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Abstract: Dual-phase (DP) steel plates are characterized by very
good absorption capacity, so they are used in the automotive
industry for body deformation zone parts. They are attached to
the frame of the car-body by welding. Laser welding of dual-
phase steels is gaining increasing importance in the automotive
industry. In the present paper, the possibility of predicting the
strength and deformation characteristics of laser-welded
HCT600X steel sheets was analyzed based on experiments and
numerical simulations. Butt joints were formed by YLS-5000
laser in two variants, which differ by laser power input and
welding speed. The HCT600X- HCT600X with welded joint was
analyzed based on microstructure and mechanical tests. The
tensile strength and hardness of the welded joints were greater
than those of the base material (BM). The microstructure of the
weld metal (fusion zone) consisted of martensite, austenite and
bainite, in the heat-affected zone it consisted of a mixture of
martensite, bainite, ferrite and residual austenite. In numerical
simulation, the finite-element mesh was created by linear
volume elements refined in the weld region, and the Gauss
model of the surface heat source was applied when modelling
laser welding. The results of numerical simulation of the
microstructure and selected mechanical properties were
correlated with the experimental results.
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1 INTRODUCTION

Today, the key to success is to produce at low cost, with high
quality and within the time required to deliver the product to
the market. The development of computer technology and
numerical methods applied through CAE programs makes it
possible to examine the characteristics of both the product and
the technology of its production virtually already during its
design and the design of the technology of its production
design. This reduces the need to perform real experiments,
prototyping or additional repairs, leading to significant cost
savings. In the case of numerical welding simulation, there are
several software (Ansys, Nastran, Simufact welding, Abaqus,
ArcWeld, SYSWELD, Flow-3D Weld, Transweld) that allow
advanced meshing techniques and various thermomechanical
analyses, either as stand-alone software packages or integrated
within CAD systems [Devaraj 2021, Danielewski 2020, Doshi
2020].

Using numerical welding simulations in SYSWELD, it is possible
to predict: the distribution of thermal fields, the size of the heat
affected zone (HAZ), the material structure in the weld metal
(WM) and in the heat affected area, the hardness of the
structure, residual stresses, strains, etc. On the basis of the
obtained results, it is possible to perform the optimization of
the welding technological procedure numerically so that the
desired parameters of the welded joint are achieved without
the need to perform real experiments. The basis of the welding
simulation is a thermo-mechanical-metallurgical model [Kik
2020, Hilditch 2007].

The safety is one of the key factors that largely determines the
success or failure of a given car concept. In terms of passive
safety, a key role is played by the structure of the car body,
whose deformation structure is designed to absorb as much
kinetic energy as possible in a collision [Rusz 2019]. The ability
to absorb impact energy is very closely related to the toughness
of the materials. Among AHSS, two-phase steels are very often
used by structural engineers for the parts of deformation
structures [Stanczyk 2023].

Dual-phase steel consists of a soft ferritic matrix in which
islands of martensite are dispersed [Alves 2018]. The
combination of these phases gives the material very good
fatigue resistance and toughness while maintaining good
formability. The total martensite content in DP steels is in the
range of 5-30%. As the proportion of the martensitic phase
increases, the strength of the steel increases. DP steels are
characterized by high values of strain-hardening exponent n
and high EA of impact energy. Thanks to these properties, these
steels allow the production of parts of deformation structures
that are stronger and at the same time lighter, which creates
prerequisites for reducing fuel consumption and emissions
[Danielewski 2020], [Mansur 2021]. Dual-phase steel is
produced in standardized quality generations DP350/600, DP
500/800, DP 600/980 [Beer 2020, Schmitt 2018, Xu 2016].

The use of deformation structure parts in the body structure is
associated with their joining into assemblies. One of the
processes used in joining body parts into complex assemblies is
laser welding. During welding, the material will melt in the
central area of the weld joint. Thus, the temperature in this
area exceeds the melting temperature of the material and
forms the fusion zone (FZ) and weld metal (WM). Because this
region of the FZ is intensely heated and then intensely cooled,
the micro-structure in the FZ is almost completely martensitic
and its hardness is 1.5-2 times that of the base material
[Moeinifar 2011], [Dong 2014]. In addition to martensite,
ferrite and bainite can occur in this region [Correard 2016, Zhao
2013]. The hardness of FZ is closely related to the carbon
equivalent of steel [Gao 2018].

A phase change occurs on both sides of the FZ due to heat
transfer from the FZ. This area is referred to as the heat
affected zone (HAZ). HAZ contain fine martensite and un-
dissolved ferrite [Moeinifar 2011]. Depending on the welding
parameters, a small amount of bainite may also be present in
the HAZ [Farabi 2010]. Changes in the microstructure at the
weld joint and the heat-affected zone can lead to catastrophic
failures in automobile operation and collision [Alves 2018]. For
this reason, the optimization of welding parameters based on
the results of experimental research is of great importance.
Then, these results can serve in the verification of numerical
simulations. For designers, the prediction of strength and
deformation characteristics is of great importance too. Because
they enable them in a short time to verify different variations of
welding procedures and their effect on the strength and
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deformation properties of deforming body parts [Schindlerova
2024].

The aim of the paper is to present the applicability of the laser
to welding of HCT600X dual-phase steel plates of nominal
thickness 0.8 mm, to evaluate the effects of welding on the
mechanical properties, on the microstructure of the welded
joint and on the residual stresses and to compare them with
the results obtained by simulation.

2 MATERIALS AND METHODS
2.1 Materials and Methods

The dual-phase steel sheets HCT600X were used for the
experimental research and numerical simulation, chemical
composition of which is presented in the Tab. 1 [Evin 2017,
Svec 2018]. The volume fraction of martensite in the base
material was = 17 % and ferrite = 83 %. In laser welding, the
laser beam is very narrow compared to other fusion welding
processes, so the weld surfaces must be aligned when welding.
A larger distance between the joining specimens may be the
cause of weld defects (no continuous weld joint formed, weld
Si Mn P S Cu Al

concavity, undercutting, notch appearance, etc.) [Hilditch
2007]. Thus, the specimens of 0.78 mm thick and 20 mm wide
sheet metal were fabricated by electroerosion. The pairs of
specimens prepared in this way were butt welded by YLS-5000
laser that has the following parameters: power 5000 W;
wavelength 1.06 um; an optical fiber diameter of 0.3 mm.
Samples for experimental research were prepared by laser
welding with the following parameters:

e variant VO1 - laser power 2 kW, welding speed 50 mm/s,

e variant V02 - laser power 2.7 kW, welding speed 70 mm/s.
Welding parameters were optimized based on weld porosity,
root quality and mechanical properties. As a more suitable
(higher quality) weld joint, the joint was obtained at a laser
power of 2.0 kW and a welding speed of 50 mm.s1. Fig. 1
presents the macrostructure of HCT600X weld joint. The total
width of the weld joint is approx. 2 mm, the width of welded
metal area is approx. 1.2 mm and the width of heat-affected
area is approx. 0.4 mm. The localization of plastic deformation
and failure of both the sample of the base material and the
sample of the laser-welded material occurred outside the
center of the samples — Fig. 2c.

Cr Mo Ni \Y Ti Nb Co W

- 0.012 1963 0.026 0.002 0.019 0.031 0.206 0.003 0.002 0.012 0.02 0.02 0.017 0.005

Table 1. Chemical composition of dual-phase HCT600X [wt %].

Figure 1. Macrostructure of laser weld of dual-phase HCT600X.
[BMT 376 632 19 28

- 435 677 17 20

Note: BM — base material; LJ — laser joint.

Table 2. Mechanical properties of dual-phase steel HCT600X .
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Figure 2b. Specimen shape and dimension for tensile test with laser
joint.

Experimentally determined values of mechanical properties are
given in Tab. 2 [Evin 2017]. The mechanical properties (yield
strength, tensile strength, uniform and total elongation,
material constant K, strain-hardening exponent and plastic
strain ratio) of the basic material and laser-welded strips were
measured by standardized tests (ISO 6892-1, ISO 10113:2006
and ISO 10275:2007) on samples shown in Fig. 2, using the
machine TIRAtest 2300 at the strain rate ¢ = deg/dt = 0.0021 s1.
Three specimens have been tested in 90° to the rolling
direction.

1096 0.217

0.182

0.77
0.76

1109

Figure 2c. Specimens after fracture — base material (top) and laser weld
(bottom)

2.2. Numerical simulation of laser welding

The laser welding simulation was performed using the FEM
solver SYSWELD. The software allows to simulate the processes
of welding, heat treatment and subsequently also
thermochemical treatments such as cementation,

MM SCIENCE JOURNAL 1 2024 | DECEMBER
7816



carbonitridation, nitriding [1]. Simulation of the welding
process requires the following analyses:

e thermo-metallurgical analysis,
e mechanical analysis.

A 3D Gaussian model is used for welding processes with high
power density in the beam incidence area. Heat source
calibration is performed based on actual process parameters
and weld macrography. In the case of the SYSWELD solver, it
was realized based on the definition of an equivalent heat
source, which induced the same temperature field in the model
as in this real weld.

When entering the heat source, the power input and welding
speed were defined. It is assumed that in the considered laser
welding process, a molten region with full penetration across
the thickness of the sheet of width approx.1 mm arises. For
both variants of the laser welding process, a conical heat source
was used with the same characteristics of energy distribution
and the expected efficiency of the process of 30% [Sokolov
2014, Bergman 2011]. A 3D sample model was created from
the sheet of 0.78 mm thickness with dimensions of 20x40 mm
(Fig. 3a), and it was subsequently discretized into a finite
element mesh (Fig. 3b).

A

Figure 3a. Simulation model of laser welding process - specimen
geometry.

A

Figure 3b. Simulation model of laser welding process - geometry and
energy distribution of the heat source.

Figure 3c. Simulation model of laser welding process - heat source
characteristics.

At welding processes simulation with high power density (laser
welding, plasma and micro-plasma or electron beam) the Gauss

model is applied (Fig. 3c). In the SYSWELD environment, the
Gauss model of surface heat source is predefined [Kik 2020,
Hilditch 2007]. Heat source with the 3D Gauss distribution of
heat source can be determined using the relation (1):

X%+ y?
q(x,y,z)=Qyexp W (1)

where Qqp is the heat flux density into material; ., r; are laser
weld radii; and z., zi determine the re-melting deep of the laser
weld.

The finite element mesh is made up of linear volumetric
elements, mainly of hexa type, with a smaller part of penta
type. Corresponding mesh refinement was performed in the
weld area. The welding simulation was performed using the
SYSWELD software. The external ESI Group database of the
software contains mechanical properties (yield strength,
Young's modulus, Poisson's coefficient and others) and
thermometallurgical properties (standard specific heat, thermal
conductivity, density, martensitic transformation temperatures:
Ac and Ag) of the DP-W-600, which has an equivalent chemical
composition (Tab. 1) to material DP 600. Thus, in the
simulation, material data DP-W-600 (1.0936) from the
program’s library was used.

In the numerical simulation, two parameters of heat source
movement and laser power were set in the experiment: variant
V1 - laser power 2.0 kW, welding speed 50 mm/s; variant V2 -
laser power 2.7 kW, welding speed 70 mm/s.

The purpose of the boundary conditions in the welding
simulation is to describe the thermal interaction of the model
with the environment and to define the conditions of
mechanical fixing of the sample, or the model positioning. It is
assumed that the object is surrounded by an ambient
atmosphere (air), a heat transfer coefficient considering heat
losses by radiation and convection was defined. Boundary
conditions were defined to represent rigid fixing of the
specimen during welding and free cooling at five nodal points.
Zero offsets were prescribed for the nodal points of the mesh
on both sides of the model — Fig. 4a. This condition for fixing
was removed in the last stage of the calculation and replaced
by the condition of statically determined storage (combinations
of 6 degrees of freedom were removed) — Fig. 4b. Thus, the
final state of tension and deformation of the weldment after

release from the fixture was obtained.
Specimen clamping points (UX, UY, UZ=0)

Welding direction

Figure 4a. Conditions of the specimen during laser welding - fixing the
specimen during welding and cooling.
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UX, Uy =0

Fixed point
UX, UY, UZ=0

Figure 4b. The condition of statically determined specimen clamping at
the end of the calculation.

3. RESULTS AND DISCUSSION

A large number of time states were the result of the
computation during simulation when the heat source passed
through the model and underwent subsequent cooling. The
analysis was performed on the samples after cooling to room
temperature and after their release from the fixture. The
results were evaluated in a section perpendicular to the
welding direction and positioned at the mid-length of the
specimen model.

The values of the maximum temperatures reached are
presented in Fig. 5 as a function of the relative distance from
the edge of the model. The temperature curves indicate that in
both cases the melting temperature was exceeded ( V1:
2330 °C and V2: 2470 °C). After reaching the maximum, the
temperature drops sharply. Due to the different welding speed,
the heat source passes around the indicated point at slightly
different times, which makes the comparison of the two
temperature cycles somewhat complicated. The results
obtained by simulation show a very similar situation in both
computational variants in terms of the nature and penetration
of the temperature fields around the welded joint. In Variant 2,
a slightly "narrower" temperature field was achieved due to the
higher power and welding speed, but in contrast, the maximum
temperature directly in the center of the welded joint was
slightly higher. It should be noted that the SYSWELD solver does
not accurately describe the behavior of the molten material
and the phenomena associated with the effects of the laser
beam, therefore it is necessary to take into account the fact
that the calculated values of the temperature profiles inside the
molten region may not be completely accurate in terms of
absolute values. Similarly, slightly higher heating and cooling
rates can be observed in total for variant 2.

Fig. 6 shows the dependence of temperature on time in half of
the sample. In this case the temperature is about 1000 °C, i.e.
above A (867 °C, according to the SYSWELD database). Thus, it
is a state of complete austenitization in this region. The cooling
rate in this case is lower than in the previous case. In the
simulation, it is important to define the lowest temperature
(Ac1) at which austenite can form and the temperature (Aa) at
which austenite transformation ends. The progression of the
transformation of the individual phases as a function of the
changing temperature at different cooling rates is plotted by
the CCT. Above temperature A (727 °C), partial austenitisation
begins to take place. The residence time above A.; is very short
(tss was 0.09 s). At temperatures below A no phase
trnasformation occurs. At higher cooling rates, austenite is
transformed to martensite. The transformation rate can also be
greatly affected by the initial grain size due to the change in the
surface area available for nucleation. From a comparison of the
two temperature cycles, it can be seen that there is very little

variation on the time axis as the heat source passes through a
given point due to the different welding rates.

However, the aforementioned differences between these
results are very small and, from a practical point of view,
insignificant. Thus, very similar weld widths can also be
expected — Figure 8.

The basic transformation of steels at temperatures above Az is
the conversion of the initial ferritic-martensitic structure to an
austenitic structure. If the cooling rate of the austenitized
structure is high, then austenite is transformed to martensite.
As a result of the transformation, thermal and deformation of
the material in the welded joint area is affected.

2400
2200
2000 —— Welding speed V01
1800
1600
1400
1200
1000
800
600
400
200

——— Welding speed V02

Maximum temperature (°C)

0 2 4 6 8 10 12 14 16 18 20
Distance from the edge of the sample (mm)

Figure 5. Course of temperature with respect to the edges of the
sample.

1 000.0 Vo1

800.0 — Vo2

600.0

Temperature [*C]

400.0

200.0

0.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Time |s]

Figure 6. Comparison of thermal cycles at a selected point.

Since the local temperature in BM was below A.; austenization
did not take place and no change in structure occurred on
subsequent cooling. The microstructure of the HCT600X base
material is fine-grained polyhedral consisting of equiaxed
ferritic grains and very fine martensite grains - Fig. 7a.

Figure 7a. Microstructure of base material of dual-phase steel HCT600X
(BM).
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Figure 7b. Microstructure of two-phase steel HCT600X in the area of
the heat-affected zone (HAZ).

Figure 7c. Microstructure in the weld metal area of dual-phase steel
HCT600X (WM).

However, there are visible lines in the distribution of phases in
the structure and particles of impurities. It can be assumed that
tertiary cementite is also present in the structure. In the
transition region between BM and HAZ, tempering occurs,
which in some cases causes softening of the structure, i.e., the
hardness in this transition region is less than that of BM
[Hilditch 2007]. The experimentally determined average
hardness value in BM was about 207 HVO0.5 and higher values
of = 10 HVO0.5 were found by simulation for variant V1 - Fig. 8.
The temperature in the heat affected zone was in the region
between A and Aa. Towards the heat-affected zone, the
orientation of the martensitic laths decreases, which is the
result of the decrease in size and reduction in the orientation of
the austenite grains in which the martensite was formed. This
refinement of the martensite is visible in the heat-affected zone
adjacent to the weld metal — Fig. 7b. The fine martensite found
in the HAZ, fine grains of ferrite are also present, the
proportion of which increases towards the BM. In the vicinity of
BM the proportion of ferritic grains exceeds that of martensite.
The experimentally found average hardness value in HAZ was =
320 HVO0.5. Higher hardness values were found by simulation in
this zone, which reproduced the values found experimentally -
Fig. 8. The temperature in the WM region was above Ac. The
microstructure of the weld metal is formed by lath martensite,
which formed in elongated austenite grains - Fig. 7c. The
experimentally found average hardness value in the WM was
388.6 HVO0.5 for variant V1 and 387.4 HVO0.5 for variant V2. In
the numerical simualtions it was 393.6 for variant V1 and 393.1
for variant V2 — Tab. 3.

0 Values determined

400 by simulation
" ° .g @ Values determined
=] experimentally
S 350 ° 5
T e e
wn
& 300 ]
c
B
£ 250 PR 4
o o
200 0O 0 0 0 O O OOOREP @8c00 0 00 00 0O
150
0 5 10 15 20

Distance relative to the center of the weld joint [mm]

Figure 8. Comparison of hardness results found experimentally and by
numerical simulation.

Avg 236 357 389 335 239
Stdev 5 10 5 11 6

Avg 238 317 387 320 239
Table 3. Microhardness HV0.5 measured in weld regions

Stdev 14 7 14 13 12

Heat input affects the occurrence of defects. Too low heat
input (excessive welding speed or insufficient power) can cause
insufficient penetration and the formation of pores in the weld
joint [Moeinifar 2011, Bagger 2005]. The heat input usually has
a detrimental effect on the mechanical properties of the
welded joint [Pouranvari 2011]. The increased volume fraction
of martensite in the welded joint contributes to a decrease in
ductility and an increase in hardness and strength — Fig. 9. The
hardness strongly depends on the carbon content and on the
cooling rate. The higher the welding speed, the higher the
cooling rate [Hilditch 2007, Moeinifar 2011]. Lower speed
promotes weld penetration but increases heat dissipation in

the transverse direction of the weld, resulting in wider welds.
900

True and engineering stress [MPa]
N oW oE W@ N @
58 8 &8 8 8 3 B
S 8 8 8 &8 &8 9o

=
S
=]

o

1] 0.05 0.1 0.15 0.2 0.25 03

True strain [-]
——— Trus stress versus true strain base material
= = = Truo stress versus true strain wekded material

——— Enginesring stress versus true strain base material
= = - Enginoering stress versis true strain welded material

Figure 9. Comparison of stress-strain curves (engineering and true) of
the base material and welded one.

