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3D heat transfer model of hybrid laser Nd:Yag-MAG welding of S355 steel

and experimental validation
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2PIMM, Arts et Métiers ParisTech, 151, boulevard de I'Hépital, 75013 Paris, France

1 IMATB, Université de Bretagne-Sud/UEB, Centre de recherche C. Huygens, Rue de Saint Maudé, BP 92116, 56321 Lorient Cedex, France

ABSTRACT

A three-dimensional heat transfer model was developed to predict the temperature fields, the weld
geometry and the shape of the solidified weld reinforcement surface during hybrid laser-MAG arc
welding of fillet joints. Melt pool deformation due to arc pressure was calculated by minimizing the total
surface energy. A series of hybrid welding experiments was conducted on S355 steel for different welding
speeds and wire feeding rates. A high speed video camera was used to measure weld pool depression and
surface weld pool geometry. Visualization of the weld pool during welding has also allowed for a better
understanding of the interaction between the keyhole and droplets. The various weld bead shapes were
explained through these observations. The arc pressure, the surface energy distribution, and arc efficiency
were evaluated by comparing experimental data and numerical results for a wide range of welding
operating parameters. Good correlation was found between the calculated and experimental weld bead

shapes obtained for the hybrid laser-MAG arc welding process as well as for laser or MAG alone.

1. Introduction

Gas metal arc welding, also called GMA or GMAW, is a general
term for the MIG or MAG welding processes and is characterized
by a consumable wire electrode. During MIG welding (metal inert
gas), an inert gas such argon or helium is used as a shielding gas,
whereas in MAG welding (metal active gas), an active gas such as
CO; or O, is employed. To improve the gas metal arc welding per-
formance, one of the most promising alternatives is laser hybrid
welding. This process, combining laser keyhole welding with an
electric arc, has been known since the 1970s, but has only recently
begun to be used in industrial applications. Deep penetration al-
lows for the welding of rather thick materials even at high welding
speeds allowing for the filling of unavoidable gaps of the joints,
with possible improved metallurgical properties and controlled
geometry of the weld seam [1,2]. Although there is a growing inter-
est in this process, the thermal cycles induced by the combination
of these two welding processes are still not well known. The pre-
cise knowledge of temperature history is essential for predicting
accurately the distortions and weld residual stresses. It is known
that the strength of a weld seam is controlled by many parameters.
Its geometry is one of these crucial parameters that have to be con-
trolled or even optimized if one wants to minimize the effect of an
induced stress field generated during the loading cycles of these

welds. Similarly the metallurgical properties of these welds also
depend on the thermal cycles induced by the involved heat
sources, the arc and the laser, which are used during this process
[3]. So far, most of the hybrid laser-MIG/MAG welding research fo-
cuses on how to effectively combine a laser welding process with
an arc welding process together using experimental methods.
These works consist in studying the influence of various operating
parameters on the weld joint shapes [4-6]. It should be mentioned
that most of these works are essentially based on macrograph
analysis. However, observations with a high speed video camera
can give insight on the physical phenomena and help in under-
standing the interaction between the many parameters involved
in this process. For example, Fabbro et al. have shown the interest
of using high speed video cameras for analyzing hydrodynamic re-
gimes during laser welding [7].

In addition, there is very limited amount of research which fo-
cuses on modeling the hybrid laser-MAG welding process. This pro-
cess is rather complex and there is no available complete
understanding of it that is satisfactory. We know that each process
alone is not already completely mastered or understood, nor is their
combination. Therefore, the development of a mathematical model-
ing of this hybrid process that would take into account the main in-
volved physical processes would be a very useful tool for estimating
the final parameters of the weld seam for a given set of operating
parameters. We can mention the work done by Wouters, who has
developed a semi-analytical model to calculate the temperature
field and melt pool shape during hybrid laser-MIG welding [8].



Nomenclature

o equivalent specific heat (J kg™' K1)

d distance between laser beam and arc (m)

g gravitational constant (m s2)

h convective heat transfer coefficient (W m=2 K1)
Hept height of the cylinder (m)

I current (A)

ke enhanced thermal conductivity (W m~' K1)
Ly latent heat of fusion (J kg™!)

n unit external normal vector

Parc arc power (W)

Pgyrp surface pressure (Pa)

Prax maximum arc pressure (Pa)

rq heat distribution parameter (m)

T'w wire radius (m)

T temperature (K)

To ambient temperature (K)

Reutzel et al. have proposed a three-dimensional thermal finite ele-
ment model using a volumetric double ellipsoidal heat source to
represent both laser and GMA energy [9]. A similar approach was re-
cently used by Zhang for the laser GMAW-P hybrid welding process
[10]. In the aforementioned works, the initial geometry takes into
account weld reinforcement which is assumed to be known and
present before welding. Such an approach does not allow for the
consideration of the energy deposit from the arc or laser which actu-
ally occurs on the deformed surface of the weld pool due to pressure
effects. More sophisticated numerical models were proposed by
Zhou and Tsai to investigate transport phenomena in hybrid laser-
MIG welding [11]. It includes the calculation of the temperature
field, pressure balance, melt flow, free surface evolution, laser-in-
duced plasma formation and multiple reflections as a function of
time. The volume of fluid (VOF) method is used to track the free sur-
face. However, this model is limited to a two-dimensional axial-
symmetric approach which does not represent a realistic assump-
tion. The extension of such a model to a three-dimensional configu-
ration was proposed by Cho to examine the complex flow patterns of
the molten pool in GMA-laser hybrid welding, but no comparison
with experimental data was done [12].

