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ABSTRACT 

Laser-arc hybrid welding process employs a laser beam and a welding arc concurrently for the joining of thick 

plates at high welding speeds. Systematic quantitative studies to understand the role of welding conditions on 

the rate of heat input and weld pool profile are important but rarely reported for hybrid welding process. The 

current work presents a three-dimensional heat transfer analysis of hybrid welding process using finite 

element method. The computed results are validated using experimentally measured results that are reported 

in the independent literature. The model is used further to examine the effect of welding speed, laser and arc 

power, and the separation distance between laser beam and welding arc on the weld pool profile. The 

computed results show that the weld width will reduce with increase in welding speed and the separation 

distance while the penetration increases with the laser power. 
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1.0 INTRODUCTION 

Laser-arc hybrid welding process involves simultaneous 

application of a laser beam and an electrical arc. As a result, the 

hybrid welding provides a greater rate of heat input in 

comparison to either laser beam welding (LBW) or a 

conventional gas tungsten arc (GTA) or gas metal arc (GMA) 

welding process. Increased gap tolerances and melting 

efficiency, high welding speed, and reduced weld cracking, 

porosity, and evaporation loss of alloying elements are some of 

the major benefits of the hybrid welding process [1–4]. 

However, an accurate control of the welding conditions is 

needed in hybrid welding due to the presence of two heat 

sources and their combined effect on the rate of heat input. For 

example, a higher laser beam power in comparison to the arc 

power could lead to greater cooling rate and weld joint 

hardness [5] . In contrast, higher arc power compared to that of 

the laser beam could inhibit the formation of laser induced 

keyhole and reduce the weld penetration [6] . Increase in the 

separation distance between the laser beam and the arc also 

reduces the melting efficiency and penetration but increases 

the cooling rate [ 1 , 2, 6–9]. The final profile and the structure 

of the weld is significantly affected by the rate of heat input per 

unit length. The main purpose of the present work is therefore 

to probe the effect of the key welding conditions on the rate of 

heat input and final weld pool profiles through a 

comprehensive heat transfer analysis in laser-arc hybrid 

welding process. 

In recent times, several efforts are reported to simulate laser-

arc hybrid welding process using either heat conduction [10-

14] or convective [2, 15-17] heat transfer based models. 

Although these models [2, 10-17] helped to understand 

several physical processes involved in the hybrid welding 

process, quantitative studies of the role of welding conditions 

on weld pool profiles are needed and still evolving. We present 

here a three-dimensional heat transfer analysis of a typical 

laser–GTA hybrid welding process using finite element method. 
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A novel methodology is adapted to account for the heat input 
due to laser beam through a volumetric source term while the 
heat input due to welding arc is considered as a surface heat 
flux. The computed weld pool profiles are checked with the 
corresponding experimentally measured welds that are 
reported in independent literature. Next, the model is used to 
examine the effect of several key process variables on the 
temperature distribution and pool profiles in laser-gas 
tungsten arc hybrid welding. 

2.0 THEORETICAL FORMULATION 

A three-dimensional (3D) pseudo-steady state heat transfer 
analysis is conducted to simulate the temperature field in laser-
GTA hybrid welding process. The governing heat conduction 
equation can be stated as 

dr\aPa 
q= d aPa exp (3) 

where Pa is the nominal arc power, ha is the arc efficiency, d is 
arc energy distribution factor and ra is the effective arc radius 
on the top surface of the workpiece. 
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Fig. 1 : Schematic diagram of the solution domain 
and applied boundary conditions 

The heat input due to the laser beam is considered through a 
volumetric source term, q , as 

where ρ, k and C are the density, thermal conductivity and 
specific heat of workpiece material, T is the temperature 
variable, Vw is the constant welding speed, Q is the rate of 
internal heat generation, and t, = X - Vvt that depicts the 
distance of a point from the center of the moving heat source 
(welding arc / laser beam) at any time t in the direction of 
welding speed. The boundary conditions are considered as 

q & = <0 exp 

wlhere, rl
1(z) 

