IDDRG 2013 Conference June 2 — 5, 2013, Zurich, Switzerland

CALIBRATION OF BBC2005 YIELD CRITERIA USING PLANE
STRAIN YIELDING RESULTS FROM A BULGE TEST
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ABSTRACT: The accuracy of the simulation predictions of the sheet metal processes is strongly influ-
enced by the constitutive law implemented in the programme. In order to describe the anisotropic behaviour
of the material, BBC2005 yield criterion has been used. The model has been calibrated using eight material
parameters. The paper presents two computational strategies for determining the BBC2005coefficients. The
first set of mechanical parameters used in the identification consists in the yield stresses and the anisotropy
coefficients determined at 0°, 45° and 90° from the rolling directions as well as the equibiaxial yield stress and
equibiaxial anisotropy coefficient. The second set of mechanical parameters contains the same uniaxial me-
chanical parameters, and the equibiaxial parameters have been replaced by two yield stresses determined in
plane strain conditions on samples cut at 0° and 90° from the rolling direction. A novel experimental method-
ology used for determining the yielding under plane-strain regime is proposed. The method is based on hy-
draulic bulge process and the tests are performed on universal Erichsen sheet metal testing equipment. The
validation of the procedure using finite element method and comparison with the experiments is considered
as a future work.
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1 INTRODUCTION yield criterion but also by the identification strategy.

The yield criterion describes the inelastic behaviour
of metallic materials. With the development of the
finite element method the researchers focus their at-
tention on advancing reliable and complex formula-
tions of equivalent stress. Modern models use in
their identification procedure more and more me-
chanical parameters, which have to be experimen-
tally determined. Sometimes the experimental pro-
cedure can be time consuming and the laboratory
equipment very expensive. But having a good de-
scription of the material behaviour, the accuracy of
the simulation predictions can be improved and the
volume of rejected parts can be minimized. Several
anisotropic yield criteria are described in the litera-
ture. In general, they belong either to Hill’s or
Hosford’s classes of yield criteria. The BBC2005
model [1] used in this paper belongs to the
Hosford’s class. BBC2005 is part of the BBC group
of yield criteria developed along the last 15 years [2-
6]. A review of published yield criteria can be found
in [7]. According to a series of papers [8,9,10] pub-
lished by ThyssenKrupp Steel Europe AG, Research
and Development Department Group, the accuracy
of the simulation predictions is strongly influenced
not only by the mathematical formulation of the

In this paper, the BBC2005 yield criterion has been
tested using two strategies based on different sets of
mechanical parameters. In the first approach, the
conventional one, three uniaxial yield stresses and
anisotropic coefficients together with the equibiax-
ial yield stress and anisotropic coefficient have been
used for calibrating the model. In the second identi-
fication procedure, the biaxial mechanical parame-
ters have been replaced by two plane strain yield
stresses determined at 0° and 90° from the rolling
direction. A similar approach regarding to the usage
of the yield stress in plane strain regime instead of
the equibiaxial mechanical parameters in the identi-
fication procedure can be found in Ref. [11]. An ex-
perimental strategy for determining the plane strain
yield stresses based on bulge tests will be presented
in the next chapter. From the experimental point of
view, it’s should be mention the fact that for all me-
chanical parameters involved in both identification
strategies, two equipment are used. The experiments
for determining the uniaxial mechanical parameters
as well as equibiaxial anisotropic coefficient are car-
rying out on Zwick-Roell 150kN tensile test ma-
chine.
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The equibiaxial yield stress as well as the achieve-
ment of the plane strain state is obtained by means
of bulge tests performed on ERICHSEN 140-20.

2 THEORETICAL FRAMEWORK

2.1 YIELD CRITERION

The yield criterion describes the anisotropic behav-
iour of the sheet metal. Under this circumstance the
yield criterion represents the kernel of the mathe-
matical modelling of the forming processes. The
equivalent stress of the BBC2005 yield criterion has
the following formulation [1]:
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where ke N** and a,b >0 are material parameters,

while T, A and W are functions depending on the
planar components of the stress tensor:
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Nine material parameters are involved in the expres-
sion of the BBC2005 equivalent stress:

k.a,b,L,M,N,P,Q, and R. The integer exponent

K has a special status and depends only on the crys-
tallographic structure of the material:

- k=3 for BCC materials

- k=4 for FCC materials.

The other eight coefficients are calculated by forc-
ing the constitutive equations associated to the
BBC2005 yield criterion to reproduce a set of exper-
imental data. A flexible identification procedure
based on the input data you may find in [7].