In this paper, a numerical model is developed to calculate the
thermal cycles in S355 steel welded by the hybrid laser-MAG pro-
cess for a given set of welding parameters. This model is able to
predict the 3D geometry of the weld reinforcement observed at
the top of welded samples and the deformation of the melt pool in-
duced by the arc pressure and droplets. The calculation of the melt
pool deformation is needed to define accurately the location where
the arc energy is deposited onto the melt pool surface. The profile
of the weld pool surface is calculated using a static energy minimi-
zation. The equation of energy is then solved in this deformed
geometry. The heat source modeling the GMA process is applied
on the deformed shape of the molten pool. Our goal here is to de-
fine a numerical tool that is rather easy to run and precise enough
to determine the thermal cycles and the shapes of weld pool. To
obtain very short computation time, the fluid flow in the melt pool
was not considered. This model is then compatible with a future
thermomechanical analysis of hybrid laser-MAG welding. A main
difficulty in the numerical simulation of the welding process is
the choice of the heat source parameters, since they are not di-
rectly measurable. In this study, these parameters are calibrated
using numerous observable parameters deduced from high speed
camera observations and macrographs. The numerical results are
compared with corresponding experimental observations for a
wide range of welding parameters.

Tm melting temperature (K)

AT difference between liquidus and solidus (K)
u voltage (V)

U welding speed (ms™1)

Uy wire feeding rate (ms™!)

Greek symbols

surface tension (N m™!)

emissivity

arc efficiency

Lagrange multiplier

density (kg m~3)

Stefan-Boltzmann constant (W m™2 K™)
arc pressure distribution parameter (m)
vertical displacement of top surface (m)
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2. Modeling hybrid laser/MAG process
2.1. Formulation

During the MAG process, metal is heated with an arc between a
continuously fed filler metal electrode and the material to be
welded. The arc is created by the voltage drop imposed between
the contact tube and the workpiece. Shielding is obtained from
an externally supplied active gas. The electrode wire is melted by
internal resistive power and heat transferred from the arc. The
melting of the electrode wire causes rapid formation of droplets
at the wire tip. Droplets of molten metal are detached and trans-
ferred from the wire to the weld pool by a combination of gravita-
tional, Lorentz, surface tension and plasma forces. Metal transfer
can occur in three different modes: spray, globular, and short-cir-
cuiting. In globular and spray mode transfer, discrete metal drop-
lets travel across the arc gap. The droplet size in spray transfer is
smaller than in globular transfer. In short-circuiting transfer, the
molten metal in the wire tip is transferred to the molten pool when
the wire touches the surface of the pool. The mode of transfer is
determined by the heat input and the type of shielding gas used.
In general, the short-circuiting transfer occurs between 100 and
200 A, the globular mode between 200 and 250 A and the spray
mode between 250 and 400 A. In the present study, the three
transfer modes will be observed as the current values used range
from 146 to 365 A, confirmed by high speed camera observation.
The weld pool surface is deformed by forces exerted by the arc
and droplets. This depression increases with arc current [13]. In la-
ser welding, the heat required for welding is produced by a focused
laser beam. The high power density laser beam induces strong
evaporation at the melt surface. The vaporization recoil pressure
is sufficient to produce a deep, narrow depression in the molten
material, called a keyhole.

While combining these two processes, laser and GMA, the laser
and the arc act simultaneously in a unique weld pool in which the
keyhole and the droplets can interact. Fig. 1a illustrates the princi-
ple of the laser-MIG/MAG hybrid welding process. During a trailing
torch arc, as in Fig. 1a, the torch follows the laser beam in the
welding direction. The inverse arrangement is called a leading
torch position (Fig. 1b).

This study mainly concerns the prediction of the weld geometry
so that only thermal conduction phenomena are taken into ac-
count. In GMAW, the heat entering the melt pool comes from the
energy produced by resistive heating inside the plasma and the en-
thalpy of molten droplets transferring from the welding wire. Since
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Fig. 1. Schematic sketch of laser-MIG/MAG hybrid welding process (a) and computational domain size (b).

resistive heating which occurs in the melt pool is negligible [14],
the energy from the plasma is essentially transferred at the surface
of the melt pool. The heat input from molten droplets can be mod-
eled by a surface or volume heat source. Xu and Wu recommend a
volume heat source for welding currents higher than 260 A [15]. In
which case, additional unknown parameters are required, such as
the height and the diameter of the volume heat source. In the pres-
ent study, to limit the number of unknown parameters, the heat
source associated to the arc and the droplets is modeled by a un-
ique surface heat source for all currents. For the same reason, this
heat source is assumed to have a Gaussian distribution symmetric
around the z-axis, as it is commonly used in GMAW modeling
(Fig. 1b). However, the numerical works done by Xu et al. have
shown that the distributions of the heat flux, arc pressure, and cur-
rent density on the workpiece surface were not really Gaussian due
to the presence of droplets [16]. The heat source generated by the
laser beam is represented by a moving cylinder with a uniform
temperature along its wall. The wall temperature is considered
equal to the boiling point, as is commonly assumed [17]. The laser
power is supposed to be completely absorbed by the wall of the
keyhole. The height of the cylinder is equal to the depth of the key-
hole and is given by the following empirical law:

Hcyl(UOa Parc) =

0.14U3 — 0.078UqP,c — 1.45U, — 0.0079P%,

+0.52Pgc + 545 1)

where Hg, (mm) is the height of the cylinder, Uy (m/min) is the
welding velocity and P, (kW) is the arc power U I. The coefficients
were determined using the function polyfitn of Matlab and a large
number of macrographs obtained in hybrid laser/MAG [18]. The
best fit between the calculated and measured depths of the fusion
zone is obtained when the height of the cylinder in the model is
lower than the depth of the weld joint by a factor of 0.2 mm. The
error between the calculated and measured values is less than 7%.

