
Citation: Reuther, F.; Winter, S.;

Fritsch, S.; Kräusel, V.; Wagner,

M.F.-X.; Psyk, V. Numerical and

Experimental Investigations on Tube

Section Flattening for Parameter

Identification and Advanced Material

Modeling of Tubes. J. Manuf. Mater.

Process. 2023, 7, 91. https://doi.org/

10.3390/jmmp7030091

Academic Editors: Andrea Ghiotti

and Steven Y. Liang

Received: 16 March 2023

Revised: 21 April 2023

Accepted: 4 May 2023

Published: 8 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Manufacturing and
Materials Processing

Journal of

Article

Numerical and Experimental Investigations on Tube Section
Flattening for Parameter Identification and Advanced Material
Modeling of Tubes
Franz Reuther 1,*, Sven Winter 1 , Sebastian Fritsch 2, Verena Kräusel 1, Martin F.-X. Wagner 2

and Verena Psyk 1

1 Fraunhofer Institute for Machine Tools and Forming Technology IWU, 09126 Chemnitz, Germany
2 Institute of Materials Science and Engineering, Chemnitz University of Technology, 09125 Chemnitz, Germany
* Correspondence: franz.reuther@iwu.fraunhofer.de

Abstract: At present, there are no experimental methods that allow for the complete direction-
dependent mechanical characterization of tubes. This considerably limits the parameterization of
complex, anisotropic material models. The present study introduces a new approach to overcome
these limitations: tube sections are first flattened into a planar geometry; then, samples for uniaxial
testing are taken out of the flattened tube section and used for parameter identification. In this paper,
special emphasis is placed on the intermediate step of flattening, which is investigated in detail both
numerically and experimentally. Flattening by pressing is identified as the most advantageous of
several options, and the procedure is optimized by numerical simulations that address springback
compensation. Experimental validation is performed on tubes (steel E235) with a diameter of 60 mm
and an average wall thickness of 1.524 mm. Tube sections are successfully flattened in a custom-built
tool with only small remaining out-of-plane displacements after flattening. The numerically predicted
pressing force curves agree very well with the experimental data.

Keywords: simulation; tube; hydroforming; material characterization; material modeling

1. Introduction

Successful method planning for forming processes is usually based on simulations
that require detailed information about the elastic–plastic behavior of the material. In the
field of deep drawing and stretching processes on flat sheet metal semi-finished products,
scientific activities in recent years (e.g., [1,2]) have led to the development of fundamental
tests and material modeling approaches that are steadily improving the quality of finite
element (FE) simulations. Due to the test specifics and the limited material test volume,
however, these test methods can only be transferred to a very limited extent to tubes. The
specialized testing of tubes currently does not allow a comprehensive parameterization of
a complex anisotropic material model. The conceivable approach of testing the initial flat
sheet product (prior to tube forming) does not take into account the subsequent raw forming
process, including the substantial effects on microstructure and thus on material properties.
These limitations in the material testing of tubes results in a somewhat imprecise simulation
of tube forming processes [3]. The potential of a simulation-based process design therefore
cannot be fully exploited. Moreover, the process-oriented numerical representation of a
material’s behavior generally requires a material test under forming conditions that are
characteristic of the process to be represented. In this paper, a new test concept is presented
to compensate for the disadvantages of existing test methods and to provide a viable
approach for the high-quality material modeling of tubes. In this specific context, this paper
is focused primarily on forming processes using active media. Hydroforming, in particular,
is the dominant manufacturing process for tubes [4].
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A discontinuous evolution of strain rate is characteristic of hydroforming, as shown
in the example given in Figure 1a. Assuming a linear increase in the internal pressure,
the tube is first expanded elastically into the die cavity during the forming process until
the plasticity limit is reached. Then, the strain rate increases rapidly (up to

.
ε = 40 s−1 in

the example considered here, with individual curves corresponding to different locations
as defined in Figure 1b) until the tube is in contact with the tool surface at several points
and the expansion, which was largely free up to that point, is stopped. The final process
phase of calibration involves only the local forming of smaller shape elements at moderate
strain rates. To accurately model the hydroforming process, particular attention must be
paid to this discontinuous strain rate character, because the forming speed can significantly
influence the flow stresses of metallic materials (via the strain rate sensitivity m) [5]. The
strain rate sensitivity of different materials is usually determined under pure uniaxial tensile
loading and can subsequently be represented by implementing strain-rate-dependent yield
curve approaches in the material modeling [3]. The use of quasistatic material models
without rate dependence often results in unrealistically large plastic strains of individual
element series in the simulation of hydroforming and, moreover, in premature localization
and incorrect crack prediction.
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triaxiality under steadily increasing internal pressure pi (b); plane strain conditions dominate.