-r2)xz 

z2 

(4) 

(5) 

dT 
dn 

-q + h (T - T 0 ) + as(T4-T04) = 0 (2) 

where r1 and r2 are the maximum and the minimum radii of the 
source respectively at the top surface and at a depth z2, and 
rl(z) is the source radius at any depth z from the top surface. 
The term r1 is considered as the focused beam radius at the top 
surface. The term q0 is estimated as [18], 

where h is the surface heat transfer coefficient, q is the input 
heat flux due to welding heat source, and e, σ and T0 are the 
emissivity, Stefan-Boltzman constant, and the surrounding 
temperature, respectively. 

Fig.1 schematically shows the solution domain and the 
boundary conditions. A lumped heat transfer coefficient, h, is 
considered to account for both the convection and radiation 
heat losses as h = 2.4 x 10-3 x ex V" [18]. The heat flux, q, due 
to the welding arc follows a Gaussian distribution as 

q 0 = 
2 (r1 

1 

+ r 1 r2+r22) 
(6) 

where Pl is the nominal beam power and ^ is the absorption 
coefficient. Equations (4) - (6) show that a-priori estimation of 
r2 and z2 is needed to define q explicitly. A novel method is 
proposed here, as shown in Appendix-I, to estimate the values 
of r2 and z2 as function of the welding conditions only. 
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3.0 RESULTS AND DISCUSSIONS 

The numerical model is used to simulate laser-GTA hybrid 

welding of a 10 mm thick A131 structural steel [2] and a 4 mm 

thick AISI 321 stainless steel [6 ] . Table 1 shows the 

corresponding welding conditions as reported in references [2] 

and [6] . The thermophysical properties of these materials are 

taken from standard handbook. 

The numerical model is tested first for its ability to predict the 

weld pool shapes in a reliable manner separately in GTAW 

and LBW processes. Fig. 2 shows a comparison of the 

experimentally measured [2] and corresponding computed 

weld pool shape in GTAW of 4 mm thick A131 structural steel at 

welding current, voltage and speed of 190 A, 12.3 V and 8.5 

mm/s, respectively. In the computed weld pool profile, the 

fusion zone is indicated by the red colored zone with the 1800 K 

isotherm as the boundary and the HAZ is the region bounded 

by 1100 K and 1400 K isotherms. Fig. 3 shows a comparison of 

the computed and the corresponding measured weld pool 

shape in LBW of 4 mm thick A131 structural steel at a beam 

power of 4.5 kW and welding speed of 8.5 mm/s. A comparison 

of Fig. 2 and Fig. 3 shows that the laser beam results in a 

deeper melt pool while the GTAW process provides a wider and 

shallower weld pool. Overall, Fig. 2 and Fig. 3 show that the 

model can predict the weld pool shapes fairly well in GTA and 

laser beam welding processes. 

Fig. 4(a) shows a three-dimensional view of the computed 

melt pool profile for laser-GTA hybrid welding in A131 

structural steel of 10 mm thickness. A zoomed view of the melt 

pool profile is presented in Fig. 4(b) for clarity. The fusion 

zone is bounded by the 1800 K isotherm while the HAZ is 

presumed to be bounded by 1300 K and 1500 K isotherms. A 

deep penetration towards the front end of the pool attributes 

the effect of the leading laser beam. The wider and shallower 

melt pool at the rear side depicts the effect of the trailing 

welding arc. 

Fig. 2 : Comparison of computed and the corresponding 
measured weld pool in GTAW of 4 mm thick A131 steel 
at welding current, voltage and speed of 190 A, 12.3 V 

and 8.5 mm/s, respectively. 

Fig. 3 : Comparison of computed and the corresponding 
measured weld pool in LBW of 4 mm thick A131 steel at a 

beam power of 4.5 kW and welding speed of 8.5 mm/s. 

