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Fig. 3 Comparison of experimentally measured and calculated distortion of an aluminum
car door.

The most important ones are:
■ Homogeneous and isotropic material properties
■ Phenomenological temperature field
calibration
■ Ideal component geometry
■ Material history is neglected, components are stress free in the beginning
The next step is the preparation of
the simulation model. Here, the most
important and most time consuming
part is the meshing of the parts. An
FE-mesh used in a welding simulation
has to fulfill certain criteria. On the one
hand, the mesh has to be fine enough
to reproduce the high temperature
gradients in the weld pool area, but
one the other hand, the mesh has to be

coarse in areas with little heat effects
to reduce the calculation time. Based
on the mesh, the simulation model is
build up. Welding trajectories, clamps,
heat source models have to be defined.
A specialized welding simulation software which has all necessary functions
like heat source or phase transformation models already implemented and
which allows an easy and fast variation
of welding or clamping sequences, is
advisable for the investigation of large
car body parts [3]. Software products like Sysweld or Simufact.welding
can be mentioned here. Fig. 2 shows a
complete simulation model, including fixtures, welding trajectories and
the mesh of a car door with 49 welds,

which was build up with the software
Simufact.welding.
The welding simulation can be divided in a thermal simulation and a
mechanical simulation. For the thermal
simulation, a phenomenological heat
source model replaces the real welding
process. Since these heat source models are no process models, but abstract
parameterized mathematical models,
they have to be calibrated in an iterative
way to match experimental temperature
data like weld seam cross sections [4].
The heat sources are moving with the
welding speed across the components
and induce the transient temperature
field. Based on this calibrated temperature field, the thermal expansion
is calculated, which is the load for the
subsequent mechanical calculation. Finally, the calculation of the mechanical
behavior, meaning the distortion and
the stresses, is done.
As mentioned above, simplification
and assumptions have to be done to
enable a practicable application with
reasonable calculation and modelling
effort. These considerations generally
enable qualitative and comparative results, for example A-B-comparisons
of different welding procedures. The
achievable result accuracy for a typical
welding simulation application at Audi
is illustrated in Fig. 3. Experimentally

Institute

Welding Simulation
in Car Body Construction

Fraunhofer Institute for Production Systems and
Design Technology (IPK)

joint

Berlin, Germany

► Simulation model

Fraunhofer IPK in Berlin stands for over 35
years of excellence in production science. We
conduct applied research and development
across the whole process spectrum of manufacturing industry – from product development, production processes, maintenance of
investment goods, and product recycling to
the design and management of manufacturing
companies. IPK is structured in seven divisions: Corporate Management, Virtual Product
Creation, Production Systems, Joining and
Coating Technology, Automation Technology,
Quality Management, and Medical Technology.
Fraunhofer IPK had a total staff of 150 people in
2013, not including the 197 students and postgraduate assistants we employ.

Virtual►welding
sequence planning for remote laser applications
7 parts
► 500,000 elements
► 750,000 nodes
► 42 – 84 welds
► 24 s – 31 s welding time
► Calculation time

Authors:►

Trajectory
Clamp

1.5 – 2 days

Philipp Wiethop, AUDI AG
Raphael
Thater,
Fraunhofer
IPKwelded car door.
Fig.
4 Simulation
model overview
of laser remote
Michael Rethmeier, Fraunhofer IPK
© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.ipk.fraunhofer.de

Laser Technik Journal

2/2015

35

Laser Welding

Welding Simulation in Car Body
Construction
Virtual welding sequence planning for remote laser applications
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Laser remote welding is a dynamic
and flexible joining technology which
enables various new approaches in
welding sequence and weld position
planning. However, the challenge is
to find the optimal set-up within this
large parameter space. In this article,
numerical welding simulation is used
to deal with this challenge. For a car
door, different welding sequences and
weld positions were numerically analyzed and compared with respect to its
welding distortion behavior.

Laser remote welding and welding distortion
Remote laser welding, or also called
“welding on the fly”, combines a robot
and scanner optics to position the laser
beam on the workpiece. This extreme
fast positioning of the laser beam enables a significant reduction of the unproductive movements in-between
welds. Much lower cycle times can be
achieved compared to traditional laser
welding with short focal length optics,
where the positioning can consume in
many cases more time than the welding
itself. For this reason, various new welding sequences – or also weld shapes and
weld positions – are now economically
feasible without exceeding the limited
cycling times. As for any other fusing
welding technique, laser remote welding causes a highly non-uniform heating
during welding, resulting in local plastic
deformations. The shrinkage of these
plastically compressed regions during
cooling results in residual stresses and
global deformations of the components
being welded [1]. These welding distortions are one of the critical values for
quality consideration in car body manufacturing, especially when joining thinwalled lightweight components. To deal

Numerical distortion and temperature field of
the laser welding
process of a car
door.

