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Abstract
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This paper describes a 3D numerical model based on FVM (Finite Volume Method) to simulate heat transfer and
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fluid flow in laser-TIG hybrid welding process. A Gaussian surface heat source model is used for TIG heat input,
and a new modified volumetric heat source model is presented for the laser heat input. Due to the presence of arc
current, an appropriate electromagnetic model based on the Maxwell equations are also solved to calculate
electromagnetic forces in the weld pool. A turbulence model based on Prandtl’s mixing length hypothesis is used
to take into account the presence of fluctuating velocities in the weld pool. The results of computer simulation,
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including temperature, current density, electromagnetic and melted material velocity field, are presented here.
Furthermore, several dimensionless numbers are employed to recognize the importance of fluid flow driving
forces in the weld pool. It is deduced that the fluid flow has an important effect on the weld pool shape. It is also
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founded that among the driving forces, Marangoni force is dominant fluid force in the weld pool. Besides,
calculated results of hybrid welding process are compared with those of TIG and laser welding processes. The
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weld pool depth is relatively the same, but the width of the weld pool is highly larger in hybrid welding than lone
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laser welding. Eventually, the presented model is validated by comparison between calculated and experimental
weld pool shape. It is founded that there is a good agreement as the capability of this model can be proved.
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1. Introduction

Hybrid laser-arc welding process is a new and modern welding process that is developing in many
areas of industry including automotive, pipeline, aerospace and shipbuilding industry extremely fast
because of its economical and technological advantages [1,2]. It is a process of joining two
materials/workpieces using a laser and electrical arc to produce a structurally sound component [1,3,4].
Some reported advantages of hybrid laser-arc welding can be described as: more stable arc, more stable
laser-generated keyhole, better process stability and efficiency, increase in the weld penetration depth
and ability for welding in higher speed, compared to both lone arc and laser welding. As well, hybrid
welding introduces better gap bridging ability, compared to lone laser welding, which can reduce
machining costs and joint fitting difficulty. Finally, hybrid welding can improve the weld quality with
reduced susceptibility to pores and cracks compared to lone laser welding process [4,1-3,5,6].

The benefits of hybrid welding arise due to synergy effect and interaction between two heat sources,
i.e. laser and arc [1,7,3]. During laser and hybrid welding, a deep and narrow vapor filled cavity is
created, the so-called keyhole, due to high-focused laser energy and thus allows for a much deeper
weld penetration to be obtained [8,3,9]. Metal vapors leaving the laser generated keyhole is the main
source of this laser-arc synergy when the arc and laser are in close proximity [3,5,1]. The high local
vaporization rates of alloying elements leaving the keyhole produce a location of high electrical
conductivity. Since the arc travels along the path with least electrical resistance, the arc tends to bend
and root within close proximity of the keyhole [1-3]. In addition, the arc undergoes a contraction in
which its radius decreases due to higher electrical conductivity of plasma in hybrid welding [3,10].
Both these phenomena result in increasing the arc stability, peak arc power density and then melting
efficiency [3].

The shape and dimension of the weld pool is a key parameter in defining the weld strength [11-13].
The heat transfer and fluid flow in the weld pool has a strong effect on formation of the weld pool and
then determination of the weld shape [12,14,15,3]. Molten metal circulation in the weld pool is mainly
influenced by several driving forces including buoyancy, surface tension, and electromagnetic forces
[12,16,17]. Numerical modeling has shown to be a successful tool for better understanding of
temperature and velocity fields experienced in the weld pool [12,3,18,19].

Several experimental studies [20,21,6,22,7,10,5] have firmly proved the advantages of hybrid welding
process. However, very few numerical studies are carried out on the hybrid welding process. W.
Piekarska et al. [23,24] utilized a 3D mathematical model to estimate the temperature and velocity field
for laser-arc hybrid welding. Fanrong Kong developed thermo-mechanical finite element model (FEM)
considering only heat conduction to predict the temperature field and thermally induced residual stress
in the hybrid laser-GMA welding process [25] and in hybrid laser-GTA welding of lap joint [26]. B.
Ribic et al. [3] studied temperature fields, cooling rates and mixing in the weld pool of GTA-laser
hybrid welding using a 3D numerical model. Zhiguo Gao et al. [27] calculated heat transfer and
dynamic fluid flow in hybrid laser-arc welding of single-crystal nickel-base superalloys. G. X. Xu et al.
[28] investigated thermal conduction mechanism in hybrid laser-pulsed GMA welding process of a
mild steel. Emilie Le Guen et al. [29] extended a three-dimensional heat transfer model to predict the
temperature fields and then the weld geometry during hybrid laser Nd:Yag-MAG arc welding of S355
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steel. J. Zhou and H.L. Tsai [30] developed a mathematical model to investigate the complicated
transport phenomena in spot hybrid laser-MIG keyhole welding of 304 stainless steel. Pei-quan Xu and
et al. [31] simulated the heat transfer in laser—tungsten inert arc deep penetration welding between
WC—Co cemented carbide and invar alloys.

To explain the main objective of this study, two points need to be mentioned. The first one is that in the
majority of these studies, the effect of electromagnetic force in formation of the weld pool was not
considered or just studied under axisymmetric condition. The second one is that almost all of previous
numerical models developed in hybrid welding were related to steel alloys and modeling of the weld
pool in aluminum alloy has received less attention in literatures. However, there is almost no numerical
model developed to simulate the weld pool in hybrid laser-TIG welding of aluminum alloy AA6082.

In this study, a three-dimensional numerical model based on FVM (Finite Volume Method) is proposed
to simulate heat transfer and fluid flow in the weld pool for laser-TIG hybrid welding of aluminum
alloy AA6082. Since the problem is three-dimensional, an appropriate 3D electromagnetic model
without assuming axisymmetric condition by solving four differential equations is used in this study.
Besides, a new two-part volumetric heat source model for laser energy transferred to the material is
incorporated into the proposed model. The mathematical formulation details of the model are, first,
presented in sections 2. Then in section 3, the results of numerical modeling including the distribution
of current density and electromagnetic forces, the temperature and velocity fields, the effect of liquid
metal convection on the heat transfer, the role of individual driving forces, and the resulting pool
geometry are described in detail. In addition, the comparison of weld pool shape and several weld
characteristics among lone laser, lone TIG and hybrid welding are discussed in this section. Finally, the
model was validated through comparison between calculated and experimental weld cross-sections.
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Nomenclature

scalar variable
diffusion coefficient
source term

x coordinate (m)

y coordinate (m)

z coordinate (m)

x-component of velocity (m.s™)
y-component of velocity (m.s™)
z-component of velocity (m.s™)
Density (Kg.m™)

Viscosity (Kg.m™.s™)

Specific heat (J.kg"' K ™)

Thermal conductivity (W.m™".K™)

Electrical conductivity ( Q"'.m™)
Thermal expansion coefficient (K ™)

Temperature (K)
Sensible heat enthalpy (J.kg™")

Pressure (Pa)

Electric potential (V)

Acceleration of gravity (m.s™)

Reference temperature (K)

Latent heat content (J.kg™)

Latent heat of fusion (J.kg™")

Liquid fraction

Liquidus temperature (K)

Solidus temperature (K)

Mushy zone morphology constant (1.6x10%)
Magnetic permeability (47 x107 N.A™)

Marangoni temperature coefficient (Kg.K™'.s™)

Convection heat loss (w.m™)

Lorentz
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effective
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Vv

narc
R

arc

farc

Current density vector (A.m™)
Magnetic field vector (kg.A™.s)
potential vector (V)

Electromagnetic force (N.m™)
x-component of current density (A.m?)
y-component of current density (A.m?)
z-component of current density (A.m?)

x component of magnetic field (kg.A".s?)
y component of magnetic field (kg.A™".s7)
z component of magnetic field (kg.A™.s?)
x component of potential vector (V)

y component of potential vector (V)

z component of potential vector (V)

x-component of Electromagnetic force (N.m™)
y-component of Electromagnetic force (N.m™)

z-component of Electromagnetic force (N.m”)
Prandtl number

Mixing length (m)

Laminar viscosity (Kg.m™".s™)

Turbulent viscosity (Kg.m™.s™)

Effective viscosity (Kg.m™.s™)

Laminar thermal conductivity (W.m™".K™")
Turbulent thermal conductivity (W.m™".K™)
Effective thermal conductivity (W.m™.K™)
Radial distance from laser focal point (m)
Current (A)

Voltage (V)

Arc efficiency
Effective radius of arc (m)

Arc distribution parameter



Radiation heat loss (w.m?) B,
Heat transfer coefficient (w.K'.m?) Niaser
Ambient temperature (K) R,..,
Stefan-Boltzman constant Sraser
Surface emissivity Kupper > Xlower
Maximum temperature (K) r,r,
Maximum velocity (m.s™) Z;
Peclet number Zkeyhole
Grashof number v,
Magnetic Reynolds number q e
Surface tension Reynolds number J e
Ratio of electromagnetic to Buoyancy force Giaser
Ratio of surface tension to Buoyancy force X,

Characteristic velocity of molten metal (m.s™) L,

Characteristic length of weld pool (m)

2. Numerical model

Laser power (W)

Absorption coefficient of Laser beam
Effective radius of laser (m)

Laser distribution parameter

Laser energy factors

Radius of cone ends (m)
z-coordinate of cone end (m)

Keyhole depth (m)

Welding speed (m.s™)

Arc heat input (W.m?)

Arc current density (A.m?)

Laser heat input (W.m™)

Initial x-position of heat source (m)

Characteristic length for buoyancy force (m)



O J o U W

S I R R R R R S e e e e e g
O JdoO U WNE OWOW-ToU > WN O W

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

A schematic plot of calculation domain and boundary surfaces is demonstrated in Fig. 1. As seen, only

half of the workpiece is considered because of the symmetry of the weld about the weld center line and

a three dimension Cartesian coordinate system is used. In addition, Calculation domain has dimensions

of 40 mm in length, 15 mm in width and 3 mm in depth.

Since the welding heat source moves with a certain velocity, thus the welding problem is unsteady

when view from the stationary and fixed frame. But, in a coordinate system moving with the heat

source, the problem can be modeled as a steady-state problem a short time after starting the welding.

In addition, to simplify the model, following assumptions are made in the model:

e The flow is Newtonian and incompressible with regard to the presence of a relatively small weld
pool [3,14,18].

e The top surface is assumed to be flat. Instead, a volumetric heat source model for laser is applied to
involve the effect of keyhole in the weld pool formation [24,31,32].

e The heat and current fluxes of the arc source have Gaussian distribution on the weld top surface.

