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Abstract. The hardening models have a significant influence on the accuracy of finite element
analysis (FEA). Although, isotropic hardening models are the most widely used, it is known that
kinematic hardening models (describing the Bauschinger effect and permanent softening) can
significantly improve the accuracy of FEA results. However, when considering sheet metal materials,
the parameters of kinematic hardening models are difficult to identify due to the challenges of
obtaining experimental results from test with strain path inversions. This work considers an
experimental procedure that enables the analysis of the mechanical behaviour of sheet metal materials
submitted to reverse loadings. A miniaturized test device was developed to perform tension and
compression tests, with reverse loadings, for sheet metal materials. This specimen design has two
main advantages: (1) reduces buckling during compression (compared to standard tensile test
specimens) and, consequently, (2) enables the characterization of the mechanical behaviour under
reverse tension-compression strain paths changes. The small size of the specimens, with 2 x 2 mm
gauge area, poses the main challenge of the current methodology, namely the measurement of the
strain field distribution using the Digital Image Correlation (DIC) technique. The results obtained
from tension-compression tests with mini-specimens are validated by comparison with standard
tensile and shear (reverse loading) tests.

Introduction

The challenge given to the automotive industry regarding energy efficiency and low consumption
vehicles has resulted in the demand for increasingly lighter construction components [1, 2]. The use
of new materials for weight reduction is essential to address these issues. Instead of conventional
steels, advanced high-strength steels (AHSS) and aluminium alloys have been used to meet the above
goal. However, springback is more pronounced in these materials than in conventional steels due to
their unique material properties, which lead to additional processing difficulties and costs for
industrial application [3]. It is well known that in order to accurately predict springback, a material
model must precisely describe the hardening behaviour that occurs during load reversal solicitations,
including the Bauschinger effect, transient behaviour, permanent softening, and work hardening
stagnation, as schematically shown in Figure 1.

Nonlinear isotropic/kinematic hardening models are an effective way to predict springback.
However, the accuracy of these material models is highly dependent on the experimental test
methodology and parameter calibration procedure adopted. Experimentally the parameter calibration
is done based on tests with load path changes or cyclic tests. Several experimental methodologies
have been used to characterize load path changes in sheet metal materials. These experiments can be
classified into three main categories: (i) bending-unbending test; (ii) in-plane cyclic shear test; and
(ii1) in-plane uniaxial tension-compression test. There is no consensus about which is the best method,
since each has its one advantages and disadvantages.
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Figure 1. Schematic illustration of stress-strain response during forward and reverse deformation.

In bending-unbending test, the inner/outer layers experience compression-tension/tension—
compression loadings [4]. Therefore, this test can be used to evaluate the hardening behaviour under
strain path inversions. This test was introduced by Yoshida et al. [5], using a uniform bending device
for cyclic bending. Later Geng et al. [6] developed a three-point cyclic bending that was later
improved by Omersphahic et al. [7]. Compared with the in-plane cyclic shear test and the in-plane
tension-compression test, cyclic bending is less common. This can be related with some
disadvantages: firstly, it is hard to identify the Bauschinger effect at large strains; secondly, the stress
and the strain are gradient-distributed at the measured area; lastly, the hardening properties of the
material under one-dimensional loading cannot be directly determined from the load-displacement
curve and an inverse method is required. The main advantage is that the deformation mode in this test
is similar to some forming processes, where the sheet metal is formed over several radii in the die [8].

The in-plane cyclic shear test is commonly used by several authors to characterize the kinematic
hardening of sheet metals [9-11]. This test allows the evaluation of large strain responses under
reverse loadings. Compared with the tension-compression test, the cyclic shear test can avoid tensile
necking and buckling, however presents some disadvantages. firstly, the strain in the sheared gauge
region can be non-homogeneous and very often, it is difficult to measure; secondly, the stress state in
simple shear test is complicated and it results in the fact that the planar anisotropy influences the
measured shear stress of cyclic simple shear test [12].

The uniaxial in-plane tension-compression test caught attention during the last decade. The
advantage of the uniaxial test is that the strain distribution is uniform, and therefore, it is easy to find
the material response. Unfortunately, a uniaxial compressive stress state may cause buckling in sheet
metal materials, for small compressive strains. In order to avoid buckling during the compression
phase, different solutions have been developed over the years, which can be divided into three groups:
(1) pack method, using a set of specimens packed together in the thickness direction; (ii) single sheet
with a lateral support system; and (iii) miniaturized test samples with low gauge-length/thickness
ratio.

