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Laser welding of aluminium alloys was performed with high power YAG, fiber or disk laser.
Interaction between laser and plume, laser absorption, welding phenomena and weldability were
investigated by using such lasers. The absorption of a focused fiber laser in aluminium alloy was
found to be higher at high powers and low welding speeds than that in stainless steel. Hybrid welding
of A5052 alloy with YAG, fiber or disk and MIG arc was performed to understand welding
phenomena, the mechanisms of weld penetration, porosity formation and prevention, etc. The
conditions for the production of sound deep welds were clarified. Furthermore, the addition of the
other filler wire during hybrid butt-joint welding was also investigated, and the effect of the increase
in gap tolerance was confirmed.
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1. Introduction
Aluminium alloys have great potential in every industry due to their low densities and good
mechanical properties. However, laser welding of aluminium alloys is generally known to be
difficult. Many reports and literatures deal with laser welding of aluminium alloys [1-30]. Recently,
the physical phenomena and mechanisms concerning penetration and porosity suppression methods
have been understood.
Therefore, this paper describes our welding results and characteristics concerning fiber laser
absorption and weld penetration in aluminium alloy, welding defects and prevention methods in fiber
laser welding, laser-arc hybrid welding utilizing an additive filler wire, and so on.
2. Experimental Procedures and Results
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2.1 Interaction between laser beam and plume during laser welding
Interaction between YAG laser-induced plume and probe laser was visually investigated by using the
measuring system, as shown in Fig. 1. Refraction and attenuation of the probe fiber laser beam are
also confirmed in Fig. 1. These data of Type 304
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should be considered in the case of remote welding
utilizing a high quality laser such as fiber laser and
disk laser. It was furthermore confirmed that the
effect of the plume on weld penetration was small
when the plume was suppressed to be short and
small.

Table 1 Measurement results of refraction
of probe laser beam and
attenuation of laser power

Refraction
Data obtained at
probe laser height

Attenuation

SUS304

A5083

0.43 mrad
(10 mm)
4.2 %
(3 mm)

0.48 mrad
(3 mm)
1.8 %
(3 mm)

2.2 Laser absorption during welding of
aluminium alloy and stainless steel
P = 3 kW, v= 20 mm/s, f = 0 mm, Ar shielding gas
Laser absorption is one of the
Fiber laser
most decisive factors for laser
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weld
penetration.
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ments [31], as shown in Fig. 2.
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A5052 alloy are compared with Fig. 2 Water-calorimetric method measuring for laser absorption.
those of Type 304 steel in Fig.
3 and Fig. 4. The laser weld
penetration of A5052 is shallower at low laser powers but is deeper at high powers than that of Type
304. The laser absorption of A5052 is lower at low powers but is higher at high powers than that of
Type 304. The keyhole behavior and the molten pool were observed during welding of A5052 alloy
and Type 304 steel by X-ray transmission in-situ observation system and high speed video camera. It
was interpreted that a focused laser beam was effectively absorbed into a larger keyhole inlet in
A5052 alloy at high powers.
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Fig.3 Cross sections of fiber laser weld beads in A5052 and Type 304 (left), and comparison of weld
penetration depths between A5052 and Type 304.

From these results, it was found that the
absorption was high when keyhole-type welds
were produced with a high power density laser.
The higher laser absorption was attributed to the
formation of a large keyhole with a wider inlet.

Absorption [%]
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2.3 Weld penetration and welding defects
A fiber laser machines have various features
such as compact, flexibility due to fiber-delivery,
Laser power [kW]
higher power potential, high beam quality, and
Fig. 4 Laser absorption in A5052 and Type 304.
high efficiency from electricity to laser. A high
power density can be easily achieved.
Bead-on-plate
welding
was
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in Fig. 5, showing the effect of
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depth
power density on the top surface.
Fig. 5 Surface appearances, X-ray inspection results and
The penetration depths at the spot
cross-sectional photos of fiber laser welds
diameter of φ200 μm were the
obtained in A5083 alloy at various spot diameters.
deepest. Rough surfaces were seen
at the spot diameters of φ360 and
φ560 μm, and thus a good shielding of Ar or He gas was required to produce sound surfaces. Porosity
was present, but was smaller in the weld bead made at the spot diameter of φ200 μm.
To understand the laser weld penetration depth and porosity formation, keyhole behavior, melt
flows and bubble or pore formation during laser welding were observed through micro-focused X-ray
transmission real-time imaging system. Examples of the results are shown in Fig. 6. It was observed
that bubbles were generated from a keyhole tip, leading to porosity at the powers of 2 and 4 kW. In
addition, bubbles were formed from the middle part of a keyhole at the power of 10 kW. It was
revealed that bubbles formation from a keyhole was reduced, resulting in a negligible amount of or no
porosity at the laser powers of 6 and 8 kW.
The keyhole stability was different depending upon the material and welding conditions. Porosity
decreases with an increase in the welding speed. Pores were also reduced under the proper conditions
for full penetration welding, and pulse modulation was confirmed to be effective to the reduction in
porosity. In fiber laser welding at 10 kW with an inclined beam of about 50 degree in Ar shielding
gas or in nitrogen shielding gas instead of argon shielding gas, porosity formation could be prevented,
as shown in Fig. 7. In the case of nitrogen gas, film-like AlN phase was formed in the weld fusion
zone near the top surface.
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Fig. 6 X-ray transmission observation results and schematic representation of keyhole during
laser welding of A5052 with inclined beam of 10 degree at various laser powers.
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Fig. 7 Surfaces and cross sections of fiber laser weld beads of A5083 alloy produced by inclined
laser beam (left) and in nitrogen shielding gas (right).