Top surface | o Heat sources Bask aliisss
> Welding direction L v
Left surface /:}/g\ X _ ‘/'/
‘ =
-~ A Z
Weld pool Keyhole N
4
Right surface

» »
Bottom surface Symmetry surface

Fig. 1. Calculation domain and boundary surfaces used in the numerical model.

2.1. Governing equations

The steady-state general form of conservation equations proposed by Patankar [33], can be written as
follows:

V(ipVD)=V.(I,VD)+S, (1)
The term on the left side of this equation represents transfer of variable by convection flux, the first

term on the right side represents transfer of variable by diffusion flux and the second term is source
term. In 3D Cartesian coordinate system, this general equation can be expressed as follow:
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®,I',and S, are expressed for all solved conservation equations in table 1. As seen, nine differential

equations are solved simultaneously in this numerical model. The last four equations, Eqgs. (8)-(11), are
solved to obtain the distribution of the current density, magnetic field and electromagnetic force in the
workpiece.

The first source term in all x, y and z-momentum equations, Egs. (4)-(6), is the pressure gradient, the
second term is frictional dissipation in the mushy zone according to the Carman-Kozeny equation for
flow through a porous media [19,34,9,18], the third term arises due to moving the welding heat source
and the fourth term is the electromagnetic force in the weld pool. Where C is a constant related to the
mushy zone morphology (set at 1.6x10*in this study [19,34,9,18]), and Bis a very small constant
introduced to avoid division by zero. The fifth term in right side of z-momentum equation is the
buoyancy force in the weld pool. In the energy equation, Eq. (7), the first three terms are because of
the melting of material, the next two terms are due to the motion of the welding heat source, the sixth
term is Joule heating effect [17,11,12], and the last term is laser heat input to the workpice due to the
keyhole formation.

2.2. Melting model

In the welding process, the material is melted because of heat input from welding heat sources. Hence,
an appropriate melting model is needed to trace the weld pool solid-liquid interface. Accordingly, the
total enthalpy, H, is defined by a sum of sensible heat,7, and latent heat content,AH, i.e.
H =h+ AH [3,18,19]. The latent heat content is calculated as follows:

AH =L, (12)

The liquid fraction, f,, is assumed to vary linearly with the temperature in the mushy zone for

simplicity and is given as [19,35,11,12,36]:

0 T<T,
T-T
f= T_Yj T <T <T, (13)
! K
1 T>T

i

Table 1. Conservation equations written in the form proposed by Patankar [33].



O J o U W

AN TTUIUTUITUTUTUTUTOTOTE BB DD B DDASEDNWWWWWWWWWWNNNNNNONNNONNNNR R RRR PR PP
O™ WNFROWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®OW-JdNTIBRWNRFROWO®OW-JNU ™ WNROWOW-10U & WN R O WO

Conservation equation D F(p S 0
Mass (Eq. (3)) 1 0 0

0 1-£) 0
x-momentum (Eq. (4)) u H _8_p - (]63% -V, (ﬂ) +F, e |«

X . X
p (1-£) o(pv)
- tum (Eq. (5 H - -V, ——+F, ...l

y-momen um( q ( )) v ay f}S +B w ax Lorentz |y

0, 1- £ 0
zZ-momentum (Eq (6)) w ’u _a_z - C (f3 _{‘l; W_Vw (g)CW) + FLorentz z + pgﬂ (T _T;’é’f)

!
Energy (Eq. (7)) h k  0(puAH) O(pvAH) O(pwAH) v o(ph) v O(pAH)
C, Ox Oy 0z "oox " ox
JI+Jl+J?
L —— qlaser
(o2

Electrical potential (Eq. (8)) Q o 0
x-vector potential (Eq. (9)) V. 1 u,J
y-vector potential (Eq. (10)) Vy 1 u,J y
z-vector potential (Eq. (11)) vV, 1 u,J.

2.3. Electromagnetic model

Due to the presence of an arc heat source in the hybrid welding process, an appropriate model must be
used to consider the effect of the arc current and then electromagnetic force in the weld pool. Most
previous studies either did not take into account this effect or assumed a 2D asymmetric model to
calculate the current density and electromagnetic force in the cylindrical coordinates (r, z). However in
this study, a particular 3D model without any assumption of axial symmetry is utilized to determine the
distribution of current density, magnetic and electromagnetic force vectors in the workpiece.

The scalar potential is obtained by solving Eq. (8). Thereafter, current density components can be

computed as follow [37-39]:

J, :_0_8_(p

’ Ox

7:—U§§0:> J, :_0_8_(0
Ay

J ——68—¢)

) 0z

(14)
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The magnetic field self-induced by the arc is obtained by solving vector potential Egs. (9)-(11) and
then by means of the following formula [39,13]:

g A0
oy 0z
B=VxA=ip = A _OA (15)
Y07 oOx
OA
g 9 _0A
° Ox Oy

Eventually, the electromagnetic Lorentz force vector can be calculated through the following equation
[39,16,14]:
F

Lorentz

- - >
FLorem‘z :JXB:> F

Lorentz

=JxB|,=J,B,—J_ B,
=JxB|,=J.B -] B (16)

X

y

2.4. Turbulence model

During welding, due to the presence of fluctuating velocities in the weld pool, the rates of the transport
of heat, mass and momentum are mostly increased. These phenomena should be considered by an
appropriate turbulence model that presents an approach to calculate effective viscosity and thermal
conductivity in the melted weld pool. In this study, a turbulence model based on Prandtl's mixing
length hypothesis presented in previous literatures [18,3,9] is used to calculate the turbulent viscosity.

