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Abstract 

The capability of close-edge remote welding of AA6xxx alloys is mandatory for lightweight car body manufacturing. 
However, these high-strength alloys suffer from a high susceptibility to hot cracking. For the investigations presented in this 
paper a multi-alloy aluminum was used which features a thin silicon-rich clad layer onto a standard AA6xxx core alloy. This 
shifts the weld pool composition to an alloy regime which is less crack sensitive. The experiments have shown that the usage 
of an AA6xxx multi-alloy aluminum not only reduces hot cracking but also reduces the required line energy to achieve full 
penetration welds by 8% compared to a standard AA6xxx alloy. Full penetration welding is often used in order to facilitate 
quality control of the resulting joint. In this paper the influence of the multiple alloy layers on the process efficiency is 
discussed using a heat flow model which was calibrated by experimentally determined weld seam geometries. 
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1. Introduction 

Laser remote welding enables highly productive, efficient and flexible production line layouts, making 
welding in series production faster and more accurate. Regarding this, the process efficiency is crucial to increase 
the economics of the laser welding process. The process efficiency, ηP, for laser material processing is defined by 
the ratio of the used process power, PP, and the laser beam power, PL, directed on the work piece surface. It 
depends on the thermal efficiency, ηth, and the coupling efficiency, ηA, of the laser beam in the following way: 

∙ . (1)

The thermal efficiency is the fraction of the absorbed laser power, PA, which is used for melting of the 
material. It is limited by heat conduction losses. The coupling efficiency is the fraction of the laser power which 
is absorbed in the processed material as defined by Graf et al. (2014). The coupling efficiency and the thermal 
efficiency are directly influenced by material properties. 

2. Thermal modeling of the laser welding process using a line source heat model 

The size and shape of the weld pool and its surrounding temperature distribution is related to the heat 
conduction according to the diffusion equation introduced by Carslaw et al. (1959). For deep penetration welding 
the two-dimensional line source model for infinite plates developed by Rosenthal (1946) is an appropriate 
theoretical solution shown by Swift-Hook and Gick (1973). In this model the heat input into the material is 
uniform along a line parallel to the z axis creating a pure two-dimensional heat flow. The line source is moving 
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with a constant and linear speed along the x axis. In this model the heat dissipation into the surroundings is 
neglected. The phase transition enthalpies and the convection in the weld pool is not included. The two-
dimensional temperature distribution then reads 
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where K0 is the Bessel function of the second kind and zero order, PA/s is the absorbed laser beam power PA 
per penetration depth s, v is the feed rate, λth is the thermal conductivity, and / ∙  is the thermal 
diffusivity, where ρ is the density, and c is the specific heat. Equation (2) takes only constant physical properties 
into account. Therefore average values for the temperature dependent physical properties were used as defined 
by Swift-Hook and Gick (1973).  

2.1. Weld width b out of temperature distribution 

The width b of the weld is used to calculate the thermal efficiency which is defined by Swift-Hook and Gick 
(1973) in the following way: 
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where ΔT is the temperature difference between ambient temperature and melt temperature. Using the isotherm at 
melting temperature from the temperature distribution, the size of the weld pool can be found. The widest lateral 
expansion of the isotherm at melting temperature determines the weld width as seen in Fig. 1(a). 

 

 

Fig. 1. (a) 2D temperature distribution for 6xxx aluminum at P/s = 1100 W/mm and v = 5.5 m/min; (b) Influence of physical properties for an 
AA6016 aluminum on thermal efficiency with P/s = 1100 W/mm, v = 5.5 m/min, s = 2.9 mm, and constant ηA = 0.66. 

2.2. Influence of physical properties on thermal efficiency 

As seen in equation (1) the thermal efficiency is a function of the process efficiency. The coupling efficiency 
was assumed to be constant in order to facilitate the interpretation of the influence of the material properties on 
the process efficiency. To consider the influence of the physical properties independently from each other, they 
were varied individually by +/-10%, as shown in Fig. 1b. Benchmark was an AA6016 aluminum alloy. The 
resulting thermal efficiencies were determined by taking the weld width which was obtained from the calculated 
temperature distribution into equation (3). The curves in Fig. 1b show that only a change of the thermal 
conductivity and the melting temperature is influencing the thermal efficiency whereas the specific heat and the 
density show no effect. Raising the thermal conductivity or the melting temperature by 10% lowers the thermal 
efficiency in a linear progress by approximately 4%. 
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3. Influence of the multi-alloy design on the process efficiency 

3.1. Experiments 

For the experiments a standard AA6014 aluminum and an 8840 multi-alloy aluminum from Novelis were 
used, welded in overlap geometry. The sheets were arranged in such way that the sheet with a thickness of 1.2 
mm was on the top and 1.7 mm was on the bottom. All experiments were done with a TruDisk 5001 laser and a 
fiber delivery with a 200 µm core diameter. The laser has a maximum output power of 5000 W at a wavelength 
of 1030 nm. To focus the laser beam on the work piece a PFO 3D scanner optics with a focal length of 450 mm 
was used. This yielded a focus diameter of 650 µm.  

