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Abstract: The steadily increasing demand for downgauging to reduce costs in packaging steel
applications requires the development of high-strength packaging steel grades to meet strength
requirements. At the same time, the demand for a simulative, computer-aided layout of industrial
forming processes is growing to reduce costs in tool constructions for downgauging manners. As part
of this work, different high-strength packaging steels were characterized for use in a finite element
based process layout and validated using application-oriented experiments. Due to a low hardening
rate and the occurrence of Lüders bands, high-strength packaging steels show a low amount of
elongation in tensile tests, while for other stress states higher degrees of deformation are possible.
Thus, common extrapolation methods fail to reproduce the flow curve of high-strength packaging
steels. Therefore, a new approach to extrapolate the flow curve of high-strength packaging steels is
presented using the tensile test and bulge test data together with a combined Swift–Voce hardening
law. Furthermore, it is shown that the use of complex anisotropic yield locus models such as
Yld2000-2d is necessary for high-strength packaging steels in order to be able to precisely simulate
application-oriented loads in between plane strain and biaxial tension in validation experiments.
Finally, the benefit of a material selection process for packaging steel applications guided by finite
element simulations based on precisely characterized material behaviour is demonstrated.

Keywords: packaging steel; finite element simulation; flow curve extrapolation

1. Introduction

Packaging steel is characterized by a very low thickness (<0.5 mm), a low carbon content,
a ferritic microstructure and a chromium or tin coating. Ever increasing demand for downgauging in
order to improve sustainability and to reduce costs is the key driver in the packaging steel market.
High-strength packaging steels (HSPS) have been an important research focus in recent years, as they
enable reduced sheet thicknesses whilst maintaining strength and performance. HSPS, at the same time,
require a certain degree of formability in applications, such as easy open ends or aerosol components
with complex forming operations. Currently, the simple criterion of at least five percent of elongation
in tensile testing is imposed, as it is easy to verify and compare. However, in typical applications
packaging steels show much more formability as the stress state is multiaxial rather than uniaxial.
In the past, several new HSPS were developed to meet the demand of downgauging. To estimate
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material savings via thickness reduction and to be able to describe the material behaviour, finite element
simulation is a very powerful tool that reduces experimental effort. At the same time, finite element
analysis (FEA) in the packaging steel sector is not as widespread as, for example, FEA in the automotive
sector. In particular, the common methods to determine material data for finite element simulation are
not designed for the specific requirements of packaging steel due to its low thickness, high temper
rolling degrees and occurrence of Lüders bands. Especially high temper rolling degrees result in
a low amount of hardening. In line with the well-known Considère-criterion [1], this leads to a fast
occurrence of geometric softening whilst forming under tensile load, and thus a very small range
of homogenous yielding. However, in application formability is higher due to the multiaxial stress
states, and thus requires on the one hand an appropriate extrapolation of the flow curve from tensile
tests, and on the other hand a precise description of the multiaxial stress state via yield locus models.
Different yield locus models differ mainly in the area of plane strain to biaxial stress state. Hence,
the aim of this work is to investigate the specific requirements in characterizing the material data of
HSPS for finite element simulations.

2. State of the Art

For every simulation of a forming process, the characterization of specific material is mandatory.
Beside elastic properties such as Young’s modulus and Poisson’s ratio, it is very important to obtain data
to describe the plastic yield behaviour of the material. Therefore, the yield stress has to be measured.
Due to hardening, yield stress is a function of true plastic strain. Hence, a flow curve must be quantified.
In industrial forming processes, the stress state is typically not uniaxial. Thus, yield locus models
must be used to describe the material behaviour under multiaxial loading conditions. Several yield
locus models, which predict an equivalent stress depending on the current stress state and material
dependent input parameters, have been established. Von Mises [2] established the most common
isotropic yield function, where only the flow curve of a uniaxial tensile test in rolling direction is needed.
To take anisotropic yield behaviour into account, Hill [3] proposed a quadratic yield locus function
with consideration of in-plane Lankford coefficients measured from tensile tests in 0◦, 45◦ and 90◦

orientation to the rolling direction. This leads to a more precise description of the forming behaviour
if the material is anisotropic. Barlat [4] developed one of the most complex yield locus functions
in 2003, referred to in the following as Yld2000-2d. It is based on two functions, each with a linear
transformation of the deviatoric stress-tensor. This in-plane function allows us to consider yield stress
differences in 0◦, 45◦ and 90◦ as well as Lankford coefficients in these directions and biaxial behaviour.
Table 1 presents the required input parameters for the mentioned yield locus models.

