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RESEARCH ARTICLE

On the impact of modelling tension-compression asymmetry
on earing and thickness predictions
P.D. Barros a, M.C. Oliveira a, J.L. Alves b and L.F. Menezes a

aCEMMPRE, Department of Mechanical Engineering, University of Coimbra, Coimbra, Portugal; bCMEMS,
Center for Microelectromechanical Systems Research Unit, University of Minho, Guimarães, Portugal

ABSTRACT
The metallic sheets used in sheet metal forming processes typically
exhibit orthotropic behaviour, due to their crystallographic structure
and the rolling process fromwhich they are obtained. The yield criteria
commonly adopted in the numerical analysis of these processes,
assume that the yield surface possesses a point-symmetry with respect
to its centre. However, even metallic materials with a cubic structure
can present asymmetry between the tensile and the compressive
plastic behaviour. Thus, it is important to evaluate the impact of
considering the tension-compression asymmetry in the accuracy of
the numerical results. The cylindrical cup example is known for being
sensitive to both the material yield stresses and r-values in-plane
directionalities. In this work, the behaviour of a AA2090-T3 aluminium
alloy is described with an orthotropic yield criterion that also enables
the description of tension-compression asymmetry. The numerical
simulations of a cylindrical cup drawing were performed and the
main parameters analysed are the earing profile and the thickness
distribution, along the rolling and the transverse directions. The com-
parison of the experimental and numerical results shows that consid-
ering the compression yield stresses is critical to obtain accurate
predictions, particularly for the thickness distribution.
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1. Introduction

Sheet metal forming processes are widely used in the manufacturing industry of
metallic sheets, due to the high production rates and minimum material waste. This
technological process consists in modifying the original geometry of the material by
applying external forces, under a combination of tensile and compressive conditions,
which induce plastic deformation of the material. Sheet metal forming processes are
designed and optimized virtually using finite element analysis (FEA), consequently
decreasing the time-to-market life cycle and allowing notable savings in terms of
money, time and effort in the design, production and process set-up of new-formed
parts. However, the success of finite elements solvers on the design and optimization of
sheet metal-formed parts is strongly dependent on their ability for accurately describing
the material’s mechanical behaviour.
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Metals sheets, due to their crystallographic structure and the rolling process from
which are obtained, generally exhibit anisotropy, characterized by the symmetry of their
mechanical properties with respect to three orthogonal planes, i.e. orthotropy [1]. Thus,
different mechanical behaviours are expected for different loading directions and con-
ditions. Moreover, sheet metal forming processes are carried out with inhomogeneous
deformation and under multiaxial strain paths.

In order to describe the elastoplastic response of metal sheets, phenomenological
models are commonly used due to their improved computational efficiency when
compared with microstructural-based models. When adopting an associated flow rule,
the material’s orthotropic behaviour is modelled by a yield surface, describing both the
yielding and the plastic flow of the material. This dual role of the yield surface requires
a particular care and accuracy in its modelling, numerical implementation and in the
procedure adopted to perform the parameters identification.

For isotropic materials, Tresca [2] and von Mises [3] yield criteria are the most widely
used. The Hill’48 [4] quadratic function was the first proposed for anisotropicmaterials and
it is still the most widely used. Other formulations have been proposed to improve the
description of the mechanical behaviour of orthotropic metallic materials, in particular,
aluminium and its alloys, since they are prone to present an anisotropic behaviour which
cannot be accurately described by quadratic yield criteria [1]. The description of the
orthotropic behaviour is critical for an accurate description of the material flow, during
the forming process. In fact, several authors refer that an improved modelling of both the
materials yield stresses and r-values in-plane directionalities improves the accuracy of the
earing profile prediction on the deep drawing of cylindrical cups [5,6].

