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Numerical simulation of heat transfer and
fluid flow in GTA/Laser hybrid welding

B. Ribic, R. Rai and T. DebRoy

In order to understand the temperature fields, cooling rates and mixing in the weld pool, a

comprehensive, three-dimensional heat transfer and fluid flow model is developed and tested by

comparing model predictions with two sets of experimental data. The first set of data was taken

from the literature. The experiments varied the separation distance between the heat sources for

three arc current levels at a constant laser power. The second set of experiments analysed the

effect of varying laser power for a constant heat source separation distance. The results

demonstrate that the distance between the two heat sources significantly affects the cooling

rates. The calculated results showed that the hybrid weld pool was very well mixed with strong

convection currents resulting from the interaction between the electromagnetic and Marangoni

forces. The calculated and experimental results showed that hybrid welding increases the weld

pool width and gap bridgability when compared with laser welding. The weld pool depth in hybrid

welding was affected mainly by the characteristics of the laser beam. Hybrid weld pool

penetration depth is maximised at an optimal distance between the arc electrode and laser beam.

The cooling rate increases significantly when the heat sources are separated beyond a critical

distance. At close separation between arc and laser, calculations show that the arc radius must

be decreased to achieve the observed weld depths.

Keywords: Hybrid welding, Heat transfer and fluid flow, Laser beam, Gas tungsten arc, Modeling, Cooling rate, Keyhole

Introduction
Hybrid welding involves the joining of metals and alloys
by a laser beam and electrical arc. The hybrid welding
process incorporates the benefits of both laser and arc
welding in order to overcome their individual pro-
blems.1–6 Figure 1 is a schematic of the laser/GTAW
hybrid welding process, which depicts the heat source
separation distance and arc angle and length. The laser
beam, with energy density greater than 109 W m22,
provides relatively deep penetration at high welding
velocities without the necessity of additional passes.1–10

The hybrid welding process results in less residual stress
and thermal distortion compared to arc welding. Gap
tolerance is also increased due to the generation of a
wide weld pool.1–6 Experimental research has also
shown that hybrid welding can reduce the propensity
of cracking and presence of brittle phases due to
relatively lower cooling rates.11–14 Furthermore, keyhole
stability increases, which reduces the amount of porosity
due to unstable keyhole collapse.12,15–18

The experimentally observed benefits of hybrid weld-
ing are due to the interaction of the laser and arc heat

sources.1,2,4–6,19–21 When the arc and laser focal points
are within close proximity, the heat sources may
interact.2,5,19,20 The interaction of the two heat
sources during hybrid welding is explained by two
phenomena. First, arc stability is enhanced due to the
introduction of metal vapours into the arc plasma
from the laser induced keyhole.2,5,8–10,19,20,22–33 The
metal vapours increase the electrical conductivity of
the arc plasma.2,5,19,20,22,24,26,27,32,33 In addition, the arc
contracts, causing an increase in current den-
sity.2,22,24,26,27,34 In the case of introducing copper
vapours into a free burning arc, it was observed that
the current density can increase by a factor of four.26

Depending on the separation distance between the heat
sources, the arc can bend towards the laser generated
keyhole, rooting closer than the physical separation
distance.2,19,20,26

Beyond a critical separation distance, the arc is unable
to bend or root on the keyhole due to the lack of metal
vapour introduced to the arc plasma, explaining why the
effect decreases as the distance between the two heat
sources increases.2,5,19,20 Chen et al.2 experimentally
studied the hybrid welding of AISI 321 stainless steel
and observed the laser–arc interaction. They did not
accredit the observed effects to any particular phenom-
ena, but described that a particular value of separation
between the two heat sources resulted in a relatively
small increase in the penetration of the weld pool. Chen

Department of Materials Science and Engineering, The Pennsylvania
State University, 115 Steidle Building, University Park, PA, 16802, US

*Corresponding author, email debroy@psu.edu

� 2008 Institute of Materials, Minerals and Mining
Published by Maney on behalf of the Institute
Received 9 July 2008; accepted 14 August 2008
DOI 10.1179/136217108X356782 Science and Technology of Welding and Joining 2008 VOL 13 NO 8 683



P
ub

lis
he

d 
by

 M
an

ey
 P

ub
lis

hi
ng

 (
c)

 IO
M

 C
om

m
un

ic
at

io
ns

 L
td

et al.2 also observed, with the aid of a camera, that for
relatively small separation distance, the arc appeared to
focus down inside the keyhole of the weld pool
throughout the welding process.2

Several experimental studies2,3,5,6,11–13,19,20,25,35–56

have firmly established the benefits of hybrid welding.
However, much of the process details have not been
revealed. Very few numerical studies57–59 have been
conducted on the physical processes of hybrid welding.
Chen et al.57 calculated the temperature fields in C02

laser/GTAW hybrid welding using a heat conduction
based finite element model. Cho and Farson58 utilised a
three-dimensional heat transfer and fluid flow model to
evaluate the humping defect formation in C02 laser/
GMAW hybrid welding. Zhou et al.59 studied the
temperature fields and mixing of filler metal in laser/
GMAW hybrid welding using a three-dimensional fluid
flow and heat transfer model.

