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Abstract

A three dimensional finite element model has beevelbped to simulate weld bead formation in mudtsp hybrid
laser/gas metal arc welding. The model considetis A@as metal arc welding (GMAW) electrode andset beam
moving along a workpiece. A Eulerian approach msdus which the interface between the metal andtineunding
gas or plasma is defined by a level set functidrer&fore heat transfer boundary conditions areiegphrough a
“Continuum Surface Force” model. An original methbds been settled to model material supply. A velum
elements in the fusion zone. A compressible Nastekes equation is then solved. The new obtainkxtie field is
used to solve the transport of the level set fancfor the updating of the gas/metal interface. édvrtopological
reinitialization method has been developed to hiéd Eikonal property in the compressible framewofrkhe level
set transport. The efficiency of this global moeeébles to simulate industrial multi pass hybridimg processes.

1. Introduction

The large use of welding processes in heavy iniggsiras lead scientists to take an interest invdding modelling.

The understanding of weld pool dynamics and sadigifon during gas metal arc welding (GMAW) is afegt

importance to master the shape of fusion and héatted zones, the shape of weld beads, and timeat@mn of

deformations and stresses in the neighbourhootdeofusion zone. Moreover, these stresses may tehdtttearing
for some critical alloys and highlights the needdocurate numerical modelling. Recently the efficiy of GMAW

processes has been enhanced through the couptimg aser beam. Located ahead of the torch, #wsheat source
provides additional energy to the workpiece. Thaulting weld pool spreading enables to supply mmoeagerial, to

mix it more homogeneously and consequently to Wwelter and faster.

Since the development of 2D-axi stationary modeis das tungsten arc welding (GTAW) processes at the
beginning of the 90’s [1, 2, 3, 4] significant pregs have been made. Recent models are now aldalistically
simulate GMAW processes taking into account thenmpienomena inside both the arc plasma and the poaid[5,
6, 7]. The heat and mass transfer models are eomisly improved. The simplified Goldak approach #vellaminar
flows analysis in the weld pool tend to be replabgdnore physical coupled models including a Gaussieat flux
and turbulent flows without any arbitrary enhaneggtosity [8, 9, 10, 11]. Regarding free surfacdéodeation,
surface tension and arc pressure are also takera@tiount in the minimization of the surface endif; 13, 14].
Because of the progress in hybrid welding modeléing the research focus on keyhole phenomenon thueserical
methods have been carried over laser/GMAW mode(liig 16, 17, 18, 19]. As a result, the numericalhtained
bead shapes better fit the experimental ones [&ertheless, only a very few models consider titeety of the
previous phenomena. Kumar and DebRoy [12], forams¢, propose an advanced GMAW model in 3D, butdon
to stationary and laminar conditions. Recently Wetrad. [21] have developed a 3D transient model for lksghole
welding through the volume of fluid (VOF) approachstudy the temperature field evolution. Resutes @omising
but no material supply is taken into account.

The present paper reports on a transient threendioreal finite element model that has been develdpe
simulate the weld bead forming during multi passridy laser/GMAW. The model considers both a condiea
electrode and a laser beam moving along a workp(EBigure 1-a). However the electrode, the arc plasthe



droplets and the laser beam are not explicitly eepnted. The model includes the workpiece and suating
gaseous domain with which different boundary cood# are expressed. The plasma over the fusion, zonethe
mix of air and protection gas surrounding the falm@nt are parts of this domain. In the preseatlgt the laser is
supposed defocused and therefore does not givetbithe keyhole phenomenon.

The paper will present first the mathematical faatian of the finite element problem. The three mgdverning
conservation equations — mass, energy and momeatuations — will be detailed. Secondly a multi pagsrid
laser/GMAW operation will be described. Lastly, themerical results will be analyzed and the pertoroe and
efficiency of the model will be discussed.
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Figure 1. Hybrid laser - GMAW model description according to the governing equations: schematic industrial
process (a), energy equation model (b), material supply model (c).

