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Numerical modelling of hybrid arc/laser welding: a Level Set approach for weld bead formation and residual stresses

The joining of high thickness steel sheets by means of hybrid Laser/GMAW welding processes is studied in this paper. A three dimensional finite element model has been developed to simulate this process. Through an ALE framework, a level set approach is used to model the interface between the metal and the surrounding gas. Even though the physics of the plasma is not modelled, both thermal and material supply phenomena are taken into account: (i) The laser and GMAW heat sources are simulated and applied on the interface through the Continuum Surface Force method, (ii) An original method of volume element expansion has been chosen to simulate the material supply and the bead formation. A thermo mechanical problem resolution has been settled in this model. Depending on the thermal evolution of the mechanical parameters and on the velocity field, the material behaviour will be elastic, elasto-visco-plastic or visco-plastic. The ALE approach enables to compute the stresses inside the workpiece and to obtain the displacements of the workpiece borders. Two finite elements models are presented to illustrate: (i) A hybrid arc/laser welding simulation through the thermal and material supply resolution, (ii) A TIG welding simulation through the stress and strain mechanical resolution.

INTRODUCTION

The range of welding process's use in joining operations has recently expanded thanks to the emergence of hybrid arc / laser processes. Indeed, the coupling of a laser beam with a gas metal arc torch enhances the efficiency of gas metal arc welding (GMAW) processes. Located ahead of the torch, this new heat source provides additional energy to the workpiece. The resulting weld pool spreading enables to supply more material, to mix it more homogeneously and consequently to weld better and faster.

Nevertheless, the complexity of coupled thermo-mechanical phenomena induced by this new process increases. Therefore, a deeper understanding is required regarding the heat transfer from the heat sources and the molten droplets to the weld pool and the heat affected zone. Actually, the neighbourhood of the fusion zone is where deformations and stresses form first. These stresses may lead to hot tearing for some critical alloys and highlights the need for an accurate numerical modelling.

Recent models have shown their ability to realistically simulate GMAW processes taking into account the main thermal and fluid flow phenomena inside both the arc plasma and the weld pool [START_REF] Hu | Heat and transfer in gas metal arc welding. part i: The arc[END_REF][START_REF] Hu | Heat and mass transfer in gas metal arc welding. part ii: The metal[END_REF][START_REF] Xu | Three-dimensional modelling of arc plasma and metal transfer in gas metal arc welding[END_REF]. Such heat and fluid flow approaches have been recently applied to hybrid arc/laser melting, especially with the objective of simulating the effect of laser, through direct or indirect modelling of keyhole phenomena [START_REF] Ki | Modelling of laser keyhole welding: Part i. mathematical modelling, numerical methodology, role of recoil pressure, multiple reflections, and free surface evolution[END_REF][START_REF] Ki | Modelling of laser keyhole welding: Part ii. simulation of keyhole evolution, velocity, temperature profile, and experimental verification[END_REF][START_REF] Zhao | Macroporosity free aluminum alloy weldments through numerical simulation of keyhole mode laser welding[END_REF][START_REF] Rai | A convective heat-transfer model for partial and full penetration keyhole mode laser welding of a structural steel[END_REF][START_REF] Zhang | Thermomechanical analysis for laser + gmaw-p hybrid welding process[END_REF]. As a result, the calculated shapes of weld beads better fit the experimental ones.

Research in hybrid welding process simulations has not been yet extended to stress/strain computation. The analysis of stress/strain formation during and after welding is generally achieved through uncoupled thermalmechanical calculations to, further, study hot cracking phenomena induced by the process [START_REF] Danis | Numerical modeling of inconel 738lc deposition welding: Prediction of residual stress induced cracking[END_REF][START_REF] Wei | Three-dimensional numerical simulation of weld solidification cracking[END_REF] or residual stresses in the final workpiece [START_REF] Preston | Physically-based constitutive modelling of residual stress development in welding of aluminium alloy 2024[END_REF][START_REF] Taljat | Numerical analysis of gta welding process with emphasis on post-solidification phase transformation effects on residual stresses[END_REF][START_REF] Kong | Modeling of heat transfer and fluid flow in the laser multilayered cladding process[END_REF]. In fact, while the thermal field strongly impacts the residual stress field, the stress field affects with a low influence the thermal field.

The present paper reports on a transient three dimensional finite element model that has been developed to simulate the weld bead forming during hybrid laser/GMAW process. The model considers both a consumable electrode and a laser beam moving along a workpiece. However, the electrode, the arc plasma, the droplets and the laser beam are not explicitly represented. The model includes the workpiece and a surrounding gaseous domain for which different boundary conditions are expressed. During the formation of the weld bead, firstly, the energy equation is solved. The material supply is taken into account thanks to the level set approach, the interface between the surrounding gas/air and the workpiece being defined by a signed distance function. The Proc. JOM17, Int. Conf. on Joining Materials, May 5-8, 2013, Helsingor, Denmark, International Institute of Welding (2013) 11 pages resolution of Navier-Stokes equations, including first a mass source term to account for material supply, and second surface tension forces, gives access to the velocity field, which is used to transport and update the level set interface. The uncoupled resolution of the thermal-mechanical problem begins then. From the temperature distribution, the mechanical properties of the 316L steel are derived. According to the material state, elastovisco-plastic, visco-plastic or Newtonian, the stresses and strains in the heat affected zone and in the base metal are computed.

The paper presents first the mathematical formulation for the heat & material supply. A simulation of a hybrid arc/laser welding process is carried out to analyse the model efficiency. A comparison between the weld bead cut planes from simulation and experimentation is proposed. Next, the mechanical solver is detailed. A simulation of a TIG welding process is presented. To the best of our knowledge, it is the first time that Level Set approach and stress & strain computation are coupled. To validate the presented model a comparison between both approaches with and without LS is carried out.

MATHEMATICAL FORMULATION FOR A GMAW SIMULATION

Level Set approach

A Eulerian approach is used in which the interface between the metal and the surrounding air or plasma is defined by a level set function. This choice is justified by the modelling of multi-pass hybrid arc/laser welding processes [START_REF] Desmaison | Modelling of the bead formation during multi pass hybrid laser/gas metal arc welding[END_REF] and the objective to model arc plasma in a future extended version of the model. A nodal signed distance function φ is defined to represent the interface between gas and metal. Because the governing mass, energy and momentum equations are solved in the entire finite element domain, as illustrated in FIGURE 1, a smooth interface transition of the thermal properties is needed. Near the interface a mixed property law is defined using a sinusoidal Heaviside function H(φ) :
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The mixed law is restricted to a [-ε,+ε] domain perpendicular to the surface defined by φ(t)=0. Denoting α gas and α metal the values of a physical variable in both domains, the averaged or mixed value α is defined by:
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All model's physical parameters such as the density ρ, the specific heat C p , the thermal conductivity λ or the viscosity η, are computed according to this mixing rule, using the same Heaviside function.

Heat transfer: energy equation

The transient energy equation solved to obtain the temperature T in the whole domain is the following:
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where ρ, C p and λ are the thermal properties computed from Eq. ( 2). All of them are temperature dependant and their value varies with the liquid fraction. v r is the velocity vector. In this model the temperature homogeneisation resulting from the fluid flow in the weld pool is only taken into account through an enhanced liquid thermal conductivity. Nevertheless the velocity field v r is not equal to zero (see §2.4). The study of flows in the weld pool from the model described in this paper is detailed in [START_REF] Desmaison | A multi-physics level set approach for the simulation of the hybrid laser / gmaw process[END_REF]. Two heat sources have to be considered in a hybrid laser/arc welding simulation. The first one consists in the heat supplied by the arc plasma for which a surface Gaussian distribution of the heat input is supposed. The model relies on thermal radiation physics: the input heat flux q P through the surface depends on the opening angle of the arc plasma, the distance to the electrode and the orientation of the surface normal vector with respect to the direction of the torch. The second heat source is associated with the laser beam. In the present model, a defocused laser beam of moderate power is supposed for which no keyhole phenomenon is observed.