Table 1. Input parameters for yield locus models.

Model σ0 σ45 σ90 r0 r45 r90 σb

von Mises x - - - - - -
Hill48 x - - x x x -

Yld2000-2d x x x x x x x

To give an exact description of the hardening, different flow curve models have been established.
Swift [5] and Voce [6] proposed two of the most common approaches with an exponential formulation
considering the yield strength. While the Swift equation leads to a distinctive hardening even at higher
strains, the Voce approach describes a more saturated behaviour of the yield stress at higher strains.

To determine the relevant parameters for the simple constitutive models, i.e., flow curve models
and the Hill48 yield locus model, quasi-static tensile tests are sufficient. To calibrate complex constitutive
models such as the Yld2000-2d yield locus model, additional experiments are necessary to capture the
anisotropic plastic behaviour. Kuwabara [7] comprehensively summarizes the experimental methods
available in sheet metal forming and identifies hydraulic bulge tests and biaxial compression tests
as suitable candidates. The bulge tests offer the potential to characterize the relevant parameters for
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the Yld2000-2d yield locus model as already demonstrated by Suttner et al. [8], while also exploring
precise strain-rate control in bulge testing. In addition, Gutscher et al. [9] stated that bulge tests can be
used to achieve higher strains than tensile tests, thus enabling a better hardening prediction.

Simulations carried out for packaging steels have mostly focused on analysing and optimizing
the underlying forming processes. Thus, for example Nam and Han [10] simulated the ironing process
of D&I (Drawn and Ironing) cans using Swift’s hardening law in 2000, measured with standard tensile
tests. Pepelnjak and Barisic [11] developed a method in 2007 to eliminate stretcher strains on tinplate
rings in the stamping process. The material characterization was based on standard tensile tests
with optical measurement systems. Due to relatively low maximal true strain, the difficulties in the
determination of mechanical parameters such as Lankford coefficients were already evident. Therefore,
Pepelnjak parameterized the simulation with an isotropic yield function. In 2005, Barisic et al. [12] also
simulated the deep drawing process of tinplate rings using Hollomon–Ludwik’s hardening law [13]
and the Hill48 yield function, also only measured by standard tensile tests. Moreira [14] simulated
tinplate behaviour in hemispherical punch experiments and cup-drawings in 2007 with Ferron’s and
Hill’s quadratic yield function and reached good results with the simple assumption of isotropic
hardening set by Swift–Krupkowksi’s power law. The material parameters were measured with
standard tensile tests as well. To analyse the wall thinning effect during a deep drawing process of
two-piece cans in 2017, Horta et al. [15] used a standard tensile test, Swift hardening equation and
Hill48 yield locus to describe the material behaviour. In 2018, Slota et al. [16] simulated the forming
limits in cup drawing and expansion processes for the packaging steel TH330. To capture the material
response, they extrapolated stress–strain curves obtained in a bulge test using a hardening law put
forward by Krupkowski. Additionally, they used the Hill48 yield locus model that was parametrized
via quasi-static tensile tests.

There are only a few publications focusing on characterization methods of packaging steel.
Illera et al. [17] proposed an approach to determine material parameters via a combination of finite
element methods and data mining techniques in 2014. Therein, simulated data of hardness and
springback tests were used to predict yield strength and plastic hardening with regression models.
In this paper, conventional packaging steel in addition to high-strength packaging steels were
considered, but only with regards to yield strength and tensile strength. The precise determination of
a flow curve was not part of this publication. Subsequently, Fernández-Martinéz et al. [18] compared
the aforementioned concept to a direct regression of the yield strength from experimental hardness and
springback data and found the latter approach to be more accurate. To verify the strain-rate influence
on the flow curve in the characterization of packaging steel, in 2016 Linnemann et al. [19] used quasi
static (0.0003 1/s) and high speed tensile tests (250 1/s). However, the analysis only investigated the
homogenously yielding material T52BA with a high amount of elongation. Moldovan [20] first focused
on the characterization of the packaging steel TS290 for FEA transmitting methods established in the
automotive sector. This analysis showed that with increasing complexity of the yield locus model,
a more precise simulation is feasible in limited dome height validation experiments of the characterized
material. For the extrapolation of the flow curve, Moldovan implemented a combination of the common
methods by Voce [6] and Swift [5] and calibrated this method using tensile test and hydraulic bulge
test data. Beier et al. [21] originally proposed this method to obtain a precise prediction of the yield
stress at high strains. However, the investigated TS290 material has a high level of elongation in tensile
tests compared to HSPS due to its lower strength. Furthermore, it does not show aging effects due to
batch annealing.

