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Abstract
Numerical modelling of laser welding requires that numerous strongly coupled physical phenomena be taken into account. 
A laser is a source of welding heat characterized by the small size of the heating volume and the shape of the fusion zone has 
a marked impact on the quality of the weld. In this work, a conical heat source was used with geometrical parameters to give 
the appropriate profile of the fusion line. The use of the weld shape factor and the dependence of the power density on the linear 
welding energy increases the accuracy of matching the calculated shape of the fusion line. The heat source was tested for the 
continuous welding case of a sheet made of steel type S355J2. The CFD software ANSYS Fluent was used to calculate the 
welding model. The temperature field, calculated using the finite volume method, was used to calculate the phase composition 
and fusion zone profile tracking. The nodes of the model reaching the maximum solidus temperature of S355J2 steel, form the 
profile of the fusion zone. The laser welding model allows for tracking of the kinetics of phase transformations in the cooling 
stage. Continuous cooling transformation phase diagram data is loaded for the welded steel grade. The calculation results of the 
welding model were compared with the weld micrographs.
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1. Introduction

During laser welding, energy concentrated in a small 
volume of material causes rapid thermal processes to 
occur. Numerical modelling is an important tool for 
analyzing processes of this type (Dal & Fabbro, 2016; 
Farrokhi et al., 2019). Welding efficiency depends sig-
nificantly on the process parameters selected for the 
particular case (Yan et al., 2022). The impact of the 
energy supplied by the laser is limited to areas directly 
illuminated by the beam. The influence of welding on 
the structure and properties of the weld depends on the 
thermophysical properties of the steel. To achieve good 

quality welds, numerous experimental trials to find the 
optimal combination of process parameters are required 
(Pyo et al., 2022). Considering the above, numerical 
modeling must concern both the temperature field and 
the fluid flow in the weld pool. The temperature field 
obtained from such a model can be used to calculate 
phase transitions occurring during thermal cycles in the 
heat-affected zone (HAZ).

An important element of the welding model is the 
heat source and the energy supplied to the parts being 
welded melts the volume of material directly affected 
by the laser. Convection of liquid metal takes place 
in the created weld pool, the Marangoni effect forces 
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the weld pool surface flow, the metal evaporates, and  
finally, phase changes occur depending on the differ-
ent cooling rates (Ha & Kim, 2005; Jie & Hui, 2018). 
The first simplified models assumes a point heat source 
and constant material properties (Rosenthal, 1941).  
Another group assumes a surface source with a Gauss-
ian profile or depending on the applied laser mode (Han 
& Liou, 2004; Tsai & Eagar, 1985). The development of 
numerical methods based on the finite element method 
(FEM) and finite volume method (FVM) initiated the 
development of volumetric heat sources in modelling of 
welding (Bag et al., 2009; Goldak et al., 1984; Wu et al., 
2009). Volumetric heat source models contain geomet-
rical parameters whose values should be selected ac-
cordingly. The basic source of data needed to match the 
fusion zone (FZ) to experimental results are the mea-
surements of the fusion line obtained on metallographic 
specimens (Mollamahmutoglu & Yilmaz, 2021). The 
FZ and the HAZ are visible on the etched metallograph-
ic specimen. Microhardness measurements in the weld-
ing area permit the determination of the phases formed 
during the welding process (Ai et al., 2016; Chen et al., 
2019; Esfahani et al., 2014). The choice of heat source 
model adopted has a crucial influence on the shape of 
the calculated weld and thus it is justified to optimize 
the parameters of the volume heat source which have 
been verified by microstructure measurements.

The accuracy of the welding model depends on 
how advanced the model is, i.e. taking into account 
physical phenomena, numerical method of solving 
differential equations and mesh density used in the 
model (Liu et al., 2023). There are two approaches 
to the issue of physical phenomena occurring during 
welding. A simplified form is to consider only the heat 
conduction equation but such an approach is inaccurate 
and only approximately predicts the FZ shape (Kumar  
& DebRoy, 2004; Safdar et al., 2007). The second ap-
proach additionally takes into account the momentum 
and mass conservation equation. This makes it possible 
to take into account the Marangoni phenomenon and 
convection heat flow in the weld pool (Mukherjee et al., 
2017; Siwek, 2021). Simplifying the model by omit-
ting the momentum and surface tension conservation 
equations reduces the accuracy of the calculated fusion 
line. Convection forced by surface tension changes the 
shape of the fusion line and the size of the weld.

The paper presents the use of a conical heat source 
model in a laser welding simulation. The correctness of 
the model was checked for the S355J2 steel welded at 
several speeds and laser powers. Since position mea-
surements of numerous points along the fusion line on 
micrographs is both cumbersome and time-consuming, 
weld shape measurements were limited to the radius 

and depth of the fusion zone. The model calculations 
were performed with the ANSYS Fluent software. The 
use of process symmetry plane, non-uniform mesh and 
parallelization of calculations reduced the computation 
time. The model includes phase transformations in steel 
and the associated volumetric heat source.

The aim of the work is to build a welding mod-
el with a volumetric heat source and then optimize the 
source parameters to obtain the smallest possible er-
ror. It was assumed that limiting the parameters to the 
height and radius of the weld is sufficient to obtain good 
agreement with the microstructure measurements. Re-
ducing the number of optimization parameters speeds 
up the process of obtaining the correct result. An addi-
tional goal was to examine the correctness of the sur-
face tension boundary condition due to the calculated 
shape of the fusion line.

2. Model of welding

A numerical model was developed to investigate the 
volumetric heat source. The model of the plate with di-
mensions of 50 mm × 50 mm × 12 mm is shown sche-
matically in Figure 1. Calculations were performed only 
for half of the geometry by using symmetry conditions. 
This assumption reduces the number of model finite 
volumes. The hexahedral unstructured mesh used in 
the model is shown in Figure 2. For all welding param-
eters, the mesh density was increased in the vicinity of 
the weld pool to achieve convergence and increase the 
accuracy of the numerical solution. The welding plane, 
which is also the symmetry plane, is determined by the 
y–z axes (Fig. 2). The welding energy is delivered to 
the model by a laser beam and, in this work, a conical 
shape for the heat source was used. The greatest pos-
sible similarity of the shape and size of the FZ, with 
images of the FZ calculated and measured on metal-
lographic sections, was achieved by minimizing the 
square errors of the measurement data.

The laser beam’s energy is partly absorbed at the 
irradiation surface and partly reflected by the surface. 
The absorption coefficient (η) varies significantly de-
pending on the surface condition, temperature and the 
presence of plasma above the weld pool (Laurens et al., 
1996; Semak et al., 2000). In the work, a constant value 
of the absorption coefficient was assumed, the value of 
which is presented in Table 1.

For high laser power densities, the free surface of 
the weld pool deviates from the plane (Ki et al., 2002). 
The model does not consider the laser beam’s interaction 
with the surface, such as the recoil pressure of evaporat-
ing steel from the surface (Semak & Matsunawa, 1997).
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Fig. 1. Schematic diagram of laser welding of a plate with dimensions of 50 mm × 50 mm × 12 mm

Fig. 2. Finite volume hexahedral mesh with refinement in the weld area

Table 1. Thermo-physical properties of S355J2 steel (BS-EN1993-1-2, 2005; Han & Liou, 2004; Sahoo et al., 1988) 

Symbol Description Value

Ts solidus temperature 1750 K

Tl liquidus temperature 1800 K

ρ density 7850 kg/m3

k thermal conductivity 55 W/m∙K

cp specific heat 500 J/kg∙K

µl dynamic viscosity of fluid 0.0055 kg/m∙s

a laser beam radius 0.0004 m

η absorption coefficient 0.5

ε radiation coefficient 0.6

h heat transfer coefficient 20 W/m∙K

A temperature coefficient of surface tension −0.43∙10−3 N/m∙K

Γs surface excess at saturation 0.13∙10−6 mol/m2

k1 entropy factor 3.18∙10−3

∆H° enthalpy of adsorption −166.2∙103 J/mol
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3. Experimental procedures  
and modelling