It is worth noting that this empirical law depends on our welding
conditions and material. The diameter of the keyhole is supposed
to be equal to the diameter of the laser spot at the focus point (here
0.6 mm), which correlates well with experiments. It should be men-
tioned that the welding velocities used in experiments in the range
of 0.5-4 m/min are sufficiently low to assume a co-axial keyhole
with laser beam [7]. The other assumptions of this model are:

1. Quasi-steady-state conditions: the heat equation is then writ-
ten in a moving coordinate system which moves at the same
velocity as the heat source.

2. Material properties are temperature-dependent except for the
liquid phase and taken from OTUA [19]. The filler material is
supposed to have the same properties as S355 steel. The ther-
mal properties are first tabulated and then interpolated using
a piecewise cubic method.

3. The latent heat of fusion is taken into account using the appar-
ent heat capacity formulation.

4. Fluid flow in the weld pool is not considered, but thermal con-
ductivity of the liquid phase is enhanced to account for convec-
tive heat transfer in the weld pool. This method has been largely
used in the past to simulate laser welding [20,21], or GMA
welding [22,23] with a purely conductive model. When convec-
tion occurs in the melt pool, thermal transport is accelerated by
fluid flow and the isotherms are modified in the direction of the
flow. An easy way to reproduce this effect using a conductive
model is to assign the material an artificially isotropic or aniso-
tropic high thermal conductivity in this area.

5. Metallurgical phenomena are not taken into consideration. The
values of the latent heat of the metallurgical phase change are
generally small compared to solid-liquid latent heat.

6. The pool surface is assumed to be in a static equilibrium with
respect to arc pressure, gravity and surface tension. The effect
of fluid flow induced by Marangoni phenomena or electromag-
netic forces is ignored.



2.2. Governing equations

A three-dimensional Cartesian coordinate is used in the calcula-
tion, while only half of the workpiece is considered since the weld
is symmetrical about the weld centerline. The dimensions of the
computational domain are indicated in Fig. 1b. The width and
length are smaller than the size of the sample to reduce computa-
tion time. These dimensions were chosen so as to have no influence
on the calculated size of the melt pool. The keyhole can be located
at a distance +d from the arc depending on the trailing or leading
configuration. By using a coordinate system attached with the heat
source, the following energy conservation equation can be written
in the Cartesian coordinate system:

aT o aT a aT a aT
€q —_ i i - i -
pey'Uoge ox  ox (keff 8x> N ay (keff 8y> T (keff 82) @)

where p is the density, ¢’ is an equivalent specific heat capacity
which includes the latent heat of fusion, k. is the enhanced thermal
conductivity, Uy is the welding speed of the heat source moving
along x-axis, T is the temperature and x, y, z represent the coordi-
nates in the deformed mesh. The values of density, heat capacity,
and thermal conductivity are taken from [19] for the solid phase
and equal to 7290kgm™3, 707 kg 'K! and 32Wm 'K,
respectively for the liquid phase. The value of the liquid thermal
conductivity is multiplied by a factor of enhancement given in Table
1. These values are discussed for each process in Section 4.3.
The equivalent heat capacity has the following expression:

AT?
vV TAT?

where ¢, is the specific heat capacity, Lr= 270,000 ] kg~!is the latent
heat of fusion, T,;=1745K is the melting temperature and
AT=65K is the difference between solidus and liquidus
temperature.

_ @ Tw?
M (3)

l=c+1L

2.3. Boundary conditions
The heat input from the arc, assumed to have a Gaussian distri-

bution, is applied to the top of the workpiece (ABFE, Fig. 1b), which
is expressed as follows:

kVT 1=

Ul X2 +y2 4 4
2 exp (— pI —ea(T" = Ty) — W(T - To) (4)

where 1 is the external unit vector, normal to the top surface, # is
the arc power efficiency, U is the welding voltage, I is the welding
current, rg is the heat distribution parameter, ¢ = 0.5 is the emissiv-
ity, o is the Stefan-Boltzmann constant, To = 293 K is the ambient
temperature and h=15W m 2K~ ! is the convective heat transfer
coefficient. The values for ¢ and h are mean values taken from the
literature [24,25]. However, the model is not strongly influenced
by these values since the heat losses from radiation and convection
represent less than 15% of the heat source.

On the plane of symmetry (BCGF), a thermal insulation bound-
ary condition is applied. The temperature at the front side (ABCD)
is set to the ambient temperature. At the back side (EFGH), since

Table 1
Enhancement factors of the liquid thermal conductivity for each process.