2.2 DETERMINATION OF THE MAJOR
YIELD STRESS IN PLANE STRAIN
CONDITIONS

In order to determine the major yield stress in plane

strain at 0° and 90° from the rolling direction, a

bulge test is performed and Laplace equation has

been used:

i_F%:E (3)
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where o;, and o,, are the principal stresses along

rolling direction (RD), transverse direction (TD) re-
spectively; pgp and ppare the bulge radius along

RD and TD; p is the pressure of the hydraulic oil
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and s is the current thickness of the deformed spec-
imen in the polar zone.

For convenience, the following notations have been
adopted:

(ST Pro

If the rolling direction of the specimen is coincident
with the major strain direction, Eq. (3) may be writ-
ten in the following form:

YOPS [1_,{_ %j — ppRD (5)
Yo S

where YOP ° represents the plane strain yield stress

along RD. The index 0 indicates that the elongation
is associated to the rolling direction. The right term
of Eq. (5) is expressed in [MPa], therefore it repre-
sents a stress. In the following we denote that quan-
tity as “pseudo-sigma”.

If the rolling direction of the specimen is perpendic-
ular to the major strain direction, the plane strain
along TD has been considered and Eqg. (3) has the
following formulation:

p
YQFE)S (1+ OlggY g0 ) = F;TD (6)

where YgF('f represents the plane strain yield stress

along TD. The index 90 indicates that the elongation
is associated to the transverse direction. As in the
previous case, the right term of Eq. (6) is expressed
in [MPa] and is also denoted as “pseudo-sigma”.
One may notice that the left term of Egs. (5) and (6)
are related to the stress ratio This means that both
minor and major plane strain yield stresses are de-
pending to the adopted yield criterion.

The current thickness has been computed according

to the plane strain condition (&, =0) and assuming

the constancy of the material volume (&, =—¢, ) :

s=Ss,exp(—¢;) ©)
where sg is the initial thickness of the specimen.

3 EXPERIMENTAL FRAMEWORK

3.1 MATERIAL

The material used for investigation is an AA6016-
T4 aluminium alloy with 1mm thickness. The uni-
axial mechanical parameters used in the identifica-
tion procedure of the BBC2005 yield criterion are:
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yield stresses (Y, Y,sand Y, ) and anisotropic coef-
ficients (r,,r,;and ry, ). The values of these parame-

ters result from tensile tests. The subscripts denote
the direction of the tensile load with respect to the
rolling direction. The parameters of the hardening
law have been obtained by performing a tensile test
on a sample cut along the rolling direction. The
hardening has been described by the Hollomon’s
power law.

The equibiaxial parameters such as the yield stress
and the anisotropy coefficient have been obtained
from bulge and compression tests, respectively. One
may assume that in the polar zone of the bulged
specimen the principal stresses along the rolling and
transverse directions are approximately equal. The
deformation behaviour of the sample is recorded us-
ing an optical strain measurement system. Based on
a methodology proposed by Barlat in [12], the equi-
biaxial yield stress has been computed. The method
consists in equating the plastic work dissipated in
equibiaxial and uniaxial traction regimes. The
method is detailed in [13].

As mentioned above, a compression test has been
used in order to determine the equibiaxial coeffi-
cient of anisotropy. The methodology is similar to
that presented by Barlat in [14]. The initial diameter
of the specimen has been set to 10mm.

3.2 PLANE-STRAIN HYDRAULIC BULGE
TEST

(e8]
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Fig. 1 Geometry of the sample (dimensions in
mm) used to achieve the plane strain con-
ditions

The classical manner to determine the plane strain
yield stress consists in performing a tensile test on
wide samples [15]. Malo [16] proposed a bending
test in order to attained plane strain condition. The
authors adopted an alternative approach based on
the bulging process. More about the principle of
bulge tests you may find in [17].

The geometry of the sample is presented in Fig. 1.
One may notice that the circular specimen is pierced
by two circular holes. Under the sample, a carrier
plate from the same material has been placed. Under
the action of the oil pressure, both the specimen and
the carrier deform in the same time.
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Fig. 2 shows the major and minor fields of strain as
well as the thickness reduction in the central region
of the specimen, i.e. between the circular holes. One
may notice that zero contraction along the holes di-
rection has been observed. The deformation behav-
ior of the samples is recorded using an ARAMIS op-
tical strain measurement system.
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Fig. 2 Major a), minor b) strain fields and thick-
ness reduction c) on the specimen ob-
tained at the same stage

Fig. 3 shows the determination of the radii along RD
and TD using the ARAMIS Software. The software
allows the user to select the area used for calculating
the best circular approximation. The radii automati-
cally determined during the bulge process have been
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used to build the diagrams presented in Fig. 4 and 5,
respectively. One may notice a linear evolution of
the radii leading to the possibility of calculating the
slope of the regression line. It has been notice that
the bulge process tends to stabilization after 0.045
logarithmic thickness reductions.

