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Abstract. This work presents details concerning the strategies and algorithms adopted in the fully implicit FE solver
DD3IMP to model the orthotropic behavior of metallic sheets and the procedure for anisotropy parameters

identification. The work is focused on the yield criterion developed by Cazacu, Plunkett and Barlat, 2006 [1], which

accounts for both tension—compression asymmetry and orthotropic plastic behavior. The anisotropy parameters for a
2090-T3 aluminum alloy are identified accounting, or not, for the tension-compression asymmetry. The numerical
simulation of a cup drawing is performed for this material, highlighting the importance of considering
tension-compression asymmetry in the prediction of the earing profile, for materials with cubic structure, even if this

phenomenon is relatively small.

1 Introduction

Plastic forming of metals with hexagonal closed
packed (HCP) structure is still challenging due to their low
ductility at room temperature and their unusual
deformation characteristics, related with very pronounced
anisotropy with strong asymmetry between tensile and
compressive  behavior.  This  tension-compression
asymmetry is present because, unlike cubic metals (both
face centered (FCC) and body centered (BCC)), hexagonal
metals deform due to the activation of mechanical
twinning or non-Schimd type slip at single crystal level. In
contrast to slip, twinning is a directional shear mechanism:
in general, shear in one direction can produce twinning
while shear in the opposite direction cannot. Although less
pronounced, the strength differential (SD) effect is also
present in materials with cubic structure. However, this
effect has been typically neglected, with the yield surface
assumed to show a point-symmetry, with respect to the
center, such that a stress state and its reverse state have the
same flow stress absolute value [2-5].

For the correct modelling of metallic sheets mechanical
behavior, it is necessary to perform experimental
characterization tests. The most usual is the uniaxial
tensile test, allowing to have the yield stresses and
anisotropy coefficients in several directions of the sheets
plane (generally, O, 15, 30, 45, 60, 75 and 90 degrees from
the rolling direction). In order to improve the description
of the yield surface, it is also recommended to determine
experimentally the biaxial yield stress and the biaxial
anisotropy coefficient [6-8]. However, in order to
characterize the metallic sheets mechanical behavior for
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compression stress states, it is necessary to avoid buckling
effects. This requires the use of smaller specimens and,
consequently, leading to supplementary difficulties in the
acquisition and analysis of the experimental results,
particularly for high strain values (see e.g.[6,9—11]).

This work is focused on evaluating the influence of
taking into account tension-compression asymmetry in the
numerical simulation of a cup drawing. Some details
concerning the non-quadratic yield criterion proposed by
Cazacu, Plunkett and Barlat (2006) are presented in the
first section. Following, a description of the anisotropy
parameters identification is shown for the description of
the mechanical behavior of a 2090-T3 aluminum alloy.
The simulation of a cup drawing is performed in order to
evaluate the influence of taking into account, or not,
tension-compression asymmetry in the prediction of the
earing profile.

2 Constitutive model

The description of both anisotropic behavior and
tension-compression asymmetry is possible using the
model proposed by Cazacu, Plunkett and Barlat (2006) [1].
The equivalent stress & associated with the orthotropic
form of the CPBO06 yield criterion is defined as

=8[([s|-k ) +(Isa] =k 52)" +([ss|=k )" [+ (D

where a and k are material parameters and s,, s, and s3
are the principal values of s =Cq”, determined following
Barlat et al. (1997) [12]. ¢  is the deviatoric stress tensor
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and C is a constant 4"-order tensor which, for 3-D stress
conditions involves 9 independent anisotropy coefficients,
given by
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Considering isotropic conditions (C equal to the 4%-
order identity tensor), the coefficient k alone allows for
the description of the SD effect, giving a direct measure of
the ratio between tensile and compressive yield stresses, as

1/a

T a
k=—2 with h=|——% J | 3

1+h T \4
29| -2
(o2

This means that the O'T/ cC ratio, i.e. the ratio between
the yield stress in uniaxial tension and the yield stress in
uniaxial compression, for the three principal axes is the
same. However, for an anisotropic material it is not
possible to define a single o' / oC ratio and, consequently,
the physical meaning of the k parameter is lost [13]. B
is a constant (see Eq. (1)) defined such that & reduces to
the tensile yield stress in the rolling direction and is given
by

Q
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with

a| [(2/3)C—(1/3)C, = (1/3)Cys
¢ 1 =9(2/3)Cy = (1/3)Co = (1/3)Cp5 ¢ . (5)
&) ((2/3)C5 —(1/3) G5y = (1/3) Cs

For a=2, k=0 and C equal to the 4"-order identity
tensor, the von Mises yield criterion is recovered.
Convexity is guaranteed for any integer a =2 and
ke[-1,1] [1]. In this work the analysis performed
considers a=2.

