
Textures and Microstructures, 1991, Vols 14-18, pp. 507-512
Reprints available from the publisher
Photocopying permitted by license only

(C) 1991 Gordon and Breach Science Publishers SA
Printed in the United Kingdom

PREDICTION OF EARING IN CUP DRAWING FCC MATERIALS

F. BARLAT, S. PANCHANADEESWARAN and O. RICHMOND
Alcoa Laboratories, Alcoa Center, PA 15069, USA

FRODUCTION

Several attempts have been made to predict earing tendency during cup drawing from
known properties of the initial sheet material. Hill1 first proposed an explanation for ear
and trough positions based on his anisotropic yield function and on the assumption of no
hold-down pressure (plane stress) or no thickening of the blank (plane strain). In order to
take better account of the microstmcture of metals, models based on the plastic slip of a
single crystal or of a polycrystal have been developed. Tucker’s approach2 based on the
Schmid law for a FCC single crystal is well known and it is in reasonable agreement
with experiments. Numerous studies have used the Taylor3/Bishop and Hill4 polycrystal
model to describe the material behavior, and some assumptions concerning the state of
stress under the blank holder to predict the earing profile5,6. Recently,
Panchanadeeswaran et al.7 proposed a simple model of earing based on the Taylor/Bishop
and Hill theory. They used this model to predict the earing prof’de in cups of high purity
aluminum processed with various mounts of cold rolling. They obtained theoretical
earing profiles in good agreement with experimental ones for sheets with a high
reduction. However, the agreement was not very good for sheets with a low reduction. In
this work, after we first describe the model and the associated assumptions employed, we
show that these predictions can be substantially improved when suitable assumptions
concerning the stress and strain state under the blank holder are made.

The material is assumed to possess orthotropic symmetry with principal axes,
(rolling, transverse and normal directions) denoted by x, y and z. The plastic behavior of
the material is described by the yield surface and the associated flow rule. Now,
considering the cup drawing operation, we assume that ears start to form in the flange
and that the final positions of ears and troughs coincide with initial positions. This
assumption is supported by many experimental observations. Therefore, one needs only
to analyze the state of stress and swain at the beginning of the drawing process. In other
words, work-hardening and texture evolution are neglected. In addition, the effects of
friction are not accounted for. If vr v0 and vz represent components of the velocity
vector at any point of the flange with respect to cylindrical coordinates (Fig. 1), the
strain rate components can in principle be calculated and be related to the stress by the
constitutive law. However, the stress state at any point of the flange is unknown and
nonuniform. Therefore, two other assumptions are necessary to be able to calculate the
earing profile. Although v0 and vz are not equal to zero they are negligible when
compared to the radial velocity. Moreover, it is assumed that earing tendency is mainly
imposed by the radial velocity of points located at the rim of the flange. Except at the
very end of the drawing operation, these points are always part of the flange. Using the
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relationship between velocity field and strain rates, we then obtain for a point on the
rim7:

odVr 2 vrd8

Two simple extreme cases can be considered. In one case, the blank holder is
supposed to impose a pressure which is negligible compared to the stress actually
developed in the blank; in the other, it is supposed to maintain sufficient pressure to
inhibit any thickening of the sheet. These two cases arc referred to as plane stress and
plane strain, respectively.

RD, x

Figure 1. Cup drawing geometry and physical interpretation of
earing formation by shear deformation.

Assuming yielding all around the flange, and using the normality flow rule together with
tensor transformations give:

for both plane stress and plane strain. Noting that Cr orO 0 at the rim of the flange
and using the tensor transformation for strains then gives:

1 dca=2ira=2V (3)
Yo dO o

where the parameter F is that introduced by BARLAT and RICHMOND8 to characterize
the shear deformation occurring during uniaxial tension (or compression) in a given sheet
direction. Shear occurs if the considered direction is not a material symmetry axis; i.e.,
when principal stress and principal swain rate axes are not coincident. Equation 3 relates
the variation of circumferential stress in various directions to the parameter F. Note that
the stress o0, conesponds to the yield stress in a specimen oriented at angle, 0+t/’2, to
the rolling direction. For the plane stress case, (no hold-down pressure), it should be
taken as simple yield stress; for the plane strain case (no thickening), it should be taken
as plane strain yield stress. Combining Equations I and 3 gives:
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vr dO 0 dO

Therefore, it appears that the curve that represents the normalized variation of the radial
velocity of the rim of the flange as a function of angular position is the same as the one
representing the normalized yield stress variation corresponding to the appropriate
hold-down conditions.