In summary, the presented approaches either deal with the simulation of comparably low strength
packaging steels exhibiting a higher amount of elongation or only use basic approaches to describe
the plastic behaviour within the process simulation. The characterization of HSPS and hence the
specific requirements in the characterization arising from the low elongation under tensile load and
the occurrence of Lüders bands have not been investigated yet.
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3. Materials and Methods

The following chapters present the investigated materials and the experimental procedure to
characterize two different HSPS. On the basis of the distinctive characterization, a new extrapolation
method for HSPS is proposed and different yield locus models calibrated. Finally, the forming limit
curve for both materials was determined to estimate the fracture strains.

3.1. Materials and Condition Prior to Forming

In this paper, two materials TH700 and TH620 with similar thickness but different strength were
characterized with regards to finite element simulation based process layout (Table 2). In accordance
with the current standard DIN EN 10202:2001 [22], the temper designation of the materials is based
on the upper yield strength ReH measured by tensile tests in rolling direction. The slight deviation
between the temper designation and the below listed value of ReH results from a slightly different
testing procedure between the standard practice used in quality control and the characterization carried
out in this paper. The specimens for this paper were produced via milling instead of cutting and also
a reduced testing speed was used.

Table 2. Investigated high-strength packaging steels (HSPS) samples.

Temper Thickness Yield Strength Proof Strength
temp t ReH ReL Rp0.5

TH700 0.240 mm 727 MPa 687 MPa 694 MPa
TH620 0.235 mm 607 MPa 571 MPa 577 MPa

In addition to the established parameters upper (ReH) and lower (ReL) yield strength [23], the stress
at a plastic elongation of 0.5% (Rp0.5) is determined in this paper. On the one hand, this serves to
avoid the region of scatter beyond the upper yield point, and on the other hand this criterion is more
comparable as it is defined at a fixed plastic strain-value.

The carbon content of these ferritic steel grades is only 0.073 wt% and they contain almost no
alloying elements due to food directives relevant for the packaging market [22]. Thus, the specific
strength level is set by a combination of continuous annealing and subsequent temper rolling.
The temper rolling also reduces the effect of Lüders bands resulting from interstitial atoms pinning
at dislocations. However, the material will undergo aging (200 ◦C at 20 min) during the packaging
steel lacquering process prior to sheet metal forming, and thus again show inhomogeneous yielding
behaviour due to this additional heat treatment.

The material for characterisation also has to be tested in temper rolled and aged conditions to
mimic the aforementioned processes. Temper rolling leads to strong pre-hardening and therefore
a low residual strain hardening. Due to the low hardening rate, the geometrical softening exceeds the
physical hardening early on and thus the Considère-criterion is reached at low strain levels, resulting in
a low total elongation in tensile tests. Additionally, Lüders bands introduced by the aging reduce the
usable area for optical evaluation once the homogeneous state of deformation sets in. In combination,
these two factors lead to severe challenges in the characterisation of the mechanical properties of HSPS.

Due to the low sheet thickness, it is also important to consider possible size effects, i.e., the rapid
change of mechanical properties due to microstructural features becoming dominant [24]. In a study of
thin sheet metal forming, Raulea et al. [25] observed size effects influencing the mechanical response of
the material for sheets with less than 20 grains over the sheet thickness. In the present study, there are
about 50 grains over the sheet thickness of the investigated materials, which is a comparably high
number with regard to the aforementioned study. Furthermore, in the present study the sheet thickness
of the material used for characterization and forming is identical. Thus, no influence on the results is
expected as long as the sheet thickness is kept constant.
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3.2. Experimental Procedure

To characterize both materials for the purpose of finite element simulation, tensile tests as well as
bulge tests to generate stress–strain data up to higher strains and finally forming limit curves were
used. Uniaxial tensile tests according to ISO 6892-1:2019 [26] with a measuring length of 80 mm were
carried out to measure mechanical properties and to enable a transformation of the bulge test data to
the uniaxial stress state. Tests were conducted at a quasi-static strain-rate of 0.00025 1/s. To determine
Lankford coefficients, a strain extensometer was used to measure the variation in width during
testing. To quantify change in length, another extensometer was used. Due to a very small region
of homogeneous yielding in the TH620 material, the tests for this material were carried out using
an optical measuring system ARAMIS 12M (GOM GmbH, Braunschweig, Germany). Thus, it was
possible to set the range for measuring Lankford coefficients very precisely in between the beginning
of the homogenous forming state and the onset of necking. This enables a very precise determination
due to averaging the full field strain measurement.