with this negative effect of welding several methods exist which can mitigate
the welding distortion. Methods such
as pre-bending, heat sinking, clamping- and welding sequence optimization
could be applied. With conventional
laser welding systems, the potential of
especially a welding sequence optimization was restricted due to the slow positioning in-between welds and therefore
in many cases to high cycle times. The
application of remote laser welding in
car body manufacturing, for example
welding of car doors, offers now with
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its flexibility various new approaches in
welding sequence or also weld position
definition without exceeding the limited
cycling times. However, the challenge
is now to find the optimal setup within
these new possibilities. Commonly, an
experimental trial-and-error process is
used to find an appropriate weld plan.
This approach is of course extremely
cost and time intensive when considering large and complex parts with several
welds. Car doors for example are welded
with up to fifty welds and more with a
great deal of possible welding sequences.
Laser Technik Journal
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Fig. 1 Common workflow of welding simulation.

For economic and practical reasons only
a few of these welding sequences can be
experimentally investigated. Which one
usually depends only on the experience
of the involved persons in the development process. Therefore, this common
experimental approach limits the potential of a welding sequence optimization
on the one hand and on the other hand
it is in contrast to the general demands
of shorter development cycles and cost
reduction. In the field of several other
manufacturing processes, for example
stamping, the virtual analysis is nowadays widely used to overcome this
limitation and to reduce development
time and costs. In welding, the simulation has been carried out for more than
forty years in research institutions by
experts-users in computational and material sciences. An industrial application
was however a long time not widely established. During the last years Audi optimized in cooperation with its partners
the overall time-to-solution, including
the pre-processing, the simulation and
the post-processing, which was one ma-
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jor obstacle for an industrial application
[2]. A welding simulation of typical car
body components, like hang-on parts,
takes nowadays one or two weeks including all steps of a common workflow
of a welding simulation illustrated in
Fig. 1. This enables a productive application of this numerical tool and several
advantages can now be used: Besides
a simple substitution of expensive experiments by numerical simulations, a
numerical welding simulation offers, in
contrast to experiments, the opportunity to examine the influence of individual parameters by an uncoupled parameter variation. Furthermore, welding
simulation offers a visualization of various physical phenomena, so that the
fundamental mechanisms responsible
for the deformations of welded parts can
be clearly identified. Based on this information a target-oriented optimization is
possible.

Welding simulation
The field of welding simulation can be
classified in three kinds of simulations:
the process simulation, which deals
with the welding process itself and lo-

cal effects in the weld pool, the material
simulation, which is concentrated in the
microscopic scale of the material behavior and the structural simulation, which
has the main objective to determine
distortions and thermal and residual
stresses of the welded assembly by taking into consideration local plasticization and phase transformation effects.
The latter one is of interest in this article
and the term welding simulation is referred to this simulation field. More details about the process and the material
simulation are described in [3].
A typical workflow of a welding simulation in car body construction is shown
in Fig. 1. The first step is to collect all the
needed data. Process data, phase and
temperature depended thermal-physical
and mechanical material properties and
geometry data of the welded components are required. In a welding process,
several complex and nonlinear phenomena are occurring simultaneously. Thus,
it is necessary to apply a number of assumptions and simplifications prior to
the welding simulation in order to keep
the calculation time and modelling effort in a reasonable frame.
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The worldwide network of Audi sites comprises the two German plants in Ingolstadt and
Neckarsulm, as well as nine production facilities
in Hungary, Belgium, China, India, Indonesia,
Slovakia, Spain and Russia. And further to this
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Fig. 2 Welding simulation model of an aluminium car door.
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Fig. 3 Comparison of experimentally measured and calculated distortion of an aluminum
car door.

The most important ones are:
■ Homogeneous and isotropic material properties
■ Phenomenological temperature field
calibration
■ Ideal component geometry
■ Material history is neglected, components are stress free in the beginning
The next step is the preparation of
the simulation model. Here, the most
important and most time consuming
part is the meshing of the parts. An
FE-mesh used in a welding simulation
has to fulfill certain criteria. On the one
hand, the mesh has to be fine enough
to reproduce the high temperature
gradients in the weld pool area, but
one the other hand, the mesh has to be

coarse in areas with little heat effects
to reduce the calculation time. Based
on the mesh, the simulation model is
build up. Welding trajectories, clamps,
heat source models have to be defined.
A specialized welding simulation software which has all necessary functions
like heat source or phase transformation models already implemented and
which allows an easy and fast variation
of welding or clamping sequences, is
advisable for the investigation of large
car body parts [3]. Software products like Sysweld or Simufact.welding
can be mentioned here. Fig. 2 shows a
complete simulation model, including fixtures, welding trajectories and
the mesh of a car door with 49 welds,