A second essential characteristic of hydroforming is that the predominant deformation
occurs under biaxial tensile stress (Figure 1b). Due to the closed shape in the tangential
and axial direction as well as the fixation of the tube ends by sealing tool elements, the
introduction of an internal pressure usually leads to biaxial deformation (ε1, ε2 > 0) or
uniaxial deformation without width necking (ε1 > 0, ε2 = 0), which is generally referred to
as plane strain (PS) deformation. Uniaxial deformation states or shear deformations, on
the other hand, barely occur. Figure 1b exemplifies this relationship using the evolution
of triaxiality as a dimension of stress multiaxiality under increasing internal pressure.
Potentially critical component areas with larger equivalent strains thus only occur for PS
conditions and biaxial stress states. It is also clear that other stress states with η < 0.5 are
rare, as can be seen from the relative distribution of stress states (Figure 1b). In summary,
as a requirement profile for a hydroforming-compliant tube test, and for material modeling
based on such a test, the mapping of strain rate effects in the range of

.
ε = 0.1–50 s−1 as well

as the description of plastic deformation under multiaxial tensile loading are important.
Depending on the tube manufacture and possible heat treatment steps, it may also be
necessary to test and model texture-related flow stress and r-value anisotropy. Finally,
mechanical testing at elevated temperatures for the material modeling of temperature-
controlled hydroforming processes (e.g., titanium hot forming or hot metal gas forming of
Q&P steels) is becoming increasingly important [6].



J. Manuf. Mater. Process. 2023, 7, 91 3 of 15

While numerous test concepts to characterize tubes are in principle available today,
they insufficiently fulfill the requirement profile derived above. In analogy to conventional
tensile testing of plane sheets, a uniaxial, frictionless test of tubes can be carried out in
the longitudinal tube tensile test with suitable clamping jaws according to DIN EN ISO
6892-1 [7]. Strain-rate-dependent testing of tubes is also possible with suitable high-speed
tensile testing machines or drop-weight test setups in the relevant strain rate range [8].
However, the uniaxial loading condition in these tests is fundamentally different from the
multiaxial loading conditions in the hydroforming process, and an orientation-dependent
test (e.g., in the transverse direction, or 45◦ offset from the longitudinal tube axis) cannot be
performed. The ring hoop tension test (RHTT), first presented in [9], was developed with
the aim of transverse testing of tubes. Similar to conventional tensile testing, strain-rate-
dependent testing as well as isolated testing of the weld seam can be implemented with
suitable machine and system technology [10]. In contrast to the tensile test, smaller tube
diameters down to 10 mm [11] can also be tested and hydroforming-specific PS strain states
can be realized by using wide ring specimens [12,13]. However, the influence of friction
between the test ring and the fixture on the determined yield stress is a disadvantage.
Khalfallah et al. presented a way to minimize the friction effect by changing the D-block
geometries [14]. The approach of inverse parameter identification to compensate for friction
is also promising. The testing of the 45◦ orientation in the RHTT was presented in [15],
where neither an experimental nor a simulation-based proof of the homogeneity of the
deformation zone were provided. The influence of friction on the derived flow curves
is also not addressed. In general, the disadvantage of the RHTT is that different fixtures
(D-blocks) are required for each tube diameter and orientation to be tested. The tube
bursting test first presented in [16] stands out due to its excellent comparability to the
conditions of hydroforming processes. In this test, a complete tube is plastically expanded
under internal pressure up to the failure limit. Numerous research groups have published
the results of their investigations, different test concepts and methods of evaluation [17–20].
However, in the context of the defined requirement profile for a hydroforming-compatible
material test, it is disadvantageous here that neither a specific, orientation-dependent test,
nor a separate examination of the weld seam or the heat-affected zone, can be carried out
for welded tubes. Inhomogeneous tube expansion due to the influence of the weld seam or
wall thickness variations further complicates material testing [21]. Another challenge is to
realize constant strain rate test conditions. Pressure-controlled tube bursting tests [22,23]
can only be implemented reliably up to a strain rate of