The anisotropy parameters must be identified enabling the yield criterion to reproduce
the materials mechanical behaviour as close as possible. This procedure is typically based
on solving an optimization problem, considering the minimization of an error function,
which evaluates the difference between the estimated and the experimentally evaluated
values. Classical identification methodologies consider the experimental data acquired
from experimental tests, characterized for presenting linear strain paths (namely uniaxial
tensile, bulge and shear tests). These tests present homogeneous deformation in the
measuring region, allowing the estimate of the yield stress and anisotropy coefficient.
The uniaxial and shear tests can also be performed using specimens cut in several
directions of the sheets plane (generally, 0, 15, 30, 45, 60, 75 and 90 degrees from the
rolling direction). More flexible yield functions are commonly characterized for present-
ing a higher number of anisotropy parameters and, consequently, require a significant
number of experimental tests to enable their identification. Also, limiting the character-
ization of the mechanical behaviour of metal sheets to a restricted number of tests with
linear strain paths and homogeneous deformation can lead to a somewhat incomplete
characterization of the overall plastic behaviour of the material [7]. Therefore, inverse
identification methodologies have also been proposed, trying to explore the information
obtained from more complex experimental tests involving non-homogeneous strain
fields, to identify only the yield criterion parameters [8] or also the isotropic hardening,
using cruciform [9,10] or out-of-plane specimens [11]. Anyhow, due to several experi-
mental limitations, a fundamental problem with the phenomenological approach is that
most of the stress space is left unexplored when fitting the parameters of the yield
function with either classical or inverse methodologies [12].
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In most numerical analysis of sheet metal forming processes, the yield surface is
assumed to possess a point-symmetry with respect to its centre, meaning that a stress
state and its reverse state have the same absolute value [1]. However, this can be an
unrealistic approximation, even for cubic metals (both face centred cubic (FCC) and body
centred cubic (BCC)) [13]. Cazacu and Barlat [14] extended the Drucker [15] isotropic
yield function to the anisotropic case through invariants generalizing, to enable the
description of both the materials anisotropy and the tension-compression asymmetry.
Later, Cazacu et al. [16] presented a yield criterion that enables describing also both
effects using a linear transformation, with a fourth-order tensor, of the deviatoric stress
tensor. This formulation is more flexible, since it enables the adoption of several linear
transformations, in order to more accurately capture the material’s anisotropic behaviour
[17,18]. However, adopting several linear transformations means that the yield surface
modelling becomes more complex, due to the higher number of material anisotropy
parameters involved, thus requiring a larger set of experimental data.

In order to characterize the metallic sheets mechanical behaviour for compression
stress states, it is necessary to avoid buckling effects. This requires the use of smaller
specimens and, consequently, leads to supplementary difficulties in the acquisition and
analysis of the experimental results, particularly for high strain values (maximum values
of 1% [19] and 4% [18], depending on the test conditions). Therefore, it is important to
evaluate the impact of taking also into account the strength differential (SD) effect,
when using phenomenological models to describe the orthotropic behaviour of metallic
materials that present a cubic structure, which are known to present a small SD effect.

In this context, the deep drawing of a cylindrical cup can help to evaluate the impact
of the SD effect in the numerical prediction of the final shape. In fact, it was shown in
previous works [6,20] that, as long as the stress component in the thickness direction is
small, the outer flange will be submitted to a compression stress state. Therefore, the
material behaviour will be dictated by the stress and r-values predicted for this stress
state. In addition, both the compression yield stresses and the compression anisotropy
coefficients in the RD will have a direct impact on the material behaviour at the
transverse direction (TD) and vice-versa. In fact, the behaviour of the rim in the
direction defined by θ with RD is controlled by the material compression properties
in the direction defined by 90� θ. Also, a lower value of the anisotropy coefficient leads
to lower cup height, whereas lower values of the yield stresses lead to higher cup height
[5]. Thus, the study of a cylindrical cup facilitates the analysis of the impact of both the
compression yield stresses and r-values in-plane directionalities on the cup final shape.

Despite the previously mentioned difficulties in the experimental characterization of
the mechanical behaviour of thin metallic sheets under compression stress states, it is
important to analyse the impact of the SD effect on the final shape of deep drawn
components. Therefore, this effect is taken into account in the finite element analysis by
including a small tension-compression asymmetry in the yield stresses in-plane direc-
tionalities. In this context, it is also important to separate the influence of the SD effect
from the orthotropic behaviour of the material. Thus, the type of data used to identify
the anisotropy parameters of a yield criterion that neglects the SD effect is also analysed.

In this study, the DD3MAT (contraction of ‘Deep Drawing 3D MATerials para-
meters identification’) in-house code is used to identify the anisotropy parameters of
a AA2090-T3 aluminium alloy, considering two yield criteria: (i) the Cazacu et al. [16],
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which accounts for both tension-compression asymmetry and orthotropic plastic beha-
viour, considering one (CPB06) and two (CPB06ex2) linear transformations of the
deviatoric stress tensor; and (ii) the Cazacu and Barlat [21] yield criterion. The later
was selected due to its flexibility in describing highly anisotropy in-plane behaviour,
associated with the high number of anisotropy parameters, although not allowing the
description of the SD effect. In the following section, the yield criteria are briefly
presented, as well as some other relevant details concerning the constitutive model
adopted. In section 3, the strategy adopted for the anisotropy parameters identification
procedure is described and applied to calibrate the yield criteria for the AA2090-T3.
The details concerning the cylindrical cup forming process selected are given in section
4, which also presents and discusses the results obtained in the numerical simulation,
particularly the earing profiles and the thickness distributions predicted. Finally, in the
last section, the main conclusions are summarized.

