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Abstract
Welding of dissimilar metals in general is a complicated task that involves many difficulties.Currently one of the most
challenging problems is the formation of inter-metallic phases in the joining interface.In this paper we introduce a
simulation model aimed to support the study of laser dissimilar welding by providing useful information on the process
characteristics (e.g thermal distribution, species mixing) including inter-metallics formation.The introduced model is
based on our existing multi-physical solver for simulation of laser processes within OpenFOAM's environment.The
simulation capabilities were extended with new physics for the study of dissimilar welding processes.Multi-species
diffusion and a simplified growth model for the intermetallic layer were included.Implemented diffusion includes
temperature dependency and allows simultaneous mixing of different species.The formation of inter-metallic phases is
calculated by a species reaction model coupled with both species and energy transport models.The thickness of the
inter-metallic layer predicted by the simulations is finally compared with experimental data for aluminum and steel.
Keywords: multi-physical simulation; laser welding; dissimilar materials; inter-metallic phases.

1. Introduction
Increasing industrial demand of hybrid components enhances the interest on the fabrication of dissimilar
metal joints by laser assisted techniques. However, the laser welding of dissimilar materialsusually results in a
challenging task, due to the complex material interactions and the current a lack of knowledge about the inner
process mechanisms. Dissimilar laser welding has been extensively studied over the last decades by means of
empirical methods. Fortunately nowadays the available computational power allows numerical assisted
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investigations as well. Most of the numerical studies on dissimilar laser welding were aimed to provide
reference thermal profiles e.g. [1]. Up to the date we could only find a few works including the effects of the
meltpool dynamics in their results [2 to 11].
In this paper we present an extended multi-physical model capable to simulate the whole process in a
macro- and meso-scale,comprehending from the melt pool dynamics up to the formation of inter-metallic
compounds. The model has been developed with the aim of serving as support for further investigations on
the field of laser assisted dissimilar welding.
2. Simulation model
The simulation model is based on our multi-physical model for laser assisted processing developed within
an OpenFOAM® environment. Extended descriptions of the model can be found in [12 to 14]. Presented
model developments suppose the continuation ofthe work first described in [15]. New implementations are
described below:
2.1. Multi-species diffusion
The module is based on Fick’s diffusion laws. Diffusioncoefficients are modelled as temperaturedependent Arrhenius functions according to:
D=D0*exp(-Q/R/T)

(1)

,whereD0is the pre-exponential diffusion factor, Q is the activation energy for the diffusion, R is the
universalgas constant and T is the absolute temperature. We use an iterative approach that is capable to
evaluate diffusion of multiple phases into each other simultaneously. This requires the use of a more advanced
treatment for the phase field.Due to the VOF-nature of the multi-phase model used it is possible that several
species find themselves sharing a same mesh element, whose properties will be averaged. In some cases two
condensed diffusing species have to share the volume element with an overheated species, leading to amean
element temperature well beyond the temperature range at which those condensed species can be expected. In
such cases, simply following the Arrhenius function for the diffusion coefficient would lead to unrealistic
diffusion coefficients.An artificial limitation of those coefficients beyond their temperature range has been
included to avoid such issues.Due to the new functionality brought in by the subsequently described reaction
model decision variables had to be introduced in the solver to switch to the inter-diffusion coefficient through
the inter-metallic phase once it is already present in a certain mesh element.
2.2. Reaction model
The model takes into account the temperature and the concentration of the different reactingspecies present
in each mesh element to allow their recombination to create an inter-metallic compound according to a given
stoichiometric relation. Currently, the model only accepts a single inter-metallic phase, although its extension
to deal with multiple inter-metallic phases is planned. Since most of this reactions are exothermal, no
activation energy has been implemented. However a minimal temperature for the reaction to take place can be
specified. In addition, an energy source term has been included to take into account the energy release
produced by the reaction. Its integration into the thermal calculation is similar to one arising from the source
term due to the absorption of the laser power.
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Fig. 1. (a) Cross section of the weld joint (laser light comes from the bottom) [17]; (b) thickness of the inter-metallic layer at the wetting
front [17]; (c) thickness of the inter-metallic layer at the corner [17].