In addition, hydraulic bulge tests were used to extrapolate the flow curve to higher strains while
Nakajima tests were conducted to obtain a failure criterion for the FEA. For the bulge tests, an Erichsen
Universal Sheet Testing Machine 142 (Erichsen GmbH & Co. KG, Hemer, Germany) according to
DIN16808 [27] with a tool diameter of 100 mm and a non-newton fluid as pressure medium was used.
Similar fluids were previously used by Gutscher et al. [9] and they simplify tooling design and handling
in comparison to a conventional hydraulic fluid. Nakajima tests to obtain forming limit curves were
carried out using the same machine in accordance with ISO12004-2 [28]. In this setup, a selection of
seven differently waisted rectangular sheet geometries (20 mm, 50 mm, 80 mm, 100 mm, 130 mm
and 140 mm specimen width) with a diameter of 186 mm corresponding to strain conditions from
deep drawing to biaxial tension were used (Figure 1b). The specimens were clamped with a circular
blankholder by applying a force of 160 kN. Tests were carried out with a lubrication setup of three
layers of grease between foils of PET (polyethylene terephthalate) to minimize friction. The punch
velocity was 8 mm/min.
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Figure 1. (a) Test setup for bulge test, Nakajima test and validation experiments (b) geometry of
waisted Nakajima specimen exemplary with a remaining width of 100 mm.

To verify the accuracy of the determined data and models, limited dome height tests were conducted
and additionally one of the waisted Nakajima test specimens, with a specimen width of 100 mm,
was reused for validation purposes (in the following referenced as Nakajima100). Those validation
experiments were selected to represent typical forming conditions in application. In most applications,
failure occurs in areas subjected to stress states between plane strain and biaxial tension. These stress
states, for example, arise at bends with small radii in deep drawing, with bottom tears being a typical
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failure. Therefore, it is crucially important to precisely model the material behaviour for these stress
states. At the same time, in this region of the yield locus, the anisotropic yield behaviour prediction
by different yield locus models deviates greatly, and therefore this region is best suited for model
identification. Both tests cover the relevant region between plane strain and biaxial stress state and
deliver a good representation of the processes used for HSPS forming. Kim et al. [29] applied the limited
dome height test to predict the formability of high-strength steels and to assess the simulation accuracy
of different yield locus models. Furthermore, Moldovan [20] already used the limited dome height test
as a surrogate for packaging steel forming and found that different yield locus models gave distinctly
different predictions, thus confirming the suitability of this test for model identification. A setup similar
to determining forming limit curves via Nakajima tests [28] is chosen for the limited dome height
experiment and a circular blank with a diameter of 186 mm. However, instead of lubrication only
a single PET-foil is layered between specimen and punch. This results in forming conditions strongly
influenced by friction. To quantify the strain distribution, the limited dome height experiments were
carried out using a digital image correlation measuring system. The blankholder force and the punch
velocity in the limited dome height test were set in accordance with the Nakajima test (160 kN and
8 mm/min, respectively).

3.3. Extrapolation of High-Strength Packaging Steel Flow Curves

To describe the material’s hardening behaviour in the simulation, a flow curve is indispensable.
The flow curve describes the equivalent uniaxial stress as a function of equivalent strain. Due to
its simple experimental setup and straight forward evaluation procedure, the tensile test is often
applied to determine the flow curve. However, in industrial forming applications such as the drawing
of cups the deformation is much greater than measured in tensile tests. Thus, it is very important
to approximate the hardening behaviour at high strains via an extrapolation of the existing curve.
The most popular extrapolation method is based on either the common flow curve model proposed
by Swift (Equation (1)) or the one by Voce (Equation (2)). Firstly, an inverse procedure is adopted
to determine the material parameters of the models. This is done by minimizing the mean square
error between the experimental and calculated flow curve by means of optimization using the material
parameters as variables. As mentioned earlier, the experimental flow curve is commonly determined
from quasi-static tensile tests. The determined material parameters are then used to describe the
hardening behaviour and extrapolate the flow curve to the required strain level.