Based on simulated thermal cycles and material properties,
Sysweld can estimate the proportion of phases present after
the weld is completed in the different areas of the welded joint
- Fig. 10. and Fig. 11 As mentioned above, due to the high
cooling rates, austenite is converted to martensite. It should be
noted that the portion of martensite indicated by the
simulation only includes the martensite transformed during
welding, not including the pre-existing martensite from the
base metal. The base material is equivalent to the material in
the as-delivered state, composed of ferrite and martensite. In
the FZ area, the proportion of martensite reaches 100% and
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gradually decreases to about 18-20% of the base material.
These estimates are in good agreement with the findings in the
metallographic samples of Fig. 7a-7b. It should be noted that at
the HAZ and BM boundary the phase composition is close to
the base material. The martensite fraction of 0% for BM is
incorrectly evaluated. We supposed it is due to temperature
field is under the temperature of phase transformation.

This situation is the same for both computational variants.
Thus, despite some difference in the welding speed and in the
cooling rates of the material behind the heat source, the
resulting size of the HAZ and the type of microstructure within
it are virtually identical.

Martensite

-1 0

Figure 10. The proportion of martensite in the weld metal at the
welding speed V1.

1'mm

Martensite

1'mm

Figure 11. The proportion of martensite in the weld metal at the
welding speed V2.

This is confirmed by the hardness calculation results showing
the distribution of hardness values at the mid-section of the
model and the graph in Fig. 12, which shows the hardness
profiles along the mid-section plane. Figure 12 shows that the
HAZ at welding speed V1 is identical to that at welding speed
V2. The resulting hardness of the martensitic structure inside
the HAZ reaches a maximum value of 395 HV and 396 HV for
the V01 and V02 variants, respectively. We note that the
hardness value of 210 HV in the base material region is to be
understood as an initial condition input rather than as a direct
output of the calculation. In practice, microhardness and other
initial material properties are the result of the sheet metal
fabrication process. Thus, the exact material in this case was
not even directly represented.

370 —— Welding spedd V01
350 —— Welding speed V02
= 330
z
= 310
"
&
@ 290
-
2 270
250
230

210

190

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Distance from the edge of the model (mm)

Figure 12. Comparison of hardness and weld area widths at welding
speeds V1 and V2.

The results of the mechanical analysis of the welding process
show that the von Mises residual stresses at the end of the
process, i.e. after welding and cooling to ambient temperature,
are very similar for both variants - Fig. 13 to Fig. 15. In the
region between the FZ and the HAZ, these stresses reach a level
of 500 MPa according to Mises, i.e. they exceed the average
value of the yield stress (376 MPa). Compared to the value of
the yield strength of the base material, the values of the yield
strength inside the TOO are greater by approx. 850 MPa —Fig.
16. This indicates that welding generates plastic deformation in
the weld area, because martensite has a much higher strength
than that of the base material. In the HAZ region the stress
levels reach values over 100 MPa, i.e. lower than the yield
strength. This apparently can be attributed to the martensitic
transformation, apparently this is associated with volume
expansion.

©
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Figure 16. Yield strength of individual phases in MPa of DP-W-600 steel

The reported values of residual stresses and plastic strains are
expressed in terms of actual stress and strain values. This is a
logical consequence of the fact that even at the level of the
initial definition of material properties (strain hardening curves
for the elastoplastic material model), the expression in actual
values is again used exclusively. Fig. 14 shows the distribution
of the cumulative plastic strain. This quantity has the meaning
of the equivalent plastic strain registered in the alpha phase of
the material.

B

. Mg || ——
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12

Lfs

Figure 13a. Von Mises residual stresses after specimen cooling - variant
V1.
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Figure 13b. Von Mises residual stresses after specimen cooling: (a)
variant V2.
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Figure 14b. Strains after specimen cooling -variant V2.
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Figure 15a. Mechanical analysis at welding speeds V1 and V2 - residual
stress.
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Figure 15b. Mechanical analysis at welding speeds V1and V2 — strains.

Fig. 17 presents the state in terms of the resulting distortions of
the model (bias field). It can be concluded that neither the
course nor the values of the two computational variants differ
in any fundamental way. In terms of absolute values, the
resulting deviations are small. However, in principle, it is
possible to observe, for example, the effect of transverse
shrinkage of the sample, which is most pronounced in the
middle region of the sample (longitudinally), where it reaches a
total size of about 0.1 mm, while at the ends of the sample it is
practically zero. The resulting angular deformation of the
sample is also evident. Here, on the other hand, the deflection
line is meant to be fairly constant along the entire specimen
and, with the considered support at the lateral edges of the
specimen, then the transverse deflection in the middle of the in
the weld area is about 0.1 mm.

0,020

Welding speed VO1
Welding speed V02

0,000

0,020
-0,040
-0,060

-0,080

Sample deflection UY (mm)]

-0,100

-0,120
0 2 4 6 g8 10 12 14 16 18 20

Distance from the edge of the sample model (mm)

Figure 17. Comparison of specimen deflections at welding speeds V1
and V2.

4. CONCLUSIONS

The intention of the paper was to perform a numerical analysis
of the laser welding process of a 0.78 sheet metal specimen
made of HCT600X material using the SYSWELD finite-element
solver. Within the numerical experiment, calculations were
performed and the results were compared for two variants of
the process parameters:

e V1 -powerinput 2 kW, welding speed 50 mm/s

e V2 -powerinput 2.7 kW, welding speed 70 mm/s.

The simulation in the SYSWELD solver was aimed at studying
the processes in the solid phase of the material induced by the
thermal effects of the welding process. It was mainly a non-
stationary analysis of the heat conduction problem in the
material coupled with the analysis of the problem of phase
transformations (especially solid state transformations) and the
corresponding mechanical response of the simulation model.
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Emphasis was placed on advanced and strongly nonlinear
material models, which allow to describe the changes in
material properties due to changes in temperature and phase
or microstructural transformations in the material associated
with the temperature history induced by the process. Following
outputs were found:

- very similar situation in both computational variants in
terms of the nature and penetration of the temperature
fields around the welded joint was found - in variant 2
(higher power and welding speed) a slightly "narrower"
temperature field resulted in slightly higher heating and
cooling rates can be observed in total for variant 2.
However, differences between these results are very small
and, from a practical point of view, insignificant. Thus, very
similar weld widths was found.

- In the experiment the total width of the weld joint is
approx. 2 mm, the width of welded metal area is approx.
1.2 mm and the width of heat-affected area is approx. 0.4
mm.

- in numerical simulation the total width of the weld joint is
approx. 2.3 mm, the width of welded metal area is approx.
1.6 mm and the width of heat-affected area is approx. 0.3
mm.

- microhardness in weld metal was 388.6 + 5 HVO0.5
measured in experiment and it was 393.6 HVO0.5 for V1 and
393.1 HVO.5 for V2 determined by numerical simulation.

The representation of the heat input of the welding process
was made based on the definition of an equivalent heat source,
with the help of which an identical temperature field to that of
the real weld was induced in the model. When the heat source
was specified, the net power input to the material was defined,
thereby controlling the parameters that govern the spatial
distribution of the power density and that result in the desired
character of the temperature field. Thus, it is the calibration of
the heat source that is typically performed based on knowledge
of the actual process parameters and the corresponding weld
macrography.
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