2. Mathematical formulation

2.1. Level Set approach

A Eulerian approach is used in which the interfaetveen the metal and the surrounding air or plasrdafined by

a level set function (Figure 1-b/c). Contrary td-agrangian approach, the chosen one enables t@amerthe
numerical difficulties induced by the onset of mtématerial contacts in multi pass welding. A abgigned
distance functiom is defined to represent the interface betweeragdsmetal. To ensure the finite element resolution
of the governing equations the material properdiess averaged near the interface, using a mixeddiefimed as a
sinusoidal Heaviside function bly.

H(g)= Y21+ ¢/e +Y n(sinmg/c)| for ¢ O[-e,+¢] 1)

The mixed law is restricted to &[-+¢] domain perpendicular to the surface defineddlsy0. Beingogas andometal
the values of a physical variable in both domaims,averaged or mixed valads equal, in the whole model, to:

Q=0py[1-H (¢)] +H (¢)agas (2)

All model's physical parameters such asC_ ,A,n are computed according to this equation, using shmme
Heaviside function.

2.2. Heat transfer and energy equation
The non steady-state energy equation is:
pCp((Z;t- +0 ET} oaoT)=0 3)
p, C, and/ are respectively the density, the equivalent $jpeneat and the thermal conductivity. The energyagion

is solved for the temperature field. Thereforepider to take into account the latent heat assatmith fusion and
solidification, the equivalent specific heat is garted following Morgan’s model:



Cp:(Ht_Ht—At)/( t_Tt—At) (4)

where the enthalpy cundd(T) is an input of the model. In the present model,ftbws in the weld pool are not taken
into account and the velocity fie is supposed null. To offset the flows and natemivection lack, the material
mixing is modelled by an enhanced conductivityhe tveld pool.Q corresponds to a heat source term. The time
discretization of the energy equation is fully inoftl Once the new temperature obtained, the themaohanical
properties are updated.

The arc plasma supplies a surface heat flux oimtieeface which can be modelled by a Gaussianiligion Q.
However, the level set framework makes impossiblietpose this boundary condition on the interfac@ &leumann
condition because the interface is not explicitisccetized. So the Continuum Surface Force mettledeloped by
Brackbill [22], has to be used to transform thefesee boundary condition into a volumetric souraenteas in [15,
16]. This method is based on the following equality

JS‘ der = \.[ QP6(¢)dQ (5)

with S andV respectively the surface of the interface andvbleme of the model. The Dirac functial@) is the
derivative of the Heaviside function. In order éspect the equality of Eq. (5) Dirac function’segnal in the te, +¢
domain and in the normal direction of the interfaas to be equal to one.

The same method is used for the heat source inductte defocused laser beam. A second Gaussitibdimon
Q. is applied on the interface and multiplied by fieac function. Heat convection and radiation effeare also
taken into account through a third volume distiid);.

Finally, an additional volumetric source term idided to model the impingement of molten dropletdiker
metal in the pool. According to the initial moddl lcancaster [23], modified in [24], all the nodexluded in a
cylindrical cavity defined just below the torch beget an extra heat source te@mas in [7, 9, 12, 14]. The value of
Qp mainly depends on the temperature of the dropledisthe current intensity. Thus, the total voluiodieat source
termQ of Eq. (3) is equal to:

Q:(QP+QL_QT)5(¢)+QD (6)

2.3. Material supply and deformation surface forces

In the mechanical problem, an original method heenbsettled to model material supply [25]. A voluex@ansion
source termé is added to the right hand side of the mass cwasen equation for elements contained in the
cylindrical cavity described in 82.2. It is comedtas a function of the geometrical dimensionsefalectrode and
the welding parameters. This approach to modeb#as shaping is not sufficient to be realistic #v volumetric
forces which deform the free surface have to bertakto account. In the present model, only twononeena are
considered: gravitfy and surface tensidh,. The arc pressure is neglected. Gravity is apmiethe whole model as
a volumetric force but to consider the surfaceiten®rceF, once again, the Continuum Surface Force methat mu
be used. The corresponding surface tension volicrfetce,F ., is given as a function of the mean curvataand
the surface tension tenynusing the Dirac function:

