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This article is devoted to a comprehensive testing of the advanced materials models as implemented in the finite-element code. The influ-
ence of the numbers of the mechanical parameters on the accuracy of the sheet metal forming simulation has been studied for two materials
(DC 04 steel grade and Acl121-T4 aluminum alloys). The results presented in the article prove the ability of the BBC2005 yield criterion to
provide an accurate description of the anisotropic behavior for both steel and aluminium alloys. The performances of the model have been
evaluated using the experimental data obtained from cross-die benchmark tests. The results demonstrate that for an accurate prediction of
the sheet metal forming simulation it is crucial to take not only the uniaxial yield stresses and r-values into account but also the biaxial yield

stress.
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INTRODUCTION

The accuracy of the simulation results is given mainly
by the accuracy of the material model. In the recent
years, the scientific research is oriented in developing
new material models able to describe the material beha-
vior (mainly the anisotropic one) as accurately as poss-
ible [1-3]. The computer simulation of the sheet metal
forming processes needs a quantitative description of
the plastic anisotropy by the yield locus [4, 5].

In order to take into account anisotropy, the classical
yield criterion proposed by von Mises should be modified
by introducing additional parameters. A simple approxi-
mation for the case of normal anisotropy is given by the
quadratic criterion of Hill [6]. Although the “anomalous™
behavior is captured with this function, the predicted
yield surfaces are sometimes different from those either
determined experimentally or predicted with polycrystal-
line models. Another important research direction in the
field was initiated by Hosford [7] who introduced a
non-quadratic yield function for isotropic materials,
based on the results of polycrystalline calculations. Barlat
and Lian [8] successfully extended Hosford’s 1979 cri-
terion to capture the influence of the shear stress. Experi-
mental determination of the biaxial yield stress is very
important for these new models [9, 10]. During recent
years, new yield functions were introduced in order to
improve the fitting of the experimental results, especially
for aluminium and magnesium alloys. Barlat proposed
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in 2003 [11] a new model particularized for plane stress
(2D). The linear transformation method is used to intro-
duce the anisotropy. Aretz and Barlat [12] and Barlat et al.
[13] extended the Barlat 2000 model for the 3D case using
18 mechanical parameters. The implementation of the
Barlat 2004-18p model in finite-element codes allowed
proving its capability to predict the occurrence of six
and eight ears in the process of cup drawing. To introduce
orthotropy in the expression of an isotropic criterion,
Cazacu and Barlat [14] proposed an alternative method
based of the theory of the representation of tensor func-
tions. The method is applied for the extension of Druck-
er’s isotropic yield criterion to transverse isotropy and
cubic symmetries. The experimental researches have
shown that for some hexagonal close packed (HCP)
alloys (e.g., titanium-based alloys) the yield surface is bet-
ter described by fourth-order functions. As a conse-
quence, in order to describe such behavior, Cazacu et al.
[15] proposed the model of an isotropic yield function for
which the degree of homogeneity is not fixed. Different
strategies, for example genetic algorithm, have been used
in the latest years to identify the coefficients of the com-
plex yield functions [16]. In the latest period, different
researchers have focused their attention on the influence
of yield criteria in the accuracy of the prediction of strain
distribution in sheet metal forming processes [17, 18].
The CERTETA team has developed several aniso-
tropic yield criteria (so-called BBC yield criteria). The
first formulation of the yield criterion was proposed by
Banabic et al. [19]. An improvement of this criterion
was proposed recently by Banabic et al. [20], in order
to account for an additional mechanical parameter,
namely, the biaxial anisotropy coefficient. A modified
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version of the BBC2005 yield criterion has been imple-
mented in the AutoForm V4.1 (AF 4.1) commercial
finite element program. More detailed reviews of numer-
ous anisotropic yield criteria are given in the references
[2], [4], and [21].

Tue BBC2005 YIELD CRITERION

The BBC2005 yield criterion version [18] implemented
in the AutoForm 4.1 is presented in this section. The
equivalent stress is defined by the following formula:

o= [a(A+F)2k+a(A — )% 4b(A + W) 4b(A — ‘P)zk} "
(1)

where k€ N=! and a,b>0 are material parameters,
while I', A, and W are functions depending on the planar
components of the stress tensor:

I'=Lo11 + Moo

A= \/(NUII_P022)2+0120'21

¥ = \/(QJU —Rao2) +012021. (2)

Nine material parameters are involved in the expression
of the BBC equivalent stress: k, a, b, L, M, N, P, Q, and
R (see Eqgs. (1) and (2)). The integer exponent k has a
special status, due to the fact that its value is fixed from
the very beginning in accordance with the crystallo-
graphic structure of the material: k =3 for BCC materi-
als and k =4 for FCC materials.