Equation 4 is in agreement with Hill’s statementl: "In both plane stress and plane
strain, the tangents at the points where ears and hollows develop are in the direction for
which the yield stress has a stationary value." Actually, since there is a relationship
between the yield stress and the shear parameter F either in uniaxial or in plane swain
tension, this simple model clearly shows that this parameter is the one that actually
relates earing to uniaxial or plane strain properties, and Fig. 1 illustrates the physical
interpretation of this relationship. The R value, width to thickness strain ratio in
uniaxial tension does not naturally enter into this simple model. This does not mean that
no correlation between earing profile and R value can exist. Actually, Rollett et al.9 have
shown such a relationship, but it implicitly assumes plane stress (no blank holder force),
because the R value is defined for uniaxial tension only. In the present work, Equation 4
has been shown to predict earing profiles for both plane swain and plane stress cases.

APPLICATION TO SINGLE CRYSTAL

Assuming 111 <110> slip, the yield surface of the FCC single crystal in the cube
position associated with the Schmid law can be expressed as:

where is the critical resolved shear stress and m=oo. For uniaxial tension (or
compression) in a direction defined by the angle 0, Equation. 5 gives the yield stress
variation with respect to the tension direction; namely,

ty 0"< 0 < 45"
cos0(cos0 +sin 0)

For plane strain tension (or plane strain compression), it is the more convenient to
consider the plane stress shear state, which differs by a hydrostatic pressure only. For this
case, the symmetry of the cubic single crystal requires that the stresses Oxx and Oyy have
oplxsite signs as is the case for the isotropic material. Such conditions require -o0 to
be equal to or 0/2. Restricting the angle 0 to be between 0 and 45 only, the use of
Equation. 5 leads to two expressions of o depending on whether the angle 0 is smaller or
larger than 22.5. Assuming that a superimposed hydrostatic pressure does not influence
the results, the major plane strain yield stress variation is given by the following
relations:

ty 0"< 0 < 22.5", o" 22.5"< 0 < 45"
oos20 cos20 + sin20

The cup height profile calculated for the cube single crystal is shown in Fig. 2 for both
plane stress and plane strain conditions and these are compared with the experimental cup
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height profile measured by Tucker2. The plot indicates that the plane swain prediction is
in better agreement with the experimental profile than the plane stress condition which
does not even lead to the well known 0 and 90 earing for such a material.

Figure 2. Predicted plane stress and
plane strain and experimental cup height
profiles for a single crystal in cube
position

Figure 3. CODF intensity along the
squeleton line for high purity aluminum
sheets with various cold rolling
reductions.

APPLICATION TO HIGH PURITY ALUMINUMPOLYCRYSTALS

The previous analysis is applied in this section to the case of high purity aluminum
(99.99%). The material was rolled with different amounts of cold reduction (35%, 60%,
80% and 90%) to the same thickness, giving four different starting textures. Fig. 3
shows the crystallite orientation distribution function (CODF) intensities along the
squeleton fine for these textures. This figure indicates that a strong rolling texture exists
in all of the material conditions with relatively similar CODF intensity. However, the
intensity of the cube texturedec as the cold rolling reduction increases from 30% to
90%. For each sheet, circular blanks were drawn into cups. The flange radii of the drawn
cups were measmeA along the circumference with a computer-controlled noncontacting
measuring device. The data at diametrically opposite sides were averaged to exclude error
due to eccentricity of the tooling system. More details about the material processing and
the deep drawing experiments have been published previously-/. Plane stress earing
predictions using yield surfaces calculated with the Taylor/Bishop and Hill model, were
also given in that work. TI radius of the cup after drawing was simply given by:

rd(O+90")=r{l+ld Vr(0+90")=vJ r{l+ ldd (0")J’(0)
where r is the initial flange radius, rd is the flange radius at a given drawing ratio,
d r / rd (90), and the uniaxial or plane strain yield stress in a direction defined by
0. These predictions were found to be in good agreement with the experiments at high
rolling reductions (80% and 90%), but not for those at low rolling reductions where the
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textures consisted of a mixture of re,crystallization and rolling components. Several
reasons have been proposed to explain this disagreement.
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Figure 4. Predicted plane stress and plane strain and experimental flange radius profdes
for high purity aluminum sheets with various cold rolling reductions.

The first reason is related to the mathematical description of the CODF using the
spherical harmