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Abstract
The onset of plastic deformation is an important parameter for an accurate description of the flow curve and the Young’s 
modulus. Determining the actual physical start of flow is already experimentally challenging for classic sheet metal materials. 
In addition to the experimental challenge, the onset of flow depends on numerous parameters such as strain rate, temperature 
and forming history. Non-proportional load paths in particular can significantly influence the onset of flow. Three different 
materials, a micro-alloyed steel HC340LA, a dual-phase steel CR330Y590-DP and an aluminium alloy AA6016-T4 are 
investigated in this publication. The physical onset of flow of the materials is determined at three different pre-strain levels 
as well as without and with a change in the load direction. Temperature-based approaches are used for this purpose. In-situ 
synchrotron diffraction is used to validate the results obtained. Those results can help to improve existing material models 
and springback prediction. Such models rely on material parameters that are as accurate as possible.
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Introduction

The results of a finite element simulation are only as good 
as the input parameters. If the material parameters are deter-
mined incorrectly, the real material behaviour can only be 
mapped inadequately. Particularly in complex multi-stage 
forming operations, a material model must be able to rep-
licate the hardening behaviour as accurately as possible. In 
particular, the transition from the elastic to the plastic range 
after non-proportional load paths has been analysed in detail 
in numerous publications. Lian et al. [1] has summarized the 
following phenomena:

•	 Reduction of the yield strength also known as the 
Bauschinger effect

•	 Increased hardening rate at the beginning of the second 
loading step

•	 Stress-overshoot at the beginning of reloading
•	 Stress stagnation at the initial stage
•	 Permanent softening behaviour

Which phenomena occurs is dependent on many influ-
ences such as the material itself, the pre-forming level, the 
load case of the different loading steps and others. Tari-
gopula et al. [2, 3] has investigated the mechanical behav-
iour of a dual-phase steel DP800 after uniaxial pre-forming 
at different pre-forming levels. The elastic–plastic transi-
tion is affected the most if a tensile load case occurs for 
the reloading step, while a shear load case leads only to 
marginal changes of the material behaviour. Also the pre-
forming level and the angle of the change in the loading 
direction plays a significant role in the elastic–plastic tran-
sition after reloading [4, 5]. The higher the change in the 
loading direction and the higher the pre-forming level, the 
more the elastic–plastic transition is affected. These findings 
were also found by Larsson et al. [6] for the dual-phase steels 
DP600 and DP1200. All these dual-phase steels revealed a 
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reduction of the yield strength after reloading. But not only 
dual-phase steels are affected. Also low carbon steels [7], or 
extra deep drawing quality steels [8, 9] are influenced. These 
softer steels tend to show a stress-overshoot at the beginning 
of the experiment if a change in the loading direction of 
more than 45° occurs. For aluminium alloys the studies of 
Barlat et al. [10] revealed a permanent softening behaviour 
for an AA1050-O after a uniaxial pre-forming followed by 
45° simple shear experiment. For this aluminium alloy the 
change in the loading direction leads to a change in the mate-
rial response. If the change in the loading direction is above 
45°, a transient hardening behaviour and plastic instability is 
found [11]. For an AA6016, Manopulo et al. [8] have found, 
that the yield strength is reduced at the beginning but follows 
the flow curve of the initial material well after a certain plas-
tic deformation. The AA5754 H111 aluminium alloy showed 
a permanent hardening behaviour after a change in the load-
ing direction [1]. Again, the uniaxial pre-forming influenced 
the material the most. In general, the material, the amount 
of the change in the loading direction, the pre-forming level 
and the stress state of the loading steps are crucial param-
eters for the material behaviour under reloading.