Laser Anisotropic along x-axis: x6

2 m/min < Uy, < 7 m/min
MAG Isotropic: x1
Hybrid Anisotropic along x-axis: x6

7 m/min < Uy, < 12 m/min
[sotropic: x3
[sotropic: x3

the size of the computational domain along the x-axis is reduced,
a convective flux is applied:

KVT i = —pcsi(T — To) Uy -i (5)

For all other surfaces assumed to be surrounded by ambient air
(ADEH, CDHG), heat losses from radiation and convection are con-
sidered with h=15W m 2K ' and £=0.5.

2.4. Surface deformation

Depending on the arc current and voltage, the weld pool surface
can exhibit significant deformation below the arc followed by weld
reinforcement due to the melting of filler wire. In that case, the
weld pool surface has a shape that must satisfy, at steady state,
an equilibrium condition between surface tension, hydrostatic
pressure, and arc pressure. Ushio and Wu have previously pro-
posed a solution for this problem to predict the weld pool geome-
try in gas metal arc welding [13]. This work is based on a
variational approach that minimizes the total energy of the melt
pool, with the constraints that the melt pool has a constant volume
and weld reinforcement geometry is defined by the filler wire mass
flow. The energy of the melt pool taken into account concerns the
variation of surface energy with a corresponding change of its area,
the total potential energy inside the gravitational field, and the
work performed during that change of area by the arc pressure
and droplet flow momentum. We have adapted this approach to
predict the weld pool deformation in hybrid laser-MAG welding.
The model was developed using Comsol Multiphysics® software.

In the case of gas-metal arc welding, the total energy to be min-
imized includes the surface energy, the potential energy due to
gravity, and the work performed by the arc pressure and the drop-
let impact displacing the pool surface. The total energy can, there-
fore, be expressed as:

E = //(( 1+¢x+¢y—1> ng¢2—Psurf¢>dXdy
://SFdxdy 6)

where s means the top surface of the workpiece, y=1Nm™! is the
surface tension of the molten metal, p = 7290 kg m 3 is the density
of the molten metal, Py, is the pressure due to arc and droplets. To
reduce the number of unknown parameters, the pressure due to the
impact of the droplets and arc pressure were gathered in a unique
term. ¢ is the space function representing the weld pool deforma-
tion, or in other words the vertical displacement of the top surface.
Here ¢ is positive for a downward movement. The subscripts x and
y refer to the derivative with respect to x and y, respectively.

Since the deposited area at a solidified cross section of the fillet
weld is equal to the amount of fed wire per unit length, the con-
straining equation is given as:

//5—¢dxdy://scdxdy:AVd (7)

where AV, represents the additional volume due to the feed wire in
MAG welding.
If one applies the Euler-Lagrange criterion,

a ala a
%(F +2G) — ™ {57& (F+ ),G)} {54),, (F+1G)| =0 8)
where 1 is the Lagrange multiplier.
Since
a
5 F+76) = pgo — Py = ©



and

0 Px

—(F+IG) =y——=—— (10)
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by substituting Eqgs. (9)-(11) in Eq. (8), it follows that:

_2 y# _2 y# +pg¢
KN 1@+t W\ 14292
— Paug + 7 (12)

The pressure applied on the melt pool surface is assumed as the fol-
lowing Gaussian distribution:

B x4+ y?
Psuf = Prnax €Xp (— 20_12) ) (13)

where P is the maximum pressure and o, is the pressure distri-
bution parameter. In the absence of literature data available for the
MAG welding process, the value of P, was calibrated based on the
observed depression of the pool surface and the parameter ¢, was
assumed to be equal to rq. This assumption is based on the fact that
the current distribution and the heat distribution are similar since
most of the heat is carried by the electrons. This was confirmed
by the measurements made by Tsai and Eager in GTA [26].
The boundary conditions for Eq. (12) are given as:

At the front pool boundary: ¢ =0 (14)
At the rear pool boundary : % =0 (15)

2.5. Numerical method

The model presented here was developed using Comsol Multi-
physics®. This software uses the finite element method to solve
partial differential equations governing various physics and engi-
neering problems. An attractive feature of this software is its abil-
ity to solve coupled equations in a moving mesh. The calculation of
heat transfer with deformable weld pool surface was performed
using the moving mesh capabilities in the Arbitrary-Lagrangian-
Eulerian formulation (ALE) of this software. This model includes
a 2D model to solve Eq. (12) and a 3D heat conductive model de-
fined in the moving mesh (ALE) application mode to solve Eq.
(2). To implement Eq. (12) in Comsol Multiphysics®, the 2D Helm-
holtz equation is chosen. It should be mentioned that the value of
the Lagrange multiplier is automatically calculated. Indeed, with
Comsol, it is easy to add a global constraint to a model. In our prob-
lem, the Lagrange multiplier is associated to the constraining mass
conservation equation (Eq. (7)) which is expressed as follows:

72Uy,
/ _¢5dy = Uo

where ¢, is the solidified surface profile and r,,, Uy, Uy are the wire
radius, wire feeding rate, and welding speed respectively.

Once the problem of surface deformation is solved, a 3D volume
is created in which the top surface coincides with the deformed
profile. This step is easily implemented in Comsol Multiphysics®
using the moving mesh (ALE) application mode. The displacement
of nodes located at the top surface is prescribed to the value of ¢.
The energy equation is then solved on this deformed mesh. It
should be noticed that the deformation of the free surface is

(16)

5

allowed only inside the melt pool. To ensure this condition, we
used a high surface tension when temperature is lower than the
melting point (7 = 40,000 N m™).