2. Constitutive model

The Cazacu et al. [16] yield criterion allows the description of both the orthotropic
behaviour and the SD effect, i.e. tension-compression asymmetry. The equivalent stress
�σ associated with the orthotropic form of the CPB06 yield criterion is defined as

�σ ¼ B s1j j � k s1ð Þa þ s2j j � k s2ð Þa þ s3j j � k s3ð Þa½ �1a (1)

where the exponent a is considered to be a positive integer, and k is a material
parameter that allows defining the SD effect, when considering an isotropic material.
However, has shown in [22], when anisotropy is taken into account different tension-
compression ratios, σT

�
σC, can be obtained for the three orthotropic axis, i.e. the k

parameter alone does not define the SD effect. s1, s2 and s3 are the principal values of
the tensor s resulting from the linear transformation proposed by Barlat et al. [23], such
that s ¼ C : σ0. σ0 is the deviatoric stress tensor and C is a constant 4th-order transfor-
mation tensor. Adopting the Voigt notation, for 3-D stress conditions, the tensor C
involves nine independent anisotropy coefficients and is expressed in the principal axis
of anisotropy as

C ¼

C11 C12 C13 0 0 0
C12 C22 C23 0 0 0
C13 C23 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C55 0
0 0 0 0 0 C66

2
6666664

3
7777775
; (2)

B is a constant defined such that �σ reduces to the tensile yield stress in RD,

B ¼ 1

ϕ1j j � k ϕ1ð Þa þ ϕ2j j � k ϕ2ð Þa þ ϕ3

�� ��� k ϕ3

� �a
" #1

a

(3)

with
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ϕ1
ϕ2
ϕ3

8<
:

9=
; ¼

2=3ð ÞC11 � 1=3ð ÞC12 � 1=3ð ÞC13

2=3ð ÞC21 � 1=3ð ÞC22 � 1=3ð ÞC23

2=3ð ÞC31 � 1=3ð ÞC32 � 1=3ð ÞC33

8<
:

9=
; (4)

The convexity of the yield criterion is guaranteed for any integer a � 2 and k 2 �1; 1½ �
[16]. Note that, for yield criteria based on the linear transformation of the deviatoric
stress tensor, the number of transformations is unlimited, in terms of formulation, with
the only constrain being the number of experimental data available. Therefore, since
nine anisotropy parameters may not be sufficient for describing the behaviour of
materials showing pronounced in-plane anisotropy, Plunkett et al. [24] extended the
CPB06 yield criterion to consider two linear transformations (CPB06ex2), thus dou-
bling the number of anisotropy coefficients from 9 to 18. For the CPB06ex2, the
equivalent stress �σ associated with its orthotropic form is defined as

�σ ¼ B
s1j j � k s1ð Þa þ s2j j � k s2ð Þa þ s3j j � k s3ð Þa

þ s01j j � k0 s01ð Þa þ s02j j � k0 s02ð Þa þ s03j j � k0 s03ð Þa
� �1

a

(5)

B remains a constant defined such that �σ reduces to the tensile yield stress in RD,

B ¼ 1

ϕ1j j � k ϕ1ð Þa þ ϕ2j j � k ϕ2ð Þa þ ϕ3

�� ��� k ϕ3

� �a
þ ϕ0

1

�� ��� k0 ϕ0
1

� �a þ ϕ0
2

�� ��� k0 ϕ0
2

� �a þ ϕ0
3

�� ��� k0 ϕ0
3

� �a

2
6664

3
7775

1
a

; (6)

with the same definition for the ϕi, i ¼ 1; 2; 3 as in Eq. (4) and

ϕ0
1

ϕ0
2

ϕ0
3

8<
:

9=
; ¼

2=3ð ÞC0
11 � 1=3ð ÞC0

12 � 1=3ð ÞC0
13

2=3ð ÞC0
21 � 1=3ð ÞC0

22 � 1=3ð ÞC0
23

2=3ð ÞC0
31 � 1=3ð ÞC0

32 � 1=3ð ÞC0
33

8<
:

9=
; (7)

The convexity is still guaranteed for any integer a � 2, k 2 �1; 1½ � and k0 2 �1; 1½ � since
the use of one or several linear transformations does not affect convexity of the yield
function [25,26]. For C ¼ C0 and k ¼ k0, the CPB06ex2 yield criterion reduces to the
CPB06, i.e. considering only one linear transformation. Moreover, the CPB06 reduces
to the von Mises yield criterion when a ¼ 2, k ¼ 0, Cii ¼ 1:0, with i ¼ 1; :::; 6 and
Cij ¼ 0:0, with i; j ¼ 1; :::; 3.

