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Abstract. ArcelorMittal is constantly developing new steel grades to enable the automotive
industry to offer safer, lighter, and more environmentally friendly vehicles. These new grades
include advanced high-strength steels (AHSS) and Ultra High Strength steels (UHSS) having for
some of them lower uniform elongation (UE) than conventional drawing steels. This particularity
needs to be considered for an accurate formability prediction in sheet forming numerical
simulations. One of these difficulties is the effect of the relatively low uniform elongation on the
identification of the parameters of the isotropic hardening model. Various experimental tests can
be used to reach the large plastic deformation (hydraulic bulge test, stack compression test, shear
test, torsion test or plane strain compression test). The identification protocol of ArcelorMittal for
hardening models is based solely on stress-strain curves determined in uniaxial tension. The Exp S
hardening law (TU experimental values before UE%, Swift extension above) was validated by
comparison with the stress-strain curves obtained from measurements of experimental tests
reaching large strains.

Introduction

The new advanced high-strength steels (AHSS) and Ultra High Strength steels (UHSS) for the
automotive industry to improve weight reduction and passive safety result in lower uniform
elongation than conventional drawing steels. In general, strain hardening laws are identified from
the stress-plastic strain curve obtained from the uniaxial tensile test. Five measurements points on
a B-pillar stamping part for seven steels with uniform elongation ranging from 2% to 14% (Figure
1) exceed the strain of the uniform elongation, sometimes to more than 12 times this strain where
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Figure I — Five measurements points on a B-pillar stamping part for seven steels with uniform
elongation ranging from 2% to 14% exceed the strain of the uniform elongation.

There are 2 possible ways for a hardening model to correctly represent the stress-strain curve
in large deformation [1], using tests to reach such strain levels:
e First way: to identify isotropic hardening parameters with the true stress-plastic strain
curve obtained from these experimental tests allowing to reach large deformations [2].
e Second way: to identify isotropic hardening parameters with uniaxial tensile test and to
choose the better prediction after uniform elongation with another rheological tests
enabling to reach larger deformations [3].

Different large plastic strain experimental tests

Different experimental tests (cf. figure 2) allow to reach large plastic strain levels. Figure 3 shows
the B-values (eq.1) achieved for these various experimental tests on different steel grades (Uniform
elongation between 3% to 27% with thickness between 0.5 to 3 mm). Each point corresponds to a
test, the majority of which comes from a publication [3 to 13]. Each of these tests has its
advantages, disadvantages, and limitations (cf. table 1):

a) Uniaxial Tensile Test with local measure (UTT + DIC) [1, 4]: Based on a standard uniaxial
tensile test coupled with digital image correlation for strain measurement, it is possible to
decrease the measured length of 80 mm to 1 mm or less. As long as the deformation is
constant over the width of the specimen, the local stress remains uniform and can be
deduced from the tensile stress. Strains range between 0.2 and 0.4 can be reached
depending on the material.

b) Shear Test (ST) [1]: The planar simple shear test device consists of two rigid bodies
subjected to a parallel movement. With a high-resolution optical technique, the shear strain
vy is deduced from the change in slope of an initially straight line or with digital image
correlation. The shear stress is deduced by the shearing force F divided by the length | and
by the sheet thickness t. The comparison of the shear flow curve with the tensile flow curve
needs to generate an equivalent stress and equivalent strain. Depending on sheet thickness
and material, sometimes the test is limited by fracture or buckling. Strains range between
0.1 and 0.5 can be reached.

c) Stack Compression Test (SCT) [1, 4]: The test consists of stacking a number of sheet
specimens and compressing the stack using platens. The procedure adopted by An and
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d)

2

Vegter [14] reduces friction between each platen. The comparison of the stacked
compression flow curve with the tensile flow curve needs to generate an equivalent stress
and equivalent strain. Strains range between 0.2 and 0.3 can be reached before “barreling”
effect. Using two video systems to characterize the anisotropy of a stacked compression
test, M. Merklein [15] obtains a value of 0.5 despite the “barreling” effect.

