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Abstract  

It is observed that in laser welding of aluminum alloys, magnesium can evaporate, and the weld 

penetration is dependent on Mg content of the alloy and Mg loss from the weld pool. In this 

research, it is proposed that the presence of Mg not in the base metal alloy, but rather the 

presence of Mg vapor in the plasma plume over the weld pool affects the laser absorption, and it 

is through this phenomenon that the weld profile and penetration is affected. Numerical 

simulation was performed to determine the relationship between the weld profile to estimate the 

effective laser absorption coefficient of four Al alloys and in parallel EPMA technique was used 

to determine the Mg losses of the weld metals. The combined analysis of the results showed that 

increasing the laser pulse energy (decreasing laser pulse frequency), Mg evaporation is 

increased, and that, in turn, increased the effective laser absorption coefficient. However, more 

laser power absorption does not necessarily mean more weld penetration. Laser absorption 

results in weld penetration, once the threshold Mg evaporation rate of 200 x  g/cm2 is passed.   

Keywords: Pulsed laser welding, aluminum alloys, magnesium content, evaporation, penetration 

depth, effective absorption coefficient  

1. Introduction  

The use of high-strength Al alloys in the transportation industry is increasing, especially in the 

manufacturing of wide-body aircraft. As a result, research has accelerated on the metallurgical 

phenomena governing the process of joining metal parts made of Al alloys. In laser welding of 

Al alloys, the laser reflection resulting from the poor coupling between Al alloys and laser 
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beams, Mg evaporation, and solidification cracking are significant challenges [1]. The laser 

vapor pressure of Mg exceeds that of Al. So, Mg is easily evaporated during pulsed and 

continuous Nd: YAG laser welding of Al alloys in both conduction and keyhole modes. This 

results in variations in the composition, which in turn can alter the mechanical and metallurgical 

properties of the weld metal [2, 3, 4, 5]. Temperature and composition are among the factors 

affecting the rate of Mg evaporation [6, 7, 2, 8]. Malekshahi et al. [9] upgraded the Langmuir’s 

equation to calculate the rate of Mg evaporation in the pulsed laser welding of Al-Mg alloys in 

conduction mode, taking into account effects of overlapping of weld spots [2, 9]. Previous 

studies have also demonstrated that the trace of Mg in the weld metal has a significant impact on 

increasing the penetration depth and encouraging the keyhole mode [10, 4]. Katayama 

demonstrated that Al alloys having a higher concentration of volatile elements, e.g., Mg in 5000 

alloys, were more easily melted and required a lower threshold power density to achieve 

satisfactory coupling between laser beam and Al alloys [1]. Some explanations have been put 

forward regarding the effects of Mg on weld metal penetration. It was argued that the presence of 

a surface-active element, such as Mg, increased the surface tension and enhanced the Marangoni 

effects, and as a result, the tendency to form a keyhole increased [11]. In another research, it was 

proposed that Al alloys with higher Mg content, had lower thermal conductivity. Thus, the heat 

was concentrated at the center of the weld pool, thereby increasing the penetration depth [7].  

Another important issue related to the role of Mg in the welding of Al alloys is the presence of 

oxide, a major impurity in Al alloys. It was proposed that When Mg content of Al alloys 

approximately exceeds 2 wt%, the molten MgO plays a significant role in increasing the 

penetration depth [12, 13] by increasing surface tension as well as boosting laser energy 

absorption. The concentration of volatile alloying elements is one of the factors affecting the 

effective absorption coefficient of laser energy during welding [1]. In laser processes, the 

absorption coefficient of laser beams by the metal surface plays an important role in heat input 

generated by laser welding [11, 14, and 15]. However, experiments have demonstrated that the 

absorption coefficient of the laser beam by Al alloys is relatively low [1, 11]. The weak coupling 

of laser energy in such alloys is due to the high density of free electrons in the solid, making 

aluminum one of the best reflectors of light [1].  