In order to highlight the influence of taking, or not,
into account tension-compression asymmetry, the yield
criterion proposed by Barlat ef al. (1991), labeled YLDO1,
is also used in this work. The equivalent stress &
associated with the orthotropic form of the YLD91 yield
criterion is given as

1
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where s, s, s3 are the principal values of s =Le¢" and
m is the exponent that controls the shape of the isotropic
yield surface, usually taken as 6 or 8 for body centered
(BCC) and face centered (FCC) materials, respectively
[14]. ¢ is the deviatoric stress tensor and L is a constant
4% order tensor given by

(c24¢3)/3  —c3/3 -/3 0 0 0
-3/3  (e3+¢)/3 -¢/3 0 0 0

L -, /3 -, /3 (q+c)/3 0 0 0} @
0 0 0 ¢ 0 0
0 0 0 0 ¢ 0
0 0 0 0 0 o

which, for a 3-D stress state, involves only 6 independent
anisotropy coefficients. Therefore, although C and L are
defined using the same formalism of the linear
transformation, proposed by Barlat ef al. (1991) [12], they
lead to different sets of anisotropic parameters.

The yield condition is defined as

F(G,Y)=G6-Y =0, (8)

where Y is the flow stress, which depends of the
hardening law selected, such that the yield stress is Y. The
adopted constitutive model considers an associated flow

rule, meaning that the yield function serves as the plastic
potential for determining the plastic strain increment. The

plastic strain rate tensor, DP , is determined according to

P =/iaF(O',Y) ’
06

The equivalent stress is given by Eq. (1) or (6), depending
on the yield criterion adopted, and A is a scalar value
designated by plastic multiplier that can be demonstrated
to be equal to the equivalent plastic strain rate, €P. The
equivalent plastic strain is defined as

©)

B = jéépdmj;"::npdz . (10)
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3 Material parameters identification

The anisotropy coefficients should be determined such
that the yield criterion reproduces the material’s
mechanical behavior as close as possible. The procedure
adopted is based on the minimization of an error function,
evaluating the difference between the estimated values and
the experimental ones, as follows
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where A represents the set of yield parameters. o, O'gc
and 7y are the experimental yield stresses in tension,
compression and r -values, respectively, obtained from
the uniaxial tensile and compression tests for a specific
orientation (8) toRD. ¢g; is the experimental yield stress
obtained from the equibiaxial test and 7, can be obtained
from the disc compression test. O'g"'(A), O';/C (A),
1p(A), 0,(A) and 5(A) are the correspondent values
predicted from the adopted yield criterion. The weighting
factors, Wors Woe s Wy Wo, and w, are used to
balance the influence of the experimental data. The
anisotropy coefficients C,, and Css, of CPB06, and ¢,
and cs, for the YLDO91, are associated with out-of-plane
properties, difficult to evaluate for metallic sheets.
Therefore, they are considered equal to the isotropic value
of 1.0. In brief, the number of parameters to be identified
for the CPBO6 yield criterion is eight: seven anisotropy
parameters and k. For the YLDO91 yield criterion this
number reduces to four, i.e. the anisotropy parameters,
since m=8§.

Both yield criteria were implemented in the in-house
code DD3MAT, enabling the use of all the experimental
data defined in Eq. (11) in the parameters identification
procedure. The optimization algorithm implemented in
DD3MAT is based on a downhill simplex method, which
is a derivative free method. For the CPBO06 yield criterion,
the identification procedure assumes a range of [—1,1] for
k and a range of [—5,5] for all the other parameters. For
the YLDYI1, the range considered for the anisotropy
parameters is [0,5].

3.1 Application to a 2090-T3 aluminum alloy.

The experimental data for the 2090-T3 aluminum alloy
is presented in Table 1, and considers results from both
uniaxial tension and compression tests, as well as for
biaxial tension and disk compression [15].

The anisotropy parameters were identified for both the
CPBO06 and the YLD91, in order to compare their ability
to accurately describe the materials’ mechanical behavior.
Figure 1 presents the comparison between numerical and
experimental r -values as well the yield stress in tension
(labelled “T”) and compression (labelled “C”), for both
yield criteria.

Table 1. Experimental data obtained from uniaxial tension,
compression, biaxial tension and disk compression tests,
for the 2090-T3 aluminum alloy [15].

