth, intact dendritic
appearance typical of solidification cracking (Figure 19). This aspect could indicate that the
cracking occurs in a liquid phase at the final stage. The presence of some granular areas
(yellow arrows) for AA6061 alloys could be attributed to a ductility crack due to partial
film solidification.
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Figure 19. Characteristics of the surface of solidification cracks in AA2024 ((a), (b)) and AA6061
((c), (d)) alloys welded at 180 kJ·cm−1; general ((a) and (c)) and detailed views ((b) and (d)). Yellow
arrows point granular fracture surface.

4. Conclusions
This study has demonstrated the possibility of obtaining a weldability window for

laser keyhole welding of 1.2 mm-thick aluminum alloys of AA2024 Alclad, AA2017,
AA6061, and AA5083 series using a Yb: YAG laser disc. The following conclusions
were reached:

1. The power density parameter controls the weld penetration, while the interaction time
controls the weld geometry. Optimizing these parameters favors keyhole stability and
reduces defects such as porosity, weld geometry, and hot cracking.

2. For the AA2024 Alclad and AA2017 aluminum series, a columnar dendritic structure
is observed in the FZ for welds in the weldability window. In contrast, for the AA5083
and AA6061 alloys, morphology is essentially equiaxed dendritic. A liquation phe-
nomenon at the fusion line between the FZ and HAZ is present for all welds in the
weldability window.

3. The Vickers hardness values over the whole cross-section associated with this mi-
crostructure are shallow in the FZ compared to the BM for heat-treatable aluminum
alloys. This is a consequence of the dissolution of the strengthening phase. In the
case of the non-heat treatable alloy AA5083, a slight increase in hardness is observed,
probably due to solid solution supersaturation and microstructural refinement.

4. Tensile strength and elongation after fracture of welded specimens are lower than the
BM for all aluminum series. The fracture of the welded joints is located at the FZ or the
FZ/HAZ line. Laser welds of AA5083 alloy have the highest joint efficiency compared
to the AA2017, AA2024 Alclad, and AA6061 alloys.

5. A self-restraint crack test on the hotter crack-sensitive alloys AA2024 Alclad and
AA6061 shows that the crack length increases with increasing heat input for both
aluminum alloys. However, the crack sensitivity of the AA2024 Alclad alloy appears
to be higher than that of the AA6061 alloy, probably due to the presence of a columnar
dendritic structure, which favors crack propagation.
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