Fig. 4 indicates that the hybrid weld pool will be characterized 

by varying transverse cross-sections along the length of the 

weld due to the concurrent application of leading laser beam 

and trailing welding arc. Figs. 5 (a) to (e) present the 

computed transverse views of the weld pool along the six 

dotted sections indicated in Fig. 4(b) . Fig. 5(a) shows that a 

deep penetration is created under the laser beam. The effect of 

the leaser beam diminishes towards the rear of the pool as 

shown in Figs. 5(b) to (d) . The weld pool is at its widest below 

the welding arc as indicated in Fig. 5(e) . A comparison of 

Figs 5(a) to (e) also shows that the weld pool undergoes a 

minimum penetration along the length of the weld. 

Figs. 6(a) to (c) show the computed and the corresponding 

measured hybrid weld pool profiles for three different welding 

conditions are in fair agreement. The model is used next to 

investigate the effect of different welding conditions on weld 

pool profile. 

Figs. 7(a) and (b) show the computed melt pool profile for 

laser-GTA hybrid welding respectively with the laser beam and 

the welding arc as the lading sources. A comparison of 

Figs 7(a) and (b) show that the weld penetration is greater 

with the arc as the leading source that can be attributed to the 

preheating effect by the welding arc. 
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Fig. 4(a) : 3D isometric and (b) a zoomed view of 
computed weld pool shape in laser-GTA hybrid 

welding of 4 mm thick A131 steel. 
The welding conditions are in Table 1 . 

Fig. 5 : Computed transverse weld shapes at different 
cross-sections as indicated by the dotted lines in Fig. 4(b) . 

Figs. 8(a) to (c) show the effect of the laser beam power on 

the weld pool shape in laser-GTA hybrid welding of 10 mm thick 

A131 structural steel. With the increase of laser power more 

heat is supplied to the workpiece through the laser spot area. 

A comparison of Figs. 8(a) to (c) indicates that the weld 

penetration and the overall pool size increase significantly with 

increase in the laser beam power. 

Figs. 9(a) to (d) show the effect of the separation distance 

between the laser beam and welding arc on the weld pool 

profiles at two different welding speeds. A comparison of 

Figs 9(a) and (b) , and of Figs. 9(c) and (d) shows that the 

increase in welding speed from 10 mm/s to 16 mm/s 

47 No. 4 October, 2014 

Fig. 6 : Comparison of computed and the corresponding 
measured weld pool shapes in laser-GTA hybrid welding 

at a constant welding current, voltage and speed of 120 A, 
12 V and 1 mm/s, respectively. The laser beam power is 

(a ) 1 kW, (b) 1.5 kW, and (c) 4.5 kW. The material is 
4 mm thick AISI 321 for (a) & (b) , and 10 mm thick 

A131 structural steel for (c). 

Fig. 7: Computed weld pool shapes with (a ) laser beam 
leading and (b) welding arc leading in laser-GTA hybrid 

welding of 4 mm thick AISI321 steel. The welding 
conditions are in Table 1 . 
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Fig. 8 : Influence of laser beam power on the computed 
hybrid weld pool shapes in 10 mm thick A131 structural 

steel. Laser powers are (a) 4.5 kW, (b) 3.5 kW and (c) 2.0 
kW. Other welding conditions are in Table 1 . 

marginally reduces the weld width and the overall pool size on 

the top surface. In contrast, a comparison of Figs 9(a) and (c) 

and of Figs 9(b) and (d) depicts that the weld pool width 

reduces significantly with the increase in the separation 

distance between the laser beam and the welding arc. The 

effect of the separation distance is more pronounced at higher 

welding speed that is expected due to the reduced rate of 

overall heat input at higher welding speed. For a given welding 

condition, the weld pool created by the laser beam and the 

welding arc can be disintegrated at very high welding speed as 

shown in Figs 10(a) to (d) . 

A three-dimensional heat transfer model to analyse laser-GTA 

hybrid welding is presented here. The computed results of 

weld pool shape are validated with the corresponding 

measured results reported in independent literature for hybrid 

welding as well as for GTAW and LBW, separately. The 

numerical model has been utilized further to show the effects 

of various key welding conditions on the weld pool shape in 

laser-GTA hybrid welding. 