1, =03pl V (17)

Where [ is the mixing length and is taken as the nearest distance from the weld pool boundary. The

corresponding turbulent thermal conductivity is defined from the turbulent Prandtl number as the
following relationship:

(18)

Here, the turbulent Prandtl number is set to a value of 0.9. Finally, the effective viscosity and thermal
conductivity can be calculated as the sum of the turbulent and laminar parts [18,3,9], given as follows:
lue ective = lu +lut
e (19)
k =k, +k,

effective
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2.5. Heat source model

Heat transfer and fluid flow in the weld pool are extremely affected by the distribution of heat input
entered to the workpiece by the welding heat sources. Since the characteristics of laser and arc heat
sources are completely different in hybrid welding process, two different heat source power distribution
models should be used. Accordingly, a surface heat source model is used for TIG power distribution
and a volumetric heat source model is used for laser power distribution. These heat sources are
explained in detaied below.

2.5.1. TIG heat source model

Since the arc heat is mostly entered to workpiece from the top surface, a Gaussian surface heat source
model is used for heat input from TIG source in this study. In addition, a Gaussian current density flux
is also considered here.

narc f urcVI f arc r ?
ore == 2 exp(— e ) (20)
Wi o
are = —7{‘};‘2 exp (— o 2 ) (21)

Where r is radial distance to the arc rout and can be written as r = «f(x—xo)2 +y°.

2.5.2. Laser heat source model

In hybrid welding, high laser power creates a cavity containing ionized vapors named keyhole
[10,3,30]. Several physical absorption mechanisms by the walls of formed keyhole cause to transport of
the laser energy below the surface of the workpiece [3,31]. So, based on the reversed-bugle shape of
the laser-created keyhole [30], a combined effective heat source model is applied in this study. It
consists of a conical volumetric heat source at the upper part and a cylindrical volumetric heat source at
the lower part, as schematically demonstrated in Fig. 2.

Upper part

ForO<z<z:

10
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2
Z upper nlaser ﬁaser Plaser

Diaser (- 673) (Zi) (riz +r.r,+ rez) pt Rlim :

S @)

R (r-r)
Z

2
_ flaser r

laser :7} + '(Z_Zi)

1

Lower part

For Zi <z< Zkeyhole :

_ Zlower nlaser Plaser 23
laser — 2 ( )
7[’; (Zkeyhole - Zi)

Where Zupper + llower = 1 *

y
1 &
2 X
fe
-
Z— G_Ir/____
o N o
Zkeyhole \q_)r/
I
Yz

Fig. 2. Schematic presentation of volumetric model of the laser heat source used in modeling.

2.6. Boundary conditions

The boundary conditions used in present model are indexed in table 2. At the top surface, Marangoni
stress arisen from temperature gradient of surface tension coefficient is exerted for momentum
equations. For energy equation, arc heat input minus convective and radiation heat loss is considered

11
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qconv = hf (T - 7—;)
qrad = GB()IZLE (T4 _7—:14)

(q.,,, ) and radiation (g, ) can be expressed as:

10
11

and the arc current density flux is considered for the potential equation. The heat loss due to convection

(24)

14 At the symmetry surface, symmetric condition is applied for all dependent variables. At the bottom

15

16 surface, since the weld pool does not extend to the bottom and only partial weld penetration is
17 considered here, all velocities are set at zero, and heat loss by the convection and radiation are used for

18
19

20 temperature and the velocities are set to be zero.

21
22
23
24
25

Table 2. Boundary conditions used in the numerical model.

energy equation. At the other surfaces far away from the heat sources, the temperature is set at ambient

26
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2.7. Numerical approach

59 In order to numerically solve the governing equations, FLUENT software is used. To enhance the
60 FLUENT code for solving four additional equations taken from Maxwell equations, computing the

61
62
63
64
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current density, magnetic field and electromagnetic force and also handling source terms and boundary
conditions, particular abilities of FLUENT for adding C++ programming codes by UDF (User-Defined
Function) and adding extra scalar equations by UDS (User-Defined Scalar) are used.

All governing equations are discretized based on FVM, where the calculation domain is divided into
small hexahedral control volumes. A scalar grid point is located at the center of each cell storing the
values of scalar quantities. A non-uniform fixed-grid configuration with finer grids near the heat source
location is used. The total number of grid points used is 855000 chosen by convergence analysis, i.e.
obtaining a good accuracy with low computational time. The standard SIMPLE (Semi-Implicit Method
for Pressure-Linked Equation) algorithm is used for the pressure-velocity coupling and upwind scheme
is used for discretization of the convection terms in the governing equations. To obtain convergence,
the calculations were performed by applying the appropriate under-relaxation factor. The convergence
of the calculations is reached when residual is less than defined convergence criteria. In the present
study, the convergence criteria for momentum equations are defined to be 10 and that for other
equations are set at 10°. The material properties employed for computation of heat transfer and fluid
flow are listed in table 3.

Table 3. Material properties used in numerical model.