As the stress–strain curves often show a very smooth 
transition with almost no linear elastic area, the determina-
tion of the Young’s modulus is difficult. The Young’s modu-
lus is required to determine the yield strength according to 
the standard [12]. Therefore, more sophisticated methods to 
determine the onset of yielding were developed. Müller and 
Pöhlandt [13] as well as Banabic and Huetnik [14] used an 
infrared thermo-couple positioned above the center of the 
cruciform specimen to determine the yield loci of sheet met-
als. During the elastic regime the temperature of the material 
is reduced due to the increase in volume of the specimen. 
In the plastic regime, most of the work is converted into 
heat, leading to an increase in the temperature of the speci-
men. The temperature minimum is referred to as the onset 
of yielding. This method has been further improved by Vitz-
thum et al. [15]. At the time of the temperature minimum, an 
equilibrium between the elastic and the plastic deformation 
is reached. This means, in order to reduce the temperature 
decrease, internal energy has to be converted into heat. This 
leads to the conclusion, that at the temperature minimum, 

plastic deformation has already occurred. Therefore, the 
onset of yielding is the deviation of the temperature signal 
from linearity. To validate the hypothesis, in-situ diffraction 
experiments have been conducted using an HC260Y steel. It 
was shown, that the physical onset of yielding is accurately 
described by the proposed method [16].

In this study, tensile tests with pre-formed specimens are 
conducted at the German Electron Synchrotron (DESY). The 
three materials, HC340LA, AA6016-T4 and CR330Y590-
DP are investigated using synchrotron diffraction experi-
ments. The three chosen material represent a wide range 
of materials with different responses, such as permanent 
softening, stress-overshoot or a reduced yield strength due 
to the Bauschinger effect, to orthogonal loading. During the 
experiments the temperature of the specimens is recorded by 
a temperature sensor. Also diffraction patterns are acquired 
at a rate of 1 Hz. By combining the macroscopic temperature 
signal as well as the applied stress with the microscopic 
results, the onset of yielding can be accurately determined 
for specimens under orthogonal loading. The determined 
yield strength is compared to the classical methods of the 
standard ISO6892-1 and the temperature minimum method.

Experimental setup

The investigated materials were a micro-alloyed steel 
HC340LA and an aluminium alloy AA6016-T4 with an ini-
tial thickness of 1 mm and a dual-phase steel CR330Y590-
DP with an initial thickness of 0.8 mm, further referred to as 
DP600. The materials have a very different microstructure 
with different grain sizes and phases, see Fig. 1. While the 
two steels have a relatively small grain size, the aluminium 
alloy has a grain size of approximately 40 µm.

Pre‑straining of the materials

To create the non-proportional load paths, large specimens 
of the material were cut out and formed on a hydraulic 
press using an oversized Marciniak-tool [17], see Fig. 2a. 
The specimen geometry is optimized in order to ensure 
that the maximum strains occur in the centre of the 

Fig. 1   Microstructure of the HC340LA a, the AA6016-T4 b and DP600 c 
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specimen. The width in the central area (250 mm length) 
is hence reduced from 300 to 275 mm, see Fig. 2b. The 
strains are measured by an optical measurement system 
using a grid which has been applied onto the specimens 
by etching prior to the pre-forming process. The rotation 
of the specimen is done by a simple rotation of the cut 
out geometry, see Fig. 2c. The initial loading direction is 
parallel to the rolling direction of the material. The speci-
mens with no change in the loading direction are depicted 
as IF0-PF0 specimens, meaning that the initial forming 
(IF) and the post-forming (PF) are under 0° to the initial 
rolling direction. The orthogonal specimens are depicted 
as IF0-PF90, indicating a change in the loading direction 
by 90° in the post-forming step. The specimen geometry 
was of the shape H with a width of 12.5 mm, as mentioned 
in the standard DIN 50125 [18].

