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Abstract. Deformation under uniaxial tensile loading with using Digital Image Correlations
(DIC) is the easiest way to analyze the material behavior in sheet metal forming. In order to
determine the plastic parameters such as hardening, anisotropy and strain rate sensitivity at
higher strain level, equi-biaxial stress state is prerequisite. As reported in the literature, Bulge
tests are frequently used for this purpose, but in this work, stack compression test is used as
an alternative. In this experiment, deformation in the middle layer where the friction effect is
the lowest was monitored using two pairs of DIC systems in rolling and transversal directions.
Uniaxial tensile tests as well as stack compression tests were performed on mild ferritic steel
DCO1 at different strain rates, from 0.001 s~ to 10 s~1. Strain rate sensitivity parameter was
investigated at different level of strains for both experiments and strain rate sensitivity profiles
were obtained. Results show a decrease of material strain rate sensitivity with increasing the
true strain.

1 INTRODUCTION

In sheet metal forming, the quality of the simulation results highly depends on the input
data and material parameters. The aim of numerical simulation is to describe the real
experiment as accurate as possible. The main parameters for the plastic material behaviour are
the yield curve, Lankford ratio and strain rate sensitivity which can be determined by different
tests like tensile, Bulge and compression tests. Material hardening is a function of work
hardening, strain rate sensitivity and temperature. Since cold forming mainly depends on
work hardening and strain rate sensitivity, therefore, the temperature is not considered in the
presented paper. Tensile test in sheet metal forming is well-known and frequently used for
determination of elastic and plastic parameters. Tensile tests are frictionless and strain rate
can be controlled by the test velocity, however, only the uniaxial material behaviour can be
described. Therefore, equi-biaxial stress state is prerequisite for determination of plastic
parameters at higher strain level. Jocham et al [1] determined the strain rate sensitivity profile
for DC06 through tensile and Bulge tests. The Bulge test is a well-known biaxial experiment
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and it is standardized in ISO-16808 [2]. In this work, stack layer compression test is used as
an alternative to show the material behaviour from strain rate 0.001 s~ to 10 s~ 1.

The stack discs compression was proposed by Pawelski [3]. For stack compression test, a
set of stacked discs must be arranged to obtain a correct alignment between the discs. This
preserves the material orientations in the stacked discs. This experiment was mainly used to
determine the biaxial Lankford ratio which is the division of strain in transversal direction to
strain in rolling direction [4,5]. Merklein and Kuppert [6] proposed a method to determine the
flow curve at high strain level from stack compression test by measuring the true area during
the experiment. For this purpose, two pairs of DIC systems with angle 90° towards each
other, capture the deformation in the middle layer and in rolling and transversal directions. It
is worth noting that in the middle layer the friction effect is less due to the upper and lower
disc layers. In this experiment, the extension of the true area can be calculated through two
true principal strains, one in rolling and another in transversal directions. Subsequently, true
stress can be calculated thanks to load cell and the obtained true area. Similar to Bulge test, it
provides the plastic parameters at higher strain levels. Suttner and Merklein [7] performed
bulge test on different materials and it was found that for some materials like aluminum and
advanced high strength steels, the obtained flow curves are in close agreement with uniaxial
flow curve, however, for mild steels the biaxial flow curve is different from uniaxial one and
it has to be converted to uniaxial flow curve according to ISO-16808 [2]. In this work, stack
compression tests are performed at different velocities for determination of plastic parameter
at different strain rates.

Strain rate sensitivity describes the dynamic material behavior and is defined by the
average slopes in the logarithmic space of true stress and strain rate. Many definitions are
available for the strain rate sensitivity in the literature. Jump test provides the instantaneous
value of strain rate sensitivity without consideration of strain path history [8]. The concept of
dynamic factors, i.e. the ratio of dynamic to static yield stresses was used in [8, 9]. The strain
rate sensitivity is denoted by m and calculated mainly in publications based on the strain rate

dependency of flow curves [10-14] and it can be expressed in the form:
dlogo

= 1
m dlogé M

Where o is the true yield stress and € is the strain rate.

In this work, the material under investigation is mild ferritic steel DCOl and Table 1
represents the chemical composition of the material. In this work, uniaxial tensile tests are
performed at different velocities at which the strain rate varies from 0.001s71to 10 s™1. On
the other hand, stack compression tests are performed as well at the interested strain rate
range to provide the plastic parameters at higher strain levels. Finally, results are discussed for
mild steel DCO1.