In this work, the authors study the quantitative role of
arc radius and heat source separation distance and the
arc constriction on the heat transfer and fluid flow, and
verify the validity of the developed hybrid welding code.
A three-dimensional fluid flow and heat transfer model
is proposed to study the effect of heat source separation
distance on weld geometry and cooling rates for hybrid
welding experiments performed by Chen et al.2

Furthermore, hybrid welding experiments were per-
formed in order to understand the role of laser power
level. The welds were made using a Nd:YAG laser heat
source of nominal power levels of 0?8, 1?9, 3?8, and
4?5 kW. The arc heat source was a GTA operating at
approximately 191 A and 11 V. The temperature field
and fluid flow were studied for GTAW, laser welding
and hybrid welding and the computed weld geometries
were compared to experimental results.

Mathematical model

Calculation of keyhole profile
The keyhole geometry is calculated based on energy
balance on keyhole walls.60,61 Keyhole walls are
assumed to be at the boiling point of the alloy. Due to
the significantly higher temperature gradient in any

direction in the horizontal plane compared to the
vertical direction, planar heat conduction is assumed.
The salient features of the model are presented in
Appendix.

The calculated temperature distribution from the
keyhole model is stored in a data file with all
temperatures inside the keyhole assigned the boiling
point temperature. This file is read in the thermofluid
model and all points with the boiling point are
considered within the keyhole. At each horizontal xy
plane, the keyhole boundary is identified by a minimum
and a maximum x value for any y value.

Heat transfer in weld pool
After calculating the keyhole profile, equations of
conservation of mass, momentum, and energy are solved
in three dimensions. The liquid metal flow in the weld
pool can be represented by the following momentum
conservation equation10,62,63
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where r is the density, t is the time, xi is the distance
along the ith (i51, 2 and 3) orthogonal direction, uj is
the velocity component along the j direction, m is the
effective viscosity, and Sj is the source term for the jth
momentum equation and is given as10
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where p represents the pressure, U is the welding velocity,
and b is the coefficient of volume expansion. The third
term represents the frictional dissipation in the mushy
zone according to the Carman-Kozeny equation for flow
through a porous media,64,65 where fL is the liquid
fraction, B is a very small computational constant
introduced to avoid division by zero, and C is a constant
accounting for the mushy zone morphology (a value of
1?66104 was used in the present study66). The fourth term
is the buoyancy source term.66–68 The last term accounts
for the motion of workpiece relative to the heat sources.68

The following continuity equation is solved in
conjunction with the momentum equation to obtain
the pressure field

L(rui)

Lxi

~0 (3)

In order to trace the weld pool liquid/solid interface, i.e. the
phase change, the total enthalpy H is represented by a sum
of sensible heat h and latent heat content DH, i.e. H5

hzDH.69 The sensible heat h is expressed as h~
Ð

CpdT ,

where Cp is the specific heat, and T is the temperature. The
latent heat content DH is given as DH5fLL, where L is the
latent heat of fusion. The liquid fraction fL is assumed to
vary linearly with temperature for simplicity68

fL~

1 TwTL

T{TS

TL{TS
TS¡T¡TL

0 TvTS

8><
>: (4)

where TL and TS are the liquidus and solidus temperature
respectively. Thus, the thermal energy transportation in the

1 Schematic of laser/GTAW hybrid welding process: in

this case, laser is leading, DLA is separation distance

between arc electrode and laser focal point, La is arc

length or vertical separation distance between arc elec-

trode and workpiece surface, and h is arc angle relative

to workpiece surface
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weld workpiece can be expressed by the following modified
energy equation10

r
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where k is the thermal conductivity. The source term Sh is
due to the latent heat content and is given as10
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The heat transfer and fluid flow equations were solved for
the complete workpiece. For the region inside the keyhole,
the coefficients and source terms in the equations were
adjusted to obtain boiling point temperature and zero fluid
velocities.

Boundary conditions
A 3D Cartesian coordinate system is used in the
calculation. Since the weld is symmetrical about the weld
centreline, only half of the workpiece is considered. These
boundary conditions are further discussed as follows.

Top surface

The weld top surface is assumed to be flat. The velocity
boundary condition is given as70–73

m
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~fL

dc

dT
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~fL

dc

dT

LT

Ly

w~0

(7)

where u, v and w are the velocity components along the x,
y and z directions respectively, and dc/dT is the tem-
perature coefficient of surface tension. Since there is no
outward flow at the pool top surface, the w velocity is zero.

The heat flux at the top surface is given as
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where fl and fa are the laser and arc power distribution
factors respectively, Q is the total laser power, gl is the
absorptivity, ga is the arc efficiency, rl and ra are the laser
and arc radius respectively, xl and xa are the location
relative to the laser and arc respectively, I is the arc current,
V is the arc voltage, s is the Stefan-Boltzmann constant, hc

is the heat transfer coefficient, and Ta is the ambient
temperature. In equation (8), the first and the second terms
on the RHS are the heat input from the heat source,
defined by a Gaussian heat distributions. The third and
fourth terms represent the heat loss by radiation and
convection respectively.

Symmetric plane

The boundary conditions are defined as zero flux across
the symmetric surface, i.e. the vertical plane containing
the welding direction, as10

Lu

Ly
~0, v~0,

Lw

Ly
~0 (9)

Lh

Ly
~0 (10)

Keyhole surface

h~hboil (11)

where hboil is the sensible heat of the steel at its boiling
point. This represents that the keyhole surface is at the
boiling temperature. The velocity component perpendi-
cular to the keyhole surface is assigned zero to represent
no mass flux due to convection.

Bottom surface

For partial penetration welds, a convective heat transfer
boundary condition, with a specified heat transfer
coefficient, is given. Since the weld pool does not extend
to the bottom, the velocities are zero at the bottom
surface.

Solid surfaces

At all solid surfaces far away from the heat source,
temperatures are set at ambient temperature (Ta) and
the velocities are set to be zero.

Turbulence model
During keyhole mode laser welding, the rates of the
transport of heat, mass and momentum are often
enhanced because of the presence of fluctuating velo-
cities in the weld pool. The contribution of the
fluctuating velocities is considered by an appropriate
turbulence model that provides a systematic framework
for calculating effective viscosity and thermal conduc-
tivity.10,74,75 The values of these properties vary with the
location in the weld pool and depend on the local
characteristics of the fluid flow. In this work, a
turbulence model based on Prandtl’s mixing length
hypothesis is used to estimate the turbulent viscosity10

mt~rlmvt (12)

where mt is the turbulent viscosity, lm is the mixing
length, and vt is the turbulence velocity. Turbulence
velocity can be estimated from the turbulent kinetic
energy. Assuming turbulent kinetic energy to be about
10% of the mean kinetic energy, the turbulent velocity is
approximately 30% of the mean velocity. Thus, the
turbulent viscosity becomes10

mt~0:3rlmv (13)

The corresponding local turbulent thermal conductivi-
tykt is calculated from the turbulent Prandtl number,

defined as Pr~
mtcp

kt
, to be 0?9. Effective viscosity at a

particular point is given as the sum of the turbulent (mt)
and laminar (ml) viscosities, i.e. m5mtzml.

10

Experimental procedure
CO2 laser/GTAW hybrid welding with the laser leading
was performed by Chen et al.2 on 4 mm thick AISI 321
stainless steel. The chemistry of the material was taken
from standard commercial values given by Table 1.
During the hybrid welding experiments, the distance
between the arc electrode and laser beam was varied.
The experiment was repeated for three arc current levels
with the laser at sharp focus. The laser beam radius,

Ribic et al. Numerical simulation of hybrid welding
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welding velocity, and laser power were 100 mm,
16?7 mm s21 (1 m min21) and 900 W respectively. The
arc voltage was 14 V and various arc currents were used
including: 60, 120 and 180 A. The arc length and angle
relative to the workpiece surface were 5?0 mm and 70u
respectively. The arc was tilted backwards relative to the
laser head, i.e. 30u relative to the normal. The separation
distance between the heat sources was varied from 3?5 to
approximately 9?2 mm. The photographic results of
Chen et al. showed that for a 60 A arc, the arc and laser
formed two separate plasma plumes at different loca-
tions on the welded surface when the distance of
separation between the two sources was greater than
the critical value of 6?48 mm. However, the published
observations did not include the critical distance for the
120 and 180 A cases. Based on a parametric study on the
effects of heat source separation and arc radius on weld
penetrations, it was assumed that the heat sources acted
at the same location for the 120 and 180 A cases for all
of the separation distances studied.

