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Abstract— In this paper, defects of laser beam welding of 

aluminium alloys has been studied in detail. The effects of 

the laser power and its density on the weld penetration are 

experimented. Spattering was leading to the formation of 

under weld beads is controlled by the inclining laser beam. 

Porosity is formed from bubbles created from the tip of 

keyhole at low welding speed or from the centre part of the 

keyhole at high laser density. A finite element analysis was 

also applied to enquire in the thermal history of autogenous 

laser welding process to connect the aluminium alloy. The 

formation of porosity and its mitigation during the laser 

welding of aluminium alloy in a joint configuration were 

enquired. The influence of the process parameters such as 

welding speed, laser power, surface treatment by cold 

plasma, and also shielding gas were studied. 
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I. INTRODUCTION 

Laser-Beam Welding (LBW) is considered to be a viable 

fusion joining process for aluminium with the arrival of 

commercially available, concentrated heat source, stable, 

high-power laser systems. Because of aluminium`s high 

reflectivity, effective coupling of laser beam and aluminium 

requires a relatively high power density. Laser beam 

welding is a process d to join numerous pieces of metal 

through the use of a laser beam [8]. The beam provides a 

concentrated heat source, granting for tapered, deep welds 

and high welding rates. The process is frequently used in 

high volume applications using automation, such as in the 

automotive industry. This is based on keyhole or Penetration 

mode welding. Like electron beam welding, laser beam 

welding has high power density (in the order of 1 MW/cm2) 

resulting in small heat-affected zones and high heating and 

cooling rates. The spot amount of the laser can vary between 

0.2 mm and 13 mm, though only smaller sizes are used for 

welding. The intensity and depth of penetration is 

proportional to the amount of power supplied, but is also 

dependent on the location of the focal point of the laser 

beam [9]: penetration is maximized when the focal point is 

slightly below the surface of the work piece [1]. A permanent 

or pulsed laser beam may be used depending upon the 

application. Millisecond-long pulses are used to weld thin 

and low ductile materials such as razor blades while 

permanent laser systems are employed for deep welds. Laser 

beam welding is a adaptable process, capable of 

welding carbon steels, stainless steel, aluminium and 

titanium. Due to high cooling rates, cracks was created when 

welding high-carbon steels [7]. 

The weld quality is good, similar to that of electron 

beam welding. The speed of welding is proportional to the 

total amount of power supplied but also depends on the type 

of material and thickness of the work piece. The high power 

capability of gas lasers make them especially suitable for 

high volume applications. LBW is particularly dominant in 

the automotive industry. This combination allows for better 

positioning flexibility, increases the welding speed. Weld 

quality tends to be higher as well as the potential for 

undercutting is reduced [6]. Laser welding of the aluminium 

alloy is introduced because of high product quality and 

accuracy, its sustainable energy, high precision, low heat 

input and possibility of controlling the welding parameters. 

The potential main applications of such this joint is for the 

shipbuilding, rail cars, vehicle bodies, truck bodies, mine 

skips and cages, pressure vessels and aircrafts [4].Light 

weight alloys such as aluminium alloys usually have a film 

of oxides or hydroxides on their surfaces. These types of 

surface layers may affect fusion joining processes due to 

hydrogen set-up in the fusion zones [2].  

II. CHARACTERISTICS TO BE CONSIDER WHILE WELDING OF 

ALUMINIUM ALLOY 

Aluminium and its alloys can be coupled by more methods 

than any other metal, but aluminium has several chemical 

and material properties that need to be understood when 

using the various joining processes. The specific properties 

that affect welding are its oxide quality, its thermal, 

electrical, and nonmagnetic characteristics, lack of colour 

change when heated, and wide choice of mechanical 

properties and melting temperatures that result from alloying 

with other metals[10]. 

A. Oxide 

Aluminium oxide melts at about 2050oC which is much 

higher than the melting point of the base alloy. If the oxide 

is not separated or displaced, the result is incomplete fusion. 