IE.y—vol = Kyﬁ 6(¢) (7)
An asset of the level framework is to easily coreghie normal vector and the curvature, as follows:

= O¢/|0g| and « = -0 (8)

2.4. Fluid problem resolution and level set transport

Once the energy equation solved and the thermoigaiygroperties of the liquid/solid phases updatbe, fluid
problem resolution is carried over. In additiorbtith bead shaping forces which appear in the tightd side of the
Navier Stokes equation, the expansion term is atwidte right hand side of the mass conservatioton to model
the bead forming. Thus, the full fluid problem ® $olved is the following:



p(g\t/ 0 DV} Ow=F,,+F, with o=pw Ov") o)
Ow=6

In the context of the present study, and as adjproach, a Newtonian behaviour is assumed fdr thet gas and the

metal. The compressible Navier Stokes equationsawed using P1+/P1 stabilized elements, with@plem SUPG

and a variational multiscale method [26]. Then he tevel set approach, the signed distance functiost be

convected to take into account the interface dedtion and, by this way, to model the bead shapiing. velocity

field v, obtained from the Navier Stokes equations rewluts used to solve the convection equation eflével set

[27]:
08 , 15—
5 tP0g=0 (10)

Thus, the new zero value level set represents ¢we metal/gas interface and takes into account thtenmal
supply. In total, this method is comparable torsolution of the deformation surface energy mimatiopn problem
as presented in [12, 13, 14, 15, 16, 20].

2.5. Reanitialization of the level set

The level set transport is always coupled with iaitialization method which holds the respect oé tRikonal
property: after the level set advection, the norimthe distance function gradient has to be maiethirqual to
one,|| O¢p || =1. For that, a modified convection equation isedl Usually it is coupled to the transport equafior
more efficiency and less computational time resofuf27]. Nevertheless, in the compressible apgroaf the
material supply method described above, the comen®l set reinitialization does not provide accef@aesults. A
new topological method has been settled. Baseti@mvbrks of Eliast al. [28], it consists in propagating the level
set in the whole mesh from the zero isovalue leetl The method takes the advantage of being @ugngtrical and
relies on the mesh topology. An enhancement comgptie sorting of the “to solve elements list” tbe initial
method has been proposed to allow the level sgiggation through the heterogeneous mesh of wesilinglations.

3. Model description

Table 1. Material properties for 16MnNiMo (ASME AS533)

Nomenclature Symbol Value Nomenclature Symbol Value 1
A e L
-1 -1
temperature T 1740K specific heat ~ Cpt  625JkgTK
i g
Solid and 6 ]
Density Ps  7800kgm® | liquid Ns 205 i g
P viscosity . o Fas
Solid and As  37TWm™ K™ | Latent heat of 25x10°
liquid thermal 395 f fusion L, o
conductivity L A Jkg
Igﬁéwglivity f, 20 Surface y 60x10° Fiqure 2. Hvbrid weldi -
) [ - igure 2. rid welding model.
factor [12] tension N.m™ 9 y 9

The finite element model consists of a paralleledip0 mm high, 120 mm long and 90 mm wide. A charofé0
mm depth and 12 mm wide passes, lengthwise, thrthelwvorkpieceFigure 2. The interface between the chamfer
inside and the gas is defined by the level settioncA hybrid heat source moves along the workpitrform the
weld bead. It is composed of a GMAW electrode aBdnam radius laser beam located 3 mm ahead. Toridllayer
two passes are needed. Three passes are moddikegoWer of the laser beam is 6000 W and the tpaster is



10000 W, assumed to be divided in two parts: 7084He arc plasma source and 30% for melting thetrelde metal
into droplets. The velocity of the torch is 13.3 fajthe velocity and the diameter of the wire agpectivelyw,, =
200 mm/s andp, = 1.2 mm. The material is a low C mid-alloyed st&8MnNiMo or ASME SA533. Material
properties, found in the literature, [29, 30, 3Hre given inTable 1. According to literature models where the flows
are not taken into account, a thermal conductf@tyor f, is used to model the material mixing into the webal.