Second, bead-on-plate Nd:YAG laser/GTAW hybrid,
laser and arc welding was performed on 10 mm thick
A131 structural steel at 8?5 mm s21. Table 2 shows the
chemical composition of the A131 structural steel samples
determined using atomic emission spectroscopy. The
separation distance between the heat sources was
3?0 mm. The laser and hybrid welding laser power levels

were 800, 1900, 3800 and 4500 W with a 12% loss in power
assumed due to the laser optics and delivery.9,76 The laser
was at sharp focus and had a beam radius of 250 mm. The
lone GTAW voltage and current were 11 V and 191 A
respectively. The arc current and voltage were not
constant for the hybrid welding experiments. The arc
was applied at a 45u angle relative to the normal and the
arc length was approximately 1?5 mm. Table 3 shows the
measured arc current and voltages for the various hybrid
welding cases. The material properties used in order to
complete the welding calculations for AISI 321 stainless
and A131 structural steels are given in Table 4.

Results and discussion

The role of heat source separation distance on
weld pool geometry and cooling rate
According to Chen et al.,2 when the separation distance
between the heat sources was greater than 6?5 mm, two
separate plasma plumes were observable for hybrid
welding conducted with a 60 A arc. In this case, the
welding performed was a tandem process. During
tandem welding, the arc primarily acts as a post heat
treatment, which significantly decreases the cooling rate
of the weld pool material.

When the separation distance between the heat
sources was less than 6?5 mm for the 60 A arc hybrid
welding case, arc bending caused the heat sources to act
at the same location. When not under the influence of
metal vapours generated by the laser beam, the arc
radius for a 60 A arc is approximately 4?2 mm, which is
based on the work of Tsai and Eager77 on the
distribution of heat and current fluxes in gas tungsten
arcs. It was assumed that 95% of the arc current density

Table 2 Chemical composition of A131 structural steel samples

Element C Cr Cu Mn Mo Ni P S Ti V

Amount, wt-% 0?06 0?02 0?02 1?38 0?01 0?02 0?01 0?004 0?02 0?05

Table 1 Chemical composition of AISI 321 stainless steel
samples

Element C Cr Mn Mo Ni Fe P S Ti Si

Amount, wt-% 0?08 18?0 2?0 1?0 11?0 66?0 – – 0?5 1?0

Table 3 Measured hybrid welding arc current and voltage values and their corresponding laser power levels: arc current
and voltage were not constant for various hybrid welding cases

Weld type Welding velocity, mm s21 Arc voltage, V Arc current, A Laser power, W

Hybrid 8?47 12?3 190 4500
10?3 191 3800
20 185 1900
11 191 800

Table 4 Material properties used in welding calculations for AISI 321 stainless and A131 structural steels

Property A131 structural steel AISI 321 stainless steel

Density, kg m23 7000 7000
Solidus temperature, K (Ref. 10) 1745 1673
Liquidus temperature, K (Ref. 10) 1785 1723
Enthalpy of solid at melting point, J kg21 (Ref. 10) 1?20Ez06 1?20Ez06
Enthalpy of liquid at melting point, J kg21 (Ref. 10) 1?26Ez06 1?26Ez06
Specific heat of solid, J kg21 K21 (Ref. 10) 711 711
Specific heat of liquid, J kg21 K21 (Ref. 10) 795 795
Thermal conductivity of solid, J mKs21 (Refs. 10 and 84) 29?3 20?9
Thermal conductivity of liquid J mKs21 (Refs. 10 and 84) 29?3 29?3
Coefficient of thermal expansion, 1 K21 (Refs. 10 and 84) 1?96E205 1?96E205
Emissivity 0 0
dc/dT of pure material, N mK21 (Refs. 10 and 84) 20?00049 20?00049
Concentration of surface active species, wt-% 0?004 0?0
Surface excess at saturation, mole m22 (Ref. 85) 1?30E205 1?30E205
Enthalpy of segregation, J mol21 (Ref. 85) 21?66Ez05 21?66Ez05
Entropy factor (Ref. 85) 0?00318 0?00318

Ribic et al. Numerical simulation of hybrid welding
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distribution would fall within a circular radius of
r561/2sI, where sI is the current density distribution
parameter.77 The current density distribution parameter
was selected based on the arc length and angle.77

In the case of the 120 and 180 A arcs, the arc radii are
5?5 and 6?1 mm respectively, when not under the
influence of metal vapours. It was observed that for
the range of separation distances considered in this
experiment, the calculated penetration depth did not
change significantly when a constant arc radius was
used. In addition, the calculated penetration depth
obtained by use of the arc radii predicted from the

results of Tsai and Eager did not result in the
penetration depth observed by Chen et al., even when
the separation distance was zero. Therefore, it was
assumed that the heat source plasmas interacted for all
of the separation distances during the 120 and 180 A arc
hybrid welds despite the increase in separation distance
between the electrode and laser beam. Table 5 shows the
arc radii values necessary in order to calculate the
observed results of Chen et al.2 Calculations were made
assuming that the arc was constricted because of the
arc–laser interaction. In order to achieve the experimen-
tally observed weld pool depths, the arc radius was
reduced to account for arc contraction. Table 5 shows
that the arc radius decreases to a minimum value at an
optimal separation distance. Further investigation is
needed to understand how the separation distance
affects the plasma interaction in hybrid welding.