In some joining processes, chlorides and fluorides are used 

in charge to remove the oxide contain. Chlorides and 

fluorides must be removed after the joining operation to 

avoid a possible corrosion problem in service. 

B. Hydrogen Solubility 

Hydrogen dissolves very quickly in molten aluminium. 

However, hydrogen has almost no solubility in solid 

aluminium and it has been determined to be the primary 

cause of porosity in aluminium welds. High temperatures of 

the weld puddle allow a large amount of hydrogen to be 

absorbed, and as the pool solidifies, the solubility of 

hydrogen is greatly summarized. Hydrogen that exceeds the 

effective solubility limit forms gas porosity, if it does not 

escape from the solidifying weld. 

C. Electrical Conductivity 

For arc welding, it is significant that aluminium alloys 

possess high electrical conductivity -- pure aluminium has 

62% that of pure copper. High electrical conductivity 

permits the use of long contact tubes guns, since resistance 

heating of the electrode does not occur, as is experienced 

with ferrous electrodes. 

https://en.wikipedia.org/wiki/Laser
https://en.wikipedia.org/wiki/Automation
https://en.wikipedia.org/wiki/Electron_beam_welding
https://en.wikipedia.org/wiki/Heat-affected_zone
https://en.wikipedia.org/wiki/Focus_(optics)
https://en.wikipedia.org/wiki/Electron_beam_welding
https://en.wikipedia.org/wiki/Electron_beam_welding
https://en.wikipedia.org/wiki/Gas_laser
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D. Thermal Characteristics 

The thermal conductivity of aluminium is about 6 times that 

of steel. Although the melting temperature of aluminium 

alloys is substantially below that of ferrous alloys, higher 

heat inputs are required to weld aluminium because of its 

high specific heat capacity. High thermal conductivity 

makes aluminium very sensitive to fluctuations in heat input 

by the welding process. 

E. Forms of Aluminium 

Most forms of aluminium can be welded. All the wrought 

forms (sheet, plate, extrusions, forgings, rod, bar and shock 

extrusions), as well as sand and permanent mould castings, 

can be welded. Welding on conventional die-castings 

produces excessive porosity in both the weld and the support 

metal adjacent to the weld because of internal gas. Vacuum 

die-castings, however, have been welded with outstanding 

results. Powder metallurgy (P/M) parts also may suffer from 

porosity during welding because of interior gas. The alloy 

composition is a much more significant factor than the form 

in determining the weldability of an aluminium alloy. 

F. Defects 

In the laser welding radiant energy creates the heat 

necessary to melt the materials. This joining method 

potentially has some drawbacks in welding of the 

aluminium alloy. These are the high reflection of the laser 

beam, presence of easily vaporized elements such as 

magnesium, and high thermal conductivity[11]. It should be 

noted that the pores, as one of the major defects in the laser 

welding of the aluminium alloy, might be formed during the 

laser welding due to the high solubility of hydrogen in the 

liquid aluminium and vaporization of the alloying elements 

like magnesium. The hydrogen solubility during the welding 

process can be promoted due to the high temperature of 

plasma above the weld pool that generates atomic hydrogen. 

Atomic hydrogen reacts much easier with aluminium than 

molecular hydrogen. Two types of porosity could be 

generated during the laser welding where the first type is a 

micro-porosity (50–200 µm) as a result of the high solubility 

of hydrogen in the aluminium alloy. The second type is the 

macro-porosity with a size from 300 µm to 600 µm[4]. In 

welding with a continuous signal laser, weld penetration and 

geometry are affected by the kind of lasers with different 

wavelengths, laser power, beam diameter, quality of beam, 

focused power density, TEM (Transverse Electromagnetic) 

mode, defocused distance (laser focusing condition), 

welding speed, material physical properties, such as laser 

beam reflectivity, thermal diffusivity, surface tension and 

the content of unstable elements, environment such as air, 

shielding gas kind, gas flow rate and vacuum, laser-induced 

plasma and plume 

G. Solidification Cracking 

In steels, the chemical composition content of the parent 

steel will have an effect on the crack susceptibility. 