The CB2001 [21] yield criterion is a generalization of the Drucker’s isotropic
criterion to orthotropy and, in its general form, is given by

�σ ¼ 27 J02
� �3 � c J03

� �2h in o1
6

(8)

where J02 and J03 are the second and third generalized invariants of the effective stress
tensor Σ, defined as

J02 ¼ a1
6
ðΣ11 � Σ22Þ2 þ a2

6
ðΣ11 � Σ33Þ2 þ a3

6
ðΣ11 � Σ33Þ2

þ a4Σ
2
12 þ a5Σ

2
13 þ a6Σ

2
23

(9)
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J03 ¼ 1=27ð Þ b1 þ b2ð ÞΣ3
11 þ 1=27ð Þ b3 þ b4ð ÞΣ3

22

þ 1=27ð Þ 2 b1 þ b4ð Þ � b2 � b3½ �Σ3
33

� 1=9ð Þ b1Σ22 þ b2Σ33ð ÞΣ2
11 � 1=9ð Þ b3Σ33 þ b4Σ11ð ÞΣ2

22

� 1=9ð Þ b1 � b2 þ b4ð ÞΣ11 þ b1 � b3 þ b4ð ÞΣ22½ �Σ2
33

þ 2=9ð Þ b1 þ b4ð ÞΣ11Σ22Σ33

� Σ2
13

�
3

� �
2b9Σ22 � b8Σ33 � 2b9 � b8ð ÞΣ11½ �

� Σ2
12

�
3

� �
2b10Σ33 � b5Σ22 � 2b10 � b5ð ÞΣ11½ �

� Σ2
23

�
3

� �
b6 � b7ð ÞΣ11 � b6Σ22 � b7Σ33½ � þ 2b11Σ12Σ23Σ13

(10)

where c, a1; :::; a6 and b1; :::; b11 are the anisotropy parameters. Σij; i; j ¼ 1; 2; 3 are the
effective stress components defined in the material frame. The conditions that guaran-
tee the convexity of CB2001 are unknown, excepted when assuming in-plane isotropic
behaviour, for which c 2 �3:75; 2:25½ � [21].

The yield condition is defined as

F �σ;Yð Þ ¼ �σ � Y ¼ 0 (11)

where Y is the flow stress, which depends of the hardening law selected, such that the
yield stress is Y0.

The constitutive model adopted considers an associated flow rule, meaning that the
yield function serves as the plastic potential for determining the plastic strain incre-
ment. The plastic strain rate tensor, Dp, is determined according to

Dp ¼ _λ
@F �σ;Yð Þ

@σ
(12)

The equivalent stress is given by Eq. (1), (5) or (8), depending on the yield criterion
adopted. _λ is a scalar value designated by plastic multiplier that can be demonstrated to
be equal to the equivalent plastic strain rate, _�ε

p
. The equivalent plastic strain is

defined as

�εp ¼
ðt
0

_�ε
p
dt ¼

ðt
0

σ
0

�σ
: Dpdt: (13)

For further details concerning the constitutive model and its implementation, please
refer to [20,27].

3. Material parameters identification

The anisotropy parameters should be determined such that the yield criterion repro-
duces the material’s mechanical behaviour as close as possible. When adopting
a classical identification strategy, the usual experimental results used for the identifica-
tion of the anisotropy parameters are the yield stresses and the r-values obtained from
in-plane tension for different angles ðθÞ with RD. These tests are commonly performed
for several directions in the sheets plane, and can be complemented with other
trajectories, like the biaxial yield stress, σb, and the biaxial anisotropy coefficient rb
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[28,29]. In case of yield criteria capable of describing SD effects, uniaxial compression
experimental results are also necessary.

The DD3MAT in–house code [30] serves for determining yield criteria parameters
that accurately adjust a given material’s experimental behaviour. The procedure
adopted is based on the minimization of an error function that evaluates the difference
between estimated and experimental values,

F Að Þ ¼ wσT
θ

X90
θ¼0

σTθ A;�εpð Þ�σTθ �εpð Þ � 1
� �2 þ wσC

θ

X90
θ¼0

σCθ A;�εpð Þ�σCθ �εpð Þ � 1
� �2

þ wrT
θ

X90
θ¼0

rTθ Að Þ�rTθ � 1
� �2 þ wσb σb A;�εpð Þ�σb �εpð Þ � 1

� �2
þ wrb rb Að Þ=rb � 1ð Þ2;

(14)

with A representing the set of parameters of the respective yield criterion. σTθ �εpð Þ,
σCθ �εpð Þ and rθ are the experimental yield stresses in tension, compression, and aniso-
tropy coefficients determined in uniaxial tension, respectively. These are obtained from
the uniaxial tests for a specific orientation ðθÞ with respect to RD. σb is the experimental
yield stress obtained from the equibiaxial tensile test and rb is the experimental
anisotropy coefficient obtained from the disc compression test. σTθ A;�εpð Þ, σCθ A;�εpð Þ,
rTθ Að Þ, σb A;�εpð Þ and rb Að Þ are the correspondent values predicted from the adopted
yield criterion. Such procedure can be considered a generalization of the one proposed
by Banabic et al. [31], where the weighting factors, wσT

θ
, wσC

θ
, wrθ , wσb and wrb , are used

to balance the influence of the experimental data. The selection of the weighting factors
is a manual procedure strongly dependent on the users’ expertise and knowledge.