The interaction between the laser beam and the powdered materials used in the selective laser 

sintering process (SLS) has been investigated based on the type of materials and laser. However, 
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the interaction between the laser beam and the powder particles cannot be extended directly to 

that between a solid metal and the laser [16]. In 1995, Beck et al. [17] determined the effects of 

plasma on the intensity of the beam in deep penetration CO2 laser welding with the help of the 

paraxial wave equation demonstrating that the heat loss parameters in the plasma plumes depend 

on laser wavelength and the characteristics of the plasma plumes (plasma temperature and 

electron density) [17].  

Employing an experimental approach coupled with numerical analysis, the present research 

intends to investigate the relationship between the Mg evaporation, the weld penetration, and the 

effective Laser absorption coefficient in pulsed laser welding of Al alloys.  

2. Method 

2.1.Experimental 

Four sheets of Al alloys, having different Mg contents, i.e., 2024-T851, 6061-T4, 5454-O and 

5083-H321, with dimensions of 10 cm × 10 cm and thickness of 2 mm were used. The chemical 

composition of the alloys, as presented in Table 1, was determined by optical emission 

spectroscopy.  

Table 1- The Chemical Composition of Al Alloys (weight percent) 

Si Fe Cu Mn Mg Cr Zn Ti Aluminum alloy 

0.59 0.31 0.2 0.15 0.75 0.19 0.03 0.02 6061-T4 

0.16 0.3 4.3 0.61 1.45 0.05 0.08 0.05 2024-T851 

0.1 0.3 0.07 0.79 3.04 0.1 Trace 0.01 5454-O 
0.15 0.15 0.01 0.72 4.3 0.06 Trace 0.01 5083-H321 

For welding, a pulsed Nd: YAG laser machine, model IQL-10, with a maximum power of 400 W 

was used. This machine can produce square pulses with 0.2-20ms width and with the frequency 

of 1-1000 Hz having maximum energy of up to 40 J. If the output power of the laser does not 

exceed 400 W, any combination of these parameters can be used. A lens with a focal length of 75 

mm was used to focus the laser beam. A CNC table with X, Y, and Z directions and with a 

precision of 0.05 mm was used to control the movement of the workpiece and the welding speed. 

To measure laser power, a power meter, model 5000W-LP, made by OPHIR, was used. In all 

samples under pulsed laser welding, argon was coaxially used as a shielding gas, having a 10 l/m 
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flow rate. The image of the laser equipment used to perform pulsed laser welding is shown in 

Fig. 1. 

 

Figure.1. Pulsed laser welding set up used in the experiments. 

Preliminary tests and experiments were conducted to increase the frequency at a constant 

welding speed. For this purpose, in the selection of the laser parameters, care was taken to ensure 

that all welds under investigation were in the conduction mode, having a fixed laser beam 

diameter (ds), average power (PM), and travel speed (V) set at 7 × 10-4 m, 200 W, and 5 × 10-3 

m/s respectively. As shown in Table 2, the frequency, the duty cycle, and the overlapping factor 

increased from 15Hz to 40Hz, from 12% to 16%, from 55% to 82%, respectively. Pulse energy, 

however, reduced from 13.3 to 5 J. Therefore, the heat input applied to the workpiece (HI = P / 

V) was constant. The diagram in Fig. 2 illustrates the relationship between the pulse shape and 

the laser parameters. Accordingly, the duty cycle (DC) is equal to the accumulation of the 

duration of the laser pulse on time, tP, divided by the total time (pulse on- and off-time), tF. The 

pulse frequency is equal to 1 divided by tF. The pulse energy (EP) can be obtained from 

multiplying peak power, PP, and pulse duration, tP, and is equal to the pulse shape area. Pulse 

duration is the amount of time the laser pulse is set to the “on” mode. Therefore: 

(1) EP = PP × tP 

Where average power, PM, represents the average power of a laser source. The following 

relationship exists between average laser power, pulse energy, and frequency: 

(2) PM = EP × f 
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Figure. 2. Schematic of pulse shape and its relationship with laser parameters. 

As the duty cycle increases, the duration of laser interaction with the material ( ), obtained 

from Equation 3, increases [18]. 

(3) 
 

Table 2 summarizes the parameters used to produce the experimental weld runs. After welding, 

the transverse cross-sections of the weld metals were studied by optical microscopy. To examine 

the extent to which Mg content varied in the investigations, analysis of the weld metal was 

performed by an Electron Probe Microanalyzer (EPMA), SX100 model. The chemical 

investigations were performed on an area equal to   m ×  m. From each weld 

sample, three locations were studied; the average content of their Mg was reported. 

Table 2- Pulse laser welding parameters used to create welding lines 

4 3 2 1 Test run identification number 

40 25 20 15 Laser pulse frequency (Hz) 

5 8 10 13.3 Pulse Energy (J) 

0.004 0.005 0.006 0.007 Pulse duration (s) 

1.25 1.6 1.6 1.9 Peak power (K W) 

16 12.5 12 10.5 Duty cycle (%) 

82 72 65 55 Overlap factor (%) 

0.005 0.005 0.005 0.005 Travel speed (m/s) 

200 200 200 200 Average power (W) 

40 40 40 40 The Heat input (J/mm) 

0.81 1.04 1.04 1.23 Peak power density(kW/mm2) 
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2.2.Simulation 

A finite-element model was developed for pulsed laser welding, where the effects of the process 

parameters on the temperature of the weld pool and accordingly weld profiles were studied to 

estimate the effective absorption coefficient of the laser beam in various conditions.  

2.2.1. Governing Equations and the Boundary Conditions 

A three-dimensional symmetric model was simulated. The most advantage of axisymmetric 

modeling is the reduction in the number of elements, and in turn, the reduction in the calculation 

time. To simplify the modeling, the following assumptions were considered: 

1. The model was in a homogenous form. 

2. The heat transfer from the melt pool was ignored. 

3. Some material properties were considered temperature-dependent. 

4. Melt flow was ignored in the weld pool. 

The overall analysis of the laser welding process with the help of the finite-element model is 

shown in Fig. 3. The analysis conducted in this research was thermal, aiming to obtain the 

element temperature in different nodes and times. Mesh area had 90288 elements of the type 

C3D8T. A smaller mesh size (about 8 μm) was used at the center of the weld pool region, while 

a larger mesh was used in the outer regions of the weld pool. A mesh-size independency test was 

conducted to determine the appropriate mesh size.    

 

Figure. 3. Mesh details of finite-element model concerning pulsed laser welding 
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The governing equation of heat transfer was as follows [19]: 

(4) 
 

In which Cp, k, ρ, T, and t are heat capacity, coefficient of thermal conductivity, density, 

temperature, and time respectively. The initial temperature of the workpiece was set to be the 

room temperature, i.e., 25°C. Apart from the top surface, in all external surfaces, heat transfer 

was considered convective and radiative in nature. In the upper surface, radiative and forced 

convective heat transfer was considered. Also, half the weld metal region was modeled. Fig. 4 

illustrates the ideal instance where the modeling of a laser beam, as a heat source having 

adequate boundary conditions, was performed based on the axisymmetric model under 

investigation. 

 

Figure. 4. Representation of surface heat flux and boundary conditions used for doing modeling numerically 

in the process of laser welding  

2.2.2. Heat source model 

To simulate laser radiation, heat flux was applied over the sample surface. Abaqus software 

could help (to) solve the problem. With the help of the Fortran programming language, the heat 

flux was further entered into the finite-element software using of the DFLUX subroutine, where 

the equation related to two-dimensional heat flux together with the distribution proposed by 

Goldack was used depending on the location and time of welding in conduction mode. The final 

equation is as follows [20]: 

(5)  
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In this equation, x0 is the distance of the pulse overlapping; v is the speed of laser welding; x and 

y are the laser location; t is the time of welding; a1 and a2 are the surface dimensions of the weld 

pool (a1 = a2 = 0.35 mm); p is the average power of laser, and ηv is the effective laser absorption 

coefficient. The effective absorption coefficient for each alloy was separately estimated in each 

welding condition. For this purpose, the trial and error method was employed, in which various 

values of the effective absorption coefficient was applied to the input power until the geometrical 

dimensions of the simulated weld pool well fitted into the actual weld pool [21].  