The identification procedure calculates the other para-
meters (a, b, L, M, N, P, Q, and R) by forcing the consti-
tutive equations associated to the BBC yield criterion to
reproduce the following experimental data: the uniaxial
yield stresses associated to the directions defined by 0°,
45°, and 90° angles measured from RD (denoted as
Yo, Y45, and Yoo); the coefficients of uniaxial plastic ani-
sotropy associated to the directions defined by 0°, 45°,
and 90° angles measured from RD (denoted as ro, ry4s,
and rqp); the biaxial yield stress associated to RD and
TD (denoted as Yy); the coefficient of biaxial plastic
anisotropy associated to RD and TD (denoted as ry,).

TasLe 1.—Different strategies to identify the coefficients in the BBC2005
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There are eight constraints acting on eight material
parameters. The identification procedure has enough
data to generate a set of equations having a, b, L, M,
N, P, Q, and R as unknowns. The identification pro-
cedure uses Newton’s method to obtain its numerical
solution. A detailed presentation of the identification
procedure is presented in the paper [20]. The identifi-
cation procedure can also use a reduced number of
mechanical parameters (2, 4, 5, 6, or 7), as shown in
Table 1.

MATERIAL TESTED

Two materials have been tested: DCO04 steel sheet
material (0.79mm) and Acl21-T4 aluminium sheet
material (1.01 mm), respectively.

Hardening Description

The parameters of a combined Swift-Hockett/Sherby
approach are approximated from hardening curves mea-
sured in the 0° tensile tests:

o=(1—0){C(em+2)"} + oc{O'Sm — (Osar — a[)e*"gﬁ/}.
(3)

The approximated hardening parameters are presented
in Table 2. The yield stress g, computed from these
parameters is identical with the value used in the yield
surface description.

Yield Surface Description

From the tensile tests, the three yield stresses ag, 045,
090 and the three r-values ry, r4s, 9o are known (see
Table 3). From the load-deflection curves measured in
the bulge tests, the biaxial yield stress o1, can be derived.
In the bulge tests, no strain measurement was per-
formed. Therefore, the ry-values of the materials are
not known. The plane strain test data is not used. The
yield surfaces of the yield functions presented in the
Table 1 are displayed in the principal stress plane. The
BBC2005-8 formulation is missing because a measured
1, value is not available.

For the DC04 material, the yield surface of the Hill48
model is plotted in addition to the various forms of the

TaBLE 2.—Hardening parameters of DC04 and Acl121-T4.

yield function. Material o & m  C[MPa] o;[MPa] og, [MPa] a P
Mechanical BBC BBC BBC BBC BBC BBC DC04 0.50 0.0061 0.26 561 153 415 6.13 0.8
) X X X X X X
045 X X X

X X X
790 TaBLE 3.—Yield stresses and r-values of DC04 and Acl21-T4.
oy, X X X
To X X X X X X Material oo [MPa] 045 [MPa] oo [MPa] op [MPa] 1y  rss  Top T
Iys5 X X X X X
oo X DC04 151 166 163 192 1.83 1.39 211 -

Ty

Acl21-T4 126 122 121 137 0.65 040 0.77 -
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FiGure 1.—Yield surfaces of the DC04 material (color figure available
online).

BBC2005 model (Fig. 1). Uniaxial yield stresses oy and
090 from the tensile tests and biaxial yield stress from
the bulge test are plotted as data points. All yield func-
tions use the given r-values as input. This is why the
slopes of the yield surfaces in the uniaxial points are
the same for all models. The BBC2005-7 model describes
all measured yield stresses exactly because all of them
are used as input parameters for the model. The
BBC2005-6 model matches only the measured agqy value
but not the oy, value. Finally, the BBC2005-4 curve and
the Hill48 curve do not pass g9 and a1, but only ay.
The Hill48 model is a special case of the BBC2005-4
model with M =2 instead of M =6. Therefore, these
models have the same uniaxial and biaxial yield stresses.
The biggest differences between the Hil48 curve and the
BBC2005-4 curve is in the plane strain region (see Fig. 1).
For the yield surfaces of the Ac121-T4 material shown
in Fig. 2, the previous discussion of the data in Fig. 1
holds as well. The only difference is that only the
BBC2005 models are displayed, which is because the
Barlat89 model is identical with the BBC2005-4 model.

SIMULATION OF THE DEEP DRAWING PROCESSES

The forming simulation results of a cross geometry are
very sensitive to the chosen material model. This is
demonstrated for a cross geometry made of a DC04
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FiGure 2.—Yield surfaces of the Ac121-T4 material (color figure available
online).
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Ficure 3.—Punch geometry (color figure available online).

and a Acl21-T4 sheet material, respectively. Measured
draw in values and thickness measurements are com-
pared with AutoForm 4.1 simulations using the Hill48
(using four mechanical parameters as BBC2005-4),
the BBC2005-4, the BBC2005-6, and the BBC2005-7
models.