Table 1: Chemical composition of mild ferritic steel DCO1

C [%] Mn [%] P [%] S [%]

0.12 0.6 0.045 0.045
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2 EXPERIMENTAL AND NUMERICAL RESULTS

2.1 Uniaxial tensile test

Figure 1 (a) and (b) depict the geometry of standard and non-standard dog-bone specimens,
respectively and the sheet thickness is 1.5 mm. Throughout this paper, all the dimensions are

presented in terms of mm. Standard specimen is used for static test with strain rate 0.001 s™1,

while non-standard one for dynamic tests with strain rates 0.1 and 10 s~1.

For static test, electro-mechanical testing system, Mayes, is used to conduct the uniaxial
tests and the GOM Aramis'™ system with a 4 megapixel camera is utilized to monitor 2D
strain fields with high resolution. The data acquisition rate is set at 100 Hz in the testing
system for accurate measuring of the tensile behaviour. For evaluation of the experiments,
initial length of extensometers is chosen as 80 mm. Farahnak et al [15-17] performed other
tensile tests on standard and miniature samples in transversal and diagonal directions to
investigate about anisotropic behaviour of the material and it was observed that engineering
stress-strain curves as well as Lankford ratios are very close to each other. Therefore,
throughout this paper the material is assumed as an isotropic material for numerical
simulation.

For dynamic tests, MTS BIONIX machine with 25 kN capacity was used. For strain rates
0.1 s7! and 10 s~ velocities are adjusted to 0.5 mm/s and 50 mm/s, respectively. During
experiments, 2D strain fields are captured using high speed camera Phantom with a 1
megapixel camera. As it is shown in the Figure 1 (b), 5 mm is chosen as the initial length of
extensometer. Figure 2 (a) shows the engineering stress- strain curves at different strain rates.
As can be seen in the figure, an increase of yield stress for different strain rates display the
expected behaviour and the strain rate sensitivity of the material is clear. The extensions at
strain rates 0.1 s~! and 10 s~ are bigger than static one, since the geometry is different and
the initial length is pretty smaller as well. The strain rate sensitivity m, has to be calculated in
terms of true stress and strain values and the range of 0.03 to 0.2 true strain is chosen for m
profile determination. Figure 2 (b) indicates the true stress- strain curves for those strain rates.
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Figure 1: (a) standard dog-bone sample for static test (b) Geometry of tensile sample for dynamic test
m Profile is determined by plotting true logarithmic stress versus true logarithmic strain at
given true strain values and it is shown in the Figure 2 (c). As can be seen in the figure and
according to Equation (1), m is the gradient of linear regression of all points with the same
true strain value and resulting m-profile obtained from tensile test is depicted in Figure 2 (d).
Therefore, yield curves at aforementioned range of the true strain play an active role of the
resulting m profile. As it is shown in Figure 2 (d), strain rate sensitivity decreases with
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increasing the true strain level.

For static test, the flow curve is extrapolated using Abaqus FEM based software for
numerical simulation with conventional plasticity [18] based on von Mises material. As it was
mentioned above, standard dog-bone in Figure 1 (a) was used for numerical simulation. Mesh
sizes in the centre of specimen was 0.8 mm and in surrounding area was 1.2 mm.with 4
C3D8R elements (according to Abaqus library) along the thickness. Flow curve in Figure 3
(a), is extrapolated using El-Magd hardening law (Equation (2)) and it is calibrated through
inverse analysis by comparing numerical and experimental force-displacement curves. Figure
3 (b) compares the numerical and experimental force- displacement curves. As can be seen in
the figure, a close agreement is achieved between numerical and experimental results and it
proves the appropriate extrapolation of the flow curve. Calibrated parameters for EI- Magd
hardening law are summarized in Table 2. In next section, stack compression experiment is
designed thanks to the characterized parameters from tensile tests.
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Figure 2: (a) Engineering stress- strain curves (b) True stress- strain curves at interested range (c) Logarithmic stress-
strain rate space for m-value determination (d) m profile
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0o(€) = ¢1 + ce+ c3[1 — e 4% ?2)