.
ε = 0.15 s−1, which is significantly

below hydroforming-specific strain rates.
Other test methods on tubes entail disadvantages, too, because they do not allow

directional testing. This concerns, e.g., the following test setups:

• Tube flaring tests [24] (DIN EN ISO 8493);
• Ring expansion tests (DIN EN ISO 8495), which tend to create discontinuous strain

distributions due to frictional influences [25,26];
• Tensile tests on the entire tube cross section (DIN EN ISO 6892-1) [27];
• Torsion tests [28,29], whose range of application is additionally limited to small tube

diameters (D < 20 mm);
• Ring expansion tests [30];
• Lateral ring compression tests (Nemat-Alla, 2003) [31].

Table 1 shows a qualitative assessment of the existing test methods with regard to
the defined requirement profile. In particular, the lack of directional testing of tubes
considerably limits the use of complex, anisotropic material models and the resulting
model accuracy of FE simulations.
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Table 1. Summary evaluation of the existing testing concepts of tubes.

A B

Group A: dominant test methods in the
hydroforming context
Group B: other established tube testing methods

lo
ng

it
ud

in
al

tu
be

te
ns

ile
te

st

ri
ng

ho
op

te
ns

io
n

te
st

tu
be

bu
rs

ti
ng

te
st

tu
be

fla
ri

ng
te

st

te
ns

ile
te

st
(e

nt
ire

tu
be

cr
os

s
se

ct
io

n)

to
rs

io
n

te
st

la
te

ra
lr

in
gc

om
pr

es
si

on
te

st
s

ri
ng

ex
pa

ns
io

n
te

st

Orientation-dependent testing ± − − − − − − −
Preferred test direction: transversal − + + + − − − +

Strain-rate-dependent testing + ± ± ± + + ± −
Hydroforming-specific strain state − ± + − − − − −
Isolated testing of weld seam + + − − − − − −
Requirements: frictionless testing + ± + − + + − +

In the present paper, we propose a new test concept with the aim of overcoming
most of the disadvantages and issues pointed out above. Therefore, we propose to first
mechanically flatten the tube sections and then perform a flexible, directional tensile test
or a plane strain test, depending on the objectives, similar to conventional sheet metal
testing. The scientific novelty of this approach is that the simultaneous simulation of
flattening and tensile testing allows inverse parameter identification. Thus, the additional
plastic deformation introduced during flattening is not neglected but is directly included in
the evaluation to infer inversely the material model parameters of the undeformed tube.
This solution approach facilitates frictionless testing in different material orientations, and
isolated testing of the material in the weld seam with uniform test boundary conditions
and devices.

As a first step, this paper provides the basics of flattening for the subsequent direction-
dependent testing of tubes. It is investigated in detail how the flattening of tube sections
should be performed methodically. The aims of the investigations are a simulation-based
design and an experimental verification of the flattening process. For the stepwise clarifica-
tion of these research questions, the flattening process is first described in detail. Then, we
discuss a viable process implementation of flattening. Finally, we present a detailed numer-
ical analysis of the flattening step, demonstrating good agreement between experimental
and numerical results.

2. Materials and Methods
2.1. Solution Approach: Transfer of Plane Material Testing Methods to Curved Tubes by Flattening
Combined with Numerical Parameter Identification

Instead of directly testing the curved tube, an intermediate flattening step was first
used to produce a flat section from which different specimen shapes can be obtained
for conventional materials testing on flat parts (see Figure 2). This procedure not only
enables directional testing of tubes, but also an analysis of different strain states—e.g., by
uniaxial tensile testing, shear tensile testing or plane strain testing. The latter is particularly
interesting with regard to process-oriented material testing for hydroforming processes.
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Figure 2. Schematic representation of the testing procedure proposed in the present paper: flattening
of curved tube sections to obtain specimens for conventional material testing on flat parts.