Welding tests were carried out on a robotic stand 
equipped with a Trumpf disk laser – TruDisk 12002 
with a Trumpf D70 head for laser welding, mounted 
on a KUKA KR30HA industrial robot (Fig. 3). The 
applied welding device enables continuous welding 
with various parameters. The model was tested on 
S355J2 steel, the composition of which was analyzed 
using the optical emission spectrometry method with 
spark excitation on a Q4 TASMAN stationary spec-
trometer by Bruker. The measurement results are pre-
sented in Table 2. The steel sample was in the form of 
a 12 mm thick plate. Continuous welding tests were 
carried out with a 1–5 kW laser beam at speeds of  
0.5 and 1.0 m/min. The bead length for each weld test 
was 35 mm.

Fig. 3. Robotic welding station  
equipped with a disc laser TruDisk 12002

Table 2. Chemical composition (weight %) of S355J2 steel

C Si Mn P S Cu
0.133 0.012 1.293 0.010 0.008 0.025

As previously mentioned, a conical heat source 
was used for the numerical modelling. It is a three-di-
mensional heat source with an intensity distribution 
varying along the depth of the sample. The power dis-
tribution of the source changes, from the maximum on 
the welded surface to the minimum on the other base 
of the conical heat source, depending on the depth pa-
rameter of this source (Fig. 4). The radius of the heat 
source decreases linearly with the depth from the weld-
ed surface. The work uses the conical power density 
profile Q̇ proposed by Wu et al. (2006) described by the 
following equation:
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where η is the absorption coefficient, P is the laser 
beam power, r is the distance to the laser beam axis, 
z is the distance from the upper welding surface and  
ze, zi are the coordinates of the upper, and lower base of 
the conical heat source.

Fig. 4. Scheme of the volume heat source

As can be seen from Equation (1), the maximum value 
of the power density in the axis of the laser beam Q̇(0, z)  
remains constant over the entire conical source depth. 
The radius of the conical heat source r0 decreases lin-
early, depending on the z coordinate according to the 
equation:
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A weld pool is created in the laser impact area. The 
boundary condition of the energy conservation equa-
tions at the weld surface of the sample includes energy 
loss by convection, radiation, and latent heat of vapor-
ization. This condition is described by the equation:
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where k is the coefficient of conductivity, n⃗ is the versor 
normal to the weld pool surface, h is the coefficient of 
convection, σ is the Stefan–Boltzmann constant, ε is 
the radiation emissivity, Ta is the ambient temperature 
in Kelvin, and qev is the vaporization heat.

On the remaining surfaces of the sample, energy 
is dissipated into the environment by convection and 
radiation:
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The laser used in the model as a welding heat 
source, creates a large temperature gradient. This in 
turn induces a surface tension gradient across the free 
surface of the weld pool. Liquid circulation in the en-
tire volume of the weld pool is forced, among others, 
by surface tension distribution. The shear stress on the 
liquid surface can be expressed as:
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where V⃗ is the velocity, s⃗ is the versor tangent to the liq-
uid surface, μl is the dynamic viscosity of the liquid, γ is 
the surface tension, and  fl is the liquid volume fraction.

Surface tension described by Equation (6) depends 
on the temperature field and the sulfur concentration on 
the surface of the weld pool. The model assumes that 
the weld pool surface stays flat throughout the welding 
process for the laser power range used in the model. 
The temperature field in the sample is calculated using 
the energy conservation equation (Zhang et al., 2004). 
For the calculated temperature field, the surface tem-
perature gradient ∂T/∂s⃗ and the temperature coefficient 
of surface tension ∂γ/∂T are calculated in each time step 
of the simulations. The surface tension coefficient is de-
scribed by the equations (Sahoo et al., 1988):
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where A is temperature coefficient of pure metal,  
Tm is the melting temperature, Γs is the surface excess 
at saturation, k1 is the constant related to the entropy of 
segregation, ci is the activity of sulfur, and ΔH∘ is the 
standard heat of adsorption. In this model, sulfur was 
the only surface-active element. Weight fraction of sul-
fur in S355J2 steel is presented in Table 2. The values 
used to calculate Equation (6) are listed in Table 1.

As can be seen from Equation (5) and (6), the di-
rection and value of the force inducing the flow in the 
weld pool depends mainly on the temperature gradi-
ent and the content of the surface active element. The 
forced flow of energy in the weld pool determines the 
volume of the FZ and its shape.

For the previously described boundary and initial 
conditions, the solution of the welding model is based 
on the calculation of the temperature and velocity field 
of the liquid in the weld pool. The model calculations 
were performed with the ANSYS Fluent program 
package (ANSYS, 2021). Conservation equations of 
energy, moment and mass are solved by ANSYS Flu-

ent using FVM. For the welding parameters used in the 
model, the predicted Reynolds number exceeded 500. 
Therefore, the standard k – ε turbulent model was 
chosen to calculate the flow. The energy conservation 
equation has the following form (ANSYS, 2021):
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where E is the energy (E = h – p/ρ + 0.5ν2), h is the en-
thalpy, p is the pressure, keff = k + kt is the effective con-
ductivity, kt is the turbulent thermal conductivity, τ̅̅  is 
the viscosity tensor, and Sh is the heat source. The vol-
umetric heat source from the laser (Equation 1, 2) and 
the boundary conditions of the model (Equation 3–6) 
were added to the energy equation using user-defined 
function (UDF).

In the welding process, the austenite formed in the 
heating stage undergoes phase changes in the cooling 
stage. The volume of material in which phase chang-
es occur is the heat source described by the following 
equation:
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where ΔHi is the phase (i) enthalpy of transformation, 
ΔXi is the phase (i) increase in time Δt.

The welding area was divided by a hexagonal 
mesh into finite volume cells. Obtaining an accurate 
and convergent solution required the use of a non-uni-
form mesh. In continuous welding, the size of the mesh 
elements increases with the distance from the symmetry 
plane. The stability of the solution was tested depend-
ing on the time step and the minimum size of elements 
in FZ. As a result of the tests, an optimal size distribu-
tion of elements was obtained. The size of the elements 
ranged from 0.02 mm to 2.6 mm (Fig. 2). A fixed time 
step of 10−3 s was used.

During welding, finite volumes undergo differ-
ent thermal cycles depending on the distance from 
the welding line and the welding parameters. During 
heating, after exceeding the Ac1 temperature, the struc-
ture of the steel changes into austenitic. After reaching 
the Ac3 temperature, the volume fraction of austenite 
is 100%. When the maximum temperature is reached, 
mesh cells cool down at different rates (Siwek, 2021). 
During the cooling stage of the S355J2 steel from the 
austenitization temperature, ferritic and bainitic trans-
formations as well as diffusionless martensitic transfor-
mation may occur. The volume fraction of these phases 
is calculated in each time step using the Johnson–Mehl–
Avrami–Kolmogorov (JMAK) equations (Avrami, 1939)  
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and the Koistinen–Marburger (KM) equations (Koisti-
nen & Marburger, 1959):
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where Xi
j and XM are the fractions of the phase (i) in the 

time (tj) of the diffusional and the martensite transfor-
mation, respectively, X̂A is the austenite fraction formed 
during heating stage, X̌i and X̌M are the maximum fractions 
of the phase (i) for diffusional and martensite transforma-
tion, respectively, calculated from the CCT diagram, b(T) 
and n(T) are diffusional transformation coefficients, kM is 
the martensitic transformation coefficient and Ms is the 
martensitic transformation start temperature.

The phase transformations algorithm was also 
added to the model as a UDF. All UDFs used in the 
model were implemented in C++ and then compiled 
into a shared library. When running a simulation, Flu-
ent loads: model file, data and material files, mesh file, 
and previously compiled UDF shared library files.

The proposed model concerns single-pass and sin-
gle beam welding. Each mesh node of the model heats 
up and then cools at a variable rate. To calculate the pro-
portion of the phase formed during cooling in the HAZ, 
the average cooling rate in the range of 800–500°C is 
calculated using the formula:
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where t8/5 is the cooling time in the range of 800−500°C.