Table 2: Calibrated parameters of El-Magd hardening law

c c, 3 Cy
172 375 112 24
700 —
600 _E ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
=50 +
g1 _
Z400 + g
§ - | | i i g
R e e :
S ’ *
20 §f _— S
100 _é ,,,,,,,,,,,,,, ,,,,,,,,,,,,,,, ,,,,,,,,,,,, —Tensile test 2 —Experiment
0 S —El-Magd i | —simulation
' ' ' ' o+t .
0 0.2 0.4 0.6 0.8 1 0 10 20 30 40

True plastic strain [-] Displacement [mm]

(2) (b)

Figure 3: (a) Extrapolation of the flow curve (b) Experimental and numerical force-displacement curves

2.2 Stack compression discs

2.2.1 Experiment design using numerical simulation

In this section, the experiment is designed in order to achieve highest deformation with as
low as possible friction effects. In this experiment, a set of stacked discs must be available at
which discs are arranged in a tool to obtain a correct alignment between the discs. The ratio of
height (H) to diameter (D) should be smaller than 1.5 for stability of the stacked discs.
Moreover, the machine load capacity must be taken into account. Therefore, two types of
discs with diameters 15 mm and 12 mm are chosen for numerical simulation. The former
diameter is simulated with 9 layers while the latter with 13 layers. As it was mentioned above
the sheet thickness is 1.5 mm. For the first case of numerical simulation with 15 mm diameter

and 9 layers satisfies the stability constrain (g < 1.5), whereas for the second case the ratio a

little bit exceeded the limit, but it is not crucial for the real experiment. It is worth noting that
the friction effect in the middle layer is the lowest and the goal of the real experiment is to
capture the deformation in the middle layer during the experiment using DIC system.
Therefore, the number of layers should be odd number.

For stack compression tests, two pairs of DIC system are required to capture deformations
in rolling and transversal directions. Merklein and Kuppert [6] proposed a formula for
measuring of the real area of the circular discs during the experiment using major strains in
each pair of DIC system. Equation (3) provides the real area during stack compression test at
which &; and &, are the principal strains in rolling and transversal directions, respectively:
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4= ((%) §>2 . (3)

For numerical simulations, it is assumed that friction coefficients between plate-disc and
disc-disc are considered 0.115 and 0.20, respectively. Figures 4 (a) and (b) show the Mises
stress contour of deformation for diameters 15 mm and 12 mm in the half cut view almost at
the same level of deformation, respectively. As can be seen in the figures, the Mises stress
distribution is more uniform in Figure 4 (b) with 13 layers. Force-displacement curves are
presented in Figure 4 (c) in order to evaluate the maximum load level required for the real
experiment. As can be seen in the Figure 4 (c¢), force amplitude can be significantly reduced
by reducing the disc diameter. The true area is calculated according to Equation (3) in the
middle layer, i.e. 5™ and 7" layers, respectively. Afterwards, true stress can be obtained from
division of the force to the true area. Subsequently, elastic parts are removed and true plastic
stress- strain curves for both curves are depicted in Figure 4 (d) and compared with
extrapolated flow curve in section 2.1. In Figure 4 (d), it is obvious that experiments on 13
layers discs with 12 mm diameter can provide more convenient result with wider range of
true plastic strain, however, it is worth noting that the alignment of the stacked discs in
practice can become more difficult by reducing the diameter.
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Figure 4: (a) Contour of Mises stress on 9 layers stacked discs with diameter 15 mm (b) Contour of Mises
stress on 9 layers stacked discs with diameter 15 mm (c¢) Comparison of force- displacement curves (d)
obtained numerical flow curves and comparison with E1-Magd curve
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2.2.2 Experimental setup