However, the extrapolation precision can be improved if the underlying flow curve data are
extended to strains beyond necking in tensile tests. To obtain data in this strain regime, a bulge
test instead of a tensile test can be used. Beier et al. [21] developed an extrapolation method (in the
following referred to as “thyssenkrupp extrapolation method”) that utilizes hydraulic bulge test data
to combine the Swift and Voce flow curve models. This combination allows for balancing the strong
hardening predicted by Swift (Equation (1)) with the weak hardening prediction according to Voce
(Equation (2)).

In bulge forming, a biaxial stress state is present. However, the flow curve describes the plastic
behaviour under uniaxial stress. Thus, a transformation of the biaxial hardening curve to a uniaxial
stress state is first required. This is achieved by calculating a Y-factor, defined as the average ratio
between biaxial and uniaxial stress in the complete range between yield strength and uniform
elongation, from the hydraulic bulge test (the transformation of the bulge test is shown in Figure 2a).
Consequently, a sufficient amount of elongation in the tensile test is required for a precise bulge test
transformation. In the method proposed by Beier et al., tensile tests are used again to determine the
material parameters for the Swift and Voce equations. Subsequently, the transformed bulge curve is
used to determine a balancing factor α shown in Equation (3).

σ = k·
(
ε0 + εeq

)n
, (1)
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σ = k·(1− b·e−nεeq), (2)

σ = α·Swift + (1−α)·Voce, (3)
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Figure 2. (a) Bulge test transformation; Comparison of the extrapolation methods for (b) TH700 and
(c) TH620.

For high-strength packaging steels such as TH620 and TH700, this method is not effective.
This results from very low strains and severe hardening observed in tensile tests together with a low
hardening in bulge tests even at higher strains. Due to the severe initial hardening, an extrapolation of
the tensile tests leads to a significant overestimation of the hardening behaviour in both Swift and
Voce models (illustrated in Figure 2b,c) compared to the course of the transformed bulge test data.
As a result, both curves lie above the transformed bulge test and thus no combination giving a feasible
result is possible.

To enable a precise flow curve extrapolation even for HSPS, a new extrapolation method was
developed and adapted to the specific requirements. Here, the transformed bulge curve is first used to
extend the tensile test data. At low strains, the tensile test data delivers more precise data compared
to the bulge test. The flow curve consisting of tensile test and transformed bulge test data is used to
calibrate the parameters of the flow curve models according to Voce and Swift. The resulting curves
are finally averaged as stated in Equation (3) using a fixed factor of 0.5. (Figure 2b,c) to illustrate the
corresponding flow curves. The new extrapolation method (in the following referred to as HSPS-EM)
shows a very precise mapping of transformed bulge test data onto the tensile test data and a significant
improvement over the extrapolation of the tensile test alone. This approach can potentially also be
applied to other steel grades.

3.4. Yield Locus Parametrisation

In order to calibrate the different yield locus functions von Mises, Hill48 and Yld2000-2d,
tensile tests and bulge tests were used. Moldovan [20] demonstrated that the yield locus function
Yld2000-2d provides significantly better results than Hill48 when simulating limited dome height
experiments of packaging steel. In addition, the yield locus function Hill48 is not able to predict
material behaviour with r < 1 and σb > σo, as present in the investigated material (Table 3) [30]. Hence,
in the following only von Mises will be considered for isotropic simulation while Yld2000-2d is used
for anisotropic simulations.
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Table 3. Assessed parameters for selected materials.

temp σ0 σ45 σ90 r0 r45 r90 σb Elong. (RD)

TH700 694 MPa 679 MPa 710 MPa 0.80 1.09 0.85 761 MPa 7.8%
TH620 577 MPa 566 MPa - 0.59 0.88 - 609 MPa 8.0%

For the TH700 material, it was possible to determine all parameters needed for the calibration
of the Yld2000-2d model using standardized tensile test results. However, for the TH620 material
it was impossible to measure the yield strength and Lankford coefficient crosswise to the rolling
direction, as a homogenous forming condition was not reached. This problem is evident in Figure 3.
The Lüders bands do not cover the whole measuring area and thus a homogenous forming condition
is not reached prior to failure. All determinable parameters for both materials TH700 and TH620 can
be seen in Table 3. Since for the TH620 material not all the necessary parameters could be determined
to calibrate the anisotropic yield locus model Yld2000-2d, only von Mises could be applied for this
material. The evaluation of new methods to overcome these issues is not part of this work and will be
discussed in the conclusion.
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Figure 3. Failure in tensile test before reaching homogenous forming state (TH620—transversal direction).

