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Abstract. The aim of this work is to present and compare two numerical modeling approaches for the simulation of 

residual stresses caused by the welding process. In the first approach, the coupling of the different material states is 

ensured using an ALE method. The molten pool and the fluid flows are modeled. However in the second approach, 

numerical simulations were carried out in the context of Lagrangian approach where the fluid flows in the molten 

pool are not considered.  

1 Introduction  

Welding is a major need for the most manufacturing 

industries. The large use of welding and the need to 

improve and better control the welding processability 
have led to the development of several numerical 

simulation approaches, which may provide valuable 

assistance to study the process’s effects on the final 

structure. 

During the welding process, the material undergoes 

thermal cycles which lead to microstructural changes. In 

turn, these phase changes affect the temperature field 

distribution, the morphology of the molten zone and the 

generated stress field distribution [1]. Add to this, the 

effect of weld pool dynamics in term of fluid flows, 

particularly those related to the strong thermal gradient 

and caused by surface tension effect called “Marangoni 
effect” and the buoyancy forces related to the density 

variation “Boussinesq”. Therefore, in order to reproduce 

as possible the physical phenomena occurring during the 

welding process, it is very important to take into account 

in the numerical simulation the phase transformations, the 

fluid flows in the weld pool and the solid state (Figure 1).  

The aim of this study is to outline, via a numerical 

study, the impact of the fluid flows generated in the 

molten pool, on the distribution of phases and residual 

stress field. A transient three dimensional finite element 

model is developed to study a hybrid laser / arc welding 
case.   Two different approaches are adopted. In the first 

one a thermo-fluid simulation was conducted taking into 

account the surface tension (Marangoni effect and the 

curvature effect of the free surface) and buoyancy forces. 

However in the second one the fluid flows in the liquid 

pool are not considered.  

In both cases, the residual stress field generated by 

welding is obtained after cooling. The transition between 

the liquid and the solid phases is ensured using a mixture 

law behavior able to model the coexistence of the solid 

and the liquid phases in order to have a continuous 

transition [2]. 

 
Figure1. Schematic sketch of the material states and the fluid 
flows during welding process. 

2 Numerical approaches 

Two numerical simulations were conducted based on 
two different approaches. The only difference between 

the two approaches is to consider or not the fluid flows in 

the molten pool. These two types of simulation consist of 

several steps of calculations as follows:  

- In the second approach (B) a classical thermal 

calculation is performed however in the first one (A), a 

thermo-fluid calculation is conducted taking into account 
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the fluid flows in the weld pool. In this last approach, the 

liquid zone is modeled as a Newtonian fluid, dilatable 

and thermally compressible however an elastic behavior 

is considered for the solid zone. 

- The temperature field resulting from the thermal or the 

thermo-fluid simulation is used in the metallurgical 

calculation. 

- Finally a mechanical calculation is carried out based on 

the obtained thermal and metallurgical results. For this 

calculation, an elasto-plastic bhavior is adopted for the 

solid zone and a mixed formulation solid / liquid in the 
mushy zone.  

In both approaches, a weak coupling between thermal, 

metallurgy and mechanics is considered. Numerical 

simulations were carried out in the context of Lagrangian 

approach in the case (B), however an arbitrary 

Lagrangian Eulerian method is adopted for (A) in which 

the nodes follow the material in the solid zone and the 

free surface but not in the liquid zone. 

3 Numerical model  

A 3D simulation of a representative case of a hybrid 
laser/arc welding is presented. The FE model is 

performed using SYSWELD® software [3].  

It is about a metal block of 70 mm length, 40 mm 

width and 30 mm welded longitudinally following y 

direction 

The model admits symmetry along the YZ plane. The 

mesh is shown in Figure 2. It includes 187939 linear 

tetrahedral elements and 9662 linear triangular elements 

(skin elements).  

 
Figure2. FE model: mesh and boundary conditions 

 

The multiphasic ferritic steel grade S355J2G3 is used 
in this study. All the data about this steel is given in [3]. 

A single pass hybrid laser/arc weld is made with a 

welding speed 13.3 mm.s-1.  

Heating occurs during the first 3.4 s. Then the 

workpiece is cooled down to the room temperature 

(20°C) after 1200 s. The thermal load is represented by 

both equivalent double ellipsoidal and Gaussian surface 

heat sources [4].The gradient of the surface tension 

/d dT  is applied using the approach of Leblond et al. 

[5].   It is taken constant and positive equal to 10-4 Nm-

1K-1.  

The convection and radiation heat transfer  are the 

boundary condition  to consider. The linear FE P1/P1 is 

used in the first case (B) however the FE P1+/P1 is used 

in the first approach (A) [6]. 