3. Application to a real process: aluminum-steel welding
In order to test the capabilities of the multi-physical model with the new developments we made use of
available experimental results from older projects [16, 17]. More precisely, the process chosen was laser beam
welding of aluminum and steel in overlap configuration.
In a first instance, we reproduced the macroscopic features e.g. wetting by means of 2D and 3D process
simulations. After that, we made use of 2D simulations to obtain an estimation of the thickness of the intermetallic layer.

3.1. Experimental conditions
Joining of sheets of a low-alloyed steel (DC01) with a weldableAlMgSi aluminum-alloy (AW6016) has
been chosen. Materials thickness was 1mm for both steel and aluminum plates. The sample has been welded
in an overlap configuration with an overlap factor of 1.5 mm. A 3 kW lamp pumped Nd:YAG laser guided by
means of a 600 µm fiber was used. The laser radiation was focused by a lens with a focal length of 250 mm.
Lateral alignment of the focal spot of the laser has been kept constant at a distance of 0.5 mm measured from
the edge of the sample and the axial focal position was 40 mm above the steel plate. Line energy was 107
J/mm. Shielding gas (argon) was used, as well as flux. Figure1 shows the cross section of the weld joint.
3.2. Simulation of the macroscopic features
According to the Al-Si phase diagram, even the small amount of silicon present in the 6016 alloy (1.0 to
1.5%) is enough to create a mushy region for a range of 50 to 60 K below the liquidus line.Though it was not
possible to achieve a numerically stable implementation of the viscosity change due to the mushy region in
the simulation in the course of this study, the main process characteristics could be successfully reproduced.
Figure 2 shows the different stages of the process for an exemplarycross section. The energy of the process
comes mainly from the absorption of the laser light by the steel plate. The amount directly absorbed by the
aluminum plate also contributes to heat up the aluminumat the beginning but it does not play any relevant role
compared to the direct heat conduction. Note that the isothermal lines reach first the other side of the steel
plate right at the end of the aluminum plate, which is the closest point where the steel surface does not have an
enhanced heat removal.Indeed this is the point where aluminum starts to melt. At this point the surface of the
steel began already to melt too. As the melting front advances into the aluminum plate, wetting starts to show
up at the other side. When the melting front reaches the edge of the steel plate, a second wetting along the
edge commences. This secondary wetting, which manifests as an increased contact interface, provides a much
more efficient heat removal from the steel plate.
Once the laser and the plates begin to cool down aluminum starts to solidify. Two confrontating
solidification fronts can be identified. Each of them imposes a different angle to the free surface. When the
warmest region solidifies both fronts joinand leave an inflection pointin the inclination trend of the free
surface. As shown in Figure 1, this effect can be seen in the experimental sample under the same conditions. It
must be accentuated that without considering any effect due to the welding flux nor due to oxidation of the
surfaces the final length of the wetting achieved by the simulations is about 3mm, which is consistent with the
experimental results.
Figure 3 shows the process in a 3D simulation. An evident asymmetry in the thermal distribution can be
perceived, especially at the bottom side, where the main wetting process takes place. From the picture one can
notice that the actual phenomenon is more complex than the exposed in the 2D-case, since it spreads forwards
and backwards too, contributing to spread the heat. The secondary wetting along the edge is also significant.
In some of the experiments cooling plates of different materials e.g. copper where used to enhance the cooling
of the aluminium plate. The problem of the excess of heat can be noticed form the pictures too.
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Fig. 2. Evolution of the joining process step by step for a cross section. (a) thermal profile (the arrow indicates the incidence of the light);
(b) to (f) molten factions of the metals.
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Fig. 3. 3D-Simulation of the overlap laser welding of aluminum and steel.(a) View from the top; (b)
Bottom view showing the evolution of the wetting.
3.3. Growth ofthe inter-metallic layer
The advantage of laser wetting is that the process can be performed within temperatures not much higher
than the melting point of the aluminum. Mixing of both metals in liquid state can be avoided and therefore the
diffusion is limited. At the region where the steel is in contact with the aluminum the diffusion of solid iron
into liquid aluminum takes place much faster than vice-versa [1]. According to the phase diagram ironaluminum, a solution with high concentration of aluminum at temperatures slightly above the melting should
only promote formation of FeAl3. However, according to the literature Fe2Al5 grows much faster than FeAl3
in the initial stages [18]. Indeed, the growth of Fe2Al5 has been described as parabolic, while FeAl3 follows a
linear growth function [19]. Therefore in this study we suppose the formation of Fe 2Al5 as only inter-metallic
phase.
Our intention was to reproduce the growth of the inter-metallic phases via their inter-diffusion coefficients.
Unfortunately it is not easy to find reliable values to use as input for our model. There is much more work
performed for long-time diffusion of Fe-Al than for short time e.g. [20]. Worksdealing with shorter time
scales mostly try to obtain the growth kinetic constantsof the inter-metallics from the correlation of the
thickness with the time [19, 21, 22]. There is a certain variability of the data, depending on the minimum
studied time. The shortest time-scale study found was has been performed by [21]. From the kinetic growth
constant for Fe2Al5a diffusion coefficient of 2.16e-10m2/s for a constant temperature of 1073K was obtained.
In absence of more precise data we hadset this valueas non-temperature dependent. Diffusion between
aluminum and the inter-metallic phase was neglected, because it shall be implicitly included in the coefficient
deduced from the growth kinetics for Fe2Al5. Other diffusion coefficients taken are D0=26.79m2/s and
Q=247kJ/mol for solid Fe in solid Al [23] and D0=3.7e-7m2/sand Q=38.9kJ/molfor Fe solid in liquid Al
respectively [24]. The energy source term used due to the formation of inter-metallics was 2e5 J/mol [25].
Figure 4 shows the inter-metallic layer predicted by the simulations. The thickness of this layer can be
deduced from the volume fraction of the inter-metallic phase. Away from the corners we can consider
homogeneous transversal growth. In that case, we can expect the phase to be gradually filling the cells from
the interface outwards, thus its volume fraction multiplied by the transversal cell dimension gives the layer
thickness. In the Figure 4 c) the cells at the interface have a width of 83µm and a height of 28µm. According