The main steps used in the algorithm are listed below:

(1) For an initially given isotherm at melting temperature, the
deformed profile of the melt pool inside this isotherm is
computed using the previous variational method.

(2) A 3-D volume is then created in which the top surface coin-
cides with the deformed profile calculated in step 1.

(3) The thermal field is computed on this 3D volume.

(4) The resulting isotherm at melting temperature is then com-
pared with the one used in step 1, and the entire process is
repeated until convergence is obtained.

To enhance the accuracy of calculations, grids of variable spac-
ing were employed consisting in around 25,000 elements for the
3D geometry and 16000 elements for the 2D geometry. The grid
spacing is finer near the location of the heat source and coarser
away from it. The minimum grid spaces were 300 um for both
3D and 2D models. The workpiece size is 100 x 30 x 20 mm
(length x %2 width x thickness). Due to the symmetry, only half
of the workpiece was taken as the calculation domain, as previ-
ously mentioned. Fig. 2 shows a spatial convergence analysis

(@ rx
2500

000 300 um

2000 A — 800 Lm

. T=1745K
T=1500K
T=1200K
4 A

000 300 pm
—_ 800 pm

-6

Fig. 2. Calculated thermal cycles at different positions (point 1: y =2 mm, z=0;
point 2: y =1 mm, z=—2 mm; point 3: y=1mm, z=—4.5 mm) and isotherms for
two meshes (minimum grid space: 300 um and 800 um) in hybrid laser-MAG
welding (model parameters: U=17.6V, I=200A, U,=5m/min, Up=1 m/min,
n=80, rq=0,=1.5mm, Ppu=900Pa, ker=192Wm 'K, Hg =482 mm,
d =2 mm).
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where the initial domain is discretized with two different meshes.
Thermal cycles and isotherms correlate very well with the solution
of the coarser mesh. The typical computer requirements were
about 6 min on a notebook equipped with a two processor Intel
Pentium 4 CPU 3.6 GHz and 3.5 Go RAM.

3. Experimental set-up

Experiments were carried out with a CW Nd:Yag Laser, with a
constant power of 4 KW. The arc torch was a DIGI WAVE 400 model
from SAFT PRO (Air Liquide Welding France). It delivers up to 400 A
current for different configurations of control of current and ten-
sion of the arc. A standard mixture of shielding gas, namely Arcal21
(92% Ar and 8% of CO,) flowing at 20 L/min was used, which justi-
fies the term MAG in our case. In the present study, the laser beam
was located at 2 mm from the arc torch with arc preceding laser.
The vertical laser beam and the arc torch, having an inclination
of 60° from the workpiece were fixed during experiments. The
specimen mounted on a carriage was moved at various constant
speeds. The bead-on-plate welding was performed using S355
structural steel with the following composition: 1.1% Mn, 0.003%
Si, 0.014% P, 0.004% S, 0.03% Cu, 0.076% C, and 0.005% N. A G4Sil
filler material was used having a 1.2 mm diameter and the follow-
ing composition: 1.5% Mn, 1% Si, 0.1% C.

The dynamics of the melt pool was analyzed with a CMOS fast
camera (PHOTRON IMAGER FASTCAM APX RS 3000) with a record-
ing rate of 10 kHz. The video images were processed to measure
some relevant quantities for model validation, such as width and
length of the surface weld pool, maximum deformation of the weld
pool surface, droplet size and velocity. It also helps to understand
the interaction between the keyhole and arc with droplets. To esti-
mate the maximum surface deformation, from the video, we iden-
tify the deepest point of the melt pool surface, which is assumed to
be vertical of the welding line, as shown in Fig. 3. It is worth noting
that this point is more easily located from the video than from a
fixed image. In this figure, the position of the keyhole is also indi-
cated. The uncertainty in the measurement from high speed
images was estimated at around 0.3 mm. To measure the longitu-
dinal weld bead shape, an original method was developed. It con-
sists in the insertion of a small cylinder made of aluminum-copper
alloy along the weld centerline before welding. The specimen is
then cut longitudinally along the weld centerline after welding.
The contour between aluminum-copper alloy and steel is sup-
posed to represent the solidification front. Further details about
our experimental set-up can be found in [18,27].

4. Results and discussion

The model presented here needs the values of four unknown
parameters: the arc efficiency #, the heat distribution parameter
rq the maximum arc pressure Ppq, and the enhanced thermal con-
ductivity keg used in the liquid phase. All these values were evalu-
ated by comparing the experimental data with numerical results.
The values of 77 and ry control the width and depth of the weld joint

Welding line

Keyhole

Welding direction

Fig. 3. High speed camera observation of hybrid laser/MAG welding (U,, = 8 m/min
- Up =3 m/min) illustrating the measurement of maximal surface deformatlon

and were estimated using the macrographs. For example, an in-
crease of 5% on # leads to an increase of 5% on the width and depth
of the melt pool. An increase of 20% on r, induces an increase of
10% on the width and depth of the melt pool. The value of Py;,qx goV-
erns the maximal surface deformation and was evaluated using the
images from the fast camera. An increase of 20% on P,,,, induces an
increase of 70% on the maximal surface deformation, this parame-
ter is therefore one of the most sensitive parameters. The arc dis-
tribution parameter o, which is assumed to be equal to the heat
distribution parameter rg also influences the maximal deformation.
An increase of 25% on o, will induce an increase of 30% on the max-
imal deformation. The parameter ks mainly influences the length
of the melt pool and was estimated using the measured length
from videos (Table 1). Fig. 4 shows the algorithm used for the iden-
tification of the four parameters. These different values were ob-
tained by manually modifying the values of the input parameters
in the computations until numerical results match the measured
values. However, inverse methods could be used to calculate auto-
matically the optimized values of the unknown parameters. The
uniqueness of these estimated parameters for a given melt pool
shape was demonstrated in [18]. The values of Py, 17 and rq used
in our computations can be fitted with a polynomial law:

Y(Uo, Pac) = a-Ug +b-Uj - Pac +¢-Ug+d-Ug- P2 +€-Ug - Parc

+f-Uo+g P +h-P2 +i Pyc+j (17)

where Y represents either Ppqy, 77 01 14, Ug is expressed in m/min and
Pgrc in KW,

The coefficients of this law are given in Table 2 for MAG and Hy-
brid processes. These values have been validated for a welding
velocity Up from 0.4 m/min to 4 m/min and an arc power Py, from
2 to 11 kW.

4.1. Arc pressure and surface deformation

To better understand the combined effect of both laser beam
and electric arc in hybrid laser/MAG welding, numerical models
have been developed to study individually the laser and MAG pro-
cesses. Corresponding experiments have been used to estimate the
unknown parameters of the different models. The experiments for
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Fig. 4. Schematic diagram of calculated input parameters for the 3D thermal model.



Table 2

Coefficients of the polynomial law Eq. (17) giving the values of Py, 1 or 14 as a function of welding velocity and arc power for MAG and hybrid processes used in the

computations.

Y (Uo, Psury) a b c d e f g h i j Error (%)
MAG Pnax (Pa) 260.2 137.6 —21146  —19.7 —1415  3606.8 17 -394 636.1 -18865 3
7 (%) —54257  —3.824 61.038 —03594 12158  —129.53 03666 73102 37549 47.419 1.5
r, (mm) —09296  —0.1066 43745 0.0187 0.1644  —63446  0.019 —04227 25565 —0.1879 25
Hybrid  Ppax (Pa) 353 —224 -169.2 -55 172.3 125.3 -11 209.6 -1128 2330.2 2

7 (%) —27767  —0.1626  22.289 —04146 72754  —-79.468  —0.0985  2.6191 —26.054  156.79 7

T, (mm) —0.0186  —0.0039  0.1708 —0.0011  0.05 —06518  —0.0033 0501 —0.1362  1.7915 2.5
the MAG process were conducted with values of wire feeding rates (a) 4000 |
of 3, 5,9, and 11 m/min (corresponding respectively to an arc —— Model (MAG) 30°
power Py (U ) of 2336, 3520, 8017, and 10,147 W) and different - & Model (hybrid)
welding velocities range from 0.6 to 2.4 m/min. For laser experi- 3000 A Lin & Eager (30°)
ments, the welding speed varies from 0.5 m/min to 2 m/min. For Lin & Eager (90°) 60°
hybrid welding, the laser beam of 4 kW was located at a distance ;tf Lin & Eager (60°)
of 2 mm from the arc axis behind the arc (leading configuration). " 2000 -
All these parameters represent 28 different cases. High speed Q‘E 90°
camera observations have shown that, at a wire feeding rate of
3 m/min (I =146 A), a short-circuiting mode is observed, at 5 m/min 1000 +
(I=200A), a globular mode occurs and at higher rates, a spray
mode is observed. It can be clearly seen that the surface weld pool
deformation due to the action of arc force and droplet impact in- 0 T T T T T
creases with wire feeding rates and consequently with arc current 100 150 200 250 300 350 400
(Fig. 3). The arc pressure responsible for this deformation has been I1(A)
adjusted in the model in order to get the best fit between calcu- (b)
lated and measured values of maximum deformation. For these g 6
simulations, the droplet pressure has been ignored. As a result, £ o MAG (exp)
the arc pressure in our model should be interpreted as a global E 5 MAG (mod)
pressure including the droplet effect as well. The solid line in % 4 ' e o Hybrid (exp)
Fig. 5a shows the estimated arc pressure for the MAG process as 3 Uy = 11 m/min —  Hybrid (mod)
a function of current. The comparison between calculated and S E 3
experimental maximum deformations is presented in Fig. 5b. As E E
expected, the maximum surface deformation increases with the é’ 2 1
wire feeding rate and consequently with the arc current. At a wire =
feeding rate of 3 m/min, there is no significant deformation of the S 17 U,,= 5 m/min
weld pool surface. The maximum surface deformation also in- %’ 0 - —v
creases with the welding velocity. It should be mentioned that 0 1 > 3 4 5