Figure 2a shows the calculated hybrid weld pool
depth as a function of the distance between the arc
electrode and laser beam. The figure shows that the
penetration increases slightly at an optimal separation
distance. In addition, increasing the arc current causes a
small increase in the penetration depth of the weld pool.
The experimental observations of Chen et al.2 are shown
in Figure 2b. The experimental and calculated results are
in good agreement.

Figure 3 shows calculated weld pool velocity vectors
(mm s21) and temperature (K) profiles for 900 W laser
60 A arc hybrid welds with two different separation
distances, 3?5 and 7?6 mm. The welding direction is
along the negative x-axis. Marangoni convection pri-
marily dictates the fluid flow9 (Fig. 3a and b) and causes
the weld pool to bulge towards the rear. The high energy
density of the laser heat source results in the deep
penetration of the weld pool. The maximum tempera-
ture experienced in the weld pools is 3100 K at the
keyhole wall, i.e. the boiling point of the alloy. The
boiling point is defined as the temperature at which
the sum total of the partial pressures of the vaporised
alloying elements is equal to ambient pressure (1 atm).
When the separation distance is 3?5 mm (Fig. 3a), the
arc and laser are acting at the same location. The arc in
this case, although originally located 3?5 mm from the
laser, is bending and rooting at the same location of the
laser beam. The arc bending and contraction increases
the penetration depth of the weld pool.

Increasing the distance between the arc electrode and
laser beam beyond a critical distance results in tandem
welding. Figure 3b depicts a tandem weld. The arc and
laser are not interacting and are at two separate physical
locations on the workpiece surface. The distance
between the arc electrode and laser is 7?6 mm. The
location of the 1073 and 773 K isotherms are shown in

Table 5 Arc radius used in heat transfer and fluid flow simulations to achieve measured results of Chen et al. when
hybrid welding AISI 321 stainless steel

Measured heat source separation, mm Arc radius, mm 60 A arc Arc radius, mm, 120 A arc Arc radius, mm, 180 A arc

3?5 0?39 0?55 0?6
4?6 0?32 0?5 0?49
5?4 0?39 0?38 0?47
6?5 0?39 0?47 0?44
7?6 4?16 0?43 0?38
8?2 4?16 0?52 0?44
9?2 4?16 0?52 0?45

2 Penetration depth of hybrid welding of AISI 321 stain-

less steel samples as function of distance between

laser beam and arc electrode and current of arc heat

source: laser power level was 900 W for all welding

cases; welding velocity was 16?7 mm s21 for all welds;

arc current levels were 60, 120 and 180 A; dashed hori-

zontal line is penetration depth achieved by lone laser

welding; a calculated result b experimental measured

result2

Ribic et al. Numerical simulation of hybrid welding
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Fig. 3. The time to cool from 1073 to 773 K (800 to
500uC) and the cooling rate can be calculated by
dividing the distance between the two contours where
they intersect the x-axis by the welding speed. The
separation distance between the heat sources affects the
shape and relative distance between isotherms. When
the separation distance increases from 3?5 to 7?6 mm,
the cooling rate between 1073 and 773 K along the weld
centreline at the top surface decreases from approxi-
mately 617 to 481 K s21. The cooling rate of the
material was calculated by

R~
DT

Dx
v (14)

where R is the cooling rate in K s21, DT is the temperature
difference (300 K), Dx is the distance between the 1073
and 773 K isotherms in millimetres, and v is the welding
velocity in mm s21. The time to cool from 1073 to 773 K
as a function of the heat source separation distance for the
60 A arc current hybrid welds is shown in Fig. 4. Beyond
a critical separation distance, the cooling rate of the
material along the weld centreline decreases significantly
and the time to cool from 1073 to 773 K increases linearly
as separation distance increases in the range considered.
The cooling time from 1073 to 773 K increases as the
distance between the 1073 and 773 K isotherms increases.
The increase in distance between the isotherms results
from the arc heat source being rooted behind the laser
focal point, rather than at the same location. As the arc
moves further away from the laser, it acts more as a post
heat treatment process, which reduces the cooling rate of
the weld pool.