Elements such as sulphur and phosphorous reason for 

solidification cracking to occur,  but manganese ties up this 

sulphur and has an effect to avoid solidification cracking. 

Some aluminium alloys have a wide solidification 

temperature range which makes them mainly susceptible to 

solidification cracking when welding. For laser welds in 

thick section steel, the main reason of solidification cracking 

is the weld profile shape.  The high depth to width ratio of 

laser welds causes control and means that high thermal 

stress acts across the weld where the solidification fronts 

meet, causing centreline cracking. Solidification cracking 

susceptibility is exacerbated if there is mid-section bulging 

in the weld cross-section profile due to locally increased 

strain. Therefore, weld shape must be carefully controlled 

when laser welding. Full-penetration laser welds are adverse 

to less prone to solidification cracking than partial 

penetration laser welds since the former do not experience 

from the high restraint at the weld root. The likelihood of 

laser welds to undergo solidification cracking can limit the 

welding speed parameter, parent material composition or 

weld penetration depth that is possible when laser welding 

both steels and aluminium. 

H. Porosity 

Porosity is a less important defect in laser welds than 

solidification cracking. Porosity in laser welds can be caused 

by plate or exterior contamination or inadequate pre-

clean. However, in laser welds, porosity can also result from 

laser keyhole unsteadiness and collapse during partial 

penetration high-power laser welding. [5Laser welding is 

shielded using an inert gas screen, and if this shielding is not 

adequate (due to either too high or too low gas flow rate) 

then porosity can outcomes. Porosity can be a particular 

trouble for laser welds in aluminium caused by hydrogen 

evolution in the weld metal. Hydrogen can come from 

dampness in the air or surface oxide, or result from 

inadequate pre-cleaning.  

 
Fig. 1: Porosity 

III. EXPERIMENTAL PROCEDURE 

Welding with high influence CO2 laser, YAG laser or fiber 

laser was performed on Type304 austenitic stainless steel or 

aluminium alloy sheets, and their weld penetration and 

welding phenomenon were compared. The behavior and 

characteristics of a laser-induced plume and plasma, and the 

interface between laser beam and a plume were observed or 

measured by using high speed video cameras, spectroscopic 

dimension and probe laser beams. 

A model of the observation system for visualization 

of interaction between the laser beam and the plume during 

welding is schematically. A fibre laser of 1090 nm 

wavelength is mainly used as a probe beam during YAG or 

fibre laser welding is schematically shown in Fig. 1. In 

remote welding, plume behavior, refractive index 

distribution over the sample and the effect of a plume on 

weld penetration were investigated by high speed video 

cameras and Michelson interferometer, as shown in Fig. 2. 

Keyhole behavior, bubble formation, melt flows and molten 
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pool geometry were also observed through X-ray 

transmission real-time imaging apparatus. The observation 

was performed at the framing rate of 1,000 F/s.[12] 

 
Fig. 1: Schematic of spectroscope, and observation and 

measurement system for visualization of interaction between 

probe laser beam and laser-induced plume during laser 

welding 

 
Fig. 2: Schematic arrangement of Michelson interferometer 

for measuring refraction index 

A. Factors Affecting Laser Weld Bead Geometry and 

Penetration 

In welding with a continuous wave laser beam, weld 

penetration and geometry are affected by the kind of lasers 

with different wavelengths, laser power intensity, beam 

diameter, beam quality, focused power density, TEM 

(Transverse Electromagnetic) mode, defocused distance 

(laser focusing condition), welding speed, materials physical 

properties, such as laser beam reflectivity from metal, 

thermal diffusivity, surface tension and the content of 

unstable elements, environment such as air, shielding gas 

kind, gas induced flow rate and vacuum, laser-induced 

plasma and plume, and so on. Type 304 welds made with a 

CO2 laser of 10 kW power in different protecting gases are 

exhibited. It shows the effect of a shielding gas on the weld 

penetration.  