Figure 4 shows the yield locus of both materials together with the experimental measuring
points. It becomes clear that the complex anisotropic function, especially in the area of biaxial tension,
provides a better description of the material yield behaviour obtained in the experiments.
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Figure 4. Yield locus for (a) TH700 (b) TH620.

3.5. Forming Limit Curve

Figure 5 presents the results for the measured forming limit curves captured with seven different
Nakajima specimens as described in Section 3.2. This provides the possibility to implement a simple
failure criterion in the simulation, but only for proportional loading. At the same time, the performance
of different materials can be compared in the observation of the forming limit curve. Thus, for example,
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the two materials show very similar behaviour in the area of plane strain, while the material TH700
shows significantly higher deformations in biaxial conditions.Metals 2020, 10, 1683 9 of 15 

 

 

Figure 5. Forming limit curve for TH700 and TH620. 

4. Validation 

To validate the generated material data, the material behaviour in two experiments was 

simulated. On the one hand the Nakajima100 specimen and on the other hand the limited dome 

height test with a significant friction influence were carried out. Both represent the stress state 

between plane strain and biaxial tension that is common in industrial application and are therefore 

suitable to validate the anisotropic yield behaviour. 

Experiments were simulated using the von Mises isotropic yield function for both materials 

TH700 and TH620, and additionally with the complex anisotropic yield function Yld2000-2d for 

TH700. The yield function Yld2000-2d was not applicable for TH620 due to the problems mentioned 

above. For both materials, the newly developed extrapolation method was used to evaluate the flow 

curve up to high strains as described and compared to the conventional Swift model using only 

tensile test results. Finally, it should be mentioned that a kinematic hardening model was not used in 

the simulations and, in general, kinematic hardening has not been thoroughly investigated for 

packaging steels yet. 

The simulations were carried out using the LS-DYNA explicit solver 10.0 and fully integrated 

shell elements. An explicit solver was used to successfully simulate the limited dome height test 

where challenging contact conditions arise due to strong friction between sheet and die. For contact 

between tools and workpiece, a surface to surface formulation was used with a friction coefficient of 

0.24 for the limited dome height simulations. This value is commonly used in the “thyssenkrupp” 

test lab and also matches the value reported in previous studies, e.g., [31]. For simulating the 

Nakajima experiments, no friction was assumed due to the lubrication with three layers of grease 

between foils of PET in the experiments. The FEA setup consists of blank holder, die, punch and 

blank. In Figure 6, the deformed blanks and the occurring maximum principle strain distribution are 

illustrated. 

 

(a) 

 

(b) 

Figure 6. Finite element model results for the validation experiments (a) Nakajima100 specimen (b) 

limited dome height. 

0

0.05

0.1

0.15

0.2

0.25

0.3

-0.15 -0.05 0.05 0.15

φ
1

φ2

TH620

TH700

Figure 5. Forming limit curve for TH700 and TH620.

4. Validation

To validate the generated material data, the material behaviour in two experiments was simulated.
On the one hand the Nakajima100 specimen and on the other hand the limited dome height test with
a significant friction influence were carried out. Both represent the stress state between plane strain
and biaxial tension that is common in industrial application and are therefore suitable to validate the
anisotropic yield behaviour.

Experiments were simulated using the von Mises isotropic yield function for both materials
TH700 and TH620, and additionally with the complex anisotropic yield function Yld2000-2d for TH700.
The yield function Yld2000-2d was not applicable for TH620 due to the problems mentioned above.
For both materials, the newly developed extrapolation method was used to evaluate the flow curve
up to high strains as described and compared to the conventional Swift model using only tensile
test results. Finally, it should be mentioned that a kinematic hardening model was not used in the
simulations and, in general, kinematic hardening has not been thoroughly investigated for packaging
steels yet.

The simulations were carried out using the LS-DYNA explicit solver 10.0 and fully integrated
shell elements. An explicit solver was used to successfully simulate the limited dome height test where
challenging contact conditions arise due to strong friction between sheet and die. For contact between
tools and workpiece, a surface to surface formulation was used with a friction coefficient of 0.24 for the
limited dome height simulations. This value is commonly used in the “thyssenkrupp” test lab and also
matches the value reported in previous studies, e.g., [31]. For simulating the Nakajima experiments,
no friction was assumed due to the lubrication with three layers of grease between foils of PET in the
experiments. The FEA setup consists of blank holder, die, punch and blank. In Figure 6, the deformed
blanks and the occurring maximum principle strain distribution are illustrated.