The heat input is then modelled through a surface heat flux q L with a Gaussian distribution and an area limited to the laser radius. Both sources -plasma and laser -are expressed through surface boundary conditions. In the present context of level set formulation, the Continuum Surface Force developed by Brackbill et al. [START_REF] Brackbill | A continuum method for modelling surface tension[END_REF] has to be used to transform them into volumetric heat input conditions, appearing as right hand side terms Q & in Eq. ( 3). Therefore the Dirac function δ(φ) -that is the derivative of the Heaviside function H(φ) (Eq. ( 1), the integral of which over [-ε,+ε] is 1) -is used to define the two volumetric heat sources:
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The heat provided to the fusion zone by the impingement of molten droplets represents the last heat source

D Q & .
Based on the volumetric model of Lancaster [START_REF] Lancaster | The physics of welding[END_REF] and improved later by Kumar and Bhaduri [START_REF] Kumar | Three-dimensional finite element modelling of gas metal-arc welding[END_REF], it consists in defining a cylinder below the arc/plasma in the weld pool into where an additional source term is imposed. The appropriate dimensions of the cylinder are discussed in [START_REF] Bellet | Direct modelling of material deposit and identification of energy transfer in gas metal arc welding[END_REF]. Finally three heat source terms are added to the right hand side of the energy equation ( 3):
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Convective heat transfer and emissivity are taken into account too. They are imposed as a Fourier condition along the borders of the finite element model. On the interface, they are computed as:
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where h is the heat transfer coefficient, ε the emissivity, σ the Boltzmann constant and T ext the ambient temperature. The heat losses T Q & are subtracted to the final heat source term of Eq. ( 4). FIGURE 1 represents the different heat sources applied on the model. 

Material supply: mass & momentum equation

An original method has been settled to model material supply [START_REF] Bellet | Direct modelling of material deposit and identification of energy transfer in gas metal arc welding[END_REF]. A volume expansion source term θ & is added to the right hand side of the mass conservation equation for finite elements contained in the cylindrical zone introduced in the previous paragraph. θ & is computed as a function of the geometrical dimensions of the electrode and the welding parameters. The coupled mass and momentum equations are the compressible Navier-Stokes ones:
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The computed velocity field θ & r v will be used then to transport the interface as explained next. A Newtonian behaviour is considered for the metal such as:
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where η is the viscosity and θ & & e the strain rate tensor computed from the velocity θ & r v . As previously, the viscosity is computed from Eq. ( 2) and it is temperature dependant. An enhanced value of the liquid viscosity is used for a stronger stabilization of the mechanical resolution. The right hand side term of the momentum equation, F r , includes two forces which apply onto the free surface. The first one is the gravity, g F r . The second one is the surface tension. First a surface force vector is defined as a function of the distance function:

n T r r γ κ γ = (8) 
where the mean curvature κ and the normal vector n r are computed as:
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As this force is a surface force, once again, the Continuum Surface Force has to be applied. The final term F r is equal to:

( ) ϕ δ γ T F F g r r r + = (10) 
The arc pressure is neglected in this model.

Weld bead shaping: transport & reinitialization of the Level Set

Once the velocity field associated with material supply is computed, the interface has to be transported. In this way, the following convection equation is solved:
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)
The new Level Set φ=0 is the updated interface. A reinitialization step is then realized to respect the Eikonal property on the field φ:

1 = ∇ϕ r
. The modelling of the material supply step ( §2.3 & §2.4 ) is illustrated in FIGURE 2. Moreover, because of the Eulerian approach used in this resolution, the temperature field must to be transported too. Therefore, the velocity field v r of the energy equation ( 3) is equal to θ & r v .

FIGURE 2:

Illustration of the different steps of the supply material modelling.