When considering thin metallic sheets, the off-plane properties are difficult to obtain.
For the particular case of the CPB06, the yield criterion presents 9 anisotropy para-
meters and the k value. However, since the anisotropy parameters, C44 and C55, cannot
be evaluated, the corresponding isotropic values are usually adopted, i.e. 1.0. Moreover,
the C11 parameter is also considered equal to 1.0 to avoid equivalent sets of parameters,
as discussed in [27]. Thus, a total of 6 anisotropy parameters and the k value must be
identified. As for the case of the CPB06ex2, the same premises are considered. In this
case, C0

44 ¼ C0
55 ¼ 1:0 as well as C0

11 ¼ 1:0, totalling 12 anisotropy parameters and the k
and k0 values to be identified. For the CB2001 yield criterion, a5; a6 and bk
k ¼ 6; 7; 8; 9; 11ð Þ are the ones corresponding to the off-plane properties that cannot
be evaluated and are assumed as equal to the isotropic values, i.e. 1.0. Therefore, in this
case, it is necessary to identify a total of 10 anisotropy parameters and the c value.

The identification procedure assumes that k 2 �1; 1½ �, k0 2 �1; 1½ �, Cij 2 �4; 6½ � and
C0
ij 2 �4; 6½ � for i ¼ j, and Cij 2 �5; 5½ � and C0

ij 2 �5; 5½ � for the remaining parameters,

in order to allow the same interval around the isotropic values. The identification
procedure is repeated for each integer value a 2 2; 12½ �, in order to select the one that
renders the best fit, which is evaluated based on the comparison of the objective
function (see Eq. (14)), but also on the in-plane evolutions of both stresses and r-values,
for tension and compression. Note that, since the compression r-values are not con-
sidered in the objective function, because they are not available from the experimental
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data, the values predicted may have strange evolutions or even no physical meaning
(e.g. r< 0). Thus, their in-plane evolution must also be carefully monitored and taken
into account when selecting the a value. For the CB2001, it is assumed that
ai 2 �10; 10½ �, bi 2 �10; 10½ � and c 2 �3:75; 2:25½ �. The minimization process adopted
for this yield criterion includes testing the convexity of the yield surface, for several
planes in the stress space [20].

The optimization algorithm adopted in DD3MAT is based on a downhill-simplex
derivative-free method, allowing to find the minimum of the objective function in
a multidimensional space, with a low computational cost.

3.1. Application to AA2090-T3 aluminium alloy

The CPB06, CPB06ex2 and CB2001 yield criteria parameters identification are per-
formed for an AA2090-T3 aluminium alloy since uniaxial tension, uniaxial compression
and equibiaxial experimental results are available from the literature [13]. The available
data is presented in Table 1, which considers experimental uniaxial tension yield
stresses and anisotropy coefficients, and uniaxial compression yield stresses, for differ-
ent orientations with the rolling direction. The experimental yield stress and r-value
obtained from the balanced biaxial test and disk compression test are also included.
Therefore, a total of 23 experimental values are known, which reduce to 16 if the data
corresponding to the compression tests is neglected. Therefore, the number of aniso-
tropy parameters is lower than the number of experimental values, i.e. the optimization
problem, defined by the objective function presented in Eq. (14), is always over-
constrained.

The CPB06 and CPB06ex2 versions of the yield criterion are used to simultaneously
describe the material mechanical behaviour in tension and compression. Note that the
CPB06 formulation guarantees that the yield stress, Y0, considered is always equal to the
one obtained for the uniaxial tensile test performed along RD, σTRD (see Eq. (1) and Eq.
(5)). Therefore, previous results indicate that the value considered for the yield stress,
Y0, defined by the hardening law, should be in accordance with σTRD to enable an
accurate description of the in-plane yield stresses directionalities [22].

Two sets of anisotropy parameters are identified for the CB2001, considering all the
experimental results, except that: one uses the tension yield stresses (CB2001-T) and the
other the compression ones (CB2001-C). In fact, since this yield criterion does not

Table 1. Experimental uniaxial tension and compression yield stresses, r-values and stress
ratios, for the AA2090-T3 [14].

Test direction [º] r-value σYTθ [MPa] σYCθ [MPa] Stress ratio σYTθ
�
σYCθ

0º 0.210 279.62 248.02 1.127
15º 0.330 269.72 260.75 1.034
30º 0.690 255.00 255.00 1.000
45º 1.580 226.77 237.75 0.954
60º 1.050 227.50 245.75 0.926
75º 0.550 247.20 263.75 0.937
90º 0.690 254.45 266.48 0.955
σb 289.40
rb 0.670
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allow the description of the SD effect, it was decided to use its flexible behaviour to
isolate the influence of the material behaviour in compression, in order to be evidenced
in the numerical example.