To enable these comprehensive testing options for tubes, the process of flattening
is indispensable. However, it represents a significant intervention on the properties that
cannot be neglected in material modeling. Due to the complexity of this forming process,
an inverse evaluation method is provided that allows parameter identification of material
models considering the flattening process numerically and the subsequent actual material
testing in combination. In this process, the experimental test data (deformation detection by
digital image correlation DIC, global force requirement) are compared, as a result variable,
with an equivalent FE simulation model, and the difference in results is defined as an
objective function. The identification of the searched, material-specific model parameters
then results from an iterative optimization process under minimization of the objective
function [32]. This so-called FEMU approach (Finite Element Method Updating) is widely
used in the context of material modeling for FE simulations and is especially applied in the
evaluation of test procedures with inhomogeneous deformation character [33].

For material testing with the use of flattened tube sections, the following steps for the
identification of the parameters of a complex anisotropic material model for tubes can be
summarized as shown schematically in Figure 3:

• Separation of the tubes into ring sections and subsequent flattening, including mea-
surement of relevant experimental quantities (force-time curve, geometric quantities).

• Directional separation of specimens from the flattened sheet and conventional testing
in a tensile testing machine, including measurement of force and strain quantities.

• Construction of an inverse simulation model consisting of the combination of flattening
and material testing, definition of the objective function as the difference between real
and simulation results and inverse parameter identification by iterative simulation
calculations.
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2.2. Strategies for Process Implementation of Specimen Flattening

For the proposed solution approach, from a technological point of view, the flattening
step can be carried out with different tool principles and kinematics. Generally, the objective
is to introduce bending deformation into the tube section to plastically reshape it into
the desired planar form. Springback effects must be compensated as far as possible in
order to produce a flat specimen section with flatness deviations within a maximum
range of 1 mm, thus ensuring specimen preparation for subsequent tensile or PS testing
with sufficient quality. In the present study, 3 principles of action for flattening were
considered (shown schematically in Figure 4): flattening by pressing the tube ring between
two tool surfaces that can be moved in translation relative to each other; flattening by
incremental over-rolling with gradually increasing infeed amounts in a rolling device; and
flattening by swing bending with single-sided clamping of the tube section. An evaluation
of these technological variants, focusing on criteria of experimental execution as well as
the subsequent inverse test evaluation, is listed in Table 2, partly based on preliminary
numerical studies.
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Table 2. Summary evaluation of the existing testing concepts of tubes.

Flattening by: Pressing Incremental Rolling Swing Bending

Criteria from the context of experimental realization

kinematics ++ simple − −

complex, gradual
forming with several
incremental rolling

steps necessary

− complex

forming machine
and tool devices +

easy, can be
implemented in

conventional
tensile testing

machines with tool

−

special rolling device
necessary, very

small roll
diameters required

−
special forming
and clamping

device necessary

material utilization ++
high, only small

edge areas are not
usable later

+/−

medium, there are
always edge areas

that cannot be
rolled over

+/−
medium, big

clamping areas
are necessary

flatness of
specimen +

good, springback
compensation
with overbend-

ing possible

+/− gradually adjustable
by roller movement +

springback
compensation with

overbending or
-stretching possible
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Table 2. Cont.

Flattening by: Pressing Incremental Rolling Swing Bending

Criteria from the context of inverse evaluation

amount of
plastic deformation +/− small, only slight

inhomogeneities ++ small, no
inhomogeneities +/− small, only slight

inhomogeneities

numerical
modelling and

calculation effort
++

only small
computation times,

geometrically
well defined

− −
high computation

times due to
incremental steps

+/−
medium

computation times
due to kinematics

experimental data
evaluation for

inverse approach
+

forming force can
be measured well,
strains or thinning

only offline

−

forming force only
measurable with

special device, strains
or thinning
only offline

−

forming force only
measurable with

special device,
strains or thinning

only offline

influence of friction −
local contact,

static and
dynamic friction

+ only due to rolling ++ no influence

Legend: ++ very good, + good, +/− satisfying, − sufficient, − − inadequate.