the values of arc pressure is assumed independent from the weld-
ing velocity in the model. The predicted decrease of deformation is
induced both by the decrease of the weld pool surface size and the
reinforcement surface which depends on the welding velocity.
Fig. 5a compares the values of calculated arc pressure with
measurements published by Lin and Eager [28]. In their work,
the pressure of gas tungsten welding arcs was measured for cur-
rents from 300 to 600 A. Although the processes of GTA and MAG
welding are quite different, since in GTA the electrode tip angle
is constant whereas in MAG, it continuously varies due to the
detachment of droplets, it is interesting to note that the values of
arc pressure in the MAG process are close to those observed in
the GTA process at 60° or 90° tip angle of the electrode. It should
be mentioned that the arc pressure measured by Lin and Eager
for GTA was largely used in the past for the numerical simulation
of GMA welding without giving any justification or evidence
[13,29]. The arc distribution parameter is also consistent with the
values for the GTA process given by Kim et al. (extracted from the
experimental data of Lin and Eager) [28,29]. The obtained values of
arc pressure for hybrid welding are also presented in Fig. 5a. The
arc pressure values at currents less than or equal to 200 A (wire
feeding rate of 5 m/min) are to be interpreted with caution because
of the small values of depression observed at these levels of cur-
rent. At currents greater than 200 A, the arc pressure obtained
for hybrid welding appears to be slightly greater than those ob-
served in the MAG process. This is also confirmed by the values

Welding velocity (m/min)

Fig. 5. Calculated arc pressure vs. current for MAG and hybrid welding (a).
Comparison with Lin and Eager measurements [28]. Maximum surface deformation
comparison between calculation and measurements as a function of welding
velocity for MAG and hybrid welding at U,, =5 m/min and 11 m/min (b).

of deformation (Fig. 5b). These results suggest that the presence
of the keyhole influences the value of arc and droplet pressure.
However, it was difficult to observe a clear effect of the keyhole
from the videos. During hybrid laser-MAG welding, it is possible
that the location of impact of the droplets on the weld pool surface
differs from that observed in the MAG process. This could modify
the equilibrium of the various forces acting on the weld pool sur-
face. Previous works on GMA processes have reported on the
mechanisms responsible for droplet formation and detachment,
droplet flight in arc plasma and impingement of droplets on the
molten pool. Numerical analysis, done for example by Fan, sug-
gests that the electromagnetic force acting on the droplet plays
an important role in droplet detachment, in particular at elevated
currents [30]. We could imagine that the presence of keyhole
and metal vapor ejected from the keyhole have an effect on the
physical phenomena in arc plasma, such as heat and fluid flow in
gas coupled with electromagnetic forces.

Fig. 6a and b show the calculated longitudinal sections of weld
pool geometry of MAG and hybrid processes respectively, at wire
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Fig. 6. Predicted longitudinal sections of weld pool geometry in MAG and hybrid processes.

feeding rates of 5 and 11 m/min. The free surface is depressed in
the weld pool due to the arc force while the solidified region is ele-
vated owing to the filler metal addition. The pool surface under the
arc center is severely deformed while increasing the wire feeding
rate. This increase of wire feeding rate causes an increase of cur-
rent, arc pressure, amount of adding material, and heat coming
to the workpiece from the arc and droplets. As a consequence,
the weld pool surface will be more deformed, the weld bead will
be larger and the solidified weld metal will form pronounced weld
reinforcement due to the filler metal addition. Due to the severe
deformation of the weld pool, the arc energy is deposited deeper
in the material causing greater penetration. In hybrid laser-MAG
welding, the shapes of the weld pool differ from those observed
in the MAG process due to the presence of the keyhole. The com-
parison between calculated and experimental longitudinal sections
of weld pool geometry is also presented in Fig. 6. For the case of hy-
brid welding, the measured shape clearly shows a break-up at
x =7 mm, not predicted by the model. The length of the weld pool
appears much larger near the surface than near the root. This could
be explained by the fluid flow induced by the presence of arc and
keyhole. The action of arc is limited to the weld pool surface region.
The fluid flow due to arc is primarily driven by surface tension,
electromagnetic forces, and gas flow. All these forces act mainly
at the weld pool surface. Meanwhile, due to the strong surface
depression, the keyhole is located deep inside the workpiece. Its
presence will induce fluid motion around the keyhole with a weld
pool of limited length. As the model does not take into account
these phenomena, the shape of the weld pool can only be predicted
approximately.

4.2. Arc efficiency

The computed values of arc efficiency are found to vary be-
tween 40% and 70% in MAG and 20%-80% in hybrid laser-MAG
welding for all values of current and welding speed investigated
(Fig. 7). These numerical values are to be interpreted with caution
because of the simplified model used. Indeed the small values of
arc efficiency are obtained for elevated currents. However, during
welding, a large amount of fumes related to the evaporation of
the metal has been observed. As this energy loss is not taken into
account in the model, it is necessary to reduce the arc efficiency
in the model to predict realistic shapes of weld pools. It should
be mentioned that the evaporation heat loss is generally intro-
duced in heat transfer models using the Langmuir equation, as
done recently by Zhou and Tsai [11]. However, DebRoy et al. have
shown that this equation correlates poorly with the corresponding
experimentally determined vaporization rates [31]. They pointed
out that the Langmuir equation is valid only at a very low pressure
where significant condensation of the vapor does not take place.
Experimental data indicate that the vaporization rate under most
welding conditions is five to ten times lower than the rate pre-
dicted by the Langmuir equation. In the absence of clearly stated
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Fig. 7. Arc efficiency as a function of welding velocity at different wire feeding rates
for MAG (a) and hybrid (b) processes.

data, the heat loss due to surface evaporation has been ignored
in our model.