This mesh size was determined in a convergence analysis considering punch force, maximum major
as well as minor strain. Figure 7 presents the results of this convergence analysis for both experiments
carried out based on the material data of the packaging steel T52BA. While for the strain distribution
(a) some minor changes are visible, the mesh size has no apparent influence on the punch force curve
(b) within the investigated bounds. The maximum major strain increases when reducing the mesh size
from 4 mm to 1 mm. A further reduction in mesh size has no significant influence. For the limited
dome height test, similar observations hold. There is a modest increase in the maximum received
major strain when reducing the mesh size from 4 mm to 1 mm (c) and only little change thereafter.
In the punch force curve, no significant change is visible (d). Consequently, an element edge length of
1 mm was used throughout.
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Figure 7. Convergence analysis for Nakajima100 (a) maximum occurring strain (b) punch force curve
and limited dome height experiment (c) maximum occurring strain and (d) punch force curve.

4.1. Strain Distribution Based Validation of the Used Models

Figure 7 compares the experimental and simulation results for the Nakajima100 specimen and the
limited dome height test obtained using different flow curves and yield locus models. To simplify the
comparison, only the strain distribution at the maximum punch stroke before necking is illustrated.

Regarding the Nakajima100 specimen (Figure 8a,b), in general a good agreement can be observed
using the newly proposed HSPS extrapolation method, even when coupled with a simple isotropic
yield locus model for both materials. For the TH700 material (Figure 8a), for which the anisotropic
yield locus model Yld2000-2d was also applicable, this model even provides slightly better results,
especially with regards to the strain distribution width at medium major strain levels. For the TH620
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material (Figure 8b), in contrast for minor compressive (negative) strains, significantly too low major
strain levels are predicted regardless of the extrapolation method used. This might be due to the
isotropic yield locus model. Furthermore, the simulation based on the simple Swift flow curve
extrapolation predicts 40% less maximum major strain (0.10 in the experiment vs. 0.06 in the simple
Swift flow curve extrapolation, as can be seen in Figure 8a) than the experiment for the material
TH700. This results from the overestimation of the strain hardening compared to the transformed
bulge test data, which leads to higher stress levels and thus less maximum strain. In comparison,
the newly presented HSPS-EM only underestimates the maximum major strain by about 16% (0.10 in
the experiment vs. 0.084 in the HSPS extrapolation, as can be seen in Figure 8a), which is more than
twice as accurate.
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Figure 8. Forming limit diagram for Nakajima100 specimen (a) TH700 (b) TH620 and limited dome
height experiment (c) TH700 and (d) TH620.

Figure 8c,d shows the strain distribution of the simulation results for the limited dome height
test. The need to use anisotropic yield locus models for this test can clearly be observed for the TH700
material (Figure 8c), for which such a model was applied. The isotropic yield function differs from the
experiment and is not able to describe friction induced forming conditions that shift the maximum
strain from biaxial forming conditions (ϕ1 = ϕ2 > 0) towards plane strain conditions (ϕ2 = 0) as visible
when comparing the yellow and brown points. In contrast, the Yld2000-2d criterion shows good results
in matching the experiments when using the newly presented HSPS-EM. For the TH700 material,
the simulation based on the Swift extrapolation underestimates the maximum major strain observed in
the experiment by 26% (0.105 in the experiment vs. 0.077 in the simple Swift flow curve extrapolation,
as can be seen in Figure 8c), similar to what was already observed for the Nakajima100 specimen.
However, the HSPS-EM only underestimates the maximum major strain by about 15% (0.105 in the
experiment vs. 0.089 in the HSPS extrapolation, as can be seen in Figure 8c), and thus it is almost
twice as precise. Therefore, it can be stated that for forming conditions similar to the ones occurring



Metals 2020, 10, 1683 12 of 15

in the limited dome height test, the use of anisotropic yield functions is recommended in order to
achieve sufficiently precise results. Furthermore, the use of an advanced extrapolation procedure is
indispensable for both steel grades when simulating the limited dome height experiment.

Summarizing the validation, the simulation shows especially significant improvement when using
the new extrapolation method. Additionally, the exact modelling of the yield locus using anisotropic
yield functions reveals more precise simulation results in particular for the limited dome height test.
In fact, the need for an exact yield locus modelling in the area between plane strain and biaxial stress
is more important for the limited dome height test than for the Nakajima100 specimen due to the
friction-induced gradient in the stress state from plane strain to biaxial condition.

