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Abstract Keyhole-induced macro-porosity, which results
from the collapse of the keyhole that formed by the reaction
forces of metal vapors, is a major problem limiting laser and
laser-arc hybrid weldability of age-hardenable aluminum al-
loys, such as AA2024-T3. The mechanism of porosity sug-
gests that the weld metal solidifies more rapidly than the pos-
sible rise velocity of the gas bubbles that formed during key-
hole collapse, resulting in severe porosity. The porosity be-
havior of AA2024-T3 during laser-arc hybrid welding was
studied using microscopy and X-ray radiography techniques.
Porosity-free welding of the alloy is attainable in the conduc-
tion mode welding, whereas porosity increased significantly
with increased laser intensity during keyhole mode welding.
Porosity was mostly severe when the beam was focused at the
surface of the workpiece. The laser beam and the arc decouple
from each other with increased laser-wire distance, affecting
keyhole depth and porosity. In order to control porosity during
laser-arc hybrid welding of aluminum alloys, the role of var-
ious welding parameters on the material’s response should be
balanced with the required weld geometry.
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1 Introduction

Precipitation-strengthened aluminum alloys such as the 2000
and 7000 series alloys continue to be used for various struc-

tural applications in aerospace, automotive, and other indus-
tries due to their specific strength. Fabrication of complex
components usually requires a method or a combination of
methods of joining. Welding of various parts during fabrica-
tion is a common practice. Advancement in welding research
led to the development of high-power beam techniques such
as laser and electron beam welding with lower heat input and
deeper weld penetration characteristics. Recent developments
in the welding of precipitation-strengthened aluminum alloys
show that laser welding of this class of alloys is becoming
increasingly attractive [1–3]. An even more advanced method
simultaneously combines a laser beam and an electric arc in
what is referred to as laser-arc hybrid welding, making use of
the synergy between the two heat sources in achieving advan-
tages such as increased weld penetration and increased filler
metal deposition rate, improved gap and misalignment toler-
ance, enhanced process stability, and improved overall weld
quality [4–7].

Although the laser-arc hybrid welding technique pro-
vides a revolutionary way of joining materials by com-
bining the advantages of laser welding and arc welding,
studies have shown that precipitation-strengthened 2000
and 7000 series aluminum alloys usually exhibit
weldability problems during welding [8–11]. One of
the major problems during keyhole mode laser and
laser-arc hybrid welding of the alloys is their suscepti-
bility to macro-porosity in the weld metal. Macro-
porosity during laser welding has been attributed to
the instability of the keyhole formed by intense evapo-
ration of materials during laser-material interaction [12,
13]. Keyhole-induced porosity is different from
hydrogen-induced porosity [11, 14], which is more mi-
croscopic in nature, and interdendritic porosity [15] that have
been reported by other researchers. Porosity during welding of
materials can result in loss of mechanical strength and creep,
fatigue, and corrosion failures [16, 17].
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The mechanism of macro-porosity during high-power
beam welding is somewhat understood. However, a review
of the current state of research on porosity formation during
keyhole laser and laser-arc hybrid welding of aluminum alloys
suggests that optimization of the welding processes requires
the acquisition of more data on the various factors contribut-
ing to porosity and the development of an approach to elimi-
nate or significantly mitigate this problem. In this present
work, the authors discuss the mechanism of macro-porosity
and present their evaluation of the porosity response of
AA2024-T3 during laser-arc hybrid welding. A possible ap-
proach for controlling porosity in the alloy is suggested. The
results are elucidated in this article.

2 Materials and methods

The materials used in this study are AA2024-T3 welding cou-
pons (base alloy) and AlSi5 (ER4043) welding wire. The
welding coupons were received in the form of plates having
dimensions approximately 125 mm×50 mm×6 mm, while
the 0.89-mm diameter welding wire was received in the form
of a spool. The compositions of the base alloy and the welding
wire are presented in Table 1. The surfaces of the welding
coupons were ground using silicon carbide papers in order
to remove surface oxides. The coupons were then subsequent-
ly cleaned with acetone. The welding equipment used consists
of a 6-kW continuous wave Y-YAG laser and a Fronius 500-
amp gas metal arc (GMA) welder integrated in the laser-arc
hybrid welding configuration. The welding system was auto-
mated using a Yaskawa Motoman HP50 6-axis robot. All
welds were made as bead-on-plates using the welding param-
eters listed in Table 2.