Considering the different criteria summarized in Table 2, the variant of flattening by
pressing in a die offers numerous advantages and is clearly superior to the other process
variants. It was therefore further investigated. The comparatively simple implementation
of flattening in a forming tool provides a robust experimental starting situation with well-
defined geometric and kinematic boundary conditions, which can also be reproduced
numerically with little effort.

2.3. Material Modeling for Forming Simulation

An E235 steel with the chemical composition shown in Table 3 was used as test material
for the following investigations. The tubes with a diameter of 60 mm and a length of 1 m
have an average wall thickness of 1.524 mm. By measuring 4 sections at a distance of
300 mm on 2 tubes with a coordinate measuring machine Zeiss Prismo7S-ACC (Carl Zeiss,
Oberkochen, Germany), the wall thickness profile was analyzed over the circumference
(Figure 5). A characteristic feature is the reduced tube wall thickness in the area of the
weld seam and 180◦ offset to it, which is related to the tube forming process. The standard
deviation of the wall thickness is 0.026 mm.

Table 3. Chemical analysis of the used steel E235.

Chemical Composition (wt.-%) C Mn Si P S Fe

According to EN 10027-2 max. 0.17 max. 1.2 max. 0.35 max. 0.045 max. 0.045 balanced

Used material 0.08 0.60 0.014 0.007 0.010 balanced
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the used tube, see Figure 6) were first performed on wire-eroded specimens along
the tube axis to estimate the elastic–plastic material properties for initial material
modeling in the FE simulation. The true stress–true strain data in Figure 6 show that
different tube tensile test positions relative to the weld result in position-dependent flow
curves that differ in stress level but exhibit comparable hardening behavior.
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Figure 6. Quasistatic flow curves of E235 tubes and flow curve approximation using a Hockett-
Sherby formulation.

Due to the largest local wall thickness reduction, only the removal position opposite
the weld seam (180◦) was considered for further investigation. The averaged, experimen-
tally determined flow curves were approximated using the Hockett–Sherby approach [34].
In addition, for extended simulation studies in the context of strain-rate-sensitive measure-
ment modeling, tube tensile tests were also performed longitudinally to the tube axis at
higher strain rates. The strain rate sensitivity was taken into account in the material model
according to the approach of Cowper–Symonds [35] (Figure 7).
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2.4. Simulation Model

The approximations of the quasistatic yield curve and strain rate sensitivity modeling
were implemented in the anisotropic material model MAT_133 (yield locus approach
Barlat 2000 [36]) for subsequent explicit simulations of flattening in LS-DYNA (DYNAmore
GmbH, Stuttgart, Germany), solver version mpp R12.0. Based on the existing longitudinal



J. Manuf. Mater. Process. 2023, 7, 91 9 of 15

tensile test data, isotropic behavior is assumed regarding the r-values and flow stresses in
different rolling directions as well as the biaxial flow stress. The FE model setup is shown in
Figure 8. The tube ring section is represented as a volume mesh using symmetric boundary
conditions with five elements over the wall thickness (element edge length 0.3 mm). The
initially flat tool surfaces are implemented as rigid die surfaces. The lower tool surface is
fixed in space and the upper tool surface is moved, displacement-controlled, at a target
speed of 3 mm/s. A simple Coulomb friction model with friction coefficient 0.15 is used.
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3. Results and Discussion
3.1. Simulation of Tube Section Flattening

The closing movement of the die surfaces gradually introduces an elastic, then plastic,
bending deformation into the tube section, which spreads outwards starting from the plane
of symmetry (Figure 9). A characteristic feature here is the lifting of the tube ends from the
underlying die surface, which is only flattened again as the closing movement progresses.
The true equivalent plastic strains caused are only slightly inhomogeneous in the area due
to the mentioned edge effects. In the first reference case with a tube section width of 30 mm,
true equivalent plastic strains caused by the compression deformation of the inner tube
surface range from 2.5 to 4.5%. Homogeneous bending deformation was observed in the
central specimen area.
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using flat die surfaces.

