
 

 

  
Abstract—Laser beam welding (LBW) is one of the most 

important manufacturing processes used for joining of materials.  It is 
also a remarkably complicated, nonlinear operation involving 
extremely high temperatures.  Since its invention more than two 
decades ago, laser beam welding has been more of an art than a 
science.  Laser welding of austenitic stainless steel AISI 304 the 
candidate material of this research work is used in several areas, 
including electronics, medical instruments, home appliances, 
automotive and specialized tube industry.  An industrial 2kW CW 
Nd:YAG laser system, available at Welding Research Institute 
(WRI), BHEL Tiruchirappalli, is used for conducting the welding 
trials for this research. After proper tuning of laser beam, laser 
welding experiments are conducted on AISI 304 grade sheets for lap 
joint configuration to evaluate the influence of input parameters such 
as beam power, welding speed and spot diameter of the beam on 
weld bead geometry i.e. bead width (BW) and depth of penetration 
(DOP).   Three dimensional finite element simulation of high density 
heat source is performed for laser welding technique using finite 
element code SYSWELD for predicting the temperature profile on 
AISI 304 stainless steel sheets.  The temperature dependent material 
properties for AISI 304 stainless steel are taken into account in the 
simulation, which has a great influence in computing the temperature 
profiles. The latent heat of fusion is considered by the thermal 
enthalpy of material for calculation of phase transition problem. A 
Gaussian distribution of heat flux using a moving heat source with a 
conical shape is used for analyzing the temperature profiles.  
Experimental and simulated values for weld bead profiles are 
analyzed for stainless steel material for different beam power, 
welding speed and beam spot diameter. The results obtained from the 
simulation are compared with those from the experimental data for 
laser welding of lap joint configuration and it is observed that the 
results of numerical analysis (FEM) are in good agreement with 
experimental results, with an overall percentage of error estimated to 
be within ±5%. 
 

Keywords—Nd:YAG Laser welding, Heat source, SS 304, lap 
joint. 

I. INTRODUCTION 
ASER Beam Welding (LBW) is a modern welding 
process (high energy density process) that continues to 
expand into modern industries and new applications 
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because of its major advantages like deep weld penetration and 
minimizing heat inputs [1].  In general, laser welding generally 
is a keyhole fusion welding technique which is achieved with 
the very high power density obtained by focusing a beam of 
laser light to a very fine spot.  At a focused power density in 
the order of 105 W/cm2, the rapid removal of metal by 
vaporization initiates a small keyhole into a workpiece.  As the 
keyhole propagates deeper into the workpiece, the laser light is 
scattered repeatedly within it, thus increasing the coupling of 
laser energy into the work.   

At a relatively low power density of laser beam of about 103 
W/cm2, the energy is absorbed at the surface and is conducted 
into the interior of the work piece by thermal conduction.  This 
is relatively a slow process and at this level, the welds tend to 
be shallow and wide.  Hence, the weld penetration depth is less 
compared to the weld bead width.  This regime is often called 
conduction limited welding.  In contrast, at power densities in 
the order of 105 – 106 W/cm2, the welds are deep and narrow, 
resulting in keyhole welding requiring short interaction times, 
thus promoting high welding speeds. Hence, laser welding is a 
complex welding process which often requires several 
preliminary studies and experimental trials prior to 
accomplishment of accurate results.  Typically, welding were 
carried out by the skilled workers, nowadays with the advent 
of modern scientific technology, automated machines and 
robots are introduced in welding process for various industrial 
sectors like automobile, ship-building, aerospace, 
defence/military, research etc. These are the industrial sectors 
where the expected productivity must be achieved and the 
parts to be assembled require high precision.  To achieve the 
expected productivity and high-quality products, the accuracy 
control in welding should be maintained.  The concept of 
accuracy control in welding should be maintained in the 
structural design phase, so that the designer can produce a 
better designed product.  