4. Results and discussion

This section presents the calculation results of a la-
ser welding model of a 12 mm thick plate made of 
S355J2 steel. The plate on which the welding tests were 
carried out was cut perpendicular to the welding direc-
tion in order to show the welding area. The cross-sec-
tional specimens were made by grinding, polishing 
and then etching with 3% nital (3% solution of nitric 
acid and alcohol). These metallographic procedures re-
vealed the structure and size of the FZ. Measurements 
of the depth (h) and radius (r) of the FZ were made, 
and the results are presented in Table 3. An additional 
parameter that characterizes the shape of the weld bead 
is the height to radius ratio of the FZ (h/r).

The heat source required the optimization of the 
following parameters: re, ri and zi, so that the calculat-
ed FZ had the size and shape as close as possible to 
that measured on the microstructure images (Tab. 3). 
The value ze = 0 was assumed for all welding cases, 
i.e. the base of the conical heat source coincides with 
the upper plane of the welded sample (Fig. 4). The 
heat source parameters were optimized using a sim-
ple method of steepest descent. The least squares error 
function of hc and rc  parameters was employed as an 
objective function. A series of simulations of the weld-
ing process made it possible to find the values of the 
cone dimensions, which are summarized in Table 4. In 
addition, Table 4 contains: depth (hc), radius (rc) and 
shape coefficient (hc/rc) of calculated FZ, average pow-
er density of conical heat source (Pv) and linear weld-
ing energy (El).

Table 3. Depth h and radius r of the FZ measured on microstructure images for two welding speeds v

v [m/min] 0.5 1.0

P [W] 5000 4000 3000 2000 1000 5000 4000 3000 2000 1000

h [m] 0.00609 0.00587 0.00397 0.00147 0.00059 0.00529 0.00438 0.00307 0.00189 0.00042

r [m] 0.00166 0.00140 0.00171 0.00146 0.00083 0.00133 0.00105 0.00104 0.00118 0.00067

h/r 3.67 4.20 2.32 1.01 0.71 3.96 4.16 2.94 1.60 0.62

Table 4. The result of optimizing the dimensions of the conical heat source for the welding speed v = 0.5 and 1 m/min

v [m/min] 0.5 1.0
P [W] 5000 4000 3000 2000 1000 5000 4000 3000 2000 1000
zi [m] 0.00750 0.00670 0.00400 0.00148 0.00065 0.00620 0.00510 0.00330 0.00230 0.00105
re [m] 0.00140 0.00100 0.00115 0.00135 0.00175 0.00110 0.00095 0.00090 0.00110 0.00100
ri [m] 0.00120 0.00090 0.00080 0.00070 0.00040 0.00100 0.00085 0.00080 0.00040 0.00050
hc [m] 0.00619 0.00595 0.00382 0.00148 0.00063 0.00518 0.00446 0.00302 0.00173 0.00043
rc [m] 0.00164 0.00134 0.00178 0.00141 0.00087 0.00129 0.00110 0.00098 0.00108 0.00069
hc/rc 3.78 4.43 2.14 1.05 0.73 4.03 4.05 3.09 1.61 0.62

Pv [W/m3] 7.52E+10 1.26E+11 1.49E+11 1.78E+11 1.91E+11 1.47E+11 3.08E+11 4.00E+11 4.59E+11 5.20E+11
El [J/m] 360,000 288,000 216,000 108,000 61,200 189,000 144,000 90,000 60,000 30,000

̌

̌
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The dimensions of the FZ measured on the micro-
structures (Tab. 3) and calculated using the presented 
welding model (Tab. 4) are summarized in Figures 5–7. 
For both welding speeds, the depth and width of the 
weld increase with the increase of the laser beam power 
(Fig. 5). The FZ ratio (h/r) increases with the laser pow-

er to 4 kW (Fig. 6). For a laser power of 5 kW, on the 
weld pool surface, the maximum calculated temperature 
increases significantly. In this case, the effect of the Ma-
rangoni force, which acts on the liquid surface towards 
the edge of the weld pool, increases. This widens the FZ 
at the top of the weld and decreases the aspect ratio (h/r).