The use of long tube sections is advantageous for the subsequent orientation-dependent
preparation of samples and the provision of as many samples as possible from a flattened
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tube section. For this reason, simulations were carried out with different tube section
lengths to analyze the influence of tube section length on the strain distribution and flatness
deviations caused. Figure 10 shows that the magnitude of the edge effects remains approxi-
mately the same, so that a relatively larger area with an approximately homogeneous strain
state can be provided when longer tube sections are subjected to flattening. Longer tube
sections require greater forming forces for complete flattening, which may lead to practical
limitations in later experimentation if, for example, universal testing machines are to be
used for flattening instead of larger presses. In addition, longer tube sections lead to more
pronounced springback, which can complicate the subsequent cutting out of samples and
further material testing. Regardless of the tube section length, the computed wall thickness
changes are very small (<1 µm) due to the dominant bending deformation.
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Figure 10. Simulation of flattening with variable tube section length. Influence on the true equivalent
plastic strain and the resulting springback amounts when using flat tool surfaces.

The use of purely flat die surfaces leads to significant springback effects for longer
tube section lengths. To compensate for these springback effects, 2D compensation was
first implemented with a uniform radius of curvature R = 400 mm based on the initial
simulation studies, so that the tube section is bent more in the tangential direction. This
approach can significantly improve springback effects for a 150 mm long tube section in the
middle area, as demonstrated by the simulation results in Figure 11. In this case, however,
the tube ends still deform back in the axial direction, so the resulting flatness of the tube
section is not improved. Only the use of a 3D curved surface, generated by superimposing
a tangential (R = 646 mm) with an axial (R = 1774 mm) curvature, significantly improves
this situation, so a reasonable flatness deviation of 1.0 mm is predicted by the simulation
for the present comparison case.

Tube section flattening with 3D compensation in favor of improved specimen flatness
is accompanied by a slightly increased inhomogeneity of the strain distribution (Figure 12
Neglecting the edge areas, this results in maximum true equivalent plastic strains between
2.2% and 3.1%. The largest differences result tangentially and axially in each case in the
edge areas, which, however, are usually cut off by the subsequent sample cutting or are
outside the subsequent specimen test area.
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Figure 12. True equivalent plastic strain (compression deformation of the inner tube surface) in
sections after flattening using flat die surfaces and 3D compensation.

3.2. Experimental Validation of the Flattening Simulation

Based on the simulation studies, a test tool for the flattening of 150 mm long tube
sections (D60) was designed and manufactured to validate the results experimentally
(Figure 13). The concept presented in Section 2.2 with 3D compensation was used due to
the predicted improved flatness of the tube sections after flattening.

The test die was installed in a ZwickRoell 100 kN (ZwickRoell, Ulm, Germany) univer-
sal testing machine in order to implement force measurement during forming. Repeated
accurate positioning of the tube sections was achieved by means of spring-loaded position-
ing pins. The tube sections were separated from the tube by milling, with a continuous
supply of coolant to prevent thermal influence. The 150 mm long tube half shells were then
flattened at a constant closing speed of 3 mm/s until a forming force of 90 kN was reached.

The experimentally determined force–displacement curves (Figure 14) generally show
good repeatability. Coupled with the evaluation of the gradual flattening of the tube
half shell in the die, the characteristic stages of initial contact, incipient deformation with
lifting of the middle tube area from the upper die surface and subsequent pressing down
under sharply increasing force requirements can be analyzed in comparison to the forming
simulation. Based on the comparison of the force–displacement curves, a good accuracy of
the simulation can already be demonstrated. To evaluate the resulting flatness, the former
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outer tube surfaces of the flattened tube sections were scanned in a 3D profilometer VR-5000
(Keyence, Neu-Isenburg Germany) and rotated onto a flat reference surface to characterize
flatness deviations. On the basis of four individual tests for flattening on the test tool, a
mean flatness deviation of 0.92 mm was measured, which is assessed as sufficient for the
purpose of the subsequent cutting out of samples (Figure 15).

J. Manuf. Mater. Process. 2023, 7, x FOR PEER REVIEW 12 of 15 
 

 

3.2. Experimental Validation of the Flattening Simulation 
Based on the simulation studies, a test tool for the flattening of 150 mm long tube 

sections (D60) was designed and manufactured to validate the results experimentally (Fig-
ure 13). The concept presented in Section 2.2 with 3D compensation was used due to the 
predicted improved flatness of the tube sections after flattening. 