Property symbol  Unit  Value

Density p Kgm® 2700
Viscosity 7 Klgs‘_ﬂn 0.001
Thermal P W.m 220 ,T<923
conductivity 'K 150 ,T>923
Specific c Jkg 900 ,7<923
heat ’ ‘X' 1200 ,7>923
Latent heat

L -1
of fusion 't Jkg 395000
Thermal N

K -5

expansion P 2.3x10
Liquidus T K 93
temperature !
Solidus

T
temperature s K 858
Electrical o AV 312107
conductivity 'm’ Lex

3. Results and discussion

13
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3.1. Heat source model adjustment

One of the most important parts in numerical modeling of the welding process is the adjustment of heat
source parameters, i.e. the physical and phenomenological parameters reported in Egs. (20) and (21) for
the TIG source and in Egs. (22) and (23) for the laser source.

In this study, the arc current and laser power are fixed at 100 A and 2000 W, respectively. The arc
voltage which was taken from TIG machine is equal to about 15 V.

Arc heat source parameters consist of the arc energy efficiency (7,,.), arc distribution parameter ( £, )

arc

and effective radius of the arc (R

' .)- The arc distribution parameter determines the nature of the
Gaussian heat distribution pattern which is set at 2 based on previous studies [40,41]. The arc energy
efficiency depending on the arc stability is reported to be in the range of 65% to 85% [42,43]. Since the
arc in hybrid welding process has usually high stability, the arc energy efficiency is assumed as 80% in
this study. Therefore, the only parameter that should be adjusted in Egs. (20) and (21) is the effective
radius of the arc which is chosen as 1.5 mm in present model. It seems necessary to mention that the
effective radius of the arc in lone TIG welding for 100 A arc with the arc length of 2 mm is reported to
be about 2.5 mm [12,44,43]. However in hybrid welding, this parameter was set at 1.5 mm since in the
hybrid welding, the arc is constricted because of the laser-arc interaction.

Laser heat source parameters consist of the laser absorption efficiency (7, ), laser distribution
parameter ( f,,,, ), upper and lower laser energy factors ( e » Liower )» Radius of cone ends (R, , R, ), z-
coordinate of cone end ( Z,) and keyhole depth ( z,,,,,,,. )-

Since presence of keyhole during hybrid welding results in a higher laser energy absorption by multiple
internal reflections [30,3,27], the laser absorption efficiency is assumed to be 85%. Because of more
focused heat distribution of laser than arc source and based on previous studies [3,18,19], the laser
distribution parameter is taken as 3.

Based on predicted keyhole shapes reported in the previous literatures [30,45], the z-coordinate of cone
and R =R, R =2R__ . As well, the

aser > e laser

end and Radius of cone ends were assumed as Z, =0.25Z,,, .

upper and lower laser energy factors were set at 0.5.

Therefore, the only parameter that should be adjusted in Egs. (22) and (23) is the keyhole depth which
is chosen as 1.8 mm in our model.

In addition, because of the interaction between the arc and laser in hybrid welding and then bending the
arc towards the keyhole, it is assumed that both the laser and arc sources are acting at the same
location. Consequently, we set x, =15 mm in both laser and arc heat source equations.

The heat flux distribution of arc heat source on the top surface is illustrated in Fig. 3. Volumetric heat
distribution of the laser heat source in longitudinal-section and top surface of the workpiece is
demonstrated in Fig. 4.
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Fig. 4. Volumetric heat distribution of the laser source in the calculation domain.

3.2. Results of electromagnetic model

Fig. 5 shows the distribution of current density vectors in cross sectional surface of the weld. As seen,
the current density attains its greatest value at the center position of the weld pool surface where the arc
1s concentrated above.

Fig. 6 shows the distribution of self-induced magnetic field at top surface of the weld. As shown, the
magnetic field vectors mainly consist of the angular component especially in close vicinity of the arc
axis that the magnetic field magnitude is higher.
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Fig. 7 shows the electromagnetic (Lorentz) force vectors in the transverse weld cross section. As
observed, Lorentz force causes inward and downward force and accordingly pulls the liquid metal
along the surface towards the center and pushes it down to the bottom of the weld pool.

The variations of the current density, self induce magnetic field and Lorentz force along the y direction
at the top surface and x=0.015 m is demonstrated in Fig. 8. As seen, the current density decreases
continuously along the y direction. However, the magnetic field increases first to a maximum value and
then decreases severely. Consequently, the distribution of the Lorentz force along the y direction shows
a variation trend similar to the magnetic field.

| 1E08 A/m2
. _—

0.003

Fig. 5. Distribution of current density vectors in the transverse weld cross section.
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Fig. 6. Distribution of the magnetic field vectors at the top surface.

16



O J o U W

OO DTG UTUITUTUTUTUTUTOUTE BB DD B DDA DNWWWWWWWWWWNNNONNNONNNONNNNR R R R R PR e
O™ WNFROWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®OW-JdNTIBRWNRFROWO®OW-JNU ™ WNROWOW-10U & WN R O WO

g
N
0.002+
5E05 N/m3
T e
0.003

Fig. 7. Distribution of electromagnetic force vectors in the transverse weld cross section.
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top surface and x=0.015 m.
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3.3. Calculated temperature and velocity fields

Figs. 9-11 show the temperature contour plot and also fluid flow in the transverse cross section,
longitudinal and top surface of the weld pool. As clearly seen in Fig. 11, the melted material at the top
surface moves outward as tends to widen the weld pool because of the powerful Marangoni force. In
addition, it can be found from Fig. 9 that there is a circulation loop of fluid near the top surface. Both of
these events can prove the significant effect of the Marangoni force in the weld pool. The other fact
understood from Figs. 10 and 11 is that the weld pool bulge towards the rear along the welding
direction, which is caused by moving heat source of welding.

