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Abstract

Various numerical parameters such as element size, mesh topology, element formulations effect the prediction
accuracy of sheet metal forming simulations and wrong selection of these parameters can lead to inaccurate
predictions. Therefore, selection of proper numerical parameters is crucial for obtaining of realistic results from
finite element (FE) analyses. In the present work, influence of the number of through-thickness integration
points from the numerical parameters was investigated on the cup drawing simulation. Highly anisotropic
AA 2090-T3 aluminum alloy was selected as test material and the anisotropic behavior of the material was
defined with Barlat 91 yield criterion. Firstly, cup drawing model was created with implicit code Marc and then
FE analyses were performed with five, seven and nine layers to investigate the effect of number of through-
thickness integration points. The computed earing profiles and thickness strain distributions were compared
with measurements. Comparisons showed that the angular locations of maximum cup heights and thickness
strain distributions along rolling and transverse directions were captured accurately by Y1d91 yield criterion and
also it was observed that the layer number effects the maximum cup height and thickness strain distribution

along the rolling direction.
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1.INTRODUCTION

Governments force automotive companies to reduce exha-
ust emissions and improve fuel efficiency. In order to satisfy
these requirements, engineers develop projects on reducing
vehicle weight [1]. At this point, aluminum (Al) alloys be-
come attractive for automotive manufacturers because of
their lightweight and strength-to-weight ratios. Although
Al alloys are preferred by most automotive manufacturers,
modelling of these materials is difficult due to complex ani-
sotropic behaviors. Anisotropic behavior of the sheet mate-
rials is represented by orthotropic anisotropic yield criteria.
Various anisotropic yield criteria have been developed in
the literature. The first anisotropic yield criterion was pro-
posed by Hill in 1948 [2]. Hill48 criterion has a quadratic
form and it gives consistent results for steels. However, con-
ventional Hill's quadratic criterion can't represent the ani-
sotropic behavior of aluminum alloys. According to Hill48
yield criterion, biaxial yield stress ratio (o, / 0,) is lower
than unity when the normal anisotropy coefficient (7, ) is
less than unity and also #, > 7, when 0, >0 . Howe-
ver, experimental studies performed by Woodthorpe and
Pearce for some Al alloys showed that o, / 0, was always
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around 1.1 and 7, varied between 0.5 to 0.6 and 7, > 7,
then 0, < Oy, [3]. This behavior was referred as “the first
and the second anomalous” behavior by researchers. The-
refore, non-quadratic yield functions are required to use
for describing the anisotropic behavior of these materials.
Hill developed a non-quadratic yield criterion in 1979 [4].
Hill79 criterion can model the first anomalous behavior, but
it couldn’t model second anomalous behavior of Al alloys.
Then, Hill improved his yield criterion and proposed a new
non-quadratic yield criterion in 1990 [5]. Hill90 criterion
can describe both the first and second anomalous behavi-
ors, but this model is not user friendly and it requires long
simulation time for FE analysis. Unlike Hill's models, Barlat
et al. developed various anisotropic yield functions for Al al-
loys that these functions are referred as Y1d89 [6], Y1d91 [7],
Y1d96 [8], Y1d2000-2d [9] and Y1d2004 [10] in the literature.
These models are derived from linear transformation appro-
ach and give better results than Hill's models for Al-alloys.

Several studies have been carried out about the modeling
of Al-alloys in the literature. Chung and Shah [11] defined
the anisotropic behavior of AA 2008-T4 alloy using Barlat91
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(Y1d91) vyield criterion and performed FE analyses of the
bulge and cup drawing tests. They compared the predicted
bulge profiles, cup height and thickness values with experi-
mental results. Similar studies were carried out by Yoon et
al. [12] and Chung et al. [13]. They predicted earing profiles
and thickness strain distributions with FE simulations and
found good agreement between FE simulation and experi-
ment. Then Yoon et al. used Y1d91 yield criterion to predict
earing of AA 2008-T4 alloy and compared with Hill48 [14].
Parente et al. modeled the cup drawing of AA 2008-T4 alloy
with solid-shell elements and Y1d91 yield criterion [15]. They
applied the model to predict earing and obtained a good ag-
reement with experimental results. Yoon et al. [16] applied
Y1d2004 yield criterion to predict earing of AA2090-T3 al-
loy. They used solid elements in FE analyses and succesful-
ly predicted the earing profile of the cup. Younas et al. [17]
investigated the effect of solid-shell elements on the earing
prediction and compared with standard solid elements. They
performed FE simulations of cup drawing tests with Hill48,
Y1d91 and Y1d2004 yield functions for AA2090-T3 alloy and
obtained closer results with non-quadratic yield functions to
the experiments. Although succesfull results were obtained
in these studies, it is seen that researchers haven't performed
any study about the influence of number of through-thick-
ness integration points in cup drawing simulations.