Test direction [°]  r-value O'g" [MPa] O'gc [MPa]

0 0.21 279.62 248.02
15 033 269.72 260.75
30 069 25500 255.00
45 158 22677 237.75
60 105 227.50 245.75
75 055  247.20 263.75
90 069 25445 266.48
Oy 289.40

T 0.670

Regarding the r -values, both yield criteria seem to
describe well the materials mechanical behavior, except
for the test performed at 45°. The CPBO06 yield criterion
presents a better prediction, mainly between 60° and 90°.
Also, even though no experimental data is available, the
numerically predicted compression r -values are also
represented in this figure, highlighting the difference in
behavior of this material in tension and compression. Note
that the r -values in compression are higher than the ones
in tension for the rolling direction until about 45°, at which
they become lower until the transverse direction.
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Figure 1. Experimental and predicted (a) r-values and (b)
normalized yield stresses for the 2090-T3 aluminum alloy.

As for the yield stresses in tension both yield criteria
show a similarly good agreement with the experimental
results, with the CPB06 being more accurate mainly for
angles closer to the rolling direction. Considering the yield
stresses in compression, note that the YLD91 prediction is
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the same as for the tension case. The CPB06 seems to
predict the main shape of the yield stresses evolution, even
though it under predicts the values from 0° to 45° and over
predicts from 45° to 90°.

Figure 2 presents the normalized yield surfaces
(¥, =279.62MPa) predicted, for both yield criteria, for the
2090-T3 aluminum alloy, in the plane o, 0,, with g3 =0.
The YLD91 predicted surface presents a point symmetry,
implying that the behavior of the material in tension is the
same as in compression. The CPBO06 predicted yield
surface is not symmetric, thus better representing the
material behavior for different stress states. Note that the
condition Y, = O'gT is imposed by the CPBO06 yield
criterion [13], while for the YLD91 this condition is not
imposed in the anisotropy parameters identification
procedure.

When compared with the experimental results, the
CPBO6 closely predicts the yield stresses both in tension
and compression, thus predicting the different ratios
obtained for the two principal directions shown. Table 2
shows the ratios obtained for these axes and also the one
predicted along the thickness direction, corresponding to
the biaxial one (with o] /0¥ =0f /o] ). In fact, the
numerically obtained ratios for the o, and o, axis are
very close to the ones obtained experimentally. Note that
the experimental ratio for the o5 is not available, thus only
the numerically predicted one is shown. Regarding the
biaxial values, the experimental and predicted o;, and r,
are presented in Table 3.

As for the o, value, none of the yield criteria show a
good agreement with the experimental value, with the
YLDY1 yield criterion predicting a slightly closer value.
As for the 1, value, both yield criteria over predict its
value when comparing with the experimental one. Finally,
Table 4 shows the anisotropy parameters obtained for both
the CPB06 and YLD91 yield criteria.
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Figure 2. Predicted yield surfaces, inthe o, 0, plane, for
the YLD91 and CPBO6 yield criteria.

Table 2. Ratios obtained for the three principal axis for the
2090-T3 aluminum alloy.

(ol/of) (oi/o7) (oi/o7)
Experimental 1.1274 0.9549 -
CPB06 1.1756 0.9217 1.0361

Table 3. Experimental and numerically predicted biaxial tensile
values for the 2090-T3 aluminum alloy.

O 0
Experimental 289.40 0.670
YLDO1 230.83 0.971
CPB06 21942 0.968

Table 4. Anisotropy parameters identified for both the YLD91
and CPBOG6 yield criteria, for the 2090-T3 aluminum alloy.

CPB06 YLD9I
L 0.9353 o 1.0692
Csy 04171 o 1.3002
Cis 0.7278 o3 0.8560
Ces 0.7758 c 12132
Cas -0.1194 m 8
Ci3 0.0971

Ch 0.1591

k 0.0922

4 Cup drawing of a circular blank

The numerical simulation of a cup drawing of a circular
cup was performed in order to analyze the influence of the
SD effect in the earing profile. This test is based on the
work of Yoon et al. (2000) [10].

4.1 Problem description

The schematic of the cup drawing process, together
with the main dimensions, is shown in Figure 3. Due to
geometrical and material symmetries, only a quarter of the
global structure is modelled. The contact with friction
conditions is described by Coulomb’s law, using a
constant friction coefficient, 4, of 0.1. The blank sheet is
circular in shape with a radius of 158.76 mm and thickness
of 1.6 mm. The blank-holder force has a value of 22.2 kN,
which correspond to the minimum value predicted to avoid
wrinkles [10].