to the phase level shown, predicted layer is less than 8µm at the top and less than 3µm at the right-hand side.
Similarly, the predicted layer at the wetting front, in Figure 4 b), is less than 5µm thick. Numerical problems
arising in the phase gradient scheme used for the species diffusion model avoided us to obtain reliable results
with a finer mesh resolution. Nevertheless, these values are in reasonable agreement with the experimental
results.
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Fig. 4. (a) Simulated cross section showing the calculated distribution of inter-metallic phase; (b) Detail of the inter-metallic fraction at
the wetting front; (c) Detail of the inter-metallic fraction at the corner.

4. Summary and Outlook
By extending the capabilities of a multi-physical model for laser material processing it has been possible to
simulate the welding of a complex dissimilar metal couple such as aluminum and steel. Despite of the
numerical problems and the simplification assumptions up to our knowledge this is the firsttime that a laser
dissimilar welding process can be simulatedreproducing at the same time both macroscopic features such as
the wetting phenomenon and microscopic features such as the growth of the inter-metallics. The model used
for this study is at the same time being used with reasonable success for the simulation of other different

processes namely laser assisted ablation, laser assisted cutting and deep penetration welding among
others.Further development aimed to the study of dissimilar welding includes the formation of different intermetallic phases and thermal-induced stress fields.
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