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Abstract
A chained forming–welding process is to be investigated and analyzed using experimental verification and numerical simulation
in which the material and mechanical properties are fully transferred between processes. The investigated part is in the form of a
tube with dimension of 300 mm (l) × 20 mm (OD) × 1.5 mm (t) made of a low carbon steel material DC04 commonly used for
automotive parts and support structure. At first, a series of experiment using industrial U-/O-bending machine and fully automated robotic gas metal arc welding (GMAW) process on longitudinal slot were sequentially conducted and analyzed towards
final geometrical change, macrostructure, and residual stress. Further, numerical simulation method using specialized FEM
software Simufact.Forming and Simufact.Welding is developed to predict the major properties following the actual process
parameters during experimental forming and welding process. Throughout the simulation of forming and welding process,
additive isotropic hardening plasticity model based on von Mises yield criterion is selected with a wide range of operating
temperature and Goldak’s double-ellipsoid is defined as welding heat source model. Based on the analysis outcome, it can be
concluded that coupled forming–welding process simulation can be suitably implemented to forecast major material and mechanical properties of tube manufacturing within accepted range of error under consideration of material history.
Keywords Forming simulation . Welding simulation . Coupled forming–welding . Chained FEM simulation process . U-/
O-bending . Robotic welding

1 Introduction
One of the main processing technologies within the metal
fabrication industries is tube manufacturing due to high importance and wide product applications. There are different
production routes which can be applied to produce tube such
as forming, casting, and welding. Because of the permanently
increasing demands on quality and quantity, the duration of
development, trial, and initial periods of product manufacturing is essential and expected to be shortened. Furthermore, it is
well known that products and processes remain constantly
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changed due to new research and development strategies.
This leads numerical simulation of processes and technologies
to become an irreplaceable tool within the manufacturing industry. Due to the mentioned facts, the demands on the quality
result assessment within the numerical simulations are increasing as well. The tendency shows that the simulation of
single process steps is more often replaced by analyzing process chains which consider the process and material history as
well. Since the finite element method (FEM) is the state of the
art for the simulation of forming and welding processes, the
numerical simulation of chained forming–welding processes
is less popular caused by complex general-purposed and limited specialized FEM software.
Generally, the main topics of actual welding simulations
are the prediction of thermal residual stresses, distortions,
and the microstructure [1]. Typical specialized FE tools for
the calculation of welding processes are Simufact.Welding,
Sysweld, or DynaWeld which offer different opportunities
and options for the computational welding processes. As reason for the increasing opportunities with the calculation of
welding processes, actual researches are mainly dealing with
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Fig. 1 Forming tools for U and O
bending (top) and three forming
steps of U/O bending (below)

parameter study, calibration, or a deeper understanding of the
process itself. For example, a study of different laser parameters was carried out followed by an optimization [2]. Another
research topic deals with the distortions caused by multi-layer
welding of T-joints or the numerical multi-pass welding compared to the reality [3]. Furthermore, multiple research projects deal with the topic of laser welding with special materials
or supporting structures [4–6].
An accurate prediction of deformation of forming process is necessary in order to avoid excessive cost of
reworking. Distortion and springback prediction is a difficult task to perform especially considering the sensitivity and FEM existed in order to tackle this complexity [7].
The FE program for the sheet metal springback experiment was carried out with the integration of artificial neural network (ANN). The results obtained at the end of the
FE analyses were found to have improved in comparison
to the measured data. Therefore, the current work has a
high potential to be integrated with the FE software to
simulate sheet metal springback phenomenon accurately.
FE analysis of sheet metal springback is often carried out
with ANN integration. The FE produced a result which
improves the measured data quality. It can be concluded
that FE method has a high potential to simulate the deformation of sheet metal such as springback effect [8].
One of the most common problems within the calculation
of coupled processes is the connection between the results of
the different specific simulation tools. Due to the limitation of
numerical welding simulations mostly for research projects,
the coupled processes of forming and welding are a very new
Fig. 2 Robotic welding IRB 1600
(left) and clamping device for
tube welding (right)

field of interest in the praxis industry. There are few research
projects dealing with the topic of the coupled forming and
welding technologies. A numerical process chain was successfully developed for the deep drawing of a previously
laser-welded two-part circular blank [9, 10]. Another multistage coupled forming and welding setup was presented with
the numerical modeling of a crash-box in which the connection between a forming and a laser-welding process was finally followed by a crash simulation of the previously welded
structure [11]. Furthermore, the coupling of an arc welding
process was investigated followed by flat rolling with the
aim to improve the microstructure of the weld seam in-line
without intermediate cooling [12].
Generally, the manufacturing of complex structures involves various processes that yield the final product.
Simulation methods are often used to optimize each single
process step. This can be summarized that if the result
produced by simulation possesses an influence towards
the simulation of the proceeding steps, it needs to be
transferred between possibly dissimilar areas [13]. A comprehensive finite element simulation of the coupled
manufacturing process is one of the approaches to evaluate the manufacturing process and final assembly’s properties. Finite element simulation involvement also could
shorten the development processes by replacing most of
physical trials; this could be applied in forming process
where springback behavior is analyzed [14]. The usage of
FE Simulation on investigating coupled manufacturing
process has become an interest of research on the advanced manufacturing field since the last decade, one of
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Fig. 3 CMM Mitutoyo Beyond 707 and clamping device for tube measurement (left) and schematic illustration of measurement point arrangements
(right)

the researches [15] utilized the FE Model to simulate the
process chain of forming and welding which resulted in a
significant improvement of distortion result of welding
process by considering result from forming process.
Other FE simulations of manufacturing process chains
focusing on supporting the production of frame structures
in the vehicle industry were conducted in [16] which includes forming, material cutting, and welding.
Various researches on wider application of FE simulation
on coupled manufacturing process also have been conducted.
A simulation of manufacturing process chain is modeled to
reduce the level of tensile stresses for aero-engine gas turbine.
The research involved casting to forging process chain along
with heat treatment methods [17]. A finite element model of
the manufacturing chain for rail was developed in [18] which
simulated various hot rolling and controlled cooling of which
phase transformation and microstructure evolution of models
were implemented within FE codes.
The coupled manufacturing simulation demands both a
kinematic and a force description of the manufacturing
process. Coupled manufacturing process is able to be simulated which most researchers aims to conduct a research
which called first module of the simulation. By means of
the coupled simulation, machine concepts can be easily
analyzed and optimized in relation to the machining conditions and the workpiece–tool geometry interaction [19].
A research on finite element simulation of a chain
manufacturing process was performed using a fine adaptive meshing model which combines three manufacturing
processes consisting of forging, heat treatment, and

Fig. 4 Numerical setup for U bending (left) and O bending (right)

cutting [20]. All of these researches demonstrate versatile
approach of FEM simulation on a chain manufacturing
process in order to be an effective way to save more time
and resources rather than manual rebuilding of the actual
model.
There are some state-of-the-art researches dealing with process parameters and springback on various manufacturing
processes of tubular product using simulation and experiment
[21–25]. Due to the lack of past investigation on DC04 tube
manufacturing using U-/O-bending followed by longitudinal
fusion welding, this research is aimed to validate the developed numerical simulation with experiment of this coupled
process forming–welding. Furthermore, different parameters
and influences on the numerical simulation were studied,
which leads to restrictions that have to be considered for a
more precise simulation results.

2 Experimental process chain of forming
and welding
Within the first forming step, a three-step U-/O-bending process was established for the manufacturing of the longitudinal
slotted tubes. For this purpose, commercial DC04 steel sheets,
with the dimensions of 300 mm in length, 63 mm in width,
and 1.5 mm in thickness, were used to form tube with an outer
diameter of 20 mm. To carry out the forming process, a multiservo press MSP 200–250 of H&T Productions Technology
GmbH with a maximum press force of 2000 kN was used.
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Fig. 5 Flow curves of DC04 (plate) and G2Si1 (filler wire)

Within this press, the tools for the U- and O-bending processes
were installed as shown in Fig. 1.
Within the first step, the U-bending process formed the
initial sheet in the shape of the die. A spring controlled counter
holder leads to an even surface at the bottom of the workpiece
without controlled bending during the forming motion of the
punch. The second and third steps were performed by the
semicircular tools (Fig. 1—top left). Within the second step,
a distance holder between the two dies ensures that the first Obending step leads to an oval shape of the tube, while the
second step, without distance holder, finishes the forming process to the longitudinal tube with a slight slot gap between
both ends of the metal sheet. The three bending steps are seen
in Fig. 1 below from left to right.
After the bending process, the slotted tubes were welded by
a gas metal arc welding (GMAW) process attached to ABB
IRB 1600 which is equipped with Kemppi Promig 540R
welding control and a ProMig 120R wire feed as shown in
Fig. 2 (left). The slotted tubes were fixed within a selffabricated clamping device (Fig. 2—right).
The filler material used was a G2Si1 (OK AristoRod 12.57)
and the shielding gas was a mixture of argon (82%) and carbon dioxide (18%). During the welding process, current of
88 A and potential of 18 V were applied for a welding speed
of 9 mm/s.
In addition to the forming and welding technologies, various methods were used to evaluate and examine the obtained
Fig. 6 Weld seam model (left)
and numerical setup (right)

results. The general measurements of the length were conducted with a conventional digital caliper, while exact measurements of the diameter and the circular shape of the cross section were performed with a 3D microscope VHX-600 by
Keyence. With the connected software VHX-H2MK 3D, a
three-point measurement was used to determine the different
diameters, at different sections, on the in- and outside as well
as close to the weld seam. Additionally, the residual stresses of
the specimen were detected within the different steps of the
forming technology and after the welding process. For the Xray detection of residual stresses, a Bruker AXS D8 Discover
diffractometer was used with a cobalt source of radiation and a
radiant power of 40 kV and 40 mA. The evaluation of the
results was conducted within the related program LEPTOS
provided by Bruker AXS. Both technologies (X-ray diffraction
(XRD) and 3D microscope were applied for the forming products (longitudinal slotted tube and intermediate stages) as well
as the welded tubes. To measure the distortion after the
welding process caused by the induced thermal stresses, the
tubes were measured before and compared after welding. For
this reason, an individual designed clamping system was designed and fabricated within the coordinate measurement system (CMM) Mitutoyo Beyond 707 (Fig. 3—left). Within the
clamping device, a mechanical stop and a mark on the specimen were implemented to ensure the measuring positions
remained the same. For the distortion measurements, six sections were defined at different positions over the length of the
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Fig. 7 Weld seam model (top)
and numerical setup (bottom)

tube (Nr. 1 to 6) including 11 measuring points each (Fig. 3—
right).
Another very important analysis for the evaluation of
welding processes is the microstructure of the weldment.
The specimen was prepared by cutting, embedding in epoxy
resin, grinding, polishing, and etching. Afterwards, the specimen was analyzed with a Stemi 2000-C with the program
AxioVison of the Carl Zeiss AG. The more detailed analyses
of the microstructure were carried out with an invert Axiovert
200 MAT microscope with a magnification factor of × 100.