2.4 Laser-MIG hybrid welding results
YAG-MIG and MIG-YAG hybrid welding were
carried out on A5052 alloy. Slightly easier melting
or higher speed for full penetration welding was
achieved in MIG-YAG welding. However, better
surface appearances of weld beads were observed
in YAG-MIG hybrid welding. Therefore,
YAG-MIG and MIG-YAG hybrid welding can be
recommended from the better weld bead surface
appearances and from the deeper penetration,
respectively.
YAG-MIG hybrid welding was performed at
various MIG currents. The surface appearances,
cross sections and X-ray inspection results of weld
beads are shown in Fig. 8. The weld beads were
wider and deeper with an increase in the MIG arc
current, and porosity was also reduced. Porosity
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Fig. 8 Surface appearances, cross sections and
X-ray inspection results of YAG laser
and YAG-MIG hybrid weld beads.
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was absent at 240 A. Bubble formation, melt flows, keyhole behavior and molten pool geometry
were observed with the X-ray transmission in-situ observation method. These observation results are
schematically illustrated in Fig. 9. Many bubbles were formed from the bottom of the keyhole during
laser welding and hybrid welding at 120 A. At 120A, the majority of them were trapped at the
solidifying front of the weld fusion zone resulting in the formation of porosity. This tendency was the
same with the single YAG laser welding. On the other hand, at 240 A the molten pool was strongly
pushed down by MIG arc pressure to produce a concave surface. All the bubbles generated from the
keyhole might disappear into the atmosphere through the concave molten pool surface depressed by
MIG arc pressure. The suppressed concave surface of a molten pool may be the reason for porosity
reduction due to the disappearance of bubbles at high MIG currents.
Welding direction
Laser beam

Laser beam
Keyhole

Molten pool

Laser beam

MIG wire
Droplet

Plume

Surface
Molten
pool

(a) Laser welding

Keyhole

MIG wire
Droplet
Surface

Molten pool

(b) Hybrid welding at 120A (c) Hybrid welding at 240 A

Fig. 9 Schematic representation of YAG laser and YAG-MIG hybrid welding phenomena,
showing keyhole and bubble generation resulting in porosity during laser and hybrid
welding at 120 A, and concave surface of molten pool leading to no porosity at 240 A.

Deeper penetration was obtained at MIG-YAG hybrid welding, but porosity was formed when the
laser was irradiated vertically. Thus an inclined laser beam was used in MIG-YAG hybrid welding.
The formation of sound deep-penetration welds was possible, as shown as a function of laser-wire
target distance in Fig. 10. The penetration depth was slightly shallower, but porosity was apparently
prevented. The formation of bubbles was considered to be suppressed by the inclined laser beam.
In laser or hybrid welding of a thick plate, burn-through weld beads with underfilling on the top
surface are easily formed, as shown in Fig. 11. To overcome these underfilling and burn-through,
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Fig. 10 Cross sections and X-ray inspection results of MIG-YAG
hybrid weld beads made at about 3 kW laser power and
240 A arc current, showing effect of laser beam
inclination and laser-wire target distance on porosity
formation.

Fig. 11 Example of hybrid weld
in A5052 with 1 mm gap,
showing underfilling.
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hybrid welding with a filler wire (named as FLA welding) was developed. An example of FLA
welding results is shown in Fig. 12. Underfilling was prevented in FLA welding (hybrid welding
with an additional filler wire). It was applicable to weld the butt-joint plates with 1.5 mm gap.
Laser

Laser power=10 kW
⊿f=+5 mm (dia.=0.8 mm)
Arc current=200 A
F.F.R.=10.2 m/min
Welding speed=1.5 m/min
Bead appearance

Filler
25°

Wire

80°

66°

Welding direction
Laser leading

2 mm

Cross section

Schematic of cross section

5 mm

Fig. 12 Example of hybrid welding with filler wire (FLA welding), showing top and
bottom surfaces and cross section.

3. Conclusions
Laser welding was performed with high power YAG, fiber or disk laser. Interaction between a laser
beam and a plume was visualized. The laser absorption of aluminium alloy was measured and
compared with Type 304 stainless steel. The laser absorption was high at high power and low
welding speed. Hybrid welding of A5052 alloy with YAG laser and MIG arc was performed to
understand welding phenomena, the mechanisms of weld penetration, porosity formation and
prevention, etc. The conditions for the production of sound deep welds were clarified. Furthermore,
the addition of the other filler wire during hybrid butt-joint welding was beneficial to prevent
underfilling and burn-through, and the effect of the additional filler wire on the increase in gap
tolerance was confirmed.
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