a) b)

 

Fig. 5. Dependence of the depths (h, hc) and radii (r, rc) of the FZ on the laser power (P).  
The values were measured on microstructures and calculated in the welding model, respectively,  

for welding speeds of v = 0.5 m/s (a) and 1.0 m/s (b)

a) b)

 

Fig. 6. Dependence of the weld shape coefficients (h/r, hc/rc) on the laser power (P).  
The values were measured on microstructures and calculated in the welding model, respectively,  

for welding speeds of v = 0.5 m/s (a) and 1.0 m/s (b)
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For the optimized parameters of the conical heat 
source (Tab. 4), a graph of the relationship between the 
average power density (Pv) and the linear welding en-
ergy (El) was made (Fig. 7). As can be seen, for both 
welding speeds, there is a strong correlation between 
these two parameters up to 4 kW. As the linear welding 
energy increases, the average power density necessary 
to create a penetration of a given depth (h) and radius (r) 
decreases.

The ANSYS Fluent program was used to solve 
the numerical welding model. Material properties, 
initial and boundary conditions as well as heat source 
parameters were defined in the model. The solution of 
the system of energy and momentum equations made 
it possible to calculate the FZ and to track the phase 
changes occurring during cooling. The calculation re-
sults of the welding model were compared with the 
weld micrographs. Figures 8 and 9 contain sets of weld 
micrographs for the welding parameters used. The FZ, 
HAZ and the base material are visible as the distance 
from the welding line increases. The solidus tem-
perature isotherm (Tsol) calculated for the optimized 
parameters of the heat source (Tab. 4) was plotted on 
the microstructure images. The points belonging to 
the isotherm reached the same maximum temperature 
throughout the welding process. Only the Tsol isotherm 
for S355J2 steel is shown in Figures 8 and 9, in or-
der to compare the shape of the FZ on the micrograph. 
Temperature measurements in the model were carried 
out for a plane located at 2.5 mm away from the be-
ginning of the weld bead. At this distance, the welding 
depth reaches its maximum value for the given weld-
ing conditions and does not change until the welding 
process simulation is completed. In the area near to the 

laser beam axis, the temperature exceeds the solidus 
temperature and a weld pool is formed there. The en-
ergy delivered to the welding area, at a lower welding 
speed of 0.5 m/s, is higher. This results in a deeper FZ 
compared to a welding speed of 1 m/s. The maximum 
temperature reached during the welding simulation, 
increases as the laser power increases. For laser power 
greater than 2 kW, the profile of FZ calculated with 
the model described in this article, is widened in the 
upper part of the weld. The Marangoni effect forces 
the liquid to flow towards the edges of the weld pool. 
This causes the edges to melt and widens the top of the 
weld pool.

Structural observations were carried out on me-
tallographic specimens (Figs. 8, 9). The surface of the 
cross-sections is perpendicular to the weld and the fu-
sion zone, heat-affected zone, and base material zone 
are visible. The martensitic structure is clearly visible 
in FZ, which was created during rapid cooling in the 
welding process. The Vickers microhardness tests were 
made on two sections at a distance of 1/3 and 2/3 of 
the fusion zone depth (h). The microhardness measure-
ments were carried out using an Innovatest tester. Mea-
surements were made at equal intervals of 0.15 mm, 
under load 25 Gf. Measured hardness profiles for se-
lected specimens are presented in Figure 10a, b. The 
hardness profile is symmetrical to the welding line. The 
higher hardness zone about 375 HV in the FZ decreases 
rapidly in the HAZ, to a hardness of about 180 HV in 
the base material zone. The hardness of the structure 
formed after welding is a function of the phases com-
position. Example distributions of martensite content 
calculated with the model for 4 kW laser welding are 
shown in Figures 10c and d.

a) b)

 