Role of laser power level variation on weld pool
geometry and fluid flow
Laser, GTA and hybrid bead-on-plate welds were
performed on A131 structural steel with various laser

power levels, while a constant heat source separation
distance was maintained. The results of the experiments
were modelled by use of the three-dimensional heat
transfer and fluid flow model. Figure 5 shows the
experimentally observed weld cross-sections for laser
(Fig. 5a), GTA (Fig. 5b), and hybrid (Fig. 5c) welds.
The laser and hybrid welds were made using a 4?5 kW
laser. A 191 A, 11 V arc was used in the case of the
GTAW and 190 A, 12?3 V arc in the case of the hybrid
weld. The welding velocity was 8?5 mm s21. The hybrid
welding process results in a wider weld pool than laser or
arc welding. However, there is minimal or no increase in
weld pool depth in hybrid laser–arc welding over laser
welding. The GTAW process results in much lower
depth compared to laser or hybrid welds.

A comparison of GTA, laser and hybrid weld depths
(Fig. 6a) and widths (Fig. 6b) is presented in Fig. 6. The
weld dimensions for GTAW are depicted as dashed
horizontal lines on the graphs. Figure 6a shows that the
weld penetration depth is primarily a function of the laser
power. The laser and hybrid welding processes offer
deeper weld pool penetration than the GTAW process.
However, the hybrid welding process does not result in a
significant increase in weld pool penetration depth over
lone laser welding. In the case of 4?5 kW hybrid weld, the
weld pool depth is lower than that of the 4?5 kW laser
weld due to the lack of an air knife to protect the focusing
lens, which can affect the energy distribution of the laser
beam. On the other hand, the hybrid welding process
results in wider weld pools than lone laser or arc weld-
ing, as shown in Fig. 6b. Increased weld pool width is
beneficial when attempting to bridge gaps present between
welded sections and increase productivity.

The reason for these weld pool shapes is explained by
the nature of the welding processes. The laser beam is a
high energy density heat source which is very focused at
the surface of the workpiece and results in deep
penetration. The Marangoni force causes the weld pool
to widen near the workpiece surface.62,78–80 The GTAW
process results in strong electromagnetic and Marangoni
(surface tension driven) forces.78,79,81 It will be shown
later that the Marangoni force and the electromagnetic
forces were of the same order for the conditions of the
experiments.82 When both arc and laser are used, the
amount of liquid metal generated by the two heat
sources increases relative to lone arc or laser welding.
Both the increase in the volume of liquid metal
generated by the heat sources and strong Marangoni
convection increase the width of the hybrid weld pool.

3 Temperature and velocity profiles for hybrid welded

AISI 321 stainless steel: a shows temperature and velo-

city profiles within weld pool and 1073 and 773 K iso-

therms; all of temperature values are in K; b

temperature and velocity profiles when heat sources

are separated by 7?6 mm

4 Time to cool from 1073 and 773 K in seconds as func-

tion of distance between arc electrode and laser beam

Ribic et al. Numerical simulation of hybrid welding
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The fluid flow in the case of the laser, GTA, and
hybrid welds is shown in Fig. 7. The welding velocity for
all of the welds was 8?5 mm s21. The convective flow,
arising from the Marangoni force during GTAW using
an 11 V and 191 A arc, results in a shallow and wide
weld pool shown in Fig. 7a. The fluid flow due to
Marangoni convection along the surface of the weld pool
(Fig. 7b) causes the top of the 1?9 kW laser weld pool to
widen. The hybrid weld (Fig. 7c) was made using a
1?9 kW laser power level and a 185 A and 20 V arc.
During hybrid welding, the additional heat input from
combining the two heat sources causes more liquid to
form and results in a larger weld pool. The depth of the
weld pool is the same as the lone laser weld since the laser

beam power level was the same. The increase in the hybrid
weld pool width can be attributed to the increase in
melting efficiency as observed in previous literature.20,41

The overall volume of the hybrid weld pool increases
relative to the laser weld pool. Since the depth of the weld
pool is relatively unchanged, the strong Marangoni
convection at the top surface causes the additional liquid
metal formed during hybrid welding to increase the weld
pool width relative to lone laser welding.

The dimensionless Peclet number is used to under-
stand the significance of the role of heat transfer by
convection relative to heat transfer by conduction62

Pe~
convection

conduction
~

UL

a
(15)

where U is the characteristic velocity of the molten
metal, L is a characteristic length (half of the weld pool
width) and a (5kl/rCp) is the thermal diffusivity of the
material (1?4361025 m2 s21). Table 6 shows the calcu-
lated Peclet numbers for the GTA, laser and hybrid
A131 structural steel weldments. Since the Peclet
number is much greater than 1, convection plays a
significant role in the heat transfer process during GTA,
laser and hybrid welding. When switching from laser to
hybrid welding, the characteristic velocity of the molten
metal increases, which can result in a more homogenous
weld pool, especially when using filler metal.