10148
Die
) \(Rl7.70
I I
| N Rrzo ) ( |
|Blank Punch |
Iholder 9746 |
< 158.76 >

Figure 3. Schematic of the cup drawing and main dimensions.
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The sheet is discretized with 8-node hexahedral finite
elements, combined with a selective reduced integration
technique [16]. Figure 4 shows the in-plane sheet
discretization used. Two elements were used in the
thickness direction, leading to a total of 19648 elements.

Unstructured zone

Structured zone

90 elements

25mm s 54.38 mm

25 elements 100 elements

Figure 4. In-plane blank sheet discretization.

The material’s mechanical behavior is assumed to be
isotropic in the elastic regime, being described by the
Young’s modulus, E , and the Poisson ratio, v . The
plastic behavior is described using an isotropic work
hardening Swift type law, given by

v(2°)=kK(g+2")", (12)

where Y is the flow stress and £P is the equivalent plastic
strain. The elastic properties and material parameters of the
hardening law used for the simulation are presented in
Table 5. The YLD91 and CPB06 anisotropy parameters
used in the simulation are the ones presented in Table 4.

Table 5. Elastic properties and material parameters of the work
hardening law.

Elastic properties Isotropic hardening (Swift law)

E =74 [GPa] K = 646 [MPa]
v =034 £, =0.025
n=0.227

4.2 Results and discussion

The numerically predicted punch force and blank
holder displacement with punch displacement are
presented in Figure 5. Regarding the blank holder
displacement, the results indicate a higher gap with the die
for the CPB06, which corresponds to a thicker flange. In
order to avoid excessive ironing of the flange by the blank
holder, when the displacement inverts, a limit of 0.2 mm
is imposed.

The punch force evolution is very similar for both yield
criteria throughout the process. At around 35 mm a

pronounced decrease in the force is noticed. For the
CPBO6, this stepped decrease occurs sooner, indicating
that the blank loses contact with the blank holder sooner in
the process. This indicates that the height of the formed
cup is lower, for the CPB06.

o
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CPB06

80 0

Punch force

60

40

2

20 Blank holder
displacement

o
N

Punch force [kN]
o
=
Blank holderdisplacement [mm]

o
1

o

w

0 20 40 60
Punch displacement [mm]

Figure 5. Numerically predicted punch force and blank holder
displacement with punch displacement.

The comparison between experimental and
numerically predicted cup height vs. angle from rolling
direction, after drawing, is presented in Figure 6. The
YLDO91 predicts a height that is higher than the one
predicted with the CPB06, between 0° and 75°. Note that
the shape of the ear for both yield criteria is nearly the
same. Negligible differences can be seen between 60° and
90°. Also, the CPB06 predicted location for the maximum
height seems to correlate better with the experimental one.

50
°

B ° °
£145
E T o o ° °
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s “—
o 40

=}
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® Exp. YLD91 CPBO6
35

0 15 30 45 60 75 90
Angle with rolling direction [°]

Figure 6. Comparison between experimental and numerically
predicted cup height vs. angle from rolling direction.

In order to understand the differences in the predicted
cup height, the stress and strain states evolutions during
the cup forming process were analyzed for points located
on the outermost flange, at every 15° from the rolling
direction. This analysis was performed assuming that, as
long as the stress component in the thickness direction is
small, the outer flange will be submitted to a compression
stress state, as shown in Figure 7. Therefore, the material
behavior will be dictated by the stress and r -values
predicted for this stress state, which for the YLD91 are the
same as for a tensile stress state.
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Figure 7. Deformation of an element on the flange: (a) stress
states on the flange and (b) stress states on the yield surface
(adapted from Yoon et al. 2011 [17]).

Figure 8 presents the evolution of the ratio between the
plastic strain along the radial and the thickness direction,
estimated from the numerical results, and the r -values
estimated, for both yield criteria. The results are presented
to a maximum punch stroke of 50 mm, corresponding
approximately to the instant at which the cup completely
enters the die cavity. Considering the YLD91 yield
criterion, the €, /€, and estimated r -values show a good
agreement, meaning that the stress state component in the
thickness direction is small, thus not altering the
compression stress state in the circumferential direction,
for the material points located in the outer flange. Also, it
is possible to observe that the yielding of the points occurs
at approximately the same instant (8 mm). Regarding the
CPBO06 yield criterion, the agreement between the ¢, /€,
and estimated r -values (compression stress state, as
shown in Figure 1 (a)) is also very good. Note that, in this
case, the material points located in the outermost flange do
not yield at the same instant. The point corresponding to 0°
yields last, for a displacement of about 11.5 mm, followed
of the point at 15°, for a displacement of about 8.5 mm.
This behavior is coherent with the fact that the cup height
predicted by the CPBO06 yield criterion is lower for angles

closer to the rolling direction, i.e. since it yields later, the
final cup height is lower.