Computer based Finite Element (FE) simulation of welding 
process is widely employed in research, predominantly in the 
design phase [2-5].  But there is a wide gap between the 
computer based FE simulation and welding process notably in 
autogenous welding process like laser.   Meanwhile, there is a 
large need in for more theoretical prediction of weld bead 
geometries for lap seam joint configuration exclusively in the 
automobile applications.  This research work focuses on the 
finite element simulation and experimental analysis of laser 
welding process of AISI 304 stainless steel sheet, the most 
viable material in automobile applications and the boiler 
components. 

The literature that focuses mainly on 
terminologies/methodologies dealing with austenitic stainless 
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steel sheet welding and its corresponding FE models are 
briefly presented here. Monem and Batahgy [6] evaluated the 
fusion zone shape and final solidification structure of different 
types of austenitic stainless steels (304L, 316L and 347) with 
different thicknesses (3 and 5 mm) as a function of laser 
parameters.  Laser welding of thin sheets of AISI 304 stainless 
steel was carried out by Nath et al [7] with high power CW 
CO2 laser. In order to estimate the coupling efficiency and 
determine various laser welding process parameters for good 
quality welds, bead-on-plate welding of AISI 304 stainless 
steel sheets of various thickness in 0.1–1.55 mm range in both 
conduction and keyhole welding modes were carried out.  
Fuerschbach and Eisler [8] studied experimentally, the effects 
of process parameters such as pulse energy, duration and spot 
size on melting, weld appearance and heat input for the pulsed 
Nd:YAG laser spot welding of AISI 304 stainless steel. The 
research activity in the laser welding simulation started a 
decade ago.  The elementary welding heat source models were 
based mostly on Rosenthal’s solutions [9].  The residual 
stresses and strains in a rectangular thick AISI 304 stainless 
steel plate during CO2 laser welding process were investigated 
by Carmignani et al. [10] using finite element code ABAQUS.  
The bead shape in pulsed Nd:YAG laser spot welding of thin 
304 stainless steel sheets was predicted by Chang and Na [11] 
using finite element method and neural network.  
Sabbaghzadeh et al. [12] developed two numerical models 
based on finite difference method and finite element method to 
compute the thermal phenomena during welding of AISI 304 
stainless steel sheet using pulsed Nd:YAG laser.  There are 
many research papers [6-13] which deal with the shape and 
size of the molten pool of laser beam butt welds in relation to 
different laser input parameters.  However, the effect of main 
laser parameters namely beam power, welding speed and beam 
spot diameter on lap joint welds have till date not been 
reported in detail.  Since the sheets are placed one and another 
in lap joint configuration, the beam should penetrate the top 
sheet and get into the bottom sheet.  Hence, the effect of beam 
spot diameter on weld bead geometry has to be analyzed in 
depth.  

This paper presents the thermal field and the bead shape of a 
lap joint made of AISI304 stainless steel sheet by laser 
welding, using FE transient thermal analysis. The heat source 
model is assumed to be a 3D conical Gaussian and the 
required FORTRAN subroutines are developed in order to 
define a moving distributed heat source for the simulations 
carried out using finite element code SYSWELD.  The depth 
of penetration and bead width of lap joint laser welds obtained 
by simulation methods are compared with the lap joints weld 
specimens produced using the same welding parameters for 
validation. 

II. HEAT TRANSFER ANALYSIS 
To identify the relationships between the molten pool shape 

and the laser welding parameters, it is necessary to first study 
the effects of the laser process parameters on the temperature 
field induced by laser irradiation.  The coordinate system of 
laser welding used in this work is shown in Fig. 1.  It is 
assumed that a laser beam with Conical Gaussian distribution 

[14] moves with a constant velocity v along the x-axis.  In 
general, the governing equation of heat conduction for the 
three dimensional transient temperature can be written as : 

 (1) 
where T is the temperature (oC), which is a function of x, y, z 
and time t in seconds (s), ρ is the density of the material 
(kg/mm3), kx, ky and kz are the thermal conductivity in the x, y 
and z directions, respectively, (W/mm oC) and c is the specific 
heat capacity (J/kg oC).  The above said physical properties are 
temperature dependent. The heat source is expressed as heat 
generation per unit volume (J/mm3). 

  
Fig.1 Schematic representation of coordinate system of laser welding 

process 
 

A. Boundary Conditions 
In order to solve the above differential equation, boundary 

and initial conditions must be specified.  A boundary condition 
may be either absolute (prescribed temperature) or natural 
(prescribed thermal fluxes) and also being a function of time. 

 
Fig. 2 Schematic representation of thermal boundary conditions 
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Fig. 2 illustrates the thermal boundary conditions on a 
typical transverse section A-B-C-D.  The focused laser beam is 
irradiated on the top surface within a circular zone defined by 
the position of centre of the laser beam and its effective radius.  
The rest of the steel substrate surface facing air is subjected to 
the convection and radiative heat losses.  If T0 is the 
atmospheric temperature or room temperature, the initial 
condition is: 

                               (2) 
The essential boundary condition for the transient analysis is 

                               (3) 
The boundary conditions for the heat transfer coefficient h are 
divided into radiation and convection.  Given a body 
temperature T, radiation to the surrounding medium  at 
the temperature T0 follows the Stefan-Boltzmann law. The 
resulting temperature difference causes a flux (power loss) 
which can be expressed as: 

                                (4) 
   (5) 

                                  (6) 
where ε is the surface emissivity, σ is the Stefan-Boltzmann 
constant and hrad is the resulting temperature dependent heat 
transfer coefficient for radiation. Given a body with 
temperature T, surrounded by a fluid or gas at temperature T0, 
heat convection assumes that a thermal layer exists with the 
heat transfer coefficient hcon, so the resulting temperature 

difference across the boundary layer causes a flux, conQ ′′
, and 

is written as 
                                  (7) 

 

B. Heat Source Modeling 
In laser welding process, a part of the energy generated by 

the laser source is lost before absorbed by the weld specimen.  
The energy loss is due to the reflection from the specimen 
surface while rest of the energy is absorbed by the specimen.  
The energy loss for AISI304 stainless steel material 
determined experimentally by the past researchers [15] is 
30.7% of the nominal power of the laser source [10].  
Therefore, the absorbed energy considered for this present 
investigation is 69.3% of the beam power.   

During simulation, consideration is given to the fact that the 
heat comprises a plane heat source on the top surface and a 
conical heat source along the thickness direction (refer Fig. 3).  
In that 69.3% of the beam power, the power absorbed on the 
surface of the specimen is 17.3% (Qsurf) and the remaining 
52.7% by the keyhole wall (Qkeyhole).  Assuming that the laser 
beam maintains a constant Transverse Electromagnetic mode 
(TEM00), the Gaussian heat flux distribution Q(x,y) can be 
expressed as: 

                     (8) 
where Qsurf is heat power of the plane heat source (17.3%) and 
R is the heat source radius. 

The radius of the heat source is calculated from the focal 
length of the focusing lens, which can be computed according 
to the relation found in  

                                                                           (9) 
where M0

2 is the value of beam quality (Nd:YAG laser with a 
wavelength (λ) of 1.060 µm, beam quality is 1.04),  F is the 
focal length of the focusing lens and D0 is the minimum 
diameter of the laser beam (0.3 mm). Assuming the simulation 
of keyhole is a cone, the Gaussian distribution of heat flux is 
written as 

              (10) 

where Qkeyhole is the absorbed laser beam power (52%), r0 is the 
initial radius (at the top of the keyhole - 0.3 mm), H is the 
sheet thickness, r is the current radius, i.e. the distance from 
the cone axis and z is the current depth [16].  The total heat 
input to the model is computed from the summation of surface 
and volume heat source models. 

 

 
Fig. 3 Schematic of 3D Conical Heat source model 

 

C. Heat Source Fitting 
In this research work, a three dimensional conical Gaussian 

heat source (volumetric heat source) is adapted as a laser 
source and it is applied to specific elements in the finite 
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element model.  The heat source representation is defined 
using the SYSWELD heat source fitting tool as shown in    
Figs. 4 for lap joint configuration.  The laser heat source is 
fitted in such a way that the start position of the weld is 
defined with respect to the weld trajectory or line. 

 

 
Fig. 4 Heat source fitting (a) in the weld line and (b) offset from the 

weld line 
 

The finite element code, SYSWELD has the capability of 
defining the heat source with respect to a moving reference 
point in the weld line.  It is also possible in SYSWELD to 
define the (refer Figs. 4 (a)-(b)) offset of the heat source centre 
(x0,y0,z0) and the angle of the laser beam relative to z axis and 
oriented by either y axis (ay) or x axis (ax).  The source 
intensity Qv is calculated based on distance from a moving 
reference point to all nodes in the local area, according to Eqs. 
8 and 10 presented in section B.  This moving load is 
implemented through a FORTRAN subroutine [16].   

III. FINITE ELEMENT ANALYSIS 
Several complex thermal and metallurgical phenomena 

occurring simultaneously during welding can be captured 
through a proper FE model.   This section presents the 3D FE 
simulation for the lap joint configuration to determine the 
temperature distribution and weld bead geometry in each, 
using SYSWELD FE software.  

A. Finite Element Modeling 
Three dimensional finite element model is developed for lap 

joint configuration to simulate the laser welding process using 
the commercial code SYSWELD.  The models are used to 
predict the temperature distribution and weld geometry for the 
laser welding process of a thin walled structure (sheet) of AISI 
304 stainless steel (SS304).  The geometry and finite element 
mesh used in the model are given in Table 1.   
 

Table 1: Finite element mesh and geometry to simulate the laser 
welding process for lap joint configuration 

 
No. of Nodes – 55927 

No. of Elements – 50362 

 

 
 
The whole solution domain is discretized into uniform 8-

node hexahedron elements. The accuracy of the finite element 
solution depends upon the density of the mesh used in the 
analysis.  The temperature around the laser beam is higher than 
the boiling point of the material and it drops sharply in regions 
away from the molten pool or fusion zone.  Therefore, in order 
to obtain the correct temperature field in the laser irradiation 
region it is necessary to have a dense mesh close to the weld 
area while in regions located away from weld area a coarse 
mesh is used.  This will help in obtaining a reasonably accurate 
solution within a short time.  In the analysis, the phase 
transformation is considered since the peak temperature 
reaches the boiling point of the steel substrate.  The convection 
and radiation loads are applied as surface loads on the 
element-free faces, specifying the film coefficient, ambient 
temperature and emissivity of the material.  Temperature 
dependent material properties of AISI 304 stainless steel are 
specified to conduct the non-linear transient thermal analysis. 
The following assumptions are made while developing the 
finite element model: 

• The workpiece initial temperature is 30oC. 
• Thermal properties of the material such as 

conductivity, specific heat, density are temperature 
dependent. 

• The convection and radiation loads are considered. 
• There is no predefined weld bead geometry.  
• In lap joint configuration, the lapped region alone is 

considered for the analysis purpose. 

B. Material Model 
The material used for this purpose is commercial AISI304 

stainless steel sheet of thicknesses 1.0 and 1.6mm.  The 
chemical composition of this material under annealed 
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condition is presented in Table 2.  Thermo-physical properties 
(temperature dependent) of the material are assumed to be 
isotropic and homogeneous and are taken according to 
Sabbaghzadeh et al [8].   The latent heat of fusion is 247 kJ/kg, 
to be released or absorbed over the range of temperature 
between TS = 1400oC and TL = 1500oC and the latent heat of 
vaporization is 7600 kJ/kg [5] (above 2467oC).  

 
Table 2: Chemical composition of AISI304 stainless sheet metal vs. 

the weight percentage 
 

C Cr Fe Mn Ni P S Si 
0.055 18.28 66.34 1.00 8.48 0.029 0.005 0.6 

IV. LASER WELDING PARAMETERS 
A GSI Lumonics JK2000 Nd:YAG laser welding system 

available at WRI, BHEL, Trichy is employed for the present 
study (refer Fig. 5). The welding parameters chosen for the 
analysis are listed in the Table 3.  The parameters are selected 
based on the expertise available at Welding Research Institute, 
BHEL, Trichy, where laser welding was successfully used for 
many industrial applications like welding of fins, batteries, 
dental clips etc. 

 

 
 

Fig. 5 Nd:YAG laser welding torch 
 

Table 3: Laser welding parameters 
 

Sl. 
No. 

Beam 
Power 
(BP), 
watts 

Welding 
Speed 
(WS), 

mm/min 

Beam 
Angle 
(BA), 
deg. 

Focal 
Length  
(F), mm 

1 1000 500 

85 

120 2 600 
3 1250 700 
4 800 

160 5 1500 900 
6 1000 

V. RESULTS AND DISCUSSIONS 
FE simulations using SYSWELD for lap joints are run for 

the combinations of laser welding parameters adopted for 
experimental trials.  Hence, the validation of computed results 
from FE model and general applicability of adaptive 
volumetric heat source is ensured.  In addition, the finite 
element model is also validated with a set of experimentally 
measured lap joint weld dimensions. 

Finite element simulation of lap joint welding is carried out 
for each welding condition listed in Table 3 to determine the 
weld geometry, i.e. bead width and depth of penetration taking 
the material properties for 1.0 mm thick AISI 304 SS sheets.  
Fig. 6 presents the temperature contours at four different time 
periods during the laser irradiation for one of the cases, where 
the beam power is 1250 W, welding speed is 700 mm/min and 
the beam angle is 85o, from which the high temperature 
gradients in the vicinity of the weld line close to the laser 
source may be clearly observed.   

The heat inputs generated by the moving heat source along 
the weld line are gradually transferred in all directions of the 
sheet by conduction, convection and radiation.  As can be seen 
from the figure, the temperature around the laser source 
reaches around 3934oC suggesting vaporization of material in 
the fusion zone.  However, the temperature around the edge 
where the welding is started is decreased greatly to the range 
of 997oC.  It can be seen that the laser source preheats a very 
small area in front of the laser source where the heat source is 
going to pass. 
 

 
Fig. 6 Temperature distributions during the welding process at four 
different time periods (a) 1.28 s, (b) 2.49 s, (c) 4.50 s and (d) 5.85 s 

 
The influence of the beam power on the bead shape with a 

fixed welding speed of 700 mm/min and spot diameter of 0.8 
mm is shown in Fig. 7.  From this result, one can infer that 
both the penetration depth and bead width increases as beam 
power increases.   From the simulation result, it is observed 
that at higher beam power (1500 W) proper fusion of top and 
bottom sheets are achieved, whereas at lower beam power 
(1000 W) the top sheet alone is melted and there is no 
penetration in the bottom sheet.  Further, the increase in beam 
power leads to an increase in the heat input, therefore, more 

INTERNATIONAL JOURNAL OF MECHANICS

Issue 2, Volume 7, 2013 124



 

 

molten metal and consequently more penetration depth is 
achieved.  However, the idea is reversed in the case of weld 
speed effect, because the welding speed has an opposite effect 
to that of beam power. 

    

 
            (a)                           (b)                         (c) 

 
Fig. 7 Effect of beam power (a) 1000 W, (b) 1250 W and (c) 1500 W 

on weld bead geometry at constant welding speed of 700 mm/min 
and spot diameter of 0.8 mm 

 

 
 

Fig. 8 Effect of welding speed on weld bead geometry at constant 
beam power of 1500 W and spot diameter of 0.8 mm 

 

 
 

Fig. 9 Effect of welding speed on peak and dip temperature values for 
beam power of 1250 W and spot diameter of 0.8 mm 

 

Fig. 8 shows the dependence of the welding penetration 
depth and bead width on the welding speed for a beam power 
of 1500 W and spot diameter of 0.8 mm.  The trend of 
decrease in penetration depth and bead width with increase of 
the welding speed can be noticed.  It can be explained by the 
fact that the amount of heat conduction transmitted to the base 
metal decreasing as the welding speed increases.  From the 
point of view of physical phenomena, the reduction of the 
welding speed results in increased interaction time between the 
laser beam and component material.  This time expansion 
caused the increase of the maximum temperature value and 
heat input along thickness causing a greater volume to be 
melted.   