HYBRID LASER/GMAW PROCESS SIMULATION

Model description

The simulation of a hybrid laser/GMAW welding is proposed to illustrate the previous mathematical simulation. The simulated process consists in the filling of a narrow chamfer (FIGURE 3). The metal is the low alloyed 18MND5 steel. Its properties, thermal dependant, are taken from the commercial software ThermoCalc. The interface between the machinated chamfer and the gas is defined by the level set function. A hybrid heat source moves along the workpiece to form the weld bead. It is composed of a GMAW electrode and a 3 mm radius laser beam located 3 mm ahead. The power of the laser beam is 6000 W and the torch power is around 10000 W, assumed to be divided in two parts: 70% for the arc plasma source and 30% for melting the electrode metal into droplets [START_REF] Bellet | Direct modelling of material deposit and identification of energy transfer in gas metal arc welding[END_REF]. The velocity of the torch is 13.3 mm/s, the velocity and the diameter of the wire are respectively v w = 200 mm/s and Ф w = 1.2 mm. A value of 20 [START_REF] Hamide | Modélisation numérique du soudage à l'arc des aciers[END_REF] is used for the enhanced conductivity factor to model the weld pool mixture. Only one pass is simulated and the results are presented in the next section. model, the flows inside the weld pool are not taken into account. So, the mixture of the material does not occur which explains the curved shape of the weld pool.

Nevertheless the similarity between the simulation and the experimentation keeps very good. It proves the efficiency of the present model. A fluid flows model could be improve the results. 

RESIDUAL STRESSES: BEHAVIOUR LAW & MECHANICAL EQUATION

Like all models found in the literature, this model is uncoupled. The thermal distribution field and the weld bead shaping computations are separated from the mechanical resolution. Indeed the residual stress computation is carried out from the final model state after energy, mass and momentum equations resolution at each time step.

The mechanical problem to be solved is the following:
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The solutions are the velocity of the material S v r and the pressure p. The right hand side term of the equation, F r , corresponds to the body forces. Here, only the gravity force is considered. The term el ε& represents the elastic part of the strain rate tensor and the term th ε& the thermal one. The deviatoric stress tensor S s in Eq. ( 12) directly derives from the velocity field S v r through the material behaviour law. As this is done at the centre of tetrahedral elements, no mixing law is required here. Indeed, according to the state of the element (gas or metal) and its centre temperature, the kind of resolution will not be the same. Three different behaviours are defined in this model: -The gas or surrounding air is considered as an incompressible fluid. Its behaviour is Newtonian (N). The deviatoric stress tensor S s is defined as:

e s gas S & η 2 = ( 13 
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where η gas is the dynamic viscosity of the gas. Its value is very low and, as expected, stresses in the gas part of the model are negligible. The strain rate tensor e & is computed as in Eq. ( 7) from the velocity

S v r .
-If the metal has a temperature lower than a critical temperature T C (usually chosen as the solidus temperature) its behaviour is elastic-visco-plastic (EVP). A multiplicative behaviour law is used in the present model. The equivalent stress is computed as:

Y n m EVP EVP K σ ε ε σ + = & (14) 
where K EVP , m EVP and n are respectively the EVP consistency, the EVP strain-rate sensitivity and the hardening coefficient. σ y is the yield stress. These four material parameters are temperature dependant. The equivalent strain ε is an input from the previous time step whereas the equivalent strain rate ε & depends on the velocity

S v r .
-If the metal has a temperature higher than the critical temperature T C , its behaviour is visco-plastic (VP). The Norton-Hoff law is applied to express the deviatoric stress tensor:

( ) ( ) e K s VP m P VP S & & 1 5 . 0 3 2 - = ε (15)
where K VP , m VP are respectively the VP consistency and the VP strain-rate sensitivity which are temperature dependant.

Moreover, the temperature influence on the residual stress computation is also taken into account through the mass conservation equation of Eq. ( 12). Indeed, the thermal part of the strain rate tensor th ε& depends on the thermal evolution of the density:
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This mechanical problem is non linear due to the velocity dependence of the behaviour law. So a Newton-Raphson method has to be used. After convergence, the iterative resolution provides the nodal velocity and pressure fields 

M S t t t t v x x ∆ + = ∆ + r (17) 
Whereas in the material supply resolution a Eulerian approach is used (the velocity field θ & r v is used to transport the interface and the temperature), in this part, a Lagrangian approach is considered. In fact, the mesh is convected by the velocity field S v r . So the impact of the mechanical resolution on the level set function and the interface is also taken into account.

RESIDUAL STRESSES COMPUTATION IN TIG WELDING

Model description

The 3D finite elements model consists in a thick plate of austenitic steel 316L. The dimensions are given on the FIGURE 7. Two domains coexist: the gas in the top part and the metal below. Around the interface plane, φ = 0, the mesh is refined for a correct definition of the mixing law (Eq. ( 1)) and to be able to efficiently use the Continuum Surface Force method (Eq. ( 4)).