4. Resultsand discussion

The weld bead forming during the first pass is @nésd inFigure 3. The view is shot from a longitudinal cut plane
inside the chamfer and only the metal/gas interfacgsible (such as shown Figure 2). For three different steps,
the temperature field is displayed and the weld {mdrawn by a white line.
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Figure 3. Weld bead forming and temperaturefieldat: t = 1.5s(a),t = 3.0s(b), t = 4.5s(c).
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Figure 4. Filling of the chamfer from 3 passes at the sametimet = 1.5 s  Figure 5. Over lapping of the three weld beads
after each pass has started. Temperature field distribution on the metal/gas  in an orthogonal section plane.
interface for the first pass (a), the second one (b) and the third one (c).

Step by step the bead is forming. The temperataté follows correctly the hybrid torch and the dedool stays
ahead the bead. The computed temperatures are nanige of experimental welding ones. Adaptive rmgstools
are used to catch the interface close to the refided mesh areas are computed around the beadspenlue level
set and in the weld pool. That is why the interfatéch models the chamfer bottom is not smootHrian the torch.
As the torch goes along, the mesh is refined ahead.

The progressive filling of the chamfer is shownHigure 4. The use of the level set function allows easily
managing the overlapping of the beads resulting feach pass. The three orthogonal bead profilesugerimposed
in Figure 5. The shape of the beads qualitatively correspoadbe ones experimentally observed. The computed
material supply height after two passes is arounthm matching the measured height. A full campaign o
instrumented welding tests is planned in a nearéuand will permit a more quantitative evaluatafrthe accuracy
of the model predictions.

The first pass has been simulated without the leesam in order to analyze the assets of a hybridimge The
comparison between the two situations is preseimdeigure 6. The white contour lines represent the two heat
sources. As expected, the additional heat flux®émom the laser beam causes the spreading ofrelee pool in



both longitudinal and orthogonal directions. Asoasequence, the hybrid welding bead is larger Isotfarms more

ahead of the torch in the hybrid case. This caaxpéained by the fact that although the cavity thatupposed to be
the impingement zone for droplets is located in $hene position in both cases, the supplied matspetads

throughout the weld pool. It will be interesting, & near future, to compare such prediction witkdvp®ol surface

profiles recorded through high speed cameras.dhtriie expected that such a comparison would rdékeateed to

take into account the arc pressure effect in theamical model.

GMAW source Laser source

b) Laser / GMAW

Figure 6. Comparison of two beads obtained from (a) a GMAW simulation and (b) a hybrid Laser/GMAW simulation.

5. Conclusion

A new transient three dimensional finite elementdelohas been developed to simulate hybrid laser/@MA
industrial processes. The Eulerian level set ampradosen to overcome the numerical difficultieduiced by bi-
material contacts from multi pass welding is codpie a new material supply modelling method. Thditamh of a
volume expansion term in the mass conservation tequarovides, after resolving Navier-Stokes equai a
velocity field which models the bead forming. Theewf theContinuum Surface Force Method enables to transform
surface boundary conditions into volumetric onesuad the interface. To complete the model, a newllset
reinitialization method has been implemented: thadport of the distance function is now possibla compressible
fluid area. The simulation of an industrial proc&ssn this model has highlighted realistic resuéigarding the weld
bead shapes and the temperature field distribufidoreover the efficiency of the model is reinforcby the
adaptative meshing tools: the weld pool and theriate of the new beads are well represented throefgned mesh
areas. Moreover, this model turns out helpful tdarstand the assets of a hybrid welding.
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