According to the obtained numerical results in Figure 4, 13 layers with 12 mm diameter
are stacked and arranged to obtain a correct alignment. As it was mentioned above, two pairs
of GOM Aramis™ DIC systems with 12 and 4 megapixels are utilized to monitor 3D strain
fields during the experiment in rolling and transversal directions, respectively. Figure 5 (a)
represents the experimental setup. Experiments were conducted at different strain rates
0.001s7%,0.1571 and 10 s~ which are corresponding to the velocities 0.013 ™M/ 1.5
mm/. and 13.82 MM/, respectively. For each strain rate three experiments were performed.
For strain rate 10 s~1, two pairs of high speed Phantom cameras with 1 megapixel resolution
were used; however, the results were not acceptable due to the low resolutions of the cameras.
Thus, material behaviour at strain rate 10 s~! is excluded for stack compression test. For
strain rates 0.001 s™1 and 0.1 s~ frequency was adjusted to 1 Hz and 50 Hz, respectively.
Discs are glued together for better stability and it is quite useful, especially for high strain rate
experiments in which initial machine impact on stacked discs can cause eliminate the
alignment. As it was mentioned, the true area is calculated using Equation (3) and Figure 5 (b)
shows true stress- strain curves for those strain rates. As can be seen in Figure 5 (b), the range
0f 0.08 to 0.6 true strains is chosen for m profile determination. Similar to uniaxial tensile test
in Section 2.1, m profile is the gradient of linear regression of all points with the same true
strain value and it is illustrated in Figure 5 (¢).

(b)
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Figure 5: (a) Experimental setup (b) True stress- strain curves at interested range (c) Logarithmic stress- strain
rate space for m-value determination (d) m profile
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Finally, Figure 5 (d) represents obtained m profile from stack compression test. It is
obvious in Figure 5 (d) that the material strain rate sensitivity is decreasing with increasing
the deformation level and similar result was observed from uniaxial results (Figure 3 (d)).

3 MATERIAL HARDENING INTEGRATED WITH STRAIN RATE SENSITIVITY

Strain rate sensitivity has a significant influence on the material behaviour, especially
during forming simulations. Therefore, the obtained m profiles from uniaxial tensile and stack
compression tests can be integrated in the material hardening model. Work hardening was
presented in Equation (2) and Johnson-Cook (J-C) model for strain rate sensitivity can be
utilized as well in equation (4):

0(&, &) = 0p(e). (1 + ¢;_cln (%)) “4)

Where c;_. is corresponding to the m value, € is the strain rate and &, is the reference
strain rate. The m-values from uniaxial tensile and stack compression tests which were
already presented above in Figures 2 (d) and 5 (d) can be denoted by myepsie(€) and
Mgrack test (€), respectively. Both curves are modelled using logarithmic equations and are
expressed in Equation (5):

Meensite(€) = A.In(e) + B (5)
Mstack test(€) = C.In(e) + D

Table 3 summarizes the coefficient values in Equation (5). Finally, m-values from Equation
(5) can be combined into one equation. Equation (6) takes into account work flow and strain
rate sensitivity from tensile and stack tests.

Table 3: Coefficients of logarithmic equations

Tensile test Stack compression test
A B C D
—0.0399 0.0369 —0.0190 0.0005

o (81 é, Z_j) = 0,(e). [(1 - Z—:) . (1 + (A.In(e) + B).In (;—))
+ (Z—:) ) (1 + (C.In(e) + D).In (g))]

Where g, and o, are the principal stresses. Equation (6) describes the material hardening
depending on true strain, strain rate and loading condition with consideration of 0 < € < 0.6.
It is clear that for uniaxial tensile o, = 0 and for equi-biaxial a; = a,, therefore, Equation (6)
can be reduced according to the loading condition to the relevant form.

(6)

4 CONCLUSIONS AND FUTURE RESEARCH

In this work, strain rate sensitivity of mild ferritic steel DCO1 was investigated under
uniaxial tensile and stack compression tests. Uniaxial tensile tests were performed at different
strain rates and m profile was discovered, however, at low strain level. In order to observe the
material strain rate sensitivity at higher level of deformation, stack compression test was used
as an alternative for Bulge test in the present work. First, stack compression test was designed
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thanks to the numerical simulation to specify the number of layers, disc’s diameter and force
amplitude. It was observed that experiment with 13 layers and 12 mm disc’s diameter can
provide uniform deformation along the stacked disc’s height. Therefore, stack compression
experiments were conducted at different strain rates. Similar to uniaxial tensile test, m profile
was obtained, but at higher strain level and it was observed that for both experiments, material
strain rate sensitivity decreases with increasing the deformation level. Finally, strain rate
sensitivity profiles from both tests, were integrated with material hardening.

In this work, the constant velocity was applied to the stacked discs during the experiment.
However, the strain rate during experiment had a little variation. Therefore, for further
investigations, the authors would like to impose the velocity profile to keep strain rate
constant during the experiment.
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