The torch is moving along the x-axis on the centre of the plate with a velocity of 1mm/s. The plate sides, which are parallel to the welding direction, are fixed: their displacement is null,

0 = S v r
. This welding configuration has been proposed by Hamide, [START_REF] Hamide | Modélisation numérique du soudage à l'arc des aciers[END_REF]. In order to illustrate the presented mechanical resolution of this model, a comparison of numerical results with a LS approach and without is proposed here. Indeed, to the best of our knowledge it is the first time that a stress and strain computation is carried out from a welding simulation including a level set approach. The thermal and mechanical material properties of the 316L are given in [START_REF] Hamide | Modélisation numérique du soudage à l'arc des aciers[END_REF]. The TIG heat source is circular with a power P P of 975W and a radius r P of 5mm: 

2 p P P r P Q π = & (18) 

Numerical validation of the mechanical computation

A sensor is located at a distance of 95mm ahead the plate front side, at a depth of φ = -5mm and on the weld bead axis. The numerical longitudinal (x direction) and transversal (y direction) stresses from both models with and without Level Set are compared on the FIGURE 8. The curves tendency is respected. Only the maximum values of tensile and compressive stresses are bigger with the Level Set approach. This is due to the meshes which are different. In fact, as the mechanical computation is realized at the element centre, according to position of the sensor in the element, the result could be a bit different. The thermal resolution is solved at each integration point of the element. So, the mesh has a lowest impact on the thermal measurement: both curves are identical. The computation of stresses from the present model with a level set approach is so considered validate. This result is significant because it is the first time that mechanical computation, level set approach and welding simulation are gathered in a same FE model. The residual stresses distribution on the plate top face after a welding of 95s is presented on the FIGURE 9. The lines represent the isothermal distribution. The maximal temperature is around 1660K which corresponds to a liquid fraction of 55%. The main stresses are located in the isothermal line 720K, the second one. To highlight the different behaviour of the steel plate, a last graph is proposed (FIGURE 10). The behaviour is visco-plastic where the temperature is upper than the solidus temperature, 1598K. A thick band at each part of the weld pool has an elasto-visco-plastic behaviour where the compressive stresses are the highest. Everywhere else the behaviour is elastic. 

CONCLUSION

In this paper, a 3D finite element model has been described. Its main faculties are to allow the simulation of hybrid arc/laser welding, from the heat and mass supply to the residual stresses computation. Two cases have been proposed to illustrate both the parts of the paper.

An industrial hybrid welding process simulation has been carried out to highlight the model efficiency to model the weld bead growth. Weld pool dimensions and shape have been compared to the experiment. The Level Set approach used in this model will next allow realizing multi-pass welding simulation. Only one pass has been shown in this paper, but several ones could be presented during the speaking.

The mechanical computation is also possible with this model. Indeed, from a non coupled resolution and the thermal distribution as input, the model is able to compute the stresses induced by the welding heat source supply. No industrial case has been proposed to validate this aspect of the model. A comparison between the model with a Level Set approach and without has sooner be shown. In fact, it quite unusual to compute mechanical stresses from a Level Set approach and it seem important to show that the model meets the criteria. A case with material supply could be presented during the speaking.

FIGURE 1 :

 1 FIGURE 1: Schematics of the heat sources considered in the finite element model, in level set formulation.
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 5 FIGURE 5: Comparison of the weld pool size between experimentation (a) and simulation (b).
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 6 FIGURE 6: Superimposition of the weld bead from the experimentation (Exp) and the numerical simulation (Num).
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  and p. From the velocity field S v r and the mechanical time step ∆t M the nodal displacements are computed:

FIGURE 7 :

 7 FIGURE 7: Model description.
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 8 FIGURE 8: Comparison of the numerical stresses from both with and without Level Set models.
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 9 FIGURE 9: Longitudinal (a) and transversal (b) stress distribution on the interface.
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 10 FIGURE 10: Evolution of the interface stresses according to the torch distance.
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