4.2. Prediction of the Strain Localization in a Selected Section of the Validation Specimen

A reliable and robust simulation of the forming process of high-strength packaging steel is
very important in order to reduce the experimental effort and to simplify the material selection.
Figure 9 presents the strain in the middle section of the validation experiments defined in Figure 6.
Comparing the simulation results to the experiment for the Nakajima100 specimen, a very good
accordance between experimental and simulative output can be observed, as already discussed before
(Figure 9a,b). A different material flow for the two materials is clearly visible and this highlights
the potential to review the forming behaviour of different packaging steels through finite element
simulation. Both materials show a similar amount of maximum strain and thus have similar grid
points in the forming limit curve (Figure 5). However, considering the selected middle section of
the Nakajima100 specimen right before the onset of necking in Figure 9a, different strain localization
becomes obvious. The TH700 material (a) shows a less localized forming behaviour than the TH620
material (b) and thus a much higher total deformation.
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Figure 9. Section (as presented in Figure 5) through Nakajima100 specimen (a) TH700 (b) TH620 and
limited dome height experiment (c) TH700 (d) TH620.
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To assess this observation, the section width at a major strain level of 70% of the maximal
occurring major strain is evaluated. While the TH700 material section has a width of 29.40 mm,
the TH620 section is only 23.44 mm wide, which corresponds to a substantial relative difference of 20%.
This is also reflected in a greater punch-stroke until failure. For the limited dome height experiments,
similar behaviour can be found, as the strain localizes much more at the flank for the TH620 than
for the TH700 material (Figure 9c,d). Applying the introduced criterion, the section width at 70% of
maximum major strain is 42.38 mm for the TH700 and only 39.42 mm for the TH620 material, i.e.,
a relative difference of 7%. The anisotropic yield locus model Yld2000-2d can capture this localization
for the TH700 material. The simple isotropic von Mises model is not able to do so, as already discussed
above. However, the effect of a material-dependent localization is not as pronounced in the limited
dome height experiment (7%) as in the Nakajima test (20%) due to the strong friction influence on the
deformation distribution.

The significantly lower localization of the TH700 material offers great advantages in further
forming steps. Simulations based on the tailored material characterization method put forward in this
paper can capture this behaviour and therefore provide great added value in the simulation-based
material grade selection for specific applications. Furthermore, this understanding enables a FEA
supported process development.

5. Conclusions and Outlook

In this paper, the specific requirements when characterizing the forming behaviour of HSPS were
pointed out. These arise due to the unfavourable combination of limited elongation in tensile tests
resulting from strong pre-hardening induced by temper rolling and of Lüders bands occurring after
the lacquering process. At the same time, different HSPS show greatly different localization behaviour
in forming processes. Thus, precise simulation results are necessary to support the material selection
for forming operations, especially if the forming processes exhibit plane strain to biaxial stress states.
Based on the main findings in this work, the following conclusions can be drawn:

• A new extrapolation approach was introduced to fulfil specific requirements in HSPS forming, i.e.,
to capture the high degree of deformation occurring during HSPS processing. The extrapolation
method was validated using a set of industrially relevant experiments.

• The need for anisotropic yield functions to simulate industrially relevant HSPS forming processes,
i.e., having plane strain to biaxial tension stress states, was pointed out. Therefore, it is indispensable
to determine Lankford coefficients and yield strength for all relevant directions with respect to
rolling direction.

• Localization behaviour during forming was quantified by considering the section width of the
middle section in the investigated validation experiments, and a difference of up to 20% was
observed between the two HSPS grades. Simulations based on the tailored characterisation can
capture these differences and highlight the associated potential with regards to an efficient material
selection of HSPS grades.

In addition, the results reveal that conventional methods for material characterization are only
suitable to a limited extent for high-strength packaging steels. It was not possible to calibrate the
complex Yld2000-2d yield locus model for the HSPS material TH620, as the required Lankford
coefficients in the relevant directions could not be determined. The likely cause for this is the very
inhomogeneous deformation in the presence of Lüders bands. To calibrate complex yield functions for
all high-strength packaging steels, advanced methods have to be established. Approaches such as
using the earing profile to predict Lankford coefficients and the use of microscale tensile test specimens
to obtain more elongation in tensile tests provide ways to overcome this issue. Additionally, in-plane
torsion tests [32] offer the possibility to obtain a proper flow curve. Finally, the inverse Lankford
coefficients determination might be a feasible concept [33].
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