The geometry of the cross die example is shown in
Fig. 3.

The clearance between punch and die is 2.3 mm. In the
experiments, the sheet dimensions and the blank holder
force were chosen such that a punch stroke of 60 mm
could be reached without fracture. After stopping the
forming after 60 mm punch stroke, the draw in and the
thickness were measured along the two sections dis-
played in Fig. 4. The blank holder forces are 350 kN
for steel sheet and 116 kN for aluminium sheet. The
simulations of the cross-die forming experiments were
run with the Auto-Form Version 4.1 solver, employing
three node shell elements with five integration points
through the thickness. The initial element size was set

diagonal cut

meridian cut

F1GURE 4.—Sheet at punch stroke 60 mm, with sections for draw in and
thickness measurements (color figure available online).
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FIGURE 5.—Measured and computed thickness for DC04 (color figure
available online).

to 8 mm in all simulations, and adaptive refinement with
“accuracy fine”” was turned on. Typically, this resulted in
35 solution increments with 4,000 elements at the begin-
ning and 20,000 elements at the end of the simulation.

First of all, in simulations using the BBC2005-7 yield
surface model the coefficient of Coulomb’s friction law
and the elastic stiffness of the tools were adjusted to
measured draw in values along the diagonal and the
meridian cut. A value of 0.05 for Coulomb’s friction
coefficient was found to give a satisfactory agreement
between measured and computed draw in both for
DC04 and Acl121-T4. The elastic stiffness of the blan-
kholder was increased by a factor of 20 compared to
the AutoForm default value. This was necessary in order
to take the effect of thickening under the blankholder
into account. The following simulations with different
yield surface models were run with these settings fixed.

In Figs. 5 and 6, thickness measurements are com-
pared with computed thickness distributions for the
yield surfaces displayed in Figs. 1 and 2. The distance
runs from the centre of the cross-specimen outwards
along the diagonal cut and the meridian cut as displayed
in Fig. 4.

For the DCO04 material, the simulation with the
BBC2005-7 model matches the thickness measurements
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FiGURE 6.—Measured and computed thickness for Ac121-T4 (color figure
available online).
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FI1GURE 7.—Variation of the equi-biaxial yield stress, o}, (color figure avail-
able online).

very well. Especially, the minimum thickness is predicted
accurately. All the other yield surface descriptions yield
higher deformations and thus overestimate the risk of
failure for that part. For the Acl21-T4 material, the
BBC2005-7 simulation matches the thickness measure-
ments rather well, especially in the meridian cut. The data
is described much better by the BBC2005-7 model than
by BBC2005-6 and BBC2005-4 (which is identical with
the Barlat89 model). The widely used Barlat89 model lar-
gely overestimates the risk of failure for that part.

The question remains if the prediction could be
further improved by taking also the r, value into
account with help of the BBC2005-8 model. Since no
measured 1y, value is available, this question was tackled
with a purely numerical sensitivity analysis using the
SIGMA module of AF 4.1. Two series of simulations
were performed for the DC04 material. In the first series,
only the ¢y, value was varied while keeping the other
material parameters fixed. In the second series, the same
procedure was applied to the r, value. The computed
thickness is evaluated in the diagonal cut at the posit-
ion of minimum thickness (s ~ 80 mm). The results are
compared in Figs. 7 and 8.

| 100 resuts
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FIGURE 8.—Variation of the equi-biaxial anisotropy coefficient, r}, (color
figure available online).
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The dependency between the computed thickness and
the biaxial yield stress o}, is nearly linear, especially in
the range 192 MPa +4.8 MPa (Fig. 7). The value of
4.8 MPa was input as standard deviation for the SIGMA
analysis. Since no statistical information was available
for the DC04 material, the value was arbitrarily chosen
to be 2.5% of the value 192 MPa. The assumed standard
deviation for the biaxial anisotropy parameter 1, is
0.02175 (2.5% of the value 0.87). This means that even
if r, had been measured and used in the simulation, it
had no significant impact on the computed minimum
thickness. In this light, for the cross-die simulation, the
usage of the BBC2005-7 model is proven to be
sufficiently accurate.

CONCLUSIONS

The results presented in the article prove the ability of
the BBC2005 yield criterion to provide an accurate
description of the anisotropic behavior both for steel
and aluminium alloys. The performances of the model
have been evaluated using the experimental data
obtained from a cross-die benchmark tests. The results
demonstrate that, for an accurate prediction of the sheet
metal forming simulation it is crucial to take not only
the uniaxial yield stresses and r-values into account,
but also the biaxial yield stress. The main conclusions
of the results presented in this article are the following
ones: first, the yield criterion has a crucial influence on
the accuracy of the predicted results; secondly, it is not
enough to use an advanced constitutive model, but one
also needs a sufficient number of mechanical parameters
to obtain an accurate prediction.
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