In order to analyze porosity in the weldments, X-ray radi-
ography was carried out using a VJ Technologies X-ray sys-
tem. The X-ray source was operated at 130 kV and 5 mA.
Radiographs were produced from two planes at right angles
to each other, parallel to the welding direction. Approximate
diameters of pores were determined from the radiographs. The
welded coupons were sectioned transverse to the welding di-
rection for microstructural analysis. The weld sections were
prepared using standard metallographic procedures. In order
to reveal the fusion boundaries and the microstructure of the

welds, the specimens were chemically etched by immersion in
Keller’s reagent for 30 s. They were then analyzed using a
Nikon SMZ800 optical microscope equipped with NIS-
Elements D imaging software and a Hitachi TM1000 scan-
ning electron microscope (SEM). The dimensions of the weld
beads were determined using the optical microscope and used
alongside the approximate diameters of the pores to estimate
the percent porosity in the weld metal.

3 Results and discussion

3.1 Keyhole-induced porosity in the welds

X-ray radiographs that were taken from two perpendicular
planes of a laser-arc hybrid welded AA2024-T3 material that
was welded with a laser power of 4 kWare presented in Fig. 1,
showing macro-porosity in the weld. Radiographs taken from
perpendicular planes allow easy differentiation between po-
rosities that may appear overlapping from only one direction.
The radiograph at the top of the figure was taken from the top
plane of the weld (designated as 0°), while the bottom radio-
graph was taken from the side of the weld in the transverse
direction (designated as 90°). The macro-size pores are ran-
domly distributed along the weld without any noticeable dis-
tribution pattern, and the pores could be approximated to be
spherical in shape. A more detailed study of the porosity re-
vealed that the average pore diameter, depending on the

Table 1 Chemical compositions of the base alloy and the welding wire
(weight percent)

Alloy Si Fe Cu Mn Mg Cr Zn Ti Al

AA2024 0.5 0.5 4.9 0.9 1.8 0.1 0.3 0.2 Bal.

ER4043 5.0 0.8 0.3 0.1 0.1 - 0.1 0.2 Bal.

Table 2 Welding process settings and parameters

Welding parameters

Filler wire ER4043

Wire diameter 0.89 mm

Laser power 2.5, 3.0, 3.7, and 4.0 kW

Laser focus −2, −1, 0, 1, and 2 mm

Process ordering Laser leading

Laser-wire distance 1, 2, 3, and 5 mm

Welding speed 1.0, 1.5, 2.0, and 2.5 m min−1

Wire feed speed 7 m min−1

Shielding gas Argon

Shielding gas flow rate 20 L min−1

Fig. 1 X-ray radiographs of an AA2024-T3 material that was laser-arc
hybrid welded with a laser power of 4 kW
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welding process conditions, could range from about 0.4 to
1.3 mm. Figure 2a is an optical image showing a macro-size
pore of approximately 1.2-mm diameter in the weld metal of

the laser-arc hybrid welded material. The SEM micrograph of
Fig. 2b, which is the rectangular inset in Fig. 2a, shows the
solidification microstructure of the weld metal at the boundary
between the solidified metal and the pore that was completely
devoid of solid materials. It was observed that the pores are
either completely devoid of any solid material, as in Fig. 2a, b,
or could be partially void with molten material somewhat
encapsulated within the void, as in the SEM image of
Fig. 2c. Nevertheless, excessive amount of porosity, such as
observed in the laser-arc hybrid welded AA2024-T3 material
in this present work, is known to limit components’ lifetime
by degrading the material’s properties [12, 16, 17]. Therefore,
it is important to develop an approach for reducing or totally
eliminating porosity problems during laser and laser-arc hy-
brid welding. The development of a mitigation approach
would require an adequate understanding of the mechanism
and the factors influencing porosity during welding.