Metallurgical simulations are conducted based on 

Leblond’s kinetic model for anisothermal metallurgical 

transformations [7]. For the ferritic steel S355J2G3, the 

following metallurgical transformations are considered: 

(Ferrite → austenite), (austenite → bainite), (austenite → 

martensite).  

For mechanical analysis, in order to ensure a 

continuous transition between the solid and the liquid 

phases, the mixture law behavior combining the two 

phases quantified by their volume fractions [2], is used. 

When the temperature is below the liquidus (TL), the 

liquid phase is modeled as a Newtonian fluid while a 

thermo-elasto-plastic behavior is considered for the solid 
phase when the temperature is over the solidus. 

Material’s data are extracted from SYSWELD’s database 

[3].  

3 Results  

3.1. Thermo-fluid calculation 

Figure 3 shows a comparison between temperature fields 

obtained when considering or not weld pool flows.  

 
Figure3. Temperature fields as seen from the (a) symmetry 

plane, (b) upper side 

 

The influence of the generated flows on the 

distribution of the temperature in the molten pool is 

significant. On the one hand, it is found that, with flows, 

the pool reaches a quasi-steady state after 1s. However 

without flows, the steady state is reached after 3s. On the 

other hand, a lower level of temperature, a smaller molten 

pool in the weld direction and a deeper pool are resulting 

when considering flows (case A). The difference of the 

size between the two molten zones is about 14mm in 

length, 0.7 mm in width and 0.2mm in depth. 

Flow rate 
[ms-1]

 

Figure 4.  The flow rate field induced in the melted pool (3.4s) 
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A part of the answer is that  /d dT  was taken 

positive, which leads to the generation of penetrating 

weld pool, so it brings the "cold" material from the border 

to the center, the hottest point of the molten zone. 

In terms of flow rate, figure 4 illustrates the direction 

of flows which move from borders of the molten zone to 

the center of the application of the heat source. Then a 

penetrating vortex is created. And this vortex is causing 

the change in the morphology of the weld pool.  

3.2 Metallurgical transformations 

During heating, in the zone where the temperature 

exceeds Ac3 (780°C), the initial ferritic phase is 
transformed into austenite (figure 5 (a) and (b)). 

However, martensitic and bainite transformations are 

controlled by cooling kinetics. Formed phases are a 

carbon –rich phases and present a higher hardness than 

the base metal (figure 5 (c) and (d)). 

Phase’s 
proportion(b)

(c)

(d)

Time(a)

with flows without flows  
Figure5.  Distribution of resulting phases in the symmetry 

plane: (a) ferrite, (b) austenite, (c) bainite (d) martensite 

 

The comparison between the two cases (A) and (B) 

shows a good correlation in term of phase’s proportions 

and distribution. However, in the case (A), it is noted a 

higher hardness in the depth due to the fact that the weld 

pool is deeper when considering flows in the molten zone 

which promote the martensitic and the bainite phase 
transformations in depth.  

3.3 Mechanical results: residual stresses  

Figure 6 shows the von Mises stress fields during heating 

(3.4s) and the residual stress generated by welding after 

cooling (1200s).  

It can be seen that in term of stress field, the results 

obtained by both approaches are similar with a little 

difference:  In the molten zone, at the end of the heating 

(3.4s), the material is free of stress. However, the affected 

zone state is a little more important when considering 

fluid flows. After cooling, in the case (B), residual 

stresses are slightly higher because of the higher 

temperature levels reached in the molten pool (figure3). 

[Nm-2]

with flows without flows

 
Figure 6.  von Mises stress field distribution in the symmetry 

plane  

 

Flows occurring in the melting zone have a low 

impact on the state of the generated residual stress field. 

4 Conclusion  

In order to study the influence of the fluid flows on the 

morphology of the weld pool, the metallurgical 

transformations and generated residual stress field, a 

numerical simulation of a hybrid welding case is 

conducted using two different approaches. The 

consideration of the fluid flow with a positive gradient of 

the surface tension, leads to a deeper molten zone and a 

lower temperature levels. This is due to “cold material’ 

brought from the borders to the center of the molten zone. 
Fluid flows lead to a more realistic form of the molten 

pool, so it allows calculating the microstructure through 

the CA-FE model [8]. Metallurgical results show that 

phase’s proportions and distribution are insensitive to 

fluid flows. But it is noted that the consideration of fluid 

flows promotes martensitic and bainite transformation in 

depth. Finally, mechanical results show that the 

consideration of flows don’t affect the generated residual 

stress field.  
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