In Fig. 2 a cross section of two welded 6000 series multi-alloy aluminum sheets is shown. It consists of core 
material and two outer cladding layers. The core material maintains all the advantages and required properties of 
a 6xxx monolithic alloy whereas the clad layers suppress crack initiation without the need of a filler wire shown 
by Bezençon et al. (2011). Therefore this multi-alloy aluminum is compatible with the remote laser welding 
technology which offers new welding geometries and a high cycle time due to a very fast laser beam positioning 
shown by Weller et al. (2013). 

 

 

Fig. 2. Cross section of two welded 6000 series multi-alloy aluminum sheets. 

To compare the process efficiency of the two different materials the laser power was varied from 3.8 kW to 
4.6 kW. The feed rate was a constant speed of v = 5 m/min. By evaluating the weld area A out of the cross 
sections from the two tested materials, the specific volume, Vspec, could be determined. The process efficiency is 
proportional to Vspec as defined by Graf et al. (2014), 

∝
∙
.	 4

With the multi-alloy aluminum a specific volume of Vspec = 84.6 mm³/kJ is achieved whereas with the 
standard AA6014 aluminum only a specific volume of Vspec = 81.5 mm³/kJ is achieved. Referring to the 
correlation between the process efficiency and the specific volume in equation (4), the process efficiency for the 
multi-alloy aluminum is higher by 4%. 

3.2. Comparison of relative differences between specific volume and the thermal efficiency 

As shown in Fig. 2 the multi-alloy aluminum consists of a core and two outer clads. To determine the thermal 
efficiency the physical properties of these layers were combined according to their volume fraction. The two 
outer clads together have a fraction of 20% of the total volume yielding average thermal conductivity, 

, . ∙ , . ∙ , . (5)

The average specific heat, the average density, and the average melting temperature were calculated 
analogously. As was seen in Fig. 1b only the thermal conductivity and the melting temperature affect the thermal 
efficiency and therefore the process efficiency. The relative change of the thermal efficiency between the 
standard aluminum alloy and the multi-alloy aluminum was found taking the ratios of the physical properties of 
the standard and the multi-alloy material, 
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where the index standard stands for the standard aluminum alloy. According to the curves in Fig. 1b a higher 
thermal efficiency for the multi-alloy material is expected. Determining the thermal efficiency as introduced in 
chapter 2.2, the multi-alloy aluminum shows a value which is by 2.9% higher compared to the standard 
aluminum material which reasonably fits to the change of ratio of the specific volume (4%) found from the 
experiments. 

3.3. Full penetration threshold 

In Fig. 3(a) the cross section of two welded 6000 series multi-alloy aluminum sheets is shown. Close to full 
penetration, the welding penetration depth is very unstable. Some weld sections show full penetration while in 
other sections the penetration depth oscillates around the full penetration threshold. 

The experiments, described in chapter 3.1, showed that 8% less line energy is required for the multi-alloy 
aluminum to achieve full penetration compared to the standard material. The weld width of the clad layer, bclad, 
shown in Fig. 3(b), rises by 78% (bclad = 0.78 mm, bcore = 0.4 mm) compared to the weld width of the core 
material, bcore. This is due to the lower melting temperature of the clad. 

 

 

Fig. 3. (a) Cross section of two welded 6000 series multi-alloy aluminum sheets with a total thickness of  2.9 mm (total) at PL = 4.2 kW, 
v = 5 m/min, and df = 650 µm; (b) The magnification of the weld base shows local influence of multi-alloy design. 

Full penetration welding is often used in automotive production in order to facilitate quality control of the 
resulting joints. Therefore, beside the reduction of the hot cracking sensitivity, the lower melting temperature of 
the clad layer is a very helpful additional feature of the multi-alloy aluminum because less power is required to 
achieve full penetration compared to a standard aluminum. 

4. Conclusion 

Using the line source heat model of Rosenthal (1946) and Swift-Hook and Gick (1973) was found to be a 
convenient and fast method to investigate the influence of material properties on the process efficiency 
independently from each other. The investigation showed that mainly the melting temperature and the thermal 
conductivity influence the thermal efficiency whereas the specific heat and the density show no effect.  

Applying this finding on the experimental results made it possible to show, that the lower thermal 
conductivity of the clad is the main reason for the higher process efficiency of the multi-alloy aluminum. 
Furthermore the lower melting temperature of the clad layer helps to exceed the full penetration threshold. 
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