The pack method consists of packing together a set of specimens (in thickness) as a unique
specimen. This strategy reduces the length/thickness ratio, reducing the probability of buckling under
compression. Aitchison et al. [13] and Jackman [14], joined flat sheet metal tensile specimens in a
unique pack and submitted them to compression. In addition to flat tensile test specimens with bone-
shaped contours, rectangular sheet metal strips have been also used as specimen geometries [15].
Yoshida et al. [16] used a variation of the pack method, where five specimens were glued together,
and then covered with clamping plates. However, the pack method requires a large number of
specimens and a complex preparation. Therefore, some authors prefer using a single sheet with a
lateral support system. Boger et al. [17, 18] used two solid support plates to “sandwich” the specimen
with a constant restraining side force, generated by a hydraulic cylinder. An exaggerated dog-bone
specimen was optimized to suppress buckling in the thickness direction (T-buckling), in the
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unsupported gap (L-buckling), and in the width direction (W-buckling). Sekine and Kuwabara [19]
have introduced a device with two sets of fork-shaped supports to eliminate the uncovered area in
tensile-compressive relative movements. This design allowed the entire length of the specimen to be
supported, because, as the sample is compressed, the male and female dies slide past each other.

Buckling in compression is mainly influenced by its gauge-length/thickness ratio. Therefore, test
methods with miniaturized specimens were recently proposed as a powerful solution to study the
compression behaviour of the material. Tritschler et al. [20] tested a 1.2 mm thickness titanium alloy
in compression using specimens of 2.5 mm length by 2 mm width, attaining about 2% of compressive
strains. HuBnétter [21] used a specimen geometry with a 2 mm length by 2 mm width for the
characterization of the magnesium alloy AZ31, achieving about 5% of compressive strains before the
specimen buckles. Cruz et al. [22] have analysed the mechanical behaviour of sheet materials,
comparing miniaturized test samples with macro standard tensile specimens, concluding that
miniaturized test samples can accurately describe the mechanical material behaviour and thus, they
can be used to evaluate the mechanical behaviour of sheet metal materials during reverse loadings.

The present work focuses on the experimental characterization of the mechanical behaviour of
sheet metal materials during reverse loadings, aiming to describe phenomena such as the Bauschinger
effect and permanent softening. The results obtained from tension-compression tests with mini-
specimens are validated by comparison with shear tests (reverse loading) and tensile tests with
standard specimens. The future goal is to improve the identification of material parameters of
kinematic hardening models and, consequently, improve the accuracy of results on FEA of sheet
metal materials. Section 2 presents the tested alloys and the experimental devices used. Section 3
presents the experimental results, which are compared and discussed in section 4. Finally, the
conclusions are presented in section 5.

Materials and Methods

In the present work two different sheet metal materials were tested: DP600 and AA5754-H11, with
a thickness of 0.8 mm and 1 mm, respectively. DP600 is a dual-phase steel with a good combination
of strength and ductility due to its martensite islands in a ferrite matrix. On the other hand, AA5754-
H11 is a series 5000 aluminium alloy subjected to H11- temper, i.e. annealing followed by air cooling.
The chemical composition of both materials is listed in Table 1. The elastic behaviour was described
assuming literature reference values: Poisson's ratio of 0.3 for both materials; and Young's modulus
of 210 GPa and 70 GPa for the DP600 and AA5754, respectively.

Table 1. Chemical composition of the DP600 dual-phase steel and AA5754 H11 aluminium alloy.

Element [%] C Si Mn P S Cr Ni \4 Cu Al Nb B N EC!
DP600 0.089 | 0.20 | 0.85 | 0.014 | 0.004 | 0.03 | 0.03 | 0.01 | 0.01 | 0.046 | 0.019 | 0.0003 | 0.004 0.24
Element [%] Si Fe Cu Mn Mg Cr Zn Ti Al
AA5754-H11 0.4 0.4 0.1 0.5 2.6-3.6 0.3 0.2 <0.15 | balance
1 gC = C+@+Ni+Cu+Cr+M0+V
6 15 5

Experimental mini tension-compression tests and shear tests were performed for both alloys, using
two different devices described later. The grip was controlled with a constant displacement in order
to achieve a strain rate of about 10 s! in all the tests. Both alloys were tested at room temperature
(=20 °C), considering specimens cut in alignment with the sheet rolling direction. Finally, several
tests were performed for each material to guarantee the repeatability of the results. However, for a
clear analysis of the stress-strain curves, only one result for each type of specimen is presented.

The experimental tension-compression tests were performed using an equipment specifically
designed for miniaturized specimens - Mini Sample Tester Device (MSTD), see Figure 2 (a) [22, 23].
The geometry of the miniaturized specimen was optimized to reduce the buckling effect in the
thickness direction, see Figure 2 (b). The MSTD layout allows all components to be on a common
plane, which is advantageous for a precise alignment of the specimen during the test. Consequently,
the appearance of undesirable bending moments is minimized, especially in compression, which is
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also essential to prevent the buckling of the specimen. The force was measured using an "S"- type
load cell, while the strain fields were acquired by digital image correlation (DIC) technique. The DIC
images were taken at a frequency of 20 Hz with a 5 MPixel camera (BasleracA2440-75um,
2448x2048 pixels) in combination with a telecentric lens (InfaimonOPE-TC-23-09,45mm). Finally,
MSTD results were compared with macro tensile specimens tested on an Instron 5900R (300 kN)
according to ISO 6892-1:2016 [24].
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Figure 2. Micro tension-cérrzpression device: (a) MSTD setup, and; (b) geometry of( tl?e miniaturized specimen.
The experimental shear tests were performed in a universal tensile test machine Shimadzu 100kN,
using a shear device based on the design of Yoon et al. [25] (see Figure 3 (a)). The geometry of shear
specimens has a length of 34.6 mm and a width of 13 mm, as shown in Figure 3 (b). In this apparatus,
the shear specimen is fixed by two grips that are subjected to a parallel displacement, leading to shear
deformation in a gauge area of 3 mm wide. The shear stress, 7,,,, was calculated by the equation:

F
Ty = ———,
Yo Ly Xt

(1

where: F is the load resulting from the grip displacement, L, is the initial specimen length, and ¢, is
the initial specimen thickness. During the test, the shear strain was measured using the DIC technique,
at a frequency of 1 Hz, using system Aramis 5M from GOM with cameras resolution of 2448x2050
pixels.
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Figure 3. Shear device: (a) setup on a universal tensile test machine; (b) geometry of shear specimen.

Experimental Results

The true stress-strain curves of the monotonic uniaxial tensile test comparing mini and macro
specimens are presented in Figure 4, for: (a) DP600 and (b) AA5754. Globally, the results of the
miniaturized specimen are in very good agreement with the macro tensile test. In fact, for both
materials, the elastic part and the hardening behaviour is very similar for both specimens geometries,
which is in agreement with previous findings [22].
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Figure 4. Monotonic uniaxial tensile test comparing mini and macro specimens: (a) DP600 and (b) AA5754.
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Figure 5. Micro monotonic uniaxial test of tensile and compression specimens: (a) DP600 and (b) AAS5754.

Figure 5 shows the comparison between tension and compression using the miniaturized
specimens, for: (a) DP600 and (b) AA5754. Additionally, the absolute compressive true stress-strain
values are also presented (dotted line) to simplify the comparison between compression and tension
behaviours. The results show that both materials have a similar hardening evolution in tension and
compression since the absolute compressive curve (dotted line) closely followed the curve obtained
in the mini tensile test. In compression the maximum strain values, of about 0.03-0.04, are lower than
in tension due to the buckling phenomenon. This is corroborated by Figure 6 which shows the strain
distribution in the specimen at the tensile strength values, for the: monotonic tensile test, and,
monotonic compression test.
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Figure 6. Strain distribution in the specimen: (a) DP600 monotonic tensile test; (b) AA5754 monotonic
tensile test; (c) DP600 monotonic compression test; (d) AA5754 monotonic compression test.
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The reverse stress-strain curves for tension-compression and shear tests are presented in Figure 7
and Figure 8, respectively. In both figures, the monotonous stress-strain curves are presented for
comparison. In tension-compression and shear tests, the reverse curve matches the monotonous one,
which confirms the repeatability of the experimental results. The tension-compression test was
performed submitting both alloys to a tensile stress followed by a compression stage until the buckling
phenomenon becomes evident. The reverse loading occurs for an equivalent plastic strain value of
about 5% (& = 0.05). The reverse shear tests were performed imposing the load inversion for a shear
strain value of about 10%, which corresponds to an equivalent plastic strain value of about 5%. Thus,
the equivalent strain is similar before and after reverse load for both tests. Finally, since experimental
test devices need to be controlled in Force (load) values, the precision of the equivalent plastic strain
at the load inversion is small. The comparative analysis between the tension-compression and reverse
shear tests will be discussed in the next section.
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Figure 7. Reverse-loading stress-strain curves of tension-compression test: (a) DP600 and (b) AA5754.
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Figure 8. Reverse-loading stress-strain curves of the shear test: (a) DP600 and (b) AA5754.

Discussion and Comparison with Numerical Results

To directly compare the shear test with the uniaxial tension-compression test, the shear stress, T,
and the shear strain, y,,, needs to be converted to equivalent stress, g,, and equivalent strain, &,.
Usually, the von Mises yield criterion is the most used for its simplicity. However, this yield criterion
is unable to accurately model the shear and tensile results, due to the anisotropy of the metal sheets,
as reported by Kang et al. [26]. Therefore, the plastic behaviour was also modelled using the yield
criterion proposed by Cazacu et al. [27], hereafter designated by CPB06. This criterion is more
flexible than the von Mises criterion and, can describe the orthotropic behaviour and the tension-
compression asymmetry. The CPBO06 yield criterion is defined as follows:

Y = B[(Isy| — ks))® + (Isy] — ks;)® + (s3] — ks3)*] /a, )
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where Y is the flow stress, which is equal to the equivalent stress under load condition; k and a are
material parameters; and s; (i = 1 to 3) are the principal values of s = C : @'. The fourth-order tensor
C, operating on the deviatoric Cauchy stress tensor ', is given by:

€1 G2 Gz 0 0 O
lcr 6o 0 0 o
e G G o0 0 0
C=10 0 o0 ¢, 0o o @)
0 0 0 0 Cs O
0 0 0 0 0 Cg

where, C;; (i,j = 1 to 6) are material parameters. B is a constant, that makes the equivalent stress

(defined in Eq. (2)) equal to the flow stress in uniaxial tension along the rolling direction (RD), when
it is defined as follows:
1 Ya

4
[(p1l — k) + (2] — kp2)® + (|p3| — kp3)?] ’ @

B =

with, ¢; = (2/3)C;;y — (1/3)C;, — (1/3)Ci5 (i = 1 to 3). The CPBO06 constitutive parameters were
identified based on the following experimental data: R-values and yield stresses from tensile tests cut
at 0°, 22.5°, 45°, 67.5° and 90° with the RD; yield stresses from shear tests cut at 0° and 45° with the
RD; and the biaxial yield stress obtained from the bulge test. The identified parameters for the DP600
and AA5754 are shown in Table 2.

Table 2. Constitutive parameters identified for the materials DP600 and AA5754.

Cll C22 C33 C44 C55 C66 C12 C13 C23 a k
DP600 1 | 0.896 | 4608 | 1 1| 3.044 | -2.095 | 0.115 | 0.184 | 8 0
AA5754 1 1165 | 1.072 | 1 1 1.076 | 0.088 | -0.041 | 0.021 | 4 0

Figure 9 shows the stress strain curves of the monotonous tensile test compared to the equivalent
shear tests results calculated using the von Mises and the CPBO06 yield criteria. The equivalent stress-
strain curves obtained with the CPBO06 yield criterion are more accurate than those obtained with the
von Mises one. This is a clear indication that the material's behaviour is better described by the CPB06
yield criterion. However, for the AA5754-H11, even the more flexible CPB06 yield criterion still is
not able to fully describe the material behaviour.
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Figure 9. Equivalent strss-strain curves for tensile tests and shear tests: (a) DP600 and (b) AA5754.

0

The equivalent reverse shear results obtained with the CPBO06 yield criterion are presented in
Figure 10 for: (a) DP600 and (b) AA5754-H11. As comparison, each figure also presents the
equivalent simple shear curve and the tension-compression curve (considering reverse loading at
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€ = 0.05). Both tests enable to capture a similar transient Bauschinger effect (see Figure 1) for both

alloys. However, for higher strain values after inversion, it is visible a different hardening behaviour,
i.e., a different permanent softening and work hardening stagnation. At this moment it is important to
highlight that for a better comparison between the tests, it would be important to guarantee a more
similar value of equivalent plastic strain at the inversion. However, experimentally this agreement is
difficult to achieve because it is dependent on many external factors, e.g. the machine control and a
possible slip of the specimen during the test.
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Figure 10. Equivalent reverse-loading stress-strain curves for CPB06 criterion: (a) DP600 and (b) AA5754.

Conclusions

Aiming to improve the accuracy of FEA results on sheet metal forming, this work uses a Mini
Sample Tester Device for tension and compression tests (with reverse loading) as a solution for the
identification of kinematic hardening models. The use of mini-specimens minimizes buckling during
compression (compared to standard tensile test specimens) and, consequently, allows to characterize
the mechanical behaviour under reverse tension-compression strain paths changes. Two materials
were selected, namely DP600 and AA5754-H11 with a thickness of 0.8 mm and 1 mm, respectively.
Several experimental tests were carried out in the selected materials: monotonic uniaxial tensile and
compressive tests; uniaxial tests with reverse loading (tensile followed by compressive); simple shear
and shear test with reverse loading.

The monotonic tensile test using miniaturized specimens presented a good agreement with the
standard tensile test (macro specimens) which confirms the use of mini specimens to evaluate the
hardening behaviour of the materials. Additionally, it is seen that compression stress-strain curves
are similar to the tensile ones, meaning that the device can be used to evaluate the tension-
compression asymmetry. Nevertheless, the hardening behaviour can only be characterized for
compressive strains up to 0.02-0.04. Regarding the comparison between tension-compression tests
and reverse shear tests, the use of the CPB06 yield criterion proves to be more accurate to convert the
shear results in equivalent ones, when compared with an isotropic criterion. The comparison using
equivalent stress-strain curves shows that the results are promising, since a similar transient
Bauschinger effect is observed on both tests.
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