Three different pre-forming levels are selected. Next 
to the initial state, two different pre-forming levels at a 
maximum principal strain of approximately εpre = 0.05 
and εpre = 0.1 are chosen. In order to proof that the pre-
forming using the Marciniak tool leads to similar results 
as the tensile test, the strain evolution of the tensile test is 
compared to different pre-forming levels introduced by the 
Marciniak tool. The strain measurement during the tensile 
test is done by a DIC-System. The two different methods to 
pre-form the specimens lead to similar results, see Fig. 3. 
For the HC340LA steel, the pronounced yield strength can 
be clearly seen (Fig. 3a).

Evaluation of the onset of yielding 
and the diffraction experiments

The effects of non-proportional load paths on the macro-
scopic scale are captured by the load cell, an applied strain 
gauge and the temperature sensor PT1000. To capture the 
microscopic effects, synchrotron diffraction experiments 
were carried out at the German Electron Synchrotron 
(DESY). These experiments allow the assessment of lattice 
strains.

For the tensile tests, a special test rig for in-situ diffraction 
experiments was used, shown in Fig. 4a. A detailed descrip-
tion of the tensile test rig can be found in [19]. To clamp 
the specimens, clamping jaws with four screws where used 
instead of wedge jaws. The four screws on each clamping 
jaw allowed a torque controlled clamping of the specimens. 
In comparison to wedge clamps, any slipping or movement 
of the specimens during the experiment can be avoided. A 
constant strain rate of 0.00015 s-1 was chosen for all materi-
als to allow a detailed view of the elastic–plastic transition. 
Strain was measured using a strain gauge placed just above 
the centre of the specimen. This is necessary because the 
synchrotron beam hits the material in the central area of the 
sample, see Fig. 4b. A load cell mounted inside the test rig 
recorded the forces during the experiment. A PT1000 ther-
mometer, see Vitzthum et al. [16] for details, was attached 
to the specimens just below the centre of the specimen to 
measure the temperature change throughout the experiment, 

Fig. 2   Modified Marciniak tool a, specimen geometry b and specimen notation and cut out process c 

Fig. 3   Comparison of the 
strain evolution in the tensile 
test and the Marciniak tool for 
HC340LA a, DP600 b and 
AA6016-T4 c. The further 
investigated pre-forming levels 
are marked with an arrow
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see Fig. 4b. The HBM QuantumX data acquisition system 
was used to acquire the strain, load and temperature signals 
at a measurement frequency of 100 Hz. An air conditioning 
system kept the measurement room at a constant temperature 
throughout the experiments. The experiments started after 
the temperature signal had stabilised. Therefore, the sam-
ples have the same temperature as the ambient air and the 
clamping jaws. This reduces the thermal conduction effects. 
Due to the small changes in the temperature signal during 
the loading of the specimens of less than 1 K, the thermal 
conduction and thermal radiation are not taken into account. 
The correct mounting of the PT1000 sensor onto the speci-
men is much more critical.

The synchrotron beam had a wavelength of 0.14235 Å and 
a beam size of 0.7 × 0.7 mm2. A Perkin Elmer XRD 1621 
flat panel detector was used. This detector has 2048 × 2048 
pixels with a pixel size of 200 × 200 µm2. The detector 
spacing was set to 1062 mm in order to obtain a sufficient 
number of Debye–Scherrer rings. The setup allows a meas-
urement frequency of 1 Hz for the diffraction experiments. 
A standard Lanthanhexaboride LaB6 sample with the same 
thickness as the tensile test samples was used to determine 
the misalignment and the sample to detector distance. To 
control the position of the beam on the sample throughout 
the experiment, the tensile test rig was moved at half speed 
by an XYZ positioning stage in the opposite direction to the 

tensile loading direction. This allows the acquisition of the 
diffraction patterns of the same area throughout the experi-
ment. A schematic representation of the experimental setup 
is shown in Fig. 4a.