4.3. Weld pool shapes

The calculated bead shapes for all processes investigated are
shown in Fig. 8. The calculated fusion zone geometry for all cases
correlates reasonably well with the corresponding experimental
results. Furthermore, the solidified weld bead shape and finger
penetration could be reasonably predicted by the model. Some dis-
crepancy between the experimental fusion zone geometry and the
computed results are observed in Fig. 8a for a wire feeding rate of 9
and 11 m/min in the MAG process. Part of this discrepancy is due
to the large surface weld pool deformation observed at elevated
currents combined with a large amount of heat coming from drop-
lets. Indeed, the macrograph shows that near the workpiece sur-
face, a wide pool width is produced whereas, deep inside the
pool, deep and finger-like penetration is observed. It has been
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Fig. 8. Transverse cross section of laser and MAG weld (a) at several wire feeding
rates and a welding velocity Uy = 0.8 m/min except for 3 m/min where Uy =1 m/min
and hybrid weld (Up = 1 m/min).

noticed from the high speed camera observations that at elevated
currents the arc pressure causes a strong backward flow of the me-
tal. The ejection of the liquid metal at the rear of the arc can even
let the base material appear. These specific weld bead shapes can-
not be predicted by a purely conductive heat transfer model taking
into account only a surface Gaussian heat distribution. For the hy-
brid laser-MAG welding process, good correlation is observed be-
tween calculated and experimental results (Fig. 8b). As expected,
the weld bead shape exhibits two zones: a wide bead width near
the top surface induced by the arc and a finger-like penetration
near the root due to laser action. At a given welding speed
(Up =1 m/min), the weld bead size increases with the wire feeding
rate, all other parameters are held constant. A deeper penetration
is observed indicating a deeper keyhole. This is due to the strong
surface weld pool deformation induced by the arc pressure and
droplet impact. Thus, the laser hits the surface weld pool at a larger
distance from the workpiece top surface.

Fig. 9 shows the comparison between calculated and measured
weld pool lengths obtained in laser, MAG, and hybrid processes. To
obtain the best fit to experimental results, it was necessary to in-
crease the value of the thermal conductivity of the liquid metal
(Table 1). For the case of laser welding, an anisotropic thermal con-
ductivity in the molten material was used with an enhancement
factor of 6 (mean value) along the pool length. This can be ex-
plained by the strong velocities in the molten material caused by
the laser in the welding direction. These results are in accordance
with the findings of Safdar who obtained better results with an
anisotropic enhanced thermal conductivity with a factor of 5 than
with an isotropic one [21]. In the MAG process, an isotropic
enhanced conductivity was needed only at high currents, with a
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Fig. 9. Calculated and measured weld pool length in laser (a), MAG (b) and hybrid
welding (c).

factor of 3. This is probably due to the fluid flow induced by the
surface forces, such as Marangoni forces. In that case, the fluid
flows radially outwards along the free surface of the molten pool,
which tends to widen the weld pool, thus no preponderant direc-
tion is observed, contrarily to the case of laser welding. For the case
of hybrid laser-MAG welding, the enhanced factor was strongly
dependent on the wire feeding rates. At 3 and 5 m/min, an
enhancement factor of 6 along the pool length was used, as in laser
welding, whereas at 9 and 11 m/min, an isotropic conductivity
with an enhancement factor of 3 was used, as in the MAG process.
These values suggest that at low currents or wire feeding rates, the
pool length observed at the surface is mainly dominated by the la-
ser, whereas at high currents, the MAG has a dominant effect. The
results suggest that the weld pool length remains almost constant
while welding speed increases, except for laser welding. The weld
pool length as observed for other dimensions decreases with
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increasing wire feeding rates, since heat input increases with
current.

5. Conclusion

In the present study, a 3D quasi-steady state model for heat
transfer has been developed to analyze hybrid laser-MAG welding
of a S355 steel. Laser and MAG processes were also studied sepa-
rately. Due to the difficulty in directly measuring some unknowns,
limited input parameters were estimated in the model by compar-
ison with experimental data. High speed video camera observa-
tions and macrographs were used to obtain transverse and
longitudinal cross-sections of welds, weld pool length, and surface
weld pool deformation. It was shown that using an appropriate
heat source description applied on a deformed weld pool surface,
fairly simple and hence computationally efficient models can give
reasonable results for a wide range of welding conditions. The ma-
jor discrepancy between calculated and measured values was ob-
served at high wire feeding rates, corresponding to high arc
current welds. It is believed that this effect is caused by the failure
of conduction-based models to adequately compensate for convec-
tive flow within the pool despite the use of an enhanced thermal
conductivity in the molten material. From this numerical analysis
combined with an appropriate experimental study, the values of
arc pressure, arc efficiency, and maximum surface deformation
could be determined from a wide range of welding parameters in
MAG and hybrid welding. These values of arc pressure were found
to be within the range of values reported in the literature. As for
arc efficiency, measurements using calorimeter should be under-
taken in the future to confirm the reported values. The values of
(M, Tq, Pmax Key) given in the present study can be used as input
parameters in other 3D thermal models to simulate hybrid laser/
MAG or MAG welding processes of S355 steel in the case of butt-
welding. However, in the case of other materials or welding config-
urations such as T-joint, corresponding experiments need to be
conducted to identify the unknown parameters of the model. This
simple model could be useful for the simulation of residual stresses
and strains in hybrid laser-MAG welding.
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