Table 3 indicates the factors involved in the computation mentioned above, within which specific 

heat, density, thermal conductivity, and elastic modulus were considered temperature-dependent 

[22]. For example, the temperature-dependent properties of the alloy 2024 are presented in Table 

4. Furthermore, the emission coefficient, the Poisson's ratio, and the Stefan–Boltzmann constant 

were considered to be 0.022, 0.33, and 5.67 ×10-8 , respectively, according to the 

references [21, 23]. 

Table 3- The properties of Al alloys used in simulation of pulsed laser welding [5, 12]. 

Properties 2024 alloy 6061 alloy 5083 alloy 5454 alloy 

Heat transfer coefficient on the top surface (W/m2K)  20 20 20 20 

Heat transfer coefficient on other surfaces (W /m2K) 5 5 5 5 

Thermal conductivity at 25 0C (W /m K) 151 154 117 134 

The Specified heat capacity of solid (J/kg K) 875 896 924 900 

The Specified heat capacity of liquid (J/kg K) 1273 1230 1261 1340 

The Density of solid (kg/m3) 2780 2700 2670 2070 

The Density of liquid (kg/m3) 2375 2240 2550 2010 

Solidus temperature K (0C) 775 (502) 855 (582) 848 (575) 875 (602) 

Liquidus temperature K (0C) 911 (638) 925 (652) 911 (638) 919 (646) 

Modulus of elasticity at 298 K (25 0C )(N/m2) 73.1 ×10-3 68.9 ×10-3 72 ×10-3 69.6 ×10-3 

Thermal expansion at 298 K (25 0C ) (1/K)     

 

Table 4-Temperature-dependent properties of 2024 alloy [22] 

Expansion Specific heat Young Density (10-9) Conductivity Property 
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coefficient 

)5-(10 

)J/kg K( modulus 

)2N/m( 

)3kg/m( )W /m K(  

Temperature     

2.21 850 3-72.4×10 2785 175 25 

٢٫٣ 900 3-66.5×10 2770 185 100 

٢٫٤ 950 3-63.5×10 2750 193 200 

٢٫٥١١٩ 970 3-60.4×10 2730 193 300 

٢٫٥٥٩ 1000 3-56.1×10 2707 190 400 

١٠٨٠ ٢٫٦٦٣٧ 3-50×10 2.683 188 500 

 ١١٠٠  2.674 188 538 

 ١١۴٠  2.5 85.5 632 

 ١١۴٠  2.48 85 700 

 ١١۴٠  2.452 84 800 

 

3. Results and Discussion 

3.1.Simulation Results 

3.1.1. Calculation of weld pool temperature 

Simulation of the process of pulsed laser welding could help to estimate the temperature of the 

weld pool. Fig. 5 represents the thermal cycles of laser-welded 2024 Al alloy. As shown in Fig.5, 

the results of simulation showed that temperature decreased at the center of the weld pool with 

increasing the frequency since the pulse energy reduced when the frequency increased at 

constant average power, as shown by the experimental parameters presented in Table 2. Due to 

variations in the temperature of the molten pool during laser radiation, an average temperature 

(Ta) was used to simplify the measurement. The average temperature was estimated using the 

following equation:  

(6) 
 

In this equation, ts is the time when the melt starts to form, and tf is the time when the 

solidification is completed. 
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Figure. 5. The thermal history of the center of weld metal calculated for 5454 alloy in the fifth pulse at 

various frequencies of the pulse laser. 

3.1.2. Estimation of the effective laser absorption coefficient by the workpiece 

To estimate the effective absorption coefficient for various welding conditions, the similarity of 

the dimensions of the weld pool with that of the experimental results was taken into 

consideration. Fig. 6 shows the variations in the effective absorption coefficient with increasing 

frequency for each alloy. It can be observed that in each alloy, the effective absorption 

coefficient decreased with increasing the frequency. With increasing frequency, alloys with a 

higher Mg content displayed not only higher effective absorption coefficients but also a steeper 

change in the effective absorption coefficient.  
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Figure. 6. Variations of effective absorption coefficient with increasing frequency obtained from the 

simulation of pulse laser welding for each Al alloy  

3.2.The Validation of Simulation Results 

The simulation process was validated for the 5454 alloy. To do so, a comparison was made 

between the dimensions of the actual weld pool and those obtained from the numerical results 

(Fig. 7). 