which was build up with the software
Simufact.welding.
The welding simulation can be divided in a thermal simulation and a
mechanical simulation. For the thermal
simulation, a phenomenological heat
source model replaces the real welding
process. Since these heat source models are no process models, but abstract
parameterized mathematical models,
they have to be calibrated in an iterative
way to match experimental temperature
data like weld seam cross sections [4].
The heat sources are moving with the
welding speed across the components
and induce the transient temperature
field. Based on this calibrated temperature field, the thermal expansion
is calculated, which is the load for the
subsequent mechanical calculation. Finally, the calculation of the mechanical
behavior, meaning the distortion and
the stresses, is done.
As mentioned above, simplification
and assumptions have to be done to
enable a practicable application with
reasonable calculation and modelling
effort. These considerations generally
enable qualitative and comparative results, for example A-B-comparisons
of different welding procedures. The
achievable result accuracy for a typical
welding simulation application at Audi
is illustrated in Fig. 3. Experimentally
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Fig. 4 Simulation model overview of laser remote welded car door.
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Fig. 5 Exemplary results of virtual welding sequence study, top: illustrated welding sequence and weld position, bottom: calculated normalized results.

observed and calculated welding distortions of an aluminium car door are
shown. It can be seen that a very good
qualitative as well as quantitative agreement can be achieved.
Nowadays, 3D thermo-mechanical
welding simulation for car body components like car doors can be run in a
few hours to two days. Considering all
the nonlinearities and transient effects
in a welding simulation, this is an acceptable time frame.

Application for remote laser
welded car door
A typical application of laser remote
welding is joining of car doors. Here, the
demand for welding simulation is very
high due to the high number of welds
and therefore various possible welding
sequences. In the following section, a
virtual welding sequence investigation
for such a case is shown.
A car door composed of seven parts
was investigated. All these parts are
made of deep-drawing steel. The number of laser welds ranges from 42 to 84
depending on the welding sequence and
weld length. The simulation was performed in an early stage of the development process. In this phase, weld seam
cross-sections were not available yet.
Thus, the weld seam was defined on experience as a full penetration weld with a
width of approximately 1 mm. Different
weld lengths and weld positions were
investigated. As already mentioned, the
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weld area has to be fine meshed. To overcome a re-meshing for every single variant all contact flanges were completely
fine meshed with an element length of
approximately 0.5 mm. This may result
in a huge model size and therefore high
computation times, but has a low modeling effort and an increased comparability because only one mesh is used.
The calculations were performed on a
high-performance computing cluster
using domain decomposition methods.
The complete model was split into 16
sub-domains to reduce the calculation
time. The calculation time ranges from
1.5 days to 2 days. Fig. 4 gives an overview of this simulation model.
After the basic simulation model
was build up, welding sequence variants could be derivated very easily. Fig. 5
exemplarily shows some results of this
virtual welding sequence investigation. Four different variants are shown,
which differ primarily in the position
and the length of the welds in the upper
part of the door frame. For variant 1 the
frame was welded with one long continuous weld which is done at end of the
welding sequence. This long weld is divided in several intermittent welds with
a gap of approximately 5 mm for variant
2. In variant 3 the position of theses intermittent welds is varied. Here, adjacent welds have a lateral offset of a few
millimeters. Weld position and length
of variant 4 are identical to variant 3, but
the welding sequence is changed. The
intermittent welds were not performed

all one after another. In the beginning
one half of these welds were done and
in the end of the welding sequence the
gaps were closed.
As one might expect, variant 1 shows
the highest distortion. Here, the most
heat was induced. The splitting in several
short welds with a small gap of 5 mm has
only little effect, see variant 2. Combined
with a lateral offset the distortion could
be reduced a little bit further, but only by
approximately 15 % compared to variant
1. The best results can be achieved with
variant 4. Hence, the welds were not performed successively, much fewer heat
can accumulate in the door frame which
results in lower distortion. The distortion could be minimized by up to 30 %
compared to variant 1.

Conclusion
Simulation techniques are playing an
ever greater role to fully exploit the potential of new manufacturing processes.
In this article, the welding simulation
was used in order to support the planning of remote laser welding of a car
door. Various welding sequences, weld
lengths and positions were numerically
analyzed and compared with respect
to the welding induced distortions. It
could be determined that the heat control in the narrow door frame has a major influence on the distortion behavior.
Considering this outcome, the distortion could be reduced by about 30 %.
DOI:10.1002/latj.201500009
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Simufact.welding is a Finite Elements-based software (FEM) for the Simulation of welding processes. The software
offers comprehensive functionality for modeling elastic-plastic behavior of materials, and structural welding
simulation for different welding processes.
Structural welding simulation calculates the impact of temperature fields of a welding process. The exact consideration of process
specific details of a welding process that are considered in a process simulation (Nd-YAG-Laser, focal position, submerged welding
etc.) are not essential, but the definition of the melt pool isothermal surface through mathematical definition of equivalence heat
sources is. These heat sources, in the best case scenario, are calibrated with cross sections of weldments.
The main goal of simulations with Simufact.welding is the calculation of welding distortions. Due to the implementation of material
models, it is also possible to calculate phase proportions and material evolution, as well as local material properties and further
effects such as transformation strains and transformation induced plasticity.

Look out for new fields of application and more functionality in the latest version Simufact.welding 5!
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