The diffraction experiments are evaluated in two sectors 
oriented in the longitudinal direction, parallel to the load-
ing direction, and in the transverse direction (see Fig. 4c). 
A sector with an angle of ± 10° was chosen for each direc-
tion. These sectors were integrated using the Fit2D soft-
ware developed by Hammersley [20]. The resulting peak 
profiles were transferred to the AFit software where lattice 
planes (110), (200), (211), (220) and (310) were evaluated 
for the steels. For the aluminium alloy the lattice planes 
(111), (200), (220), (311), (400) and (331) were evaluated. 
The different lattice planes are chosen because of the dif-
ferent lattice structure of the materials. The steels have a 
body-centered cubic (bcc) structure while the aluminium 
alloy has a face-centered cubic (fcc) structure. The different 
2D-profiles can be seen in Fig. 5a and b.

For peak fitting, a standard Gaussian function was suf-
ficient for the investigated materials, as the processes inves-
tigated were mainly caused by microstrains, see Strunz et al. 
[21]. One main factor influencing the results significantly is 
the grain size of the material. Within the investigated volume 
(beam size multiplied by the material thickness), a sufficient 
amount of grains has to be present. The aluminium alloy 

Fig. 4   Experimental setup at the 
DESY a, Positions of the differ-
ent sensors and the beam on the 
specimens b, diffraction pattern 
of the diffraction experiments c 

Fig. 5   2D-profile of a steel a and an aluminium sample b and the peak shift during loading in transversal direction c 
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with its grain size of approximately 25 µm, see Fig. 1b is at 
the upper limit of the microstructure which can be investi-
gated successfully. Materials with an even larger grain size 
are not well suited for such this experimental setup.

The specific lattice strains are determined by calculating 
the atomic spacing dhkl using Bragg's law [22]:

where n is an integer number, λ is the wavelength of the 
beam, ϴ is the angle between the beam and the lattice plane 
and d

hkl
 is the atomic distance. The specific lattice strains 

are then related to the initial atomic distance d0
hkl

 according 
to [23, 24]:

(1)n� = 2d
hkl
sin(�),

During the elastic regime, a linear increase of the lattice 
strains takes place. The slope of the increase is dependent 
on the Young’s modulus of the lattice plane, the diffraction 
elastic constant (DEC). With the onset of deviation from 
the linear elastic behaviour, plastic deformation takes place 
and no further increase in the lattice strain is observed [25].

Three different methods were used to determine the onset 
of yielding. First, the classical method using Young's modu-
lus according to the German standard DIN EN ISO 6892–1, 
represented as YS0.2%, which represents the yield strength at 
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Fig. 6   Temperature signal of 
a tensile test sample during 
loading a and the evaluation 
of the two temperature-based 
methods b 

Fig. 7   Yield strength of 
the HC340LA steel for the 
initial material a, the εpre = 5% 
IF0-PF0 b and IF0-PF90 
c specimens and the εpre = 10% 
IF0-PF0 d and IF0-PF90 
e specimens
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0.2% plastic strain. The other two methods are based on the 
thermoelastic effect. This effect describes the decrease in tem-
perature during elastic tension caused by the change in vol-
ume of the specimen. This change is caused by the Poisson’s 
ratio, which is approximately 0.3 for steel materials and 0.33 
for aluminium in the elastic regime [26]. During plastic defor-
mation, the temperature rises again due to the energy released, 
most of which is dissipated as heat. This effect was used by 
Sallat [27] to determine the onset of yielding in tensile tests. 
In order to assess the onset of yielding for more complex load 
cases, Müller [13] improved the measurement system so that it 
could be used in combination with a cruciform specimen. The 
yield strength under multiple loading conditions was deter-
mined using the cruciform specimen. Both researchers used 
the temperature minimum as the onset of yield. This method 
is also used and is referred to as YSTmin in this study in accord-
ance with [16]. Vitzthum et al. [16] also took into account that 
plastic deformation occurs prior to YSTmin, as demonstrated 
by microstructural correlations. Based on this, the onset of 
the deviation from the linear decrease in temperature is taken 
as the onset of yielding. This deviation from linearity due 
to heating of the specimen is caused by plastic deformation. 
The stress at the time of deviation from linearity is called 
YS0, as there is zero plastic deformation in the material at this 