The penetration is deep in He gas, but the intensity 

decreases with an increase in the gas ratio of Ar to He. The 

penetration is significantly shallower in N2 gas than in He 

gas. The penetration geometries and depths of weld beads 

made with a fibre laser of 1 to 10 kW power in Ar shielding 

gas.  The penetration increases with an increase in the laser 

power. Severely penetrated welds can be produced in fibre 

laser welding at high powers even in Ar gas. From the 

comparison of the above figures, the result of a shielding gas 

is extremely noted at higher powers of CO2 laser of about 

10.6 m wavelength, but is not so great in welding with fibre 

laser of about 1.07 m wavelength. Thus the development of 

fibre or disk laser of high powers is expected. 

The penetration depths of weld beads created with 

fibre laser of 10 kW power and different beam diameters 

(and correspondingly various power densities) at the focal 

point are shown as a function of welding speed.  It is noted 

that the higher power densities of slighter beam diameters 

can produce deeper weld beads at high welding speeds. The 

weld beads are deeper at the slower welding speeds. At low 

speeds, the outcome of power density on weld penetration is 

small although the power exerts a great effect on the 

penetration. The effect of the defocused distance on the 

penetration depth of a laser weld bead has been studied. The 

weld beads are generally deepest under the condition of the 

focal point below the specimen face, but become shallow at 

the longer defocused distance. It is also understood that 

deeper penetration can be easily formed in aluminium alloys 

with a huge amount of volatile alloying elements such as 

Mg and Zn. The deeper penetration can be obtained at the 

best gas flow rate. In vacuum or reduced vacuum, the 

deepest penetration can be achieved. 

IV. RESULTS AND DISCUSSION 

A.  Study the Effect of Laser Power and Welding Speed on 

the Pore Formation 

Transverse and longitudinal sample of the welds are made 

by the laser welding at two different conditions. Note that 

for every experiment three sets of coupons were made for 

the confirmation of repeatability of the process. The suitable 

parameters for the study were achieved based on the criteria 

defined for the penetration depth of 2.5–3.5 mm, and 

optimal temperature in the heat affected region (less than 

100◦C).  

However, one of the optimum parameters during 

welding (laser power of 2.5 kW with welding speed of 10 

mm/s, and shielding gas (He) flow rate of 0.85CMH) were 

then applied for the longer coupons of 230 mm, as it 

mitigates the porosity formation. In the present study, the 

two mode of parameters (laser power of 2.5 kW with 

welding speed of 10 mm/s, and shielding gas (He) stream 

rate of 0.85 CMH, and laser power of 3.5 kW with welding 

speed of 60 mm/s, and shielding gas (He) flow rate of 0.85 

CMH) were compared by the description techniques and 

numerical analysis.  

These two parameters were the only parameters 

that the partial penetration of 2.5–3.5 mm could be 

experimentally achieved. The partial penetration of the laser 

was dealing with the enhancing of the laser beam absorption 

by the formation of small hole. This was due to the multiple 

reflections of the beam in the keyhole. The mechanism of 

the formation of the porosity has been correlated to 

hydrogen rejection from the solid phase, collapse of the 

keyhole, and turbulent flow of the molten pool as a effect of 

vaporization of the main alloying elements. It was shown 

that the porosity could not be formed if the level of the 
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hydrogen in the aluminium alloy was controlled to a 

threshold level. Even though the level of hydrogen was 

guarded by the cleaning of the coupons and by application 

of the high purity shielding gas the collapse of the keyhole 

and turbulent stream of the molten material facilitated the 

formation of porosity at the bottom of the weld zone. 

B. Keyhole Profile Evolution 

Keyhole profiles beneath different beam distances in 

tandem dual beam laser welding are investigated in Fig. 4. 