 

Figure. 7. Comparison of dimensions of actual weld pool with those obtained from 5454 alloy simulated at a 

frequency of 20 Hz. Temperatures higher than Liquidus (646 0C) are displayed in orange, and temperatures 

below Solidus (602 0C) are shown in white. 
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Furthermore, the real primary dendrite arm spacing (PDAS) derived from a scanning electron 

microscope (SEM) of the weld pool for the 5454 and 2024 Al alloys was compared with what 

was obtained from the simulation. To validate the predictions made based on the thermal model, 

including thermal gradient (∂T / ∂x) and cooling rate (∂T / ∂t), a relation was established in 

which primary dendrite arm spacing was related to thermal gradient and cooling rate as follows [24]: 

(7)  

Where D, Γ, , and k are diffusivity of solute in the liquid phase, Gibbs-Thomson coefficient, range of 

solidification, and equilibrium partition coefficient, respectively. C constant for Al-Mg alloys is as 

follows [24]: 

 

And for Al-Cu alloys, C constant is [25]: 

 

For 5454 alloy, the primary dendrite arm spacing was measured at a certain depth below the 

weld surface at a frequency of 20Hz. Then, the primary dendrite arm spacing was calculated 

using the values of (∂T / ∂x) and (∂T / ∂t) obtained at the same depth of the weld pool, and the 

results of the experimental measurements and the numerical calculations were compared. The 

SEM images of the welded sample of 5454 alloy, at a frequency of 20 Hz (Fig. 8), demonstrated 

that the primary dendrite arm spacing was 8 × 10-6 m. On the other hand, the predicted dendritic 

arm spacing concerning ∂T / ∂t (12 × 103 K / s) and ∂T / ∂x (3 × 105 K / m) was equal to 7 × 10-6 

m, validating the accuracy of the simulation results. For 2024 alloy, the measured value of the 

primary dendrite arm spacing obtained from SEM images at a frequency 15 Hz was m, 

while its value calculated based on the simulation results was m. 



13 
 

 

Figure. 8. SEM image of the cross-section of 5454 alloy weld metal at a frequency of 20 Hz indicating the 

primary dendrite arm spacing 

3.3.Experimental Results 

Fig. 9 shows the weld cross-sections of the 5083, 5454, 2024, and 6061 Al alloys, containing 4.5, 

3.04, 1.45, and 0.75 Wt pct Mg, respectively. The given images were created at the 15Hz, 20Hz, 

25Hz, and 40Hz pulse frequencies, respectively. It can be seen that penetration depth reduced 

when the pulse frequency increased, thereby lowering the weld metal volume. Also, the alloys 

with higher Mg content, especially 5083 alloy, suffered from this reduction more. 

 

 

 

 

 

 

 

 



14 
 

6061 (0.75 wt pct Mg)2024 (1.45 wt pct Mg) 5454 (3.04 wt pct Mg) 5083 (4.3 wt pct Mg) 

  

f=15Hz 

=55%fO 

 

   

f=20Hz 

Of=65% 

 

f=25Hz 

Of=72% 

 

 

f=40Hz 

Of=82% 

 

Figure. 9. Optical images for cross-sections of weld metals of Al alloys tested during experiments with a 

constant average power of 200 W and a constant speed of 5 mm/s while increasing frequency and overlapping 

factors. 