In this study, this effect was investigated for highly anisotro-
pic AA2090-T3 aluminum alloy. Anisotropy of the material
was defined with Y1d91 yield criterion and FE analyses were
carried out with different number of integration points.
Then the computed earing profiles and thickness distributi-
ons were compared with measurements.

2. MATERIAL AND METHOD
2.1. Plasticity Model

A yield criterion, a flow rule and a hardening rule must be
defined in order to establish a plasticity model. Yield crite-
rion defines the elastic boundary in stress space, flow rule
determines the direction of plastic strain increment and
hardening rule defines the evolution of yield surface. In this
study, Y1d91 yield criterion was used for definition of initial
anisotropy of the material and the criterion is explained in
below:

Y1d91 is a six-component yield criterion and it is developed
by Barlat et al. to identify anisotropic behavior of Al-alloys.
This criterion is based on the linear transformation approa-
ch and expressed as the following:

m
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where O is the effective stress, S,, §, and S, are the prin-
cipal values of the transformed deviatoric stress tensor §_,
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Linear transformation of the deviatoric symmetric stress
tensor can be expressed as follows for plane stress condi-
tions.
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where C,_ , are the constants describing the anisotropy of
the material. When C,_,_, =1, the material is isotropic and
the criterion transforms Tresca yield criterion for m=1 or
o0 and von Mises criterion for m = 2 or 4. The parameter m
is related to the crystallografic structure of the material. This
parameter is taken as 6 for body-centered-cubic and 8 for
face-centered-cubic materials. Also yield surface is convex
for m > 1. For the plane stress state, the number of constants
reduces to four (C,,C,,C, and C,). These constants could be
determined by solving the system of nonlinear equations
[18]. Depending on the yield stresses along three directions
(0° 45° and 90°) and equibiaxial yield stress (o, ) these equa-
tions are written as following:

f,(C) =0, (Gxx =0,. 0, =0, O_ = O)—csb =0 for1=12.3,6 (5)
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(8)
The Newton-Raphson (N-R) numerical method was used to
solve the system of nonlinear equations in this study (Eg.5-
8).

Associated flow rule was used to determine the plastic strain
increments. It can be expressed as following equation:

do
do, (9)

i

del =d

where d 6‘5 shows the increment in the plastic strain tensor,
d\ is the plastic multiplier, @ is the yield function and o, de-
notes the Cauchy stress tensor. Isotropic hardening rule was
assumed and hardening curve was defined with Swift power
law is given in Eq. (10).
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o-=K(£0+gp) (10)
where K is the strength coefficient, &, is initial plastic stra-
in and 7 is strain hardening coefficient. The parameters in
Eq. (10) are given in Table 1.

Table 1. Swift parameters for AA2090-T3 [19]

K & n

646 0.025 0.227

2.2. Finite Element Method

In the present work, cup drawing process of AA2090-T3 al-
loy was investigated. Information about tool geometry and
dimensions can be found in the study [19].

The process was modelled by using Marc software. Full
models of the parts were prepared to reflect anisotropy of
the material. The blank was discretized by shell elements,
full-integrated element formulation was selected and diffe-
rent number of through-thickness integration points were
used to study the effect of the number of layers. Therefore,
three different FE models were built and the blank was mo-
deled with 5, 7 and 9 layers. FE model of the cup drawing
process was shown in Figure 1. The tools were modeled as
rigid bodies. The die was fixed in its initial position and the
punch moved upwards according to position-time data tab-
le. 22.2 kN blank holder force was applied. Segment to seg-
ment contact algorithm was used for defining the contact
and the friction coefficient between the parts was taken as
0.1.

Figure 1. FE model of cylindrical cup deep drawing process

Required yield stress ratios for determination of Y1d91 co-
efficients are given in Table 2. In Table 2, &, indicates the
normalized yield stress along 6 direction. In this study, yield
stress in rolling direction (O‘ o ) was taken as reference yield
stress in the determination of yield stress ratios (Eq 11).
Y1d91 coeflicients were determined by solving the system

of nonlinear equations with N-R numerical method. Marc
program takes yield stress ratios as input and calculates
Y1d91 coefficients with N-R numerical method. The deter-
mined Y1d91 coeflicients were given in Table 3.