The weighting coefficients considered for both CPB06 and CPB06ex2 are the same:
wrθ ¼ 0:1 for θ 2 0; 90½ � except wr45 ¼ 0:25, in order to capture the higher r-value at 45º.
For the yield stresses in tension, the weighting coefficients are considered unitary for all
directions, i.e. wσT

θ
¼ 1:0 for θ 2 0; 90½ �. The yield stresses in compression consider the

weighting coefficients as wσC
θ
¼ 1:1 for θ 2 0; 90½ �. Both biaxial values consider unitary

weights as wrb ¼ 1:0 and wσb ¼ 1:0. This set of weighting coefficients was tested for
each integer value a 2 2; 12½ �, leading to the selection of the following exponents: a ¼ 3
for CPB06 and a ¼ 5 for CPB06ex2.

The weighting coefficients considered for the CB2001 identifications differ, since
different features must be captured when considering tension or compression yield stress
evolutions. For the CB2001-T, wrθ ¼ 0:1 for θ 2 0; 90½ � except wr45 ¼ wr75 ¼ wr90 ¼ 0:5,
wσT0

¼ 2:0, wσT
θ
¼ 0:1 for θ 2 15; 45½ � and wσT

θ
¼ 1:0 for θ 2 60; 90½ �. For the biaxial

values, wrb ¼ 0:1 and wσb ¼ 0:5. For the CB2001-C, wrθ ¼ 0:1 for θ 2 0; 90½ � except
wr45 ¼ wr75 ¼ wr90 ¼ 0:2, wσT

θ
¼ 2:0 for θ 2 0; 30½ � and wσT

θ
¼ 1:0 for θ 2 45; 90½ �. Note

that the uniaxial tension yield stress were assumed equal to the compressive ones, since
the CB2001 does not take into account the SD effect. For the biaxial values, wrb ¼ 0:1 and
wσb ¼ 1:0, for both cases

Figure 1 presents the comparison between the experimental and predicted r-values and
yield stresses for the yield criteria. Although there is no experimental data available con-
cerning the r-values in compression, the predicted values are also presented to allow the
analysis of their impact in the numerical simulation results. Also note that, since the CB2001
does not allow the description of the SD effect, the same in-plane evolution is predicted for
both tension and compression stress states. Regarding the r-values, the CPB06 can only
describe the global experimental trend with accurate values for the RD and TD and
a maximum for about 45º. The behaviour in tension and compression is similar. When
using the CPB06ex2, an improvement is verified, with all the experimental values well
approximated. The difference in behaviour between tension and compression becomes
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Figure 1. Experimental and predicted: (a) r-values and (b) yield stresses for the AA2090-T3
considering the best fit for the CPB06, CPB06ex2 and CB2001.
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more pronounced, mainly for 45º. A very good prediction is also obtained by both CB2001
identifications which, accordingly, present an in-plane evolution of the r-value in tension
similar to the one predicted for the CPB06ex2. As for the yield stresses evolution, while
CPB06 is able to describe both tension and compression, the 6 available anisotropy para-
meters are not enough to enable the description of this material’s anisotropic behaviour. The
yield stresses in tension are well described. However, while the yield stresses in compression
are well described for angles higher than 30º, it fails to describe the inflection point which
would allow an accurate fit for θ 2 0; 30½ �. The CPB06ex2, however, is able to accurately
describe both the yield stresses in tension and compression, including the inflection points.
The CB2001 accurately describes either the yield stresses in tension or compression,
depending on which were used in the identification procedure, with an evolution very
close to the one presented by the CPB06ex2, particularly for the compression yield stresses.

Regarding the biaxial values, Table 2 presents the comparison between the experimental
and the numerical prediction. For the σb, the CPB06 shows the worst prediction, under-
predicting the experimental value. Both the CPB06ex2 and CB2001 yield criteria predict
values very close to the experimental ones. The rb is well predicted by all the criteria, with
the CPB06ex2 presenting the closest value to the experimental one. Thus, when comparing
the yield surfaces in the σ11; σ22 plane (with σ33 ¼ 0), as shown in Figure 2, it is possible to
confirm the similarities between the ones predicted by the CPB06ex2 and the CB2001, since
both yield criteria present a similar number of anisotropy parameters. When considering
the two CB2001 identifications, it is possible to confirm a slight change of shape, induced by
the different in-plane trends. Moreover, it should be mentioned that the AA2090-T3
presents a small SD effect, as can be seen in Table 1, by the analysis of the stress ratios.
As shown in Table 2, the CPB06ex2 yield criterion is the only one that accurately captures
the stress ratios, for both 0 and 90º to the rolling direction. Finally, the anisotropy
parameters obtained for the considered yield criteria are presented in Table 3.