time. The derivative of the temperature signal is calculated 
to determine the onset of the non-linearity, see Fig. 6a. Two 
linear regression lines are then fitted to the area, one after 
the minimum of the temperature derivative (green section in 
Fig. 6b) and the other around the temperature minimum where 
the derivative is zero (steep increase in slope, blue section in 
Fig. 6b). An angle bisecting the intersection of the two lines 
gives the parameter YS0. A more detailed description of this 
method can be found in Vitzthum et al. [16].

Experimental results

Onset of yielding

Figure 7 shows the onset of yielding for HC340LA steel. The 
yield strength of the temperature based methods is always 
below YS0.2%, regardless of the preformed state or loading 
direction. However, the temperature based methods are more 
influenced by preforming. When there is no change in load-
ing direction, see the IF0-PF0 specimens in Fig. 7b and d, 
YS0, YSTmin and YS0.2% move closer together, this effect 
is also found by other researchers [16, 28]. The tempera-
ture signal shows a sharper transition between the elastic 

Fig. 8   Yield strength of the 
aluminium alloy AA6016-
T4 for the initial material a, 
the εpre = 5% IF0-PF0 b and 
IF0-PF90 c specimens and the 
εpre = 10% for the IF0-PF0 d and 
IF0-PF90 e specimens
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and plastic regimes. The IF0-PF90 samples show a differ-
ent behaviour. Here the three methods move further apart. 
The YS0 parameter is significantly lower than the YS0.2% 
parameter. This is due to a rounder temperature signal. 
This behaviour is also observed for the other steel, DP600. 
The results for the DP600 steel are shown in Fig. 12 in the 
Appendix. Both steels show a transient hardening behaviour 
after reloading for the IF0-PF0 specimens. For the IF0-PF90 
specimens, a smooth elastic–plastic transition is visible in 
the stress–strain curve followed by a stress overshoot.

In Fig. 8 shows the onset of yield for the aluminium alloy 
AA6016-T4. The aluminium alloy shows a similar behaviour 
to the two steel materials. However, the differences between 
the three methods are generally smaller. For the IF0-PF90 
specimens, the differences are also smaller compared to the 
steel grades. The aluminium alloy displayed a permanent sof-
tening behaviour for the IF0-PF90 specimens. The IF0-PF0 
specimens showed a transient hardening behaviour at the first 
stage of reloading and followed the initial stress–strain curve 
well after a certain deformation. The increase in temperature 
signal is lower for the aluminium grade, mainly due to the 
lower strength of the material. The higher the strength of the 
material, the more work has to be done. As most of the work 

is converted into heat, the higher the strength of the material, 
the higher the temperature rise of the material.

Lattice strains

The results of the three methods to determine the onset 
of yielding differ quite significantly. While the classical 
YS0.2%—method lead to an increase in the yield strength 
of all specimens after pre-forming, the temperature-based 
methods lead to an increase in the yield strength for the 
IF0-PF0 specimens. For the IF0-PF90 specimens, on the 
other hand, a decreasing yield strength is determined. To 
validate the obtained results, the lattice strains of different 
lattice planes are further investigated. Due to the limited 
experimental time at DESY, only one experiment per con-
figuration is carried out.

The deformation behaviour of the lattice plane is in 
general similar to the behaviour on the macroscopic scale. 
During the elastic regime, the atomic distance is increased, 
leading to an increase in the lattice strain. After the onset 
of plasticisation no further increase can be observed as the 
atomic distance has reached its maximum and any further 
deformation leads to plastic deformation. For the HC340LA 

Fig. 9   Lattice strains of 
the HC340LA steel for the 
initial material a, the εpre = 5% 
IF0-PF0 b and IF0-PF90 
c specimens and the εpre = 10% 
IF0-PF0 d and IF0-PF90 
e specimens
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steel, the lattice strains are shown in Fig. 9, while for the 
DP600 the results are shown in the Appendix in Fig. 13.