Fig. 10a and 10b represent the variations observed in the penetration depth of various alloys as a 

result of increasing frequency and the changes found in the penetration depth due to the different 

Mg content at various pulse frequencies. 
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Figure. 10. a) Variations in penetration depth when increasing frequency of Al alloys using various amounts 

of Mg; b) variations in penetration depth by changing Mg content of base metal under conditions of constant 

frequency 

Fig. 10a shows that in all alloys, increasing frequency reduced the penetration depth. The 5083 

alloy, containing the highest Mg content, had the most upper penetration depth at the frequency 

of 15 Hz. As seen in the metallographic images, although the parametric conditions of the 

welding were set to the conduction mode, the keyhole mode was created in the 5083 alloys at a 

frequency of 15 Hz. When the frequency increased, this keyhole mode was transformed into the 

conduction mode, resulting in the reduced penetration depth. In the case of the 5454 alloy 

(3.04% Mg), the penetration depth decreased with an increase in the frequency. However, this 

reduction in the penetration depth was less than that in the 5083 alloy (4.5% Mg). The variations 

observed in the penetration depth in the 2024 alloy (1.45% Mg) while increasing frequency was 

approximately similar to those found in the 5454 alloy. However, in the case of 6061 alloy 

(0.75% Mg), having a much lower Mg content than the other three alloys, there were no 

variations in the penetration depth when the frequency increased. Fig. 10b shows that in constant 

welding conditions (constant frequency), the Al alloy with a higher Mg content had greater 

penetration depth. In fact, at the same welding frequency, increasing the percentage of Mg 

content in the alloy increased the penetration depth of the weld.  

The reduction in the penetration depth with increasing the frequency can be justified if the laser 

parameters and simulation results are further studied. For this purpose, the cumulative pulse 

factor (F) and the interaction time between the pulse laser and the surface of the workpiece (tIN) 

were calculated. Because the energy pumped to an area originates from not only a single pulse 
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but also overlapping pulses on the same spot, one can expect that neither peak power density nor 

heat input can fully explain the behavior of the laser pulsed welds. Thus, a cumulative pulse 

factor was introduced to take into account the role of a set of pulses hitting the spot [26]. The 

results are presented in Table 5. It should be noted that the temperatures mentioned in Table 5 

are related to the 2024 alloy, obtained from the simulation results. 
Table 5. Interaction of pulse laser welding parameters affecting penetration depth. 

T (K) (s)INt  F  f(Hz) Test run identification number 
١٨٨٠ 0.147 731.5 1.55 15 1 

١٧۵٠ 0.168 650 1.9 20 2 

١۶۶٠ 0.175 576 2.25 25 3 

١۵٩٠ 0.224 410 3.3 40 4 

 

When the frequency increased, two factors, i.e., the reduced pulse energy competed against the 

increased pulse overlapping factor and the increased interaction time. As shown in Table 5, as 

the frequency increased, the multiplication of the pulse energy by the pulse overlapping factor 

decreased. Therefore, increasing the frequencies can be expected to decrease the penetration 

depth. The experimental results are shown in Fig. 9 support this argument.  

The effect that is proposed regarding Mg is that at the beginning of laser radiation on aluminum, 

a large part of the laser beam is reflected. Al is highly reflective due to its low resistance to the 

free electron motion. However, in the Al-Mg alloys, such as 5083, due to the much lower 

evaporation temperature of Mg compared to Al, some Mg evaporates from the metal surface.  

The presence of the Mg in the plasma plume enhances the coupling between the workpiece and 

the laser beam (See Fig. 11).  
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Figure 11. The schematic of the effect of Mg evaporation on increasing effective laser absorption. Plasma 

plume induced Mg evaporation reradiates laser power in all directions in the form of a photon with shorter 

wavelengths, resulting in the laser beam easier to be absorbed by the workpiece. 

As already stated, when the frequency increased, both pulse energy and temperature at the center 

of the weld pool decreased. Consequently, even if Mg content of the base metal was high, the 

intensity of Mg evaporation and the formation of plasma plume filled Mg vapor is reduced, and 

consequently the effective laser absorption the penetration depth is decreased.  

At the frequency of 15 Hz, in the 5454 alloy, although the temperature at the center of the weld 

pool was similar to that in the 5083 alloy, the penetration depth was lower, due to the lower Mg 

content of the base metal. As a result, less Mg was evaporated (less Mg loss), and less laser 

energy was absorbed. This was in agreement with the simulation results. The simulation results 

(Fig. 6) demonstrated that the alloys with a higher Mg content, such as 5083, had a higher 

effective absorption coefficient. Moreover, increasing the frequency decreased the effective 

absorption coefficient of the weld pool in all alloys.  