Hydraulic Bulge Test (HBT) [1, 4]: This test deforms sheet specimen under action of
hydraulic pressure through circular die. The state of stress can be determined analytically
according to membrane theory using pressure, radius of curvature and thickness at the top
of the dome. The bi-axial strains are measured with digital image correlation. The
comparison of the equi-biaxial flow curve with the tensile flow curve needs to generate an
equivalent stress and equivalent strain. Sometimes the test is limited by fracture or maximal
pressure. Strains range between 0.5 and 0.7 can be reached.

In-plane Torsion Test (ITT) [4]: The in-plane torsion test is a shear test for sheet metals. A
circular specimen is clamped at the center as well as on the outer rim. By imposing a
different rotational movement between outer and inner clamping, the annular free area
between the clamping devices is loaded under simple shear in the sheet plane. The shear
stress can be deduced from the measured external torque. Shear strain can be calculated
from the change in slope of an initially straight line or with digital image correlation. The
comparison of the shear flow curve with the tensile flow curve needs to generate an
equivalent stress and equivalent strain. According to the geometry of specimen groove,
strains reach more than 0.5. Sometimes the test is limited by wrinkling instability or
fracture.

Plane Strain Compression Test (PSCT) [4]: A rectangular sample of the sheet is
compressed through the sheet thickness between two dies. The stress and strain fields
determined analytically are based on the load and die displacement measurements, taking
into account the friction influence. The comparison of the plane strain compression flow
curve with the tensile flow curve needs to generate an equivalent stress and equivalent
strain. Strains reach more than 0.3. Sometimes the test is limited by fracture.

Uniaxial Tensile Test on pre-rolled flat (UT on pre-rolled) [1]: Sheets (cold rolled and
annealed) of several material types are rolled on an experimental mill several times up to
specified thicknesses. Afterwards standard tensile tests are carried out on these pre-rolled
specimens. The stress strain response of pre-strained test samples is obtained. The amount
of pre-strain is assumed by the thickness reduction of the rolled samples - the deformation
induced by rolling is not uniaxial compression in the thickness direction, but it is assumed
to be a compressive deformation in plane strain with the plastic strain being zero in the
width direction of the samples. Strains reach more than 0.7.
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Figure 2 — Different experimental tests allowing to reach large plastic strain levels: a)
Uniaxial Tensile Test with Local Measure [1], b) Shear Test [1], ¢) Stacked Compression
Test [1], d) Bulge Test [1], e) In-plane Torsion Test [4], f) Plane Strain Compression Test

[4] and g) Uniaxial Tensile Test on pre-rolled Flat [1].
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Figure 3 — p-values (eq.1) achieved for various experimental tests on different steel grades
(Uniform elongation between 3% to 27% with thickness between 0.5 to 3 mm).
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Table 1 — Different Experimental Tests regarding Standard Uniaxial Tensile Test (Standard UTT)

. B (eq. 1 and Sheet Compl?mty of Test Duration
Experimental tests figure 3) Surface Specimen Ratio
Used Ratio Geometry
Standard UTT 1 1 - 1
UTT + DIC 1.5t0 2.5 1 Identic 1.5
ST 1.5t05 0.75 Simpler 1.5
SCT 2to4 0.5 Simpler 1
HBT More 2.5 15 Simpler
ITT More 4.5 1.5 More complex 1.5
PSCT More 3 0.5 Simpler 1
UT on pre-rolled (10 pts) More 3 15 Identic 10 + tooling
Flow curves comparison for different experimental tests
1400
1200
DP600 PSCT
1000 DP600 UT on prerolled flat
= ——DP600 Bulge Test
% | DP600 Shear
g 800 1 DP600 UT with DIC
§ / DP600 UT
é 600 DCO4 PSCT
s_ DCO04 UT on prerolled flat
w L @ DCO04 Bulge Test
400 - eeee ——DC04 Shear
@ DCO04 Stack
500 ——DC04 UT with DIC
—DC04 UT
0
0.000 0.200 0.400 0.600 0.800 1.000
Equivalent Plastic Strain

Figure 4 — True stress-plastic strain curves comparison for different steel grades and
experimental tests

Figure 4 shows the true stress-plastic strain curves comparison for 2 different steel grades. As
noted, beforehand, for several tests, the comparison of the flow curve with tensile flow curve needs
to generate an equivalent stress-plastic strain curve. In this study, the generation of the equivalent
stress-plasticity curve is based on a scalar multiplier parameter y (Table 2) derived from the
associated plasticity theory where the equivalent stress and equivalent strain are determined with
plastic work per volume and the normality rule:

0o,
60-7 = /1Vl] (2)

tj

AW = defy0.q = de}ioy; with def; = A
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The y-parameter value is not imposed with yield criterion, but it is defined by an inverse method
to coincide the loading path flow curve with the uniaxial tensile flow curve like the HBT
standardized procedure given by ISO 16808. For Von Mises material, the uniaxial tensile, the
shear, the biaxial and plane strain compression y-parameters are respectively equal to xUT = 1,
XS = /3, xFEB = 1 and PS¢ = —/3/2.
Table 2 — Different Experimental Tests regarding Standard Uniaxial Tensile Test (Standard
UTT)

Experimental tests Eeq Oeq

Standard UTT, UTT + DIC, UT on pre-rolled i; x'Toy,

ST, ITT i xHoy,

SCT, HBT f11

PSCT 811 XPSCO.11

Isotropic hardening laws

Six isotropic hardening laws (Swift, Voce, SV, Exp S, Exp V and Exp SV) are studied here based
on three mathematical equations (Table 3). The isotropic hardening laws Exp SV, Exp S, Exp V
consist of considering the experimental points before the uniform elongation (UE) followed by the
predictions of the mathematical equation at larger strain levels (Figure 5). The selection of
experimental points before UE allows the Liiders plateau to be taken into account when it exists.
For the selection of experimental points, Autoform® software imposes that the stress to be
constinuously increasing. To identify the adjusting parameters, 3 different constraints are satisfied
(Table 4):

e Constraint 1: the best approximation between the Yield Strength (YS) (or after Liiders
plateau) and Ultimate Tensile Strength (UTS) points on the experimental flow curve
issue of uniaxial tensile test (true stress-plastic strain curve).

e Constraint 2: the law passes through YS point (or low yield strength (LYS) if Liiders
plateau).

e Constraint 3: Considere’s criterion. At the point (UTS-UE), the Considére's criterion
imposes that the slope of the true stress/true plastic strain curve is equal to the true stress

at this point.
Table 3 — Different isotropic hardening laws
Name Equation Material Parameters
Swift (S) Oswirt = K(gg + )™ (3) K;n; ¢,
Voce (V) Ovoce = Op + RSat(1 - exp(—Crg)) 4) 09; Rsar; Cr
Swift and Voce (SV) g5y = (1 — @)yt + A0y pce (5) a; K;n; g; 0p; Rsatr; Cr
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Figure 5 — The isotropic hardening laws Exp SV, Exp S, Exp V consist of experimental
points before UE and the mathematical equation after UE.

Table 4 — Constraints satisfied according to isotropic hardening laws.

Name Constraint 1 Constraint 2 Constraint 3
Swift Yes Yes No
Voce Yes Yes No
SV Yes Yes Yes
Exp S Yes Yes Yes
Exp V Yes Yes Yes
Exp SV Yes Yes Yes

Selection of the best isotropic hardening law.

For several comparison cases with experimental tests reaching large deformations, Figure 6 shows
the ranking of these six isotropic hardening laws from first to sixth place. The ranking was based
on the squared sum of stress deviations (Figure 7) between the mathematical law and experimental
test measurements for several strain values after the uniform elongation point. The first place is
the curve closest to the experimental curve (minimal squared sum) and the sixth place the furthest
away (maximal squared sum) (Figure 8). According to our identification protocols, the best
isotropic hardening law is Exp_S.
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Figure 6 — Out of 32 cases of comparison, number of times the isotropic hardening law is in
first, second ... or sixth place.
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Figure 7 — For DP450 steel, Examples of stress deviations between the mathematical law
and experimental test measurements for several strain values after the uniform elongation
point.
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Figure 8 — Prediction/experience comparison of extended curves after uniform elongation
defining the choice of isotropic hardening model.

Conclusions

Different experimental tests allowing to reach large strain have been presented: uniaxial tensile
test with local measure, shear test, stack compression test, bulge test, in-plane torsion test, plane
strain compression test and uniaxial tensile test on pre-rolled flat. The “Exp S’ isotropic hardening
law is recommended for an accurate formability prediction in sheet forming numerical simulations,
as soon as an adequate identification protocol, as proposed here, is used to determine the adjusting
parameters.
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