— G,
I —6

’ Oy (11)

Table 2.Yield stress ratios of AA2090-T3 in different directions and biaxial

stress state [19]
Material ) 045 Oy Op
AA2090-T3 1.0000 0.8114

0.9102 1.0350

Table 3. Anisotropy parameters of YId91 yield criterion for AA2090-T3
C C C C

1 2 3 6

1.06746 0.855986 1.12964 1.29708

3. RESULTS AND DISCUSSION

FE analyses were carried out with different number of layers.
The predicted earing profiles and thickness strain distributi-
ons were compared with measurements to evaluate the inf-
luence of number of through-thickness integration points
on the results. Experimental cup heights and thickness stra-
in distributions were taken from literature [19].

3.1. Comparison of Earing Profile

In the present section, the influence of number of integrati-
on points on the earing prediction were examined. Therefo-
re, the computed earing profiles from FE simulations were
compared with measurements [19]. The final configuration
of a full drawn cup and comparisons were shown in Figure 2
and Figure 3, respectively.

Figure 2. Equivalent stress distribution on fully drawn cup
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Figure 3. Computed and experimental cup heights [19]

It is seen from the Figure 3 that the earing profiles computed
from simulations were similar and compatible with experi-
ment, whereas the overall height predictions were different
from each other. Cup height prediction of layer 7 was closer
to the experiment than the other models at 135° and 315°
from rolling direction, whereas the prediction of layer 5 was
closer to the experimental data at 225° from rolling. Besides,
it was observed that the cup height predictions of the mo-
dels at 90°, 180° and 270° from rolling direction were incom-
patible with experimental results [19]. In addition to that it
can be observed from the Figure 2 and 3 that four ears were
predicted in the simulations, but six ears were observed in
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the experiment. Extra two ears were observed along the
rolling directions in the experiment [19]. This is due to the
coefficient identification procedure of Y1d91 criterion. This
criterion is a stress based yield criterion and only it takes
only yield stress ratios as input.

3.2. Comparison of Thickness Strains

Thickness strains predicted from the analyses were compa-

red with measurements [19]. Comparisons of the calculated

and experimental thickness strains in rolling and transverse

directions were shown in Figure 4 and Figure 5, respectively.
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Figure 4. Computed and experimental thickness strains along the rolling
direction [19]
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Figure 5. Computed and experimental thickness strains along the trans-
verse direction [19]

It is seen from the Figure 4 and 5 that thickness strains along
the rolling and transverse directions remained constant
between reference point A and point B, then they decreased
until point C and finally thickness strains contiously increa-
sed until point D. In both simulation and experiment, mini-
mum and maximum thickness strains were observed on the
corner region and the rim of the cup, respectively. This is an
expected result, because both radial and tangential stresses
occur on the corner region, whereas compressive stresses
occur on the rim of the cup. Therefore, more thinning is ob-
served on the corner region, while more thickening is obser-
ved on the rim of the part.

It is also could be observed from the Figure 4 and 5 that
the differences of thickness strain between the FE simulati-
on and experiment were small along rolling and transverse
directions. Only, the predicted thickness strain from the la-
yer 7 deviated from the experiment between 40 and 60 mm
from the rolling direction.
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4. CONCLUSIONS

Studies in the literature don’t investigate the effect of throu-
gh-thickness integration on the cup drawing simulations. In
this study, the effect of this numerical parameter on the cup
drawing simulation was studied. The anisotropic behavior
of the material was defined with Y1d91 yield criterion and
implicit FE code Marc was used. Cup drawing simulations
were performed with different layer numbers in order to in-
vestigate the effect of layer number through the thickness.

Conclusions drawn from this study are summarized in be-
low:

1. Y1d91 yield criterion could sufficiently define the anisot-
ropic behavior of AA2090-T3 alloy

2. The computed earing profiles and thickness strain distri-
butions from the simulations were compatible with the ex-
periment.

3. Positioning of the ears on the drawn cup could be accura-
tely predicted by Y1d91 yield criterion. However differences
between predicted and experimental cup heights were ob-
served.

4. Layer number through the thickness from numerical pa-
rameters has a strong effect on the predicted maximum cup
heights.
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