Irradiation of a metallic material by high-intensity laser
beam could produce an amount of heat that is sufficient to
break atomic bonds, thereby causing vaporization of the ma-
terial and, in many cases, removal of electrons from the va-
porized metal atoms and from gases in the interaction zone,
resulting in plasma generation [18]. A keyhole eventually
forms in the material under the influence of significantly
high-intensity beam by the recoil pressure that pushes the
surrounding moltenmaterial when the high-temperature vapor
and plasma expand [18]. The keyhole is held open by the
recoil pressure generated by this non-equilibrium evaporation
of particles [19]. Earlier analysis of the nature of the keyhole
suggested that the stability or collapse of the keyhole is dic-
tated by the competition between different forces acting on the
keyhole [19]. In the analytical study of quasi-static laser key-
hole welding byKroos et al. [19], the twomajor forces, among
others, that were observed to provide the pressure balance
required to maintain a stable keyhole are the ablation pressure,
Pabl, which tends to open the keyhole, and the surface tension
forces, Pγ, which tends to close the keyhole. According to
their analysis, Pabl≈Pγ for iron and were suggested to be of
the order of about 104 Pa. The balance of pressures in the
keyhole has also been expressed in a more recent work as [20]

Pr þ Pv þΔP ¼ Pγ þ ρlgh ð1Þ

The recoil pressure, Pr, the vapor pressure, Pv, and the
gradient in pressure driving the vapor out of the keyhole,
ΔP, tend to maintain the keyhole, while the pressure due to
surface tension effects, Pγ, and the hydrostatic pressure, ρlgh
(ρl is the density of the liquid metal, g is acceleration due to
gravity, and h is the depth of the keyhole) tend to close the
keyhole.

Although the balance of forces could be useful for under-
standing the condition under which the keyhole may be stable,
it is unlikely that this steady-state condition would exist in

Fig. 2 aOptical image showing an overview of a laser-arc hybridweld in
AA2024-T3 and a macro-size pore in the weld metal. b and c SEM
micrographs showing the pore boundary (inset in (a) above) and a
partially void pore, respectively
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reality during welding. The form and size of the keyhole
varies according to external conditions including laser power,
travelling speed, and material properties [19]. Studies have
shown that the excessive pressure generated during keyhole
welding induces temporal fluctuation and spatial instability of
the keyhole, resulting in keyhole collapse and the entrapment
of metal vapor and gases [10, 12, 13, 21]. It was observed that
the size and shape of the keyhole fluctuated violently and,
under this condition, large bubbles formed intermittently at
the bottom of the keyhole and were trapped during solidifica-
tion of the weld metal [13].

A generally held view is that delayed solidification by in-
crease in heat input during welding could allow sufficient rise
time of gas bubbles in the weld metal during welding, such
that the gas bubbles escape before solidification [11, 22]. In
this case, it would be expected that the rise time of the bubbles
should be shorter than the time required for solidification of
the molten weld pool. A simple treatment of the terminal
velocity of a rising bubble in a fluid of known viscosity is
given by Stoke’s equation as [23]

V ¼ g d F−dBð ÞD2=18ν ð2Þ

where g is the gravitational acceleration, dF and dB are the
densities of the fluid and the bubble, respectively, D is the
diameter of the bubble, and ν is the viscosity of the fluid.
For a bubble of about 0.5-mm diameter in molten aluminum,
Stoke’s equation would have yielded a velocity of the
order of 0.1 m s−1, and assuming a keyhole depth of
4 mm, the bubble would have escaped in about 40 ms.
Unfortunately, Stoke’s equation is only valid for steady-
state conditions. The state of the weld pool is usually
turbulent and affected by other factors such as drastic
temperature decrease and sharp loss of fluid viscosity,

solidification, and the effect of shielding gases, which
impede the motion of the bubble. Also, there is some
evidence that the bubble velocity is suppressed during
turbulent flow [24]. The solidification rate during laser
welding of aluminum has been suggested to be up to
105 °C s−1 or higher [25, 26]. Under this condition, the
weld metal solidifies more rapidly than the possible rise
velocity of the gas bubbles formed during keyhole col-
lapse, resulting in severe porosity in the weld metal.