Fig. 12 demonstrates the variation of the temperature along the x direction on the top surface at
different y locations. As seen, all plots have a maximum point at the position under the heat source
location. As well, the maximum temperature decreases with moving further away from the weld
centerline.

Fig. 13 shows the variation of the temperature and velocity along the y direction at the top surface of
workpiece. As seen, the maximum temperature and velocity experienced in the weld pool are about
3500 K and 0.55 m.s”, respectively. The velocity of fluid material in the weld pool increases first
sharply and after reaching a maximum decreases rapidly to zero. But the temperature changes
continuously along the y direction reaching to the ambient temperature. Besides, the temperature
reaches the ambient temperature at the distance of approximately 5 mm, which it means that the side
walls of workpiece are far enough to not be affected by heating of the welding sources.
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Fig. 9. (a) Temperature contours and (b) velocity field in transverse weld cross section.

18



O Joy U W

OO OO U U Ul OO OOl B DD DDDDDDEDWWWWWWWWwWwNhNDNdNNdNdNdNdNdSNNRERRERERRRERRRRE
GO WNREFPOWOWO-JOHUPDd WNEFEFOWOW-TOHOUPd WNREFPOWOJIOHUDdWNREPEOWOWOJOUDdWNE OWOWTO U D WNEFE O W

3000
2500
2000
1500
1200
1000
923

858

0.01

1 mis

0.02
c_ | |
_ 0.0011
E .
N 0.002
1 (b)
0.003

Fig. 10. (a) Temperature contours and (b) velocity field in the weld pool in the longitudinal section.
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Fig. 11. (a) Temperature contours and (b) velocity field in the weld pool at the top surface.
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Fig. 12. Variation of the temperature along the x direction at the top surface and at different y
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3.4. The effects of driving forces

Several characteristic parameters of the weld pool calculated for various cases are summarized in table
4. As shown, the maximum temperature for the case without considering convection (considering only
conduction) is higher than that for the case considering all driving forces. The higher calculated
maximum temperature in the absence of convection is because the fluid flow plays an effective role in
dissipating heat in the weld pool. In addition, velocity values in the case of Marangoni stress are higher
relative to two other cases, i.e. buoyancy and electromagnetic forces. It means that the Marangoni
convection cause a faster circulation in the weld pool than other driving forces. In order to estimate the
relative influence of each heat transfer mechanism on the weld pool dimensions, the depth and half
width of the weld pool are also summarized in this table for each case. As observed, the width of the
weld pool is lower in the case without considering convection than the case with considering
convection. This is because the Marangoni force, as a strong driving force, pushes melted material
outwards on the weld pool surface and thus widens the weld pool.

Fig. 14 demonstrates the comparison of calculated transverse weld cross section for two cases, with and
without considering convection, with experimental one. As seen, the calculated weld pool shape at the
presence of convection is closer to experimental weld shape. It means that to predict the weld pool
shape more precisely, it is necessary to take into account both heat transfer mechanisms, i.e. conduction
and convection, in numerical modeling.

Table. 4. Effect of different driving forces on the weld pool characteristics in hybrid welding.

T.. U, Vi Wiax Depth Half width
(K) (m/s) (m/s) (m/s) (mm) (mm)
Only conduction 4417 0 0 0 1.88 1.4
Marangoni stress 3464 0.657 0.577 0.139 1.98 1.78
Buoyancy force 4196 0.227 0.05 0.048 2.02 1.62
Electromagnetic force 4200 0.22 0.05 0.047 2.01 1.61
All driving forces 3492 0.645 0.566 0.137 1.99 1.8
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Dashdot line: only conduction
Dashed line: considering fluid flow
Solid line: experiment

0.003

Fig. 14. Comparison of the experimental weld pool shape with calculated one for two cases, with and
without considering convection, for hybrid welding process.

The effects of heat conduction and convection and also each driving force on the weld pool can be
evaluated by using several dimensionless numbers. The dimensionless Peclet number is used to
evaluate the relative significance of heat transfer by convection relative to conduction in weld pool,
which is given as [18,35,16]:

_ Convective  pC, ULy

Pe =
Conduction k

(25)

Where U is taken as the maximum velocity experienced in the weld pool and L, is taken as the half

width of the weld pool.

The driving forces for fluid flow in the weld pool, considered in this study, include the surface tension,
buoyancy and electromagnetic forces. To estimate the relative importance of each driving force, several
dimensionless numbers are used in present study.

Grashof number determines the ratio of buoyancy force to viscous force and is calculated by [16,46,3]:

AT
Gr — ﬂgp 2B

)7,

(26)

Where L, is taken as one eighth of the weld pool width and AT is temperature difference between the

maximum temperature in the weld pool and the solidus temperature, i.e. AT =7, T .
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Surface tension Reynolds number determines the ratio of surface tension (Marangoni) force to viscous
force and is given by [16,46,3]:

oy
2L AT | ==
P Ly ‘aT

Ma = (27)

2

U

Electromagnetic Reynolds number defines the ratio of electromagnetic (Lorentz) force to viscous force
and is given as [16,46,3]:

12
Rm=p’u;" 5
4r°u

(28)

The relative significance of these driving forces can be judged using the combination of these
dimensionless numbers. The ratio of Marangoni force to buoyancy force is determined
by R,,, = Ma/Gr and the ratio of Lorentz force to buoyancy force is determined by R, , = Rm/Gr .