For the initial material (Fig. 9a) the pronounced yield 
strength of the material is clearly visible in the lattice strains. 
The lattice plane (200) shows the highest elastic formability, 
caused by the lowest DEC [29]. The lattice planes (110) and 
(220) are multiples of each other. Therefore, the two curves lie 
at top of each other and also have the highest DEC. The clear 
transition from the elastic to the plastic regime for the IF0-PF0 
specimens can be observed, see (Fig. 9b and d and Fig. 13b and 
d). This is in good agreement with the sharp change in the tem-
perature signal and the stress–strain curves. The DP600 steel 
even shows a lattice strain overshoot similar to the stress–strain 
curves. For the IF0-PF90 specimens (Fig. 9c and e and Fig. 13c 
and e), the transition between the elastic and plastic is not as 
clearly detectable. The smooth transition leads to the conclusion 
that some grains of a specific lattice plane tend to yield earlier 
than others, leading to the smooth transition. The first plastic 
deformation is nevertheless in good agreement with the yield 
strength determined by YS0. At the time of YS0 the lattice strain 
of the individual planes start to differ from linearity.

For the aluminium alloy AA6016-T4, the initial state shows a 
large scattering of the lattice planes, see Fig. 10a. This is caused 

by the fact, that the grain size of the material is rather large 
with approximately 40 µm. In combination with the area of the 
beam, the number of individual grains which can be observed 
is low. This leads to a poor statistic and the large scattering of 
some lattice planes. For the pre-formed material, the grains have 
elongated in the tensile load direction and have a reduced width. 
Due to that, the number of grains which can be investigated has 
increased and the scattering is reduced. In general it can be seen, 
that the individual lattice planes have a similar DEC and have 
the same elasticity, which is in good agreement with findings 
of other researchers [30, 31]. As for the HC340LA, the elas-
tic–plastic transition is clearly visible for the IF0-PF0 specimens 
(Fig. 10b and d). For the IF0-PF90 specimens again, a smooth 
transition is observed (Fig. 10c and e). The transition is not as 
smooth as for the two steel grades, which is in good agreement 
with the stress–strain curves and the temperature signal.

Young’s modulus

One parameter which the determination of the yield strength 
is dependent on, is the Young’s modulus. According to the 
standard DIN EN ISO6892-1 the starting and endpoint for 
the linear regression are dependent on the yield strength [12]. 

Fig. 10   Lattice strain of the 
aluminium alloy AA6016-
T4 for the initial material a, 
the εpre = 5% IF0-PF0 b and 
IF0-PF90 c specimens and the 
εpre = 10% for the IF0-PF0 d and 
IF0-PF90 e specimens
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As the yield strength, especially for the IF0-PF90 specimens, 
differs significantly, it is expected for the Young’s modulus to 
differ as well. For the evaluation the linear regression is done 
in between 30 and 70% of the yield strength.

The IF0-PF0 specimen, see Fig. 11a, c and e, show a 
reduction of the Young’s modulus regardless of the evalua-
tion method of the yield strength. For the AA6016-T4 and the 
DP600 the results are almost identical for all three methods. 
The HC340LA, on the other hand, shows differences in the ini-
tial Young’s modulus. This difference is caused by the smooth 
elastic–plastic transition, see Fig. 7a. The evaluation of the 
Young’s modulus is therefore affected by the reduced slope 
of the stress–strain curve. This behaviour is also observed by 
other researchers and multiple models such as the Yoshida-
Uemori model [32] or the Quasi-Plastic-Elastic model (QPE-
model) [33] have been proposed to take this effect into account.