Fig. 9 : Influence of welding speed and source 
separation distance in laser-GTA hybrid welding of 

A131 structural steel. Welding conditions are in Table 1 . 

4.0 CONCLUSION 

A novel approach is presented here to define a volumetric heat 

source term to account for the heat input from a high intensity 

laser beam using simple energy balance and considering only 

the welding conditions. The volumetric source term and a 

surface heat flux term are used to account for respectively the 

laser beam and the welding arc to develop the 3D heat transfer 

model for laser-GTA hybrid welding. The computed results 

show that the separation distance between the laser beam and 

the welding arc, and their respective position (leading / 

trailing) and the welding speed are the critical variables in 

laser-GTA hybrid welding. In particular, the weld pools created 

by the laser beam and the welding arc can go through a 

minimum penetration depth or get disintegrated for a gentle 

increase in the separation distance and at higher welding 

speeds with the beam and arc powers remaining the same. 
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Fig. 10 : Influence of very high welding speed on 
computed pool shapes in laser-GTA hybrid welding of 

A131 structural steel. Welding conditions are in Table 1 . 
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APPENDIX-I 

Commonly, hybrid welding employs a laser beam with high 

power density to facilitate deep penetration through the 

keyhole mode of welding. A keyhole of conical shape (XYZ) is 

considered here for simplicity as shown in Fig. A1 . The keyhole 

is supported by a molten region of also conical shape (ABCD, 

truncated cone) as shown in Fig. A1 . The total energy required 

to establish a conical keyhole of base radius rv and height z2 can 

be given as 

qk= 1 prv z29[Cps(TL-TA) 

+ Lm+Cpl(TB-TL) + Lv] 

(A1) 

where Cps and Cpl are the average specific heats respectively in 

the solid and liquid states, Lm and Lv are the latent heats of 

respectively melting and vaporization, and TL, TB and TA are the 

melting and boiling temperature of workpiece material and the 

ambient temperature, respectively. The energy required to 

support the molten region around the keyhole can be given as 

qm=Vmp[Cps(TL-TA) + Lm ] (A2) 

where Vm is the volume of the conical molten region (Fig. A1 ) 

and is estimated as 

Vm=-pr 2 1+ r 2 

1J (A3) 

The beam energy facilitating the keyhole can be estimated as 

where x is a presumed time duration. Similarly, the beam 

energy facilitating the molten region surrounding the keyhole 

can be estimated as 

rv r 

r 

rdrdQ 

=i\tPt* exp r 2 

v 1 ; 

1 
e3 

(A5) 

Equating (A1) and (A3), and (A2) and (A5), the values of rv and 

z2 can be estimated for a given beam power and focused beam 

radius (r1) at the top surface of workpiece. 

. .X 

2 p v 

2 exp rdrd9 

= 1 P 1-exp 
v 1 ; 

(A4) 

Fig. A1 : Schematic presentation of 
volumetric heat source . 
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Table 1 : Process parameters for laser-GTA hybrid welding of A131 and AISI 321 steel 

Input Parameters 

Thickness of the workpiece (mm) 

Heat source separation distance (mm), Welding speed (mm/s) 

Arc Source 

Laser Source 

Effective radius (r), Energy distribution factor (d) 

Efficiency (h), Current (A), Voltage (V) 

Effective radius (r), Energy distribution factor (d) 

Efficiency (h), Power (W) 

Emissivity (e), Ambient Temperature (T0) 

A131 [2 ] 

10 

3.0, 8.5 

2.0 mm, 1.0 

0.75, 190, 12.3 

0.5 mm, 3.0 

0.30, 4500 

0.8, 300 K 

AISI321 [5 ] 

4 

3.0, 16.67 

2.0 mm, 1.0 

0.75, 120, 12.0 

0.5 mm, 3.0 

0.30, 1500 
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