Deformed
specimen

Radius along
the first di-
rection

Radius along
the second di-
rection

Fig. 3 Automatic determination of the radii along
RD and TD using a facility of the ARAMIS
Software
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Fig.4 Evolution of best fit radii along RD and TD
during the bulge process. Elongation along
RD.

Considering the initial thickness of the sample as be-
ing equal to the sum of the specimen and the carrier
thicknesses, “pseudo-sigma” vs. logarithmic thick-
ness reduction curves has been built (see Fig. 6 and
Fig. 7).
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Fig. 5 Evolution of best fit radii along RD and TD
during the bulge process. Elongation along
TD

The experimental data sets offer the possibility to
calculate the mechanical parameters of the Hollo-
mon’s hardening law. Based on the same energetic
procedure as in the equibiaxial case, the yield
stresses have been computed. One may notice that
even if the curves are obtained in plane strain re-
gime, are long enough to apply the procedure.
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Fig. 6 Pseudo-stress — logarithmic thickness re-

duction during the bulge process. Elonga-
tion along RD.
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Fig. 7 Pseudo-stress — logarithmic thickness re-

duction during the bulge process. Elonga-
tion along TD.
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3.3 RESULTS

Table 1 shows the uniaxial mechanical parameters
determined by performing tensile tests on the speci-
mens cut at 0°, 45° and 90° from the rolling direc-
tion. The parameters of the Hollomon hardening law
results from a tensile test performed on specimen cut
along rolling direction and there values are listed in
the same table.
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Table 1: Uniaxial mechanical parameters of
AA6016-T4 aluminium alloy (1mm thickness)

Y,[MPa]  139.26 o[- 0.64

Y, [MPa]  137.23 Ns[=] 0.53

Y,[MPa]  136.30 loo[-] 0.64
n[-] 0.25 K[MPa]  487.44

Table 2: Experimental material parameters obtained from plane strain bulge tests

Elongation direc-

o N[l K [MPa]
RD 0.406 936.265
™ 0.373 897.534

Table 3: Biaxial mechanical parameters of AA6016-
T4 aluminium alloy (Imm thickness). Experiment
and prediction

Y,[MPa]
Y [MPa]

140.76 r,[-] 1.069
130.23 (| 1.05

Table 2 provides the computed parameters of the
Hollomon hardening law (nand K'), the regression
slope (v), the pseudo yield stresses (Y™*®) for
both experiments.

The plane strain yield stresses ( Y™) has been pre-
dicted by the BBC2005 yield criterion. Table 3
shows the biaxial parameters obtained experimen-
tally as a result of bulge test and compression test
respectively. In the same table the prediction of the
biaxial parameters of the BBC2005 yield criterion
identified with plane stress coefficients have been
listed.

Y9o[MPa]

— — — Plane strain

20 -

Equibiaxial
[} Experiment

0 20 40 60 80 100 120 140 160
Yo[MPa]

Fig. 8 Predicted yield surfaces using two identifi-
cation strategies of the BBC2005 vyield cri-
terion

v [-] YP® [MPa] Y™ [MPa]
1.166 184.38 146.051
0.7826 185.216 143.976

Finally, two sets of experimental data have been
considered in order to predict the yield surface. The
yield criterion used in this paper is BBC2005, as im-
plemented in the AutoForm finite element pro-
gramme. Fig. 8 shows the prediction of the yield sur-
face for both identification cases. In the first ap-
proach, the following mechanical parameters have
been used: three uniaxial yield stresses and the as-
sociated anisotropy coefficients, as well as the equi-
biaxial yield stress and the corresponding anisotropy
coefficient. In the second calibration procedure, the
same uniaxial mechanical parameters have been
used in combination with the plane-strain pseudo-
yield stresses. The experimental points have been
plotted on the same diagram. One may notice that
the values of the equibiaxial stress and equibiaxial
anisotropic coefficient predicted from the second
identification procedure are lower than the ones ex-
perimentally determined.

4 CONCLUSIONS

In this paper, an experimental strategy for determin-
ing the major yield stresses in plane strain along the
rolling and transverse directions has been presented.
The geometry of the specimen is simple and the la-
boratory equipment is based on principle of bulge
test. The accuracy of the results demonstrates that
the strategy is a good alternative to the tensile test
performed on wide specimen.

By using the experimental data, an identification
procedure of the BBC2005 yield criterion has been
developed. The yield surface was compared with the
one predicted with conventional experimental pa-
rameters.

As a future work, a sheet metal forming process will
be simulated in order to validate the model. The test
piece will be chosen so that the blank deformed
mostly under the plane-strain condition. Under this
circumstance, the calibration of the yield locus using
plane-strain yield stresses will be emphasised. The
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obtained result will be compared with the ones de-
termined using common calibration methodology.
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