The IF0-PF90 specimens (Fig. 11b, d and f) show a dif-
ferent behaviour. While the YS0.2%—yield strength leads to 
a significant reduction in the Young’s modulus the tempera-
ture-based methods lead to only a small reduction or even a 
slight increase in the Young’s modulus. The reduction of the 

Young’s modulus when using the YS0.2% can be explained 
by the fact that the stress–strain curves of the IF0-PF90 
specimens show a smooth elastic–plastic transition. During 
this smooth transition, some lattice planes already experi-
ence plastic deformation while others are still in the elastic 
regime. This non-linear behaviour of the stress–strain curves 
in combination with the increased yield strength YS0.2% leads 
to the reduction of the Young’s modulus. The linear regres-
sion does not represent the material behaviour correctly. The 
temperature-based methods on the other hand have a lower 
yield strength and at that stage of the stress–strain curve a 
linear behaviour of the stress–strain curve is present.

Conclusion

In this study, three materials namely a HC340LA, AA6016-T4 
and a DP600, were subjected to tensile tests after pre-forming. 
The experiments were carried out in combination with mul-
tiple sensors and measuring devices. In order to capture the 
macroscopic effects the stress, the strain and the temperature 

Fig. 11   Young's modulus for 
the HC340LA a and b, the 
AA6016-T4 c and d and the 
DP600 e and f 
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were recorded. These data were combined with the microscopic 
results obtained by in-situ synchrotron diffraction in order to 
determine the physical onset of yielding after proportional (IF0-
PF0) and non-proportional (IF0-PF90) loading. The results 
have shown, that the temperature-based methods can assess the 
onset of yielding for all investigated materials and load paths. 
The resulting yield strengths YS0 and YSTmin are reduced with 
increasing pre-forming level in combination with a change in 
the loading direction. This reduction is not observed when using 
the classical YS0.2%—method. These results where validated by 
the measurement of lattice strains. The plastic deformation of 
individual lattice planes correlates well with the YS0 – param-
eter. The temperature-based methods are a suitable method to 
determine the onset of yielding even for materials and load 
paths which show a very smooth elastic–plastic transition.

The determined parameters for the yield strength also 
lead to different Young’s modulus. While for the propor-
tional load cases a reduction of the Young’s modulus is 
assessed, the non-proportional load cases show no decrease 
in Young’s modulus when the parameter YSTmin or YS0 is 

used. The classical method by using YS0.2% lead to a signifi-
cant reduction of the Young’s modulus.

The findings of this study are especially interesting for 
springback simulations. Currently many models only take 
into account a reduction of the Young’s modulus with 
increasing strain. In order to address the non-linear behaviour 
of the material during orthogonal loading, complex mate-
rial models such as the homogeneous anisotropic harden-
ing model (HAH-model) [34, 35] are required to capture the 
effects on the stress–strain curve. For the evolution of the 
Young’s modulus, the existing models need to be modified 
to address the obtained findings that there was no reduction 
of the Young’s modulus found for the IF0-PF90 specimens. 
Lee et al. [36] have combined the HAH-model to capture 
the effects on the stress–strain curves and the QPE-model to 
capture the effects on the Young’s modulus for cyclic ten-
sile loading and unloading. But the effects of a change in 
the loading direction on springback predictions have not yet 
been fully captured, see [37]. When taking the effects of non-
proportional load paths on the Young’s modulus into account, 
this might lead to an increased accuracy of material models.

Appendix 1. Additional experimental data
Figure 12

Fig. 12   Yield strength of the 
DP600 steel for the initial mate-
rial a, the εpre = 5% IF0-PF0 
b and IF0-PF90 c specimens 
and the εpre = 10% for the IF0-
PF0 d and IF0-PF90 e speci-
mens
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Figure 13

Fig. 13   Lattice strain of the 
DP600 steel for the initial mate-
rial a, the εpre = 5% IF0-PF0 
b and IF0-PF90 c specimens 
and the εpre = 10% for the IF0-
PF0 d and IF0-PF90 e speci-
mens
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