The relative importance of the Marangoni and electro-
magnetic forces are given by the dimensionless magnetic
and surface tension Reynolds numbers. The magnetic
Reynolds number defines the ratio of the electromagnetic
force to the viscous forces and is given by82,83

Rem~
electromagnetic

viscous
~

rmomrI
2

4p2m2
(16)

5 Weld cross-sections of A131 structural steel a laser

welded, b arc welded, and c hybrid welded: for laser

and hybrid welds, laser power is 4?5 kW; arc current

and voltage are 191 A and 11 V for arc weld, and 190 A

and 12?3 V for hybrid weld respectively; welding velo-

city was 8?5 mm s21 for all welds

6 a measured weld pool depth and b width as function

of laser power for hybrid and lone laser welding:

dashed line is weld pool depth and width achievable

by lone GTAW
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where r is the density of the material (7000 kg m23), mo

is the magnetic permeability of free space (4p6
1027 N A22), mr is the relative permeability (1?0), I is the
arc current (y190 A), and m is the viscosity of the material
(561023 kg m21 s21). The magnetic Reynolds number in

the case of the hybrid or GTA welding of A131 structural
steel for the conditions of the experiment is 3?26105. The
surface tension Reynolds number defines the ratio of the
surface tension (Marangoni) forces to the viscous forces
and is given by82,83

Res~
surface tension

viscous
~

rLDT dc
dT

�� ��
m2

(17)

where L is a characteristic length (261023 m), DT is the
temperature difference between the peak temperature
(3100 K) and the liquidus temperature (1745 K), and dc/
dT is the temperature coefficient of surface tension
(24?761024 N m21 K21). The surface tension
Reynolds number in the case of hybrid welding for the
conditions of experiment is 3?56105. The ratio of the
magnetic and surface tension Reynolds numbers gives the
relative importance of the electromagnetic to surface
tension forces (Rem/Res). The ratio of electromagnetic
forces to surface tension forces is 0?9, which means that
the two forces are of the same order.

In order to achieve the experimentally measured weld
pool depth and width, the arc bending and contraction
had to be included in the numerical model calculations.
The arc radius for a 191 A arc with an arc length of
1?5 mm in the absence of metal vapours from another
source like a keyhole was 1?0 mm. The values used for
the heat source separation distance and the arc radius in
the hybrid welding calculations are shown in Table 7.
The data is ordered according to the laser power level of
the particular hybrid weld. During the simulations of the
weld pool temperature and fluid velocity profiles, it was
observed that the amount of constriction of the arc
radius primarily affected the weld pool penetration
depth, while the separation distance affected the weld
pool width. However, this observation has yet to be
experimentally verified.

A comparison of the A131 structural steel GTA, laser
and hybrid welding experimental and calculated results
is shown in Figs. 8 and 9. Figure 8 shows GTA, laser
and hybrid weld cross-sections. The calculated cross-
section is overlaid on top of the micrograph. The dashed
line shown in the calculated result is the 3100 K
isotherm, which represents the keyhole wall. In addition
to the weld pool solid/liquid boundary (1745 K iso-
therm), the HAZ/base metal boundary is shown by the

7 Cross-sectional fluid flow in a GTA, b laser and c

hybrid welds: isotherms are in units of Kelvin; laser

power was 1?9 kW for both laser and hybrid welding;

GTA weld was performed using 11 V and 191 A; hybrid

weld was made using 185 A and 20 V arc

Table 6 Dimensionless Peclet number for GTAW, laser
and hybrid welding

GTAW Laser Hybrid

L, mm 2?0 3?0 4?0
u, mm s21 250 300 400
Pe 35 63 112

Table 7 Separation distance and arc radius values used
in numerical model in order to achieve
experimentally observed hybrid weld pool width
and depth: results are arranged by laser power
level

Laser power, W Separation distance, mm Arc radius, mm

4500 2 1
3800 0 0?9
1900 0?2 0?65
800 0?3 0?5
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1000 K isotherm. The laser power in the case of the
hybrid and laser (Fig. 8b) welds was 1?9 kW. The GTA
(Fig. 8a) weld was performed using a 191 A and 11 V
arc. The arc current and voltage for the hybrid weld
(Fig. 8c) was 185 A and 20 V respectively.