3 Numerical simulation setup and procedure
The numerical simulations were divided in two parts forming
and welding. The forming simulations were conducted using
FEM tool Simufact.forming 14.0, while the welding simulations with Simufact.welding 6.0 from MSC Software
Table 1 Comparison of the measurements between FEM and
experiment
Measurement

Experiment (mm) FEM (mm) Abs. error (%)

Inner diameter 1
Outer diameter 1
Inner diameter 2
Outer diameter 2
Top of the gap (1)
Bottom of the gap (2)

17.17
19.50
16.88
19.56
0.67
0.34

16.7
19.6
16.74
19.38
0.64
0.35

2.7
0.5
0.8
0.9
4.5
2.9

Company. Due to the differences between the processes, there
are different special settings in each program to be considered.
The numerical simulation of the U-/O-bending was setup as a
2D planar simulation to reduce computational time (Fig. 4).
The needed geometries were reconstructed from the experimental tools within the computer aided design (CAD) tool
Siemens NX 10.0. The mesh was build up with an advancing
front quad mesher and an element edge length of 0.5 mm. A
combined friction model with μ = 0.1 und m = 0.2 was applied. The initial temperatures for workpiece, tools, and environment were set to 20 °C following the real process. For the
first computation, the general material data such as Young
Modulus and Poisson ratio were taken from the database,
while the flow curve was determined with temperature range
from 25 to 1500 °C (Fig. 5).
The press stroke was set at 1 mm/s. After the forming motion, the press stroke included the return of the punch or die into
the initial position similar to the actual experimental processes.
To create a coupled simulation of forming and welding
processes, the geometry along with other results such as plastic strain and residual stresses was transferred from the
forming into the welding simulation. Within the first step,
the 2D geometry was expanded into a 3D geometry with a
length of 100 mm similar to the tube sections used for the real
welding processes. Afterwards, the geometry was transferred
as SPR data, under consideration of specific setting such as the
matching of the plasticity models for both stages to be additive
plasticity. In simulating the GMAW process, a special weld
seam has to be modeled within Simufact.Forming GP 14.0
(Fig. 6—left). The weld seam was reconstructed after the geometry of the experimental weld seam with the elements edge
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Fig. 8 Comparison of distortion after welding between experiment and FEM

length of the tube remaining at approx. 0.5 mm. Within the
area of the weld seam at around a distance of 3 mm, a refinement box was added which causes element edge lengths of
2.5 mm in these areas. The weld seam itself consists of elements with an edge length of 0.2 mm. The setup is calculated
as a thermomechanical process because distortions play a major role in the comparison with the real process. The whole
process time was set to 250 s. This consists of 30 s welding
and holding within the clamping device, followed by 220 s of
cooling released from the clamping device similar to experimental procedure. The velocity of the welding robot was
9 mm/s, and the selected heat source model was the Goldak
double ellipsoid with a front length of 2 mm, a rear end of
3 mm, and a width and depth of 2 mm. The settings for the
welding parameters are 90 A of current and 18 V of voltage.
An idealization was made due to the clamping of the tube.
While in the real process, the used clamping causes a line
contact on the workpiece, a small surface contact was used
as reason for numerical instabilities which appeared for the
use of line contacts. All other geometrical properties were
taken from the experimental process including the use of a
Fig. 9 Macrograph of
experimental weld bead (left) and
comparison (right)

spring controlled clamping. After finishing the welding process, the tube was released from the dies to enable free distortion. The numerical setup is exhibited at Fig. 6—right.

4 Results and discussion
Within the first step of calibration, the numerical forming
model of the bending process was compared with the results
of the experimental studies. The comparison of the geometry
showed a very good agreement between experiment and
FEM. Hereby FEM and the evaluation software of the 3D
microscope used the same evaluation method to calculate
the diameter from a three point section placed on the tubular
geometry (Fig. 7). Therefore, different sections lead to different diameters and it was ensured that the same points were
always used in FEM and in the microscope.
The values for these measurements are seen in Table 1.
Furthermore, it can be seen that the geometrical shape of the
metal sheet ends is the same within the experimental formed
tubes and the simulated ones.
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Fig. 12 Comparison of residual stresses between FEM (blue) and XRD
(red)