Based on the results listed in table 4 and the equations explained above, Pe,Gr,Maand Rmin hybrid

welding are defined to be 23.8, 394.4, 8.6x10°and1.9x10°, respectively. Since calculated Peclet
number is much greater than one, it means that the heat is mainly transferred by convection compared
to conduction and, consequently, the fluid flow in the weld pool noticeably affects the weld pool shape.
In addition, it can be predicted that the fluid flow is mostly driven by the Marangoni and
electromagnetic forces and, to a much less extent, by the buoyancy force. Besides, the Marangoni force
is the dominant driving force for heat convection in the weld pool in hybrid welding process.

3.5. Comparison of hybrid welding with laser and TIG welding

Fig. 15 shows comparison of the weld pool shape among TIG, laser and hybrid welding processes. The
weld pool in TIG welding is shallow and wide, but in laser welding, it is reversely deep and narrow. As
well, the geometry of hybrid weld is a combination of that of the laser and arc welds. It means that the
arc heat merely melts the surface of the base metal and does not deepen the penetration and the laser
deepens the weld pool. In addition, the weld width in hybrid welding is larger than that of lone TIG and
laser welding. There are two reasons for this fact, one is larger volume of melted material generated by
two heat sources and the other is stronger Marangoni stress in hybrid welding than lone arc and laser
welding.

Fig 16 and 17 show the variation of the temperature along the x and y direction at the top surface for
lone laser and hybrid welding. As expected, the peak temperature is higher and as well, the distribution
of the temperature is wider in case of hybrid welding than lone laser welding.
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The distribution of the velocity along the y direction at top surface for both laser and hybrid welding is
plotted in Fig. 18. As seen, the maximum velocities are almost of the same order, but the velocity

distribution is wider for hybrid welding than lone laser welding.

CO ..., ., 0001 HO‘q02 0.003
0.001-
E
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| 2: Laser welding

] 3: Laser-TIG welding
0.003

Fig. 15. Comparison of weld pool cross-sectional geometry among TIG, laser and hybrid welding
processes.
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Fig. 16. Comparison of calculated temperature distribution along the x direction between laser

and hybrid welding processes.

24



4000 n " i n 1 " " n n 1
A —=— Hybrid welding [
—— Laser welding | [

O J o U W

3000 —

o
N = O

2000

=
D

H
w
Temperature (K)

=
oy Ul

1000

=
~J

=
[ee]

=
O

N
(@)

R ———————.
0.000 0.005 0.010 0.015
Y (m)

N NN
w N

24 Fig. 17. Comparison of calculated temperature distribution along the y direction between laser and

;2 hybrid welding processes.

27
28
29
30
31
32 0.60 n n " " 1 " " n " 1 . " " "

] —e— Hybrid welding| |
gj ] ——Lz:(s'?erd we?d?ngg I
35
36
37
38
39
40
41
42 1
43 0.15 <
44
45
46 0.00 4

47 0000  o0s  oo0to  oots
48 Y (m)
49

50
51 Fig. 18. Comparison of calculated velocity distribution along the y direction between laser and hybrid

52 welding processes.
53

54
55
56
57
58
59
60
61
62
63 25
64
65

0.45

Velocity (m~s'1)

|
it _
.l |
] ‘ :

|

|




O J o U W

NNMNNMNNMMNDNNNRRRRRRRRER PR
NUT D WNRERP OWOWwWJoyUd WNEFE O W

27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

Several characteristics of the weld pool for all three welding processes, i.e. lone TIG, lone laser and
hybrid welding are compared in table 5. As seen, the maximum temperature is the highest in case of
hybrid welding and, also, the maximum temperature is higher for laser welding than TIG welding case.
The reason can be explained by the amount of heat input from the welding heat source. The heat input
is the greatest in hybrid welding case and, moreover, in laser welding is greater than TIG welding case.
The maximum velocity in weld pool is almost the same for laser and hybrid welding cases. However, it
is lower in case of lone TIG welding, which is probably attributed to weaker fluid flow forces in the
weld pool. The dimensionless numbers for all three welding processes are also listed in this table. As
seen, the Peclet number for all three cases is much higher than one, especially, in hybrid welding
process. As well, the values of dimensionless numbers are greater in case of hybrid welding than lone
laser or TIG welding process. Both of these facts confirm that the heat convection and fluid flow forces
is more effective in the hybrid welding than the lone TIG or laser welding. In addition, based on the
values summarized in this table, it can be also predicted that in all three cases, the fluid flow is mainly
driven by the Marangoni and electromagnetic forces and, to a much less extent, by the buoyancy force.

Table. 5. Comparison of weld pool characteristics and Dimensionless numbers among TIG, laser and
hybrid welding processes.