Fig. 7. Dependence of the average power density (Pv) on the linear welding energy (El),  
for the welding speed v = 0.5 m/s (a) and 1.0 m/s (b)
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a) 

 

b) 

c) 

 

d) 

 

e) 

Fig. 8. Microstructure images of S355J2 steel welded with a 1 kW (a), 2 kW (b), 3 kW (c), 4 kW (d) and 5 kW (e) laser power 
at welding speed of 1 m/s. The isotherm line Tsol calculated with the model was plotted on the images

a) 

 

b) 

c) 

 

d) 

 

e) 

Fig. 9. Microstructure images of S355J2 steel welded with a 1 kW (a), 2 kW (b), 3 kW (c), 4 kW (d) and 5 kW (e) laser power 
at welding speed of 0.5 m/s. The isotherm line Tsol calculated with the model was plotted on the images
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a) b)

     

c) d)

     
Fig. 10. Microhardness profile measured on the metallographic cross-section (a, b) and distribution of martensite content 
calculated with the model (c, d). Profiles for two cross-sections at a distance of 1/3 and 2/3 of the fusion zone depth (h) are 

presented. The data refer to samples welded with a 4 kW laser power at 0.5 m/s (a, c) and 1 m/s (b, d)

5. Summary and conclusions

This article describes a three-dimensional model of 
laser welding of S355J2 steel. The model implement-
ed as additional UDF functions in the Fluent program 
calculates temperature fields, liquid metal flow rates, 
parameters of phase transformations and phase com-
position of steel after welding. The correctness of the 
model was verified experimentally in continuous weld-
ing tests with a Trumpf disc laser – TruDisk 12002 
with a Trumpf D70 head, for various laser powers and 
welding speeds. Different shapes of the fusion lines 
were obtained by optimizing the dimensions of the 
conical heat source in the model. The comparison of 
microstructure images and model calculations revealed 
a high similarity of the geometry and dimensions of 
the FZ. The welding parameters adopted in the work 
result in high heating and cooling rates of the welded 
area. Phase transformations occurring during cooling 
are calculated using the CCT curves of S355J2 steel. 
The model-calculated phase composition of the weld-
ing area showed that the only transformation taking 
place at the selected parameters is the martensitic trans-
formation. These results were confirmed by hardness 

measurements taken on metallographic cross-sections 
of the welded samples.

Based on the results, the following conclusions 
can be drawn:

 – In order to obtain a more accurate shape of fu-
sion, the surface tension function must be in-
cluded in the welding model. The circulation of 
liquid forced by the surface tension expands the 
penetration zone in the upper part of the weld  
(e.g. Figs. 8e, 9e).

 – Modeling the fusion zone shape using a volumet-
ric heat source is accurate both in the conduction 
mode (e.g. Figs. 8a, 9a) and the keyhole mode 
(e.g. Figs. 8d, 9e). For the given welding con-
ditions, convective heat transfer predominates 
(Pe~100). The size and shape of the weld are de-
termined by convective flow in the weld pool.

 – The presented model allows the tracking of the 
phase changes in the cooling stage. CCT data files 
are read by the UDF, therefore the model can be 
used for other steel grades. The calculated phase 
composition of the weld can be used to compare 
with the microhardness measurements (Fig. 10) and 
to estimate the hardness of the calculated structure.
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 – The volumetric heat source model requires the 
introduction of three parameters (zi, re and ri) 
to obtain the values (hc and rc) closest to the 
measured values (h, r). The shape factor (h/r) 
(Fig. 6) turned out to be an additional parameter 
that allowed to achieve a better fit of the fusion 
shape (Figs. 8 and 9). The measurement errors 
of the (h, r) was the same, while the error val-
ue of the shape factor (h/r) greater than one was 
more affected by the r error. The advantage of 
this approach is the achievement of optimal val-
ues of the heat source parameters in a smaller 
number of iterations.

 – In the applied range of laser power and welding 
speed, a strong correlation was found between av-
erage power density (Pv) and linear welding ener-
gy (El) up to the laser power of 4 kW. The use of 
this correlation gives a better fit of the fusion line 
shape.
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