 
Figure 13. Tool concept with 3D compensation for tube section lengths of up to 150 mm (left); test 
setup and flattened tube sections (right). 

The test die was installed in a ZwickRoell 100 kN (ZwickRoell, Ulm, Germany) uni-
versal testing machine in order to implement force measurement during forming. Re-
peated accurate positioning of the tube sections was achieved by means of spring-loaded 
positioning pins. The tube sections were separated from the tube by milling, with a con-
tinuous supply of coolant to prevent thermal influence. The 150 mm long tube half shells 
were then flattened at a constant closing speed of 3 mm/s until a forming force of 90 kN 
was reached. 

The experimentally determined force–displacement curves (Figure 14) generally show 
good repeatability. Coupled with the evaluation of the gradual flattening of the tube half 
shell in the die, the characteristic stages of initial contact, incipient deformation with lifting 
of the middle tube area from the upper die surface and subsequent pressing down under 
sharply increasing force requirements can be analyzed in comparison to the forming simu-
lation. Based on the comparison of the force–displacement curves, a good accuracy of the 
simulation can already be demonstrated. To evaluate the resulting flatness, the former outer 
tube surfaces of the flattened tube sections were scanned in a 3D profilometer VR-5000 
(Keyence, Neu-Isenburg Germany) and rotated onto a flat reference surface to characterize 
flatness deviations. On the basis of four individual tests for flattening on the test tool, a 
mean flatness deviation of 0.92 mm was measured, which is assessed as sufficient for the 
purpose of the subsequent cutting out of samples (Figure 15). 

Figure 13. Tool concept with 3D compensation for tube section lengths of up to 150 mm (left); test
setup and flattened tube sections (right).

Local differences between simulated and experimentally measured flatness deviations
occur primarily at the specimen corners because the simulation predicts a lower amount
of springback (maximum deviation: 0.63 mm). The reasons for this may be the assumed
isotropy of the r-values and the initial yield stresses due to a lack of direction-dependent
tensile test data. Furthermore, an influence of the real wall thickness distribution on the
springback behavior is also possible, as this was not considered in the simulation model
investigated. However, the repeatability of the experiments with respect to the resulting
flatness deviation is satisfactory (standard deviation 0.045 mm). The nominal flatness
deviations between the simulation and experiment are also minor (average deviation:
0.13 mm).
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4. Conclusions

Expanding on the current limitations of the parameterization of complex, anisotropic
material models for tubes, a new approach for orientation-dependent material testing
of tubes is proposed. The test methodology requires an intermediate step of flattening
and subsequent inverse parameter identification due to the introduced bending defor-
mation. In the present work, this flattening step has been studied in detail numerically
and experimentally. Flattening by pressing was identified as the most suitable variant
and subsequently optimized by further simulations with a focus on springback compen-
sation. The maximum true equivalent plastic strains caused by bending deformation are
comparatively low (εmax = 3.1%) and largely homogeneously distributed. The simulation
results were validated experimentally, with good agreement in terms pressing forces and
sample flatness deviation (maximum simulation deviation of 0.13 mm). These results
demonstrate that the simulation model based on strain-rate-dependent longitudinal tube
tensile tests already provides a highly accurate description of the tube section flattening.
Tube sections taken from tubes (steel E235) with a diameter of 60 mm and a mean wall
thickness of 1.524 mm were successfully flattened with a mean remaining flatness deviation
of

∣∣∆Z
∣∣ = 0.92 mm using 3D-compensated die surfaces. This investigation provides the first

basis for establishing a reproducible initial condition for further directional uniaxial tests
on flattened tube sections and for evaluating them by inverse simulation-based parameter
identification, taking into account the flattening process.

Future investigations will therefore clarify how the process of flattening responds
to parameter variations in a complex anisotropic material model when preparing for an
inverse parameter identification for subsequent tensile testing. In addition, the influence of
the disturbance caused by friction in flattening will be investigated. The transferability to
other diameters and wall thicknesses must also be examined, especially in the context of
the compensation strategy presented.
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