) TIG Laser Hybrid
Variable welding welding leding
T (K) 1225 2552 3492
v - (m/s) 0.443 0.615 0.612
Depth (mm) 0.33 1.9 1.98
Half width (mm) 1.15 1.02 1.8
Pe 11 13.6 23.8
Gr 14.3 46.2 394.4
Rm 8.6x10° - 8.6x10°
Ma 1.7x10° 6.9%x10° 1.9%x10°
R 6x10* - 2.2x10°
Rsp 1.2x10" 1.5x10" 4.8x10°
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3.6 Experiments and model validation

In order to validate the model, some experiments were carried out by using a Nd:YAG laser with
maximum power of 2000 W accompanying by a TIG welder with maximum arc current of 350 A. The
arrangement of laser and TIG torch is shown in Fig. 19. As clearly shown in this figure, laser-leading
configuration, where the TIG torch is positioned prior to the laser along the welding direction, is used
in this study. The laser power and arc current were set to be 2000 W, 100 A, respectively. Besides, two
welding speeds of 2 and 3 m/min were used. The arc-to-laser distance, OX, and the arc length, OY,
were taken as 0 and 2 mm, respectively. These values were chosen based on preliminary welding tests.
The arc voltage was about 15 V. Spot diameter of the laser beam on the surface of the workpiece was
about 0.5 mm. Argon was applied as the shielding gas. The inclination angle of the laser beam was 5°,
and the angle between the weld torch and workpiece surface was 60°.

Before welding, each specimen was sanded by steel wire brush and degreased with acetone to remove
oxides and other residue. Thereafter, hybrid linear bead-on-plate welds were made on the plate of
AA6082 aluminum alloy with the thickness of 3 mm.

For the sake of comparison between numerical predictions and experiments, the shape and dimensions
of the weld pool were measured by optic microscopic observations. For this aim, specimens were cut
from welded sheets and then mounted and polished to obtain cross-sectional shape of the weld pool.

Welding direction

Laser beam

| TIG torch

Al

Fig. 19. Experimental set-up of hybrid laser-TIG welding process.

Comparison between simulated and experimental transverse weld pool cross sections are shown in
Figs. 20 and 21. Difference percentages between simulated and experimental weld pool depth and half
width are respectively 3.4% and 7.3% in fig. 20, and 4.5% and 6.6% in fig. 21. The low values of these
difference percentages, as well as, the appropriate match between the simulated and experimental
overall shape of the weld pool show that there is a good agreement between simulation and experiment.
Accordingly, it can prove the capability of presented numerical model to simulate the weld pool shape
and dimensions in hybrid welding process.
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Fig. 20. Comparison between simulated and experimental cross-section of weld pool in hybrid welding
at laser power of 2000 W, arc welding current of 100 A and welding speed of 2 m/min.
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Fig. 21. Comparison between simulated and experimental cross-section of weld pool in hybrid welding
at laser power of 2000 W, arc welding current of 100 A and welding speed of 3 m/min.
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4. Conclusions

This paper presents a three-dimensional heat transfer and fluid flow model for hybrid laser-TIG
welding process. An appropriate model to calculate the current density, magnetic field and
electromagnetic (Lorentz) force in the weld pool was proposed by adding four differential equations. In
addition, a turbulence model based on Prandtl's mixing length hypothesis was used. A combined
effective model consisting of two parts was proposed for laser heat source model. Subsequently, the
welding properties such as temperature field and velocity profile in the weld pool were calculated to
determine the weld pool shape for welding of aluminum alloy AA6082. Based on performed numerical
analysis, the main conclusions can be drawn as follows:

® The electromagnetic model used in this study could offer an appropriate tool to calculate the
distribution of current density, magnetic field, and electromagnetic force in the workpiece.

e Since the arc is constricted in hybrid welding process due to the interaction between the arc and
laser, a lower effective arc radius was used in hybrid welding than lone TIG welding. This fact
results in a slight increase in weld penetration depth in hybrid welding compared to lone laser
welding.

® The hybrid welding process leads to a similar weld pool depth, but a wider weld width compared to
lone laser welding process, which is caused by higher heat input due to the addition of a TIG heat
source in hybrid welding.

e Since the Peclet number was much more than one, the heat in the weld pool is mainly transferred
by convection compared to the conduction. Furthermore, the calculated weld pool shape at the
presence of convection was in better agreement with the experiment. It means that taking into
account heat transfer by convection in the weld pool model is critical to predict the weld pool shape
accurately.

® The role of various driving forces for the fluid flow was examined by using several dimensionless
numbers. It was found that the liquid metal is driven mainly by the electromagnetic force and the
Marangoni stress and, to a much less extent, by buoyancy force. Besides, outward fluid flow at top
surface and also clockwise circulation of molten material in upper part of the weld pool can prove
the dominancy of the Marangoni force in formation of the weld pool.

e Marangoni convection is stronger in case of hybrid welding than laser or TIG welding, which is
possibly originated from the higher amount of molten material and higher temperature gradient
experienced in the weld pool.

Hybrid welding process involves many process parameters that should be adjusted appropriately to

achieve a high quality weld. However, even if some preliminary experimental tests are needed to adjust

the model parameters, this numerical model may be advantageously used to simulate the welding

process for large ranges of the welding parameters and their combinations. Therefore, this results in a

marked reduction of needed experiments for welding optimization, which causes time and money

saving. Hence, future works will be carried out, from both simulation and experimental point of view,
to better understand how the welding parameters affect weld pool characteristics and shape in hybrid
laser-TIG welding process.
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