Fig. 12 shows the amount of Mg evaporation per unit area. The results indicate that for 5083 and 

5454 alloys, the decrease in Mg evaporation intensity is more noticeable when the frequency is 

increased.  
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Figure. 12- Results of EPMA analysis concerning Mg evaporation per unit surface area of weld metal as a 

function of frequency in pulsed laser welding of Al alloys. 

Fig. 13 shows the relation between the calculated Mg loss from the weld pool in terms of g/cm2 

and the weld penetration in the Al alloys with different Mg contents at different laser pulse 

frequencies. The data shows that the weld penetration is a function of both the Mg content of the 

aluminum alloy and the Mg evaporation from the weld pool surface in the process of pulsed laser 

welding. It seems that the same weld penetration, for example, 0.2 mm, may be obtained with 

significantly different levels of Mg evaporation.  However, further analysis of the data revealed 

that Mg evaporation could be the prime factor but in a more complex set of effects.  
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Figure. 13. The relation between Mg evaporation and depth of pulsed laser weld penetration for different Al 

alloy welds made at different laser pulse frequencies.  

In figure 14, instead of weld penetration, the effective laser absorption is examined as a function 

of Mg evaporation. Now it can be seen that there is a clear correlation between the Mg 

evaporation per unit weld surface area and effective laser power absorption for all four aluminum 

alloys made at all four pulse frequencies examined. On the other hand, it has to be noted that 

higher laser absorption does not necessarily mean higher weld penetration, since in some 

circumstances, the laser absorption may be in such a way that the base material is melted but not 

penetrated, i.e., the laser is in a rather fully conduction mode.  

 
Figure. 14. The relation between Mg evaporation and effective laser power absorption for different Al alloy 

welds made at different laser pulse frequencies.  

The data indicate that although Mg evaporation increases laser absorption, there is a threshold 

regarding the effectiveness of Mg evaporation on increasing the weld penetration. When Mg 

evaporation is low (until below the threshold value of effective Mg evaporation), aluminum 

alloys behave similarly regarding weld penetration, although Mg containing alloys due to the 

presence of Mg vapor absorbs more laser power. Please see figure 13 and compare penetrations 

of welds made at 40 Hz laser pulse frequency (lower laser pulse energies); the higher Mg content 

alloys have the same weld penetration, although we know from figure 14 that more power is 

absorbed. However, for welds made at low laser pulse frequencies of 15Hz i.e., high pulse 

energies, the situation is different. At high pulse energy,  once a threshold Mg evaporation is 
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passed, not only effective laser power absorption coefficient is increased, but also the plasma 

plume formed above the weld pool changes its behavior, and a keyhole is formed and weld 

penetration in an Mg containing alloy is increased  significantly.   

 

Conclusion 

The effect of the presence of Magnesium in Aluminum alloys, laser pulse frequency (pulse 

energy) on weld penetration, Mg loss of the weld metal, and effective laser power absorption 

was studied by experimental and numerical means. It is established that the changes in weld 

penetration, laser power absorption, and weld profile is not directly due to Mg in the alloy by 

itself. It is the Mg evaporation that affects the whole process. The effective laser power 

absorption has a positive correlation with Mg evaporation and it can increase from 0.14 to 0.265 

as the Mg evaporation was increased by increasing the laser pulse energy from 5 J to 13.3 J 

(decreasing the pulse frequency from 40Hz to 15Hz).  However, more laser power absorption 

does not necessarily mean more weld penetration. At low Mg evaporation rates, aluminum alloys 

in terms of weld penetration behave similar to each other irrespective of Mg content as the weld 

is in a full conduction mode, i.e., more laser power absorption results in the spread of the heat 

source. The Mg evaporation rate once passing a threshold of about 200 x  g/cm2, the 

formation of a keyhole is facilitated, and the weld penetration and laser absorption both increase 

significantly and alloys with different levels of Mg behave differently. 
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