 
Fig. 10 (a-c) Temperature distributions at various welding speeds 

(beam power – 1250 W and spot diameter - 0.8 mm) 
 
Following the same analogy, the increase of welding speed 

reduced the peak temperature values (refer Fig. 9) of the upper 
and the lower surface of the workpiece and heat conduction 
along thickness, with a reduction of the molten volume. 
Obviously, the peak values and the temperature gradient are 
increased with decrease in the welding speed, but the 
relationship between them is non-linear. The analysis is then 
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extended to evaluate the speed effect on the bead profiles for 
welding speeds varying from 500 mm/min to 700 mm/min 
while the other process parameters are kept constant  (refer 
Fig. 10).  From the point of view of physical phenomena, the 
reduction of the welding speed results in increased interaction 
time between the laser beam and component material.  This 
time expansion caused the increase of the maximum 
temperature value and heat input along thickness causing a 
greater volume to be melted.  As a result, the heating or 
welding tail is longer and wider while penetration is deeper.   
 

 
                       (a)                         (b) 

Fig. 11 Effect of Spot diameter (a) 0.8 mm and (b) 0.6 mm on weld 
bead geometries at constant beam power of 1500 W and welding 

speed of 1000 mm/min 
 

Fig. 11 shows typical result of the effect of spot diameter on 
weld bead geometry for specimen thicknesses of 1.0 + 1.0 mm.  
It is observed that a focused beam of small diameter (0.6 mm) 
results in increase in the power density of the beam, resulting 
in better penetration depth.  Once the spot diameter of the 
beam is increased, the laser beam becomes wider resulting in 
the beam energy exposed to wide area.  Therefore, wide area 
of the base metal will melt leading to an increase in bead 
width.  To achieve maximum penetration depth the beam 
power has to be maintained at higher level with minimum spot 
diameter of the beam, while welding speed has to be minimum. 
 

 
Fig. 12 Temperature distributions during the welding process at two 

different workpiece thicknesses (a) 1.0 mm and 1.6 mm 
 

Figs. 12 (a) and (b) show results for the effects of workpiece 
thickness on temperature distribution for beam power of 
1500W, welding speed of 900 mm/min and spot diameter of 
0.8 mm.  It is seen that temperature decreases as the thickness 
of the workpiece increases.  It is also noted that the 
temperature in the x- and z-directions decreases as the 
workpiece thickness increases.  Both the peak temperature and 

the temperature gradient decrease as the workpiece thickness 
increases.  This is due to the fact that the heat transfer rate is 
higher in high thickness workpiece compared to low thickness 
workpiece. 

 

 
                       (a)                                   (b) 

Fig. 13 Comparison of calculated result with experimental one for 
beam power of 1250 W, welding speed of 800 mm/min and spot 

diameter of 0.8 mm and workpiece thickness of 1.0+1.0mm             
(a) Sectioned specimen and (b) Contour of calculated melting 

temperature 
 
Fig. 13 shows comparison of cross section of bead profile 

obtained from experiment and simulation for the thickness 
combination of 1.0 + 1.0 mm with beam power of 1250 W and 
welding speed of 800 mm/min.  The comparison shows that 
the bead width and penetration depth calculated by simulation 
agree well with the experimental result with an error of about 
2%.      

Fig. 14 shows the comparison between the calculated and 
the corresponding measured weld pool dimensions i.e. bead 
width and penetration depth for all cases of the beam powers 
and welding speeds considered in the present work. 

 

 
(a) 
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(b) 

Fig. 14 Comparison of computed weld dimensions (a) Bead width 
and (b) Depth of penetration with corresponding measured results 

 
It can be observed from Fig. 14 (a) and (b) that the bead 

width and penetration depth decrease linearly with the increase 
in the welding speed.  The bead width decreases from 1.5 to 
1.13 mm and decrease in the penetration depth from 2 to 
1.15mm with increasing welding speed from 500 to 1000 
mm/min at a constant beam power of 1500 W, spot diameter 
of 0.8 mm and specimen thickness of 1.0 + 1.0 mm.  Further, it 
is concluded from the results that the FEM simulations predict 
the penetration depth and bead width within a maximum error 
of about ±5%.   A similar type of observation is also noticed 
for another thickness combination of 1.6 + 1.6 mm considered 
in this work. 
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