It is experimental that as the beam distance increases, the 

welding mechanism could be a common keyhole with a 

single tip (mechanism I), a ordinary aperture with two 

keyhole tips (mechanism II) and two separated keyholes 

(mechanism III). When a common opening with two key-

hole tips forms, as shown in Fig. 4(b), the depth of the 

keyhole tip of the lag beam (in the right) is apparently 

deeper than that of the lead one (in the left). Besides, the 

keyhole is far from stable and many humps arise on the 

open surface keyhole wall (Fig. 4).To provide insight into 

mechanism II, the three dimensional transient keyhole 

profiles during a classic dual beam laser welding process 

are further investigated in Fig. 5. It is shown that after the 

very opening of the welding process, the apertures of the 

two key holes become to be merged together and a ordinary 

keyhole with two tips arised (Fig. 5(c) and (d)). At this 

time, the penetration speed of the keyhole tip of the pause 

ray becomes larger than the lead one. In addition, the 

keyhole profile is highly irregular, and many humps arise 

on the keyhole wall except the very opening stage of 

keyhole formation. 

 
Fig. 4: Longitudinal section views of the calculated keyhole 

profiles under different beam distances at 30.71 mm 

welding time (Process Nos. 6–8): (a) 0.36 mm, (b) 0.6 mm 

and (c) 1.0 mm 

C. Keyhole Depth Evolution 

The keyhole volatility (Fig. 5) could lead to the keyhole 

depth fluctuations during laser welding. Fig. 6 shows the 

calculated greatest keyhole depth evolutions during tandem 

dual beam laser welding under different welding speed 

conditions. It could be found that the maximum keyhole 

depth drastically fluctuates during welding processes, 

except at the very beginning phase. As the welding speed 

increases from 2.54 m/min to 6.25 m/min, the average 

amplitude of depth fluctuations steadily becomes smaller. 

This suggests that increasing weld speed may improve 

keyhole instability in dual beam laser welding. To improved 

understand the keyhole dynamics, the keyhole instability is 

quantitatively characterized using its depth fluctuations. The 

frequencies of small hole depth fluctuations of typical dual 

beam laser welding method are counted from Fig. 7, which 

are around1.4 kHz. By comparing with single beam laser 

welding, it can be found that dual beam laser welding can 

significantly minimize the amplitude of keyhole depth 

fluctuations under the same heat input condition (Figs. 6(b) 

and 8(a)). Furthermore, the frequencies in single beam laser 

welding are around 1.7 kHz (Fig. 8(b)), which are 

somewhat larger than those in dual beam laser welding. The 

keyhole depth evolutions of the two keyhole orders during 

dual beam laser welding (mechanism II) are further 

quantitatively studied (Fig. 9). As seen from Fig. 9, the 

amplitude of intensity fluctuations of the keyhole tip of the 

lag beam is obviously larger than that of the lead beam. For 

the tip of the lag ray, the frequencies are in the order of 1.4 

kHz, while for the tip of the lead ray, the frequencies are 

approximately 2–3 kHz. 

D. Transient Velocity Evolution 

Figure show the top and longitudinal section views of 

transient velocity field during dual beam laser welding. It 

can be found that, when the two keyholes combine to one 

(mechanism II),the surface velocity near the keyhole 

aperture is more compound and violent than flows on the 

other parts of the weld pool surface. Near the front keyhole 

wall, there are some downward violent fluid flows. 

Moreover, there are some characteristic flows behind the 

blind rear wall of the keyhole of the lag beam. First, along 

the top part of rear keyhole wall, there are upward fluid 

flows.  

Second, after the blind rear wall of the keyhole tip 

of the lag beam, there are downward fluid flows, which can 

create a vortex flow behind the blind rear of the keyhole tip. 

By comparing transient velocity evolutions with those in 

single beam laser welding, it is obvious that there are 

significant different fluid flow patterns of the weld pool 

beneath the same heat input conditions. For example, there 

are more violent fluid flows in the weld pool during single 

beam laser welding than double beam laser welding. Also 

the maximum magnitude of down-ward fluid flow near the 

keyhole wall in single beam laser welding is clearly larger 

than that of dual beam laser welding. Never-the less, some 

similar fluid stream patterns of weld pool, for instance, the 

downward motion and the vortex fluid flow behind the rear 

wall of the keyhole, be present in both dual beam and single 

beam laser welding. 
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