4. Numerical simulation

The numerical simulation of a cylindrical cup drawing was performed in order to
analyse the influence of considering different behaviours for both the yield stresses and
the r-values in tension and compression in the final shape. The selected example is
based on the work of Yoon et al. [19]. All numerical simulations were performed with
the static implicit in-house solver DD3IMP (contraction of ‘Deep Drawing
3-D IMPlicit’), specifically developed to simulate sheet metal forming processes [32]
and continuously updated to enable an improved description of the contact conditions
[33,34] and computational efficiency [35].

Table 2. Experimental and numerically predicted biaxial values and stress ratios for the
AA2090-T3.

σb rb Stress ratio σYT0
�
σYC0 Stress ratio σYT90

�
σYC90

Experimental 289.40 0.670 1.127 0.955
CPB06 253.58 0.657 0.989 0.962
CPB06ex2 293.07 0.671 1.111 0.943
CB2001-T 285.89 0.660 1.000 1.000
CB2001-C 283.83 0.696 1.000 1.000
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4.1. Problem description

The schematics of the cup drawing process andmain dimensions are shown in Figure 3 (a).
The blank sheet is circular in shape with a diameter of 158.76 mm and a thickness of
1.6 mm. The blank-holder force has a value of 22.2 kN, corresponding to the minimum
value predicted to avoid wrinkles [19]. The contact with friction conditions is described by
the Coulomb’s law, using a constant friction coefficient, μ, of 0.1.

Due to geometrical and material symmetries, only a quarter of the global structure is
modelled. The sheet is discretized with 8-node hexahedral finite elements, combined
with a selective-reduced integration technique [36]. Figure 3(b) shows the in-plane
sheet discretization used, considering both a structured and an unstructured zone to
facilitate the construction of a regular mesh. The model considers two layers of
elements in the thickness direction, leading to a total number of 19,648 elements.
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Figure 2. Predicted yield surfaces in the σ11; σ22 plane (with σ33 ¼ 0) for the AA2090-T3 considering
the best fit for the CPB06, CPB06ex2 and CB2001.

Table 3. Identified parameters for the AA2090-T3 for the considered yield criteria
(C11 ¼ C44 ¼ C55 ¼ C011 ¼ C044 ¼ C055 ¼ 1:0, and a5; a6 and bk k ¼ 6; 7; 8; 9; 11ð Þ ¼ 1:0).
CPB06 C22 C33 C66 C23 C13 C12 k

1.357 0.998 −1.283 0.105 −0.196 0.242 −0.020
CPB06ex2 C22 C33 C66 C23 C13 C12 k

0.739 −0.435 1.775 0.362 1.285 0.740 0.252
C022 C033 C066 C023 C013 C012 k0

1.437 −1.888 −1.526 −0.463 −0.939 −0.223 −0.029
CB2001-T a1 a2 a3 a4 c

1.358 1.848 1.075 1.709 0.857
b1 b2 b3 b4 b5 b10

5.357 −0.623 −4.386 −3.654 −6.046 −0.882
CB2001-C a1 a2 a3 a4 c

1.803 0.975 1.209 1.461 1.888
b1 b2 b3 b4 b5 b10

−5.000 0.130 0.277 4.027 2.807 −0.200
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The material’s mechanical behaviour is assumed to be isotropic in the elastic regime,
being described by the Young’s modulus, E, and the Poisson ratio, υ. The plastic
behaviour is described using an isotropic work hardening Swift type law, given by

Y �εpð Þ ¼ K ε0 þ �εpð Þn; (15)

where Y is the flow stress and �εp is the equivalent plastic strain. The elastic properties
and the material parameters of the hardening law used in the numerical model are
presented in Table 4.

4.2. Results and discussion

The comparison between the experimental and the numerically predicted cup height vs.
angle from RD of the final cup, as well as the predicted thickness strains, are presented in
Figure 4. Regarding the earing profile, the CPB06 predicts only one ear with a maximum
at around 45º, whereas the experimental one is around 50º. Also, it is not able to predict
the baseline for θ 2 ½0�; 25��. The CPB06ex2 and the CB2001-C present very similar
predictions, capturing the baseline for θ 2 ½0�; 25��. This can be related with the simila-
rities presented in the in-plane distribution of the compression r-value for θ 2 ½65�; 90��,
since the in-plane evolution of the compression yield stress is also quite similar (see
Figure 1). The CB2001-T for θ 2 ½0�; 25�� presents a small ear as a result of the trend
predicted for the tensile yield stresses θ 2 ½60�; 90��. The CPB06ex2 maximum is closer to
the experimental one, not only in terms of value but also location, with also a closer
prediction for θ 2 ½45�; 90��. In fact, for θ 2 ½45�; 90��, both CPB06ex2 and CB2001-C
present the same trend, although the CB2001-C presents a slightly lower height. The fact
that the CPB06ex2 predicts an higher height close to 45º can also be related with the
higher value of the compression r-value (see Figure 1(a)), compared with the one
predicted by CB2001-C, which is known to lead to a higher cup height. However,
based on the slightly lower value of the compression r-value for θ 2 ½0�; 30��, predicted
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Figure 3. (a) Schematic of the cup drawing and main dimension and (b) in-plane blank sheet
discretization.
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by the CPB06ex2 when compared with the CB2001-C, one would expect a lower high of
the cup. In this context, it should be mentioned that lower values of the yield stresses lead
to higher cup height [5,20]. This also explains why the CB2001-T presents the highest
amplitude for the ears, dictated by the higher amplitude predicted to the in-plane
distribution of the tensile yield stresses. Finally, it should be mentioned that slight
changes in the blank-holder force distribution, resulting from the orthotropic behaviour,
disable a direct evaluation of the cup height from the in-plane directionalities [20].