15
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60° 75 ——90°
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~
w 05
0.0
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15
0° 15° 30° 45°
60° 75° 90°
N
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~
-
0.0
0 25 50

Punch displacement [mm]

(b)

Figure 8. Evolution, with the punch displacement, of ¢, /¢,
(solid lines) and r -values (dashed lines) estimated with (a)
YLD91 and (b) CPBO06 yield criteria.

Figure 9 presents the evolution of the ratio between the
circumferential stress, estimated from the numerical
results, and the ratio between the yield stress, estimated
with both the YLD91 and CPBO06 yield criteria, and ¥ .
For the CPBO06 yield criterion, the yield stresses
considered are the ones predicted for compression
(Figure 1 (b)). For both yield criteria there is a good
correlation between the circumferential stress normalized
by the flow stress, o, /Y, and the normalized yield stress
values estimated with both the YLD91 and CPB06 yield
criteria, Oyy_g /Y, . These results are in accordance with
the fact that the compression yield stresses in the rolling
direction will have a direct impact on the material behavior
at the transverse direction, as shown in Figure 7. In fact,
the behavior of the rim in the direction defined by & (with
the rolling direction) is controlled by the material
compression properties in the direction defined by 90 -8
[17]1[18]. The fact that the CPB06 compression yield stress
at 90° is over predicted, has as consequence the
pronounced decrease in height of the earing profile, mainly
between 0° and 60°. Also, the contact with friction, in this
problem, is not expected to alter the geometry of the earing
profile, since the blank holder force is almost uniformly
distributed in the flange [18].
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Figure 9. Evolution, with punch displacement of o /Y (solid
lines) and the ratio between yield stress (dashed lines) estimated
with (a) YLDO1 and (b) CPBO6 yield criteria and Y, .

From Figure 9 it is possible to note that, regarding the
YLD91 yield criterion, all the points of the flange yield at
approximately the same time, thus being coherent with the
findings from Figure 8. For the CPB06, for angles of 0°
and 15° from the rolling direction, the material yields for a
punch displacement higher than for the other directions.
Again, this is coherent with the results from Figure 8, but
also from Figure 1 (b). The fact that the normalized yield
stress values estimated for a compression test performed at
75° and 90° to the rolling direction are higher than 1.0, on
the contrary with the others, delays the yielding for
material points located between the rolling direction and
15°. This also allows saying that the fact that the cups
height predicted with the CPBO06 is lower for points closer
with the rolling direction is directly related with the later
yielding of this material.

Figure 10 presents the thickness strains evolution
measured experimentally and the ones predicted, for both
the YLD91 and CPBO06 yield criteria, for the rolling and
transverse direction. Regarding the YLDO1 yield criterion,
the evolution in the rolling and transverse directions are
the same, with no observable differences. On the other
hand, the predictions for the CPB06 yield criterion show
that the thickness strain in the transverse direction is
always higher than the one in the rolling direction. This
result is, in fact, coherent with the experimental results
even thought, for both yield criteria, the strains are globally
over predicted. The fact that the thickness strain in the

rolling direction is lower, for the CPB06, also correlates
with the lower cup height in this direction.

0.4
Exp. RD " Exp.TD

0.3 |—— YLD91RD YLD91 TD
CPBO6 RD CPBO6 TD

©
N

Thickness strai
o
o
\\-
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N

0 20 40 60 80
Initial material position (mm)

Figure 10. Evolution of the predicted and measured strain, for
the YLD91 and CPB06 yield criteria, regarding the rolling and
transverse directions.

5 Conclusions

In this work, the anisotropy parameters for the CPB06
yield criterion, which accounts for tension-compression
asymmetry, as well as for the YLD91, were determined.
The results show that both yield criteria can describe the
yield stresses and 7 -values in tension, with the CPB06
also describing the materials’ mechanical behavior for
compression stress states.

The results for the numerical simulation of the cup
drawing show that there is a direct influence of the yield
criteria prediction of the compression yield stresses on the
final shape of the cup, since this is the main stress state in
the cups’ flange during drawing.

Thus, a good prediction of the material directionalities,
including the compression yield stresses, is important for
the numerical simulation of drawing processes, even for
materials exhibiting a small tension-compression
asymmetry since it controls the overall accuracy of the
earing profile.
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