The calculated and measured results showed that the
laser power level is the primary factor affecting weld
pool penetration depth. The arc, in the case of hybrid
welding, results in only a small increase in penetration
depth. Figure 9a is a comparison of the calculated and
measured laser and hybrid weld pool depths. The hybrid
welding results show a minor increase in weld pool depth
over lone laser welding. Weld pool width increases
significantly when comparing hybrid to laser welding,
which is shown in Fig. 9b. Increased weld pool width
improves the ability to bridge gaps between components
being welded, which is particularly important for
welding large sections of material.

Summary and conclusions
A three-dimensional heat transfer and fluid flow model
for hybrid laser/GTA welding has been proposed and

validated using experimental results. The model con-
siders the enhanced absorption of laser beams due to
multiple reflections inside the keyhole. It was found that
when the inner heat source spacing becomes greater than
a critical distance, the cooling rate of the molten weld
pool increases significantly. In addition, in order to
achieve the slight increase in the observed weld pool
penetration depth at small separation distances between
the arc and the laser, the arc must contract. The
calculations showed that the arc contraction tended to
affect weld pool depth, while the heat source separation
distance tended to affect the weld pool width.

The hybrid welding process results in a similar weld
pool penetration compared to lone laser welding.
However, hybrid welding leads to a significant increase
in weld pool width over lone laser welding and GTAW.
The increase in weld pool width is the result of heat
input from the arc and the heat transfer aided by strong
Marangoni convection. Wider weld pools improve the
ability of the hybrid welding process to allow for gaps
between large welded sections of material without the
necessity of additional bracing. Hybrid welding results
in faster fluid flow than lone laser or arc welding due to
the improved convection by the addition of an arc heat
source. The arc heat source results in electromagnetic
and increased Marangoni convection.
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Appendix
The keyhole wall angle at a particular depth is given by60,61

tan h~
Ic

Ia{Iv

(A1)

where Ic is the heat radially conducted from the keyhole
wall into an infinite plate, Ia is the locally absorbed beam
energy flux, and Iv is the evaporative heat flux. Ic is
determined using two-dimensional temperature fields in an
infinitely large plate with respect to a linear heat source.
The heat conduction term is defined by

Ic~{l
LT(r,Q)

Lr
(A2)

where l is the thermal conductivity, T is the temperature,
(r, Q) describes a location in terms of a radial distance and
angle perpendicular to the line source or origin, where Q50
at the front keyhole wall and Q5p at the rear keyhole wall.
The two-dimensional temperature field term for the heat
conducted radially from the keyhole walls into the
infinitely large plate is given by86

T(r,Q)~Taz
P0

2pl
Ko(Vr)e{Vr cos Q (A3)

where Ta is the ambient temperature, P9 is the power per
unit depth, Ko() is the solution of the second kind zero-
order modified Bessel function, V5u/2k, where u is the
welding velocity, and k is the thermal diffusivity. The
absorption of the arc and laser beam is accounted for by
the locally absorbed heat source flux defined as61

Ia~e{bl 1{(1{a)1zp=4h
h i

Ioz

Ia,og exp {fa
DLA+r

ra

� �2
" #

(A4)

where b is the inverse Bremsstrahlung absorption
coefficient of the plasma generated by the laser, a is
the absorption coefficient of the workpiece material, h

is the average angle between the keyhole wall and the
incident beam axis, Io is the local incident laser beam
intensity that varies as a function of depth and radial
distance, Ia,o is the peak intensity of the arc, g is the arc
efficiency (y0?25–0?7), ra is the arc radius, fa is the arc
energy distribution factor, r is the distance from the
laser line source to the keyhole front or rear wall, and
DLA is the distance between the heat sources. The sign
of r varies in order to calculate the distance between the
arc location and the front and rear keyhole walls. For
example, the distance between the arc location and
keyhole front wall is calculated by adding r to DLA, and
the distance between the keyhole rear wall and arc heat
source is calculated by subtracting r from DLA. If
the order in which the heat sources proceed over the
workpiece is reversed, DLA will become negative. The
local incident laser beam intensity I0 is defined as

Io~Ifola
rfo

rf

� �2

exp {f1
r2

r2
f

� �
(A5)

where Ifol is the peak intensity of the laser at the focal
plane, rfo is the beam radius at the focal plane, fl is the
laser energy distribution factor, and rf is the local beam
radius. The peak laser and arc intensities are defined
by61,87

Ifol~
2P

pr2
fo

(A5a)

Ia,o~
P

2pr2
a

(A5b)

where P is the nominal power of the heat source and ra

is the arc radius. The local beam radius (rf) as a
function of the depth (z) is defined by61,87

rf~rfo 1z
zzzo

2rfof =db

� �2
" #1=2

(A5c)

where zo is the beam defocusing, f is the laser beam
focal length, and db is the diameter of the laser beam on
the laser focusing lens.
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