Regarding the thickness strain distribution, all yield criteria predict a trend close to the
experimental one, even though the thickness strain is globally overpredicted in the cup wall,
for both directions. The fact that the thickening is overestimated, whatever the yield criterion
adopted, can be related to the lower average height estimated for the cup. Globally, the CPB06
and, particularly, theCB2001-T cannot accurately predict the difference between the thickness
strains along the RD and the TD directions. For the CPB06, the yield stress predicted for the
TD is only slightly lower than for theRDdirection, resulting in the similar trend.However, the
CB2001-T presents a value for the yield stress predicted for the TD clearly lower than the one
for RD, which results in a trend opposite to the experimental one. As for the CPB06ex2 and
CB2001-C, both yield criteria predict higher thickening in the cup wall for the TD direction.
This is a consequence of the compression yield stresses predicted since, for both theCPB06ex2
and theCB2001-C, the compression yield stresses for RDare lower than the ones predicted for
the TD.As previouslymentioned, the value selected for the blank-holder force corresponds to
the minimum value predicted to avoid wrinkles. However, due to the strong orthotropic
behaviour of the material, the blank-holder force is not evenly distributed in the flange.
Moreover, since the tool presents no blank-holder stopper a slight squeeze occurs before the

Table 4. Elastic properties and material parameters of the work
hardening law.
Elastic properties Isotropic hardening (Swift law)

E ¼ 74 [GPa] K ¼ 646 [MPa]
υ ¼ 0:34 ε0 ¼ 0:025

n ¼ 0:227
Y0 ¼ 279:62 [MPa]
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blank loses contact with this tool, particularly for the material located closer to the RD (see
Figure 4 (b)), where there are also higher differences between the experimental and the
numerical results. In fact, these factors make the numerical prediction more sensitive to the
contact with friction conditions [20].

5. Conclusion

In this paper, the anisotropy parameters for the CPB06, CPB06ex2 and CB2001 yield
criteria were identified, following a classical strategy, for an AA2090-T3 aluminium alloy.
The identification results show that the CPB06 is able to describe the tension-compression
asymmetry, but it is not flexible enough for describing materials that present pronounced
orthotropic behaviour. Considering two linear transformations of the deviatoric stress
tensor, CPB06ex2, enables the doubling of the number of anisotropy parameters, leading
to an accurate description of yield stresses and r-values in-plane directionalities, for both
tension and compression states. However, particular care was taken in the identification
procedure, concerning the in-plane compression r-values, since when this experimental
data is unavailable, the predictions can lead to strange distributions.

The CB2001 yield criterion was considered to evaluate the impact of taking into
account the SD effect in the numerical predictions of the earing profile of a cylindrical
cup. This yield criterion is known for its flexibility, presenting a number of anisotropy
parameters similar to the CPB06ex2. However, due to its inability to describe the SD
effect, two different sets of experimental data were adopted in the anisotropy para-
meters identification procedure. The first considers the yield stresses evaluated from the
uniaxial tensile tests and the second set from compression tests. Both identifications
lead to a proper description of the in-plane r-values and yield stresses evolutions (i.e.
the ones considered in the identification procedure). Thus, the results obtained with the
CB2001 are similar to the ones of the CPB06ex2 in terms of cup height.

Concerning the cylindrical cup forming operation, the earing profile of the cup and the
thickness strain distribution along RD and TD are the main parameters analysed. The
comparison of the experimental and numerical results show that, for this example, for
which the earing profile and the cup height is driven mainly by the description of the
compressive stress states, considering the compression yield stresses are critical to obtain
accurate predictions. In fact, the compression yield stresses directionalities seem to play
a major role when it comes to the thickness predictions. Thus, a good prediction of the
material in-plane directionalities, including the compression yield stresses, is important for
the numerical simulation of deep drawing processes, even for materials presenting small
tension-compression asymmetry.
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