Fig. 10 Comparison of principal stress without and with forming history

The formation of the gap which is due to the forming process and the related springback effect is considered as the most
crucial part in the numerical simulation. Nevertheless, a deviation of up to max. 0.03 mm or 4.5% of absolute error within
the macro-mechanical FEM simulation can be seen as a very
good agreement. It is affected by the forming motion, the press
stroke, and the friction between workpiece and dies as well as
the geometry and material property. Since it is required to have
a defined gap area for the filler material, this is also a good
initial condition for the ongoing welding experiment and
simulation.
With respect to good agreement between experiment and
FEM, the simulated geometry was used for the preparation of
the numerical welding process. The geometry was transferred
as described previously. After preparing the simulation with
all numerical parameters and constraints, a number of numerical calculations were performed to examine particular influences of parameter or property changes on the results. First,
the geometrical values are of great importance due to the thermal induced influences on the residual stresses. Deformation
can be seen after welding experiments and releasing the tube
from the clamping device. Two different measuring methods
(CMM and 3D microscope) were applied for the geometrical
measurements. While CMM performed the measurements of
the shape along the longitudinal axis, over the length of the

Fig. 11 Measurement sections for XRD on the welded tubes

specimen, 3D microscope focused on the measurements of the
cross section shape of the tube.
For the comparison, similar measurement locations measured with CMM were analyzed in FEM. It is obvious that
there is a gap between experimental values and FEM. Due to
the fact that the shape of the curves are almost completely
identical, it could be assumed that there was a slight difference
in the structure of the clamping device within the measurement system, so all experimental values lie slightly below the
ones form the FEM in Z-direction. Figure 8 shows the results
of FEM and measured points.
It can also be seen that there is a noticeable distortion in Zdirection over the length of the specimen, while the distortion
in X is rather low. There is good agreement between FEM and
experiment with a maximum deviation of 0.34 mm in Zdirection and 0.33 mm in X-direction from all measurements.
The visible distortion is mainly caused by the thermal influences from the welding process. A faster cooling on both
edges of the sample can lead to the effect that different stresses
occur during the cooling process. These stresses, which will
be described later, will lead to the visible deformation behavior of the welded specimen. There are major influences, which
could have an impact on this geometrical change during and
after welding. The main influences are the welding parameters
(intensity of heat impact), the welding speed (duration of heat
impact), the weld seam with the thermal material properties
(distribution of heat effect), and the clamping devices (constrain of material).

Int J Adv Manuf Technol

Apart from measurements of the distortion along the whole
specimen, the cross section of the welded tube was measured
with 3D microscope. The shape of the cross section showed a
good agreement between experiment and numerical simulations. The maximum average deviation of eight measuring
sections was 6%. Another very important parameter for the
calibration of the numerical welding simulation is the development of the weld bead. Various macrographs were made
(Fig. 9—left) and compared with the numerical results
(Fig. 9—right).
Within Fig. 9, it is obvious that the areas of the numerical
simulation possess distinct borders while the transitions in the
experiment are mixed and smoother. Within the transition
zone, a mixed area of weld metal and rough grain can be seen,
while the numerical simulation shows a uniform field of weld
metal (1). The detection of a straight cut (2) for the transition
from weld metal (1) to the heat affected base material (3) is not
that clear, whereby the experimental weld gives a hint for this.
Next to the heat affected base material, the unaffected base
material can be seen clearly in Fig. 9—left but also at the
edges of Fig. 9—right. Furthermore, the measurement of the
width of the weld seam was determined with 3.32 mm for the
experimental approach and 3.41 mm for the numerical simulation. The extension of the heat influenced zone starting at (2)
up to the base material (4) was measured with 1.5 mm for the
microscope view and 1.68 mm for the FEM, which makes a
maximum difference of 0.18 mm. This comparison shows that
there is a good agreement for the heat influenced zone and the
weld seam too, even though the FEM is not able to show a
more detailed structure with fluent limits.
Finally, a measurement of the residual stresses was conducted since these are considered as influencing factor leading
to distortion caused by the thermal cycle during the welding
process. In the initial phase, a comparison between the simulation without and with forming history shows that there is
significant influence on the development of residual stresses,
as it is seen in Fig. 10. Hence, this leads to the conclusion that
the forming history has to be considered for a detailed analysis
of the numerical simulation.
A scatter of the X-ray beam in an area of approx. 5 mm2
was to be defined for the measurement of residual stress as
shown in Fig. 11.
While the numerical calculation always provides three residual stresses (σMax, σInt, σMin), the XRD is just able to evaluate two stress components (σ1, σ2). Within the comparison of
the results, no values for σMax can be found for the evaluation
of the measured XRD values. This could be due to the tensor
orientation since XRD is not able to measure stresses directed
perpendicular to the surface. The stresses of σInt and σMin from
FEM were compared with σ1 and σ2 from experiments. The
experimental values were gained from two different tubes and
averaged afterwards for the comparison with simulation.
Furthermore, it has to be considered that the XRD

measurements can show a variance of approx. ± 20 MPa for
each of the measured points. Figure 12 shows a summary of
the measured values for each of the measured sections from 1
to 6.
It can be seen that there is a good agreement between the
evaluated stresses except for one value in Sect. 4, which
shows a strong deviation compared to the other values. The
complicated measuring device for the XRD, with a maximum
measuring depth of 10 μm, combined with the fact that the
welding process can lead to strong influences around the weld
seam especially at the surface of the specimen, could cause a
deviation as it can be seen for area 4. The measured stresses
using simulation which includes the forming history indicate
also good agreement on the distortion based on experimental
verification. Areas 3 and 6 (at bottom part of tube) show high
tensile stresses, which interact with the upwards bending of
the edges in Z-direction. In contrast to that, the areas 1 and 4
(on upper part of tube) show compressive stresses as commonly found in bending processes which show tensile stresses
on the outside and compressive stresses on the inside of a bent
geometry. As a main reason for good agreement between experiment and numerical simulation is the consideration of the
forming history which without this will lead to different stress
values (see Fig. 10).

5 Conclusion and further recommendation
An experimental and simulation study on chained welding–
forming process of tube manufacturing was carried out successfully within this research. In the experiment, industrial
U/O bend and automated welding process were applied to
manufacture tube with material DC04. In the simulation,
two specialized FEM software developed under MSC
Software were used to model and simulate the process with
material history transfer. To be compared between experiment
and simulation are weld bead size, distortion, and residual
stress after last process by using advanced measurement systems. As final conclusions, following points can be drawn:
&

&
&
&

Specialized FEM software Simufact.Forming and
Simufact.Welding provide the functionality to simulate
chained process with material history transfer and comprehensive flow curves with additive plasticity solution considering thermal, elastic, and plastic strain.
A good agreement between experimental and numerical
results was found for tube manufacturing.
The percentage error ranges generally below 12% for weld
bead size and residual stress and less than 0.35 mm for
distortion.
Some slight deviations were detected for the geometrical
measurements over the length of the tube which might be
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caused by positioning of tube before and after welding
process.
The trend and the shape of geometrical change can be
observed as similar.
Numerical chained simulation of the forming to welding
process can be used for parameter variations or adjustments of the actual process settings to reduce experimental
effort and shorten number of trials.
U/O bending and robotic welding can be an alternative to
manufacture tube made of DC04.

&
&

&

With the gained knowledge on coupled process and generated model, it is easier to calculate similar process with other
geometries and the developed numerical setup can be used for
advanced computation. Further, the analysis and estimation
can be enhanced into the microstructure during forming and
the phase transformation of the weld seam and heat-affected
zone. The transformed phase can be also observed using experiment and simulation-based CCT diagram. For optimization of the tube welding process, further investigations have to
be conducted according to the single influences as well as the
interaction between them.
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