In addition to the irradiation of the material by the laser
beam, the electric arc also contributes in a synergic manner
to the total amount of radiation in the keyhole during laser-arc
hybrid welding. In laser-arc hybrid welding, both the
laser beam and the electric arc simultaneously interact
in the same process zone on the material. The intensity
of the laser beam is usua l ly of the order of
106 W cm−2, while the energy density of the freely
burning arc could be up to 104 W cm−2 [5]. It is known
that, during laser-arc hybrid welding, vaporization takes
place from both the base alloy and the hot welding
wire, such that more metal vapor is available in the
keyhole [5]. The effect of this synergy, for the same
laser power, is usually observed in the form of in-
creased keyhole penetration during laser-arc hybrid
welding compared to laser only [27]. Figure 3 is a
schematic representation of a section along the weld
bead during laser-arc hybrid welding, illustrating the
contributions of the laser beam and the arc to keyhole
behavior and the formation of macro-size pores in the
weld metal. Detailed observation of the susceptibility of
AA2024-T3 to porosity in this present work showed
that any factor that influences keyhole behavior and
causes a change in keyhole size would eventually affect
porosity in the alloy. The influence of various laser-arc

Fig. 3 A schematic
representation of a section along
the weld bead during laser-arc
hybrid welding
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hybrid welding parameters on the keyhole, and the con-
sequent effect on porosity, was studied. The results are
discussed next.

3.2 The role of laser-arc hybrid welding parameters
on porosity

Figure 4 shows the relationship between laser power and weld
behavior of the laser-arc hybrid welded AA2024-T3. Increas-
ing beam intensity by increasing laser power has the most
effect on increasing the keyhole depth. The aspect ratio
(depth-to-width ratio) increased dramatically for increasing
laser power from 2.5 to 4 kW, when all other laser-arc hybrid
welding parameters were kept constant. There was barely a
keyhole at 2.5 kW, and the welding mode was essentially
thermal conductive in nature. The thermal conductive nature
of the welding mode at 2.5 kW resulted in a shallow weld
(Fig. 5), with porosity hardly noticeable in the weld (Fig. 6).
Porosity-free thermal conduction mode laser-arc hybrid
welding is in agreement with the observation that keyhole
collapse during welding is a major factor responsible for
macro-porosity in welded aluminum alloys, as discussed

earlier. However, as the laser power increased, porosity was
observed to increase significantly (Fig. 4). It was observed that
the average pore diameter, which is one of the criteria used for
weld qualification in the industry [28], also increased signifi-
cantly with laser power (Fig. 7). Transition from thermal con-
duction mode to keyhole mode usually occurs when the laser
power density exceeds a certain limit where significant evap-
oration takes place and the reaction force of the evaporated
metal is sufficient to induce a keyhole in the material [10]. The
laser beam heats the material directly through the keyhole.
Increasing the intensity of the beam usually increases the
depth of the keyhole, which, in turn, results in increased ten-
dency for porosity as the keyhole collapses. A similar obser-
vation has been observed during laser welding of Type 304
stainless steel, where the tendency to form pores changed from
none or micro-porosity to macro-porosity with increasing
power [16]. This current result suggests that the choice of laser
power during laser-arc hybrid welding of AA2024-T3, and
possibly other aluminum alloys, would depend on a balance
between the required depth of penetration and the tolerable
amount of porosity in the welded material. Another factor that
was observed to have reduced porosity in the material was the
welding speed. Figures 8 and 9 show the effect of welding
speed (at the same laser power) on the aspect ratio and poros-
ity and the average pore diameter, respectively. The result
revealed that, although increased welding speed resulted in
decreased depth of penetration, the aspect ratio did not change
significantly. However, increased welding speed produced re-
duction in both the percent porosity and the average pore
diameter. Reduction in the overall size of the keyhole by

Fig. 4 Weld aspect ratio and porosity as functions of laser power in laser-
arc hybrid welded AA2024-T3

Fig. 5 Optical image showing a thermal conduction mode laser-arc
hybrid weld in AA2024-T3

Fig. 6 X-ray radiographs of a thermal conduction mode laser-arc hybrid
weld in AA2024-T3, where porosity is hardly noticeable

Fig. 7 Average pore diameter as a function of laser power in laser-arc
hybrid welded AA2024-T3
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increased welding speed is a factor that could have contributed
to reduction in porosity in the alloy.

The role of laser focal position on porosity was studied.
Defocussing the laser beam usually results in reduced pene-
tration depth during welding [10], which was also observed in
this present work (Fig. 10). Figure 10 suggests that
defocussing the beam positively (above the workpiece sur-
face) resulted in shallower penetration compared to
defocussing negatively. Themost severe porosity and the larg-
est average pore diameter were observed in the material when
the beamwas focused at the surface of the workpiece. Porosity
reduced with laser beam defocussing, and specifically,
defocussing the beam positively was found to be more effec-
tive in reducing porosity compared to defocussing the beam
negatively (Fig. 11). This is consistent with the observed ef-
fect of laser focal position on the depth of penetration during
welding.

Previous analysis of laser-arc hybrid welding of materials
showed that the synergy that results from the coupling of laser
beam and electric arc during welding results in several advan-
tages [5–7, 29]. The most obvious advantage, which has been
reported by several researchers, is increased depth of penetra-
tion. Naito et al. [29] demonstrated that the penetration was
deepest when the distance between the laser beam axis and the

electrode was 2 mm during laser-tungsten inert gas welding,
and then becomes shallower with increased distance between
the two heat sources. Nevertheless, experimental data demon-
strating the effect of laser-electrode distance on weld quality
during laser-arc hybrid welding is scarce in the literature. In
order to study the effect of the synergy between laser and arc
during welding, the distance between the laser beam axis and
the GMAW electrode (laser-wire distance) was varied from 1
to 5 mm. Figure 12 shows the relationship between the laser-
wire distance and the depth of penetration. The result showed
that the deepest penetration was achieved at a laser-wire dis-
tance of 2 mm. This is in agreement with the work of Naito
et al. [29]. Although shallower penetration at 1-mm distance
appears to be counterintuitive, it is possible that the filler wire
interferes with the path of the beam during forward feeding of
the wire when the laser-wire distance becomes too small. At a
laser-wire distance of 5 mm, it was observed that the depth of
penetration realized in the material (≈4.4 mm) was the same
depth of penetration realized when laser beam alone was used
for welding the alloy. It was concluded that the laser beam and
the arc had decoupled from each other before the laser-wire
distance of 5 mm under the welding condition that was stud-
ied. As shown in Fig. 12, a direct correlation was observed
between the depth of penetration (as a result of laser-wire

Fig. 8 Weld aspect ratio and porosity as functions of welding speed in
laser-arc hybrid welded AA2024-T3. Laser power=3 kW

Fig. 9 Average pore diameter as a function of welding speed in laser-arc
hybrid welded AA2024-T3. Laser power=3 kW

Fig. 10 Weld penetration as a function of laser focal position in laser-arc
hybrid welded AA2024-T3. Laser power=4 kW

Fig. 11 Porosity and average pore diameter as functions of laser focal
position in laser-arc hybrid welded AA2024-T3. Laser power=4 kW
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distance) and porosity. This result reinforces the authors’ ob-
servation that the addition of an electric arc to laser beam
during laser-arc hybrid welding contributes to vaporization
in the keyhole, with consequent increase in keyhole depth
and the resultant increase in porosity. Therefore, in order to
control porosity during laser-arc hybrid welding of aluminum
alloys, the role of various welding parameters should be bal-
anced with the required weld geometry.

4 Conclusions

The result of this work can be summarized as follows.

1. Severe keyhole-induced macro-porosity is one of the ma-
jor factors that limit the applicability of laser-arc hybrid
welding for fusion welding of AA2024-T3 and, possibly,
other age-hardenable aluminum alloys.

2. Macro-porosity occurs in the weld metal when the solid-
ification rate is faster than the rise velocity of the gas
bubbles that formed as a result of the collapse of the
keyhole.

3. Porosity-free laser-arc hybrid welding of the alloy is at-
tainable in the conduction mode. However, as the welding
mode transitions from conduction to keyhole mode, po-
rosity increased significantly with increased laser
intensity.

4. The most severe porosity was observed in the material
when the beam was focused at the surface of the work-
piece. Defocussing the laser beam was effective in reduc-
ing porosity.

5. The laser beam and the arc decouple from each other with
increased laser-wire distance, and a direct correlation was
observed between the depth of penetration and porosity.

6. The role of various welding parameters should be bal-
anced with the required weld geometry in order to control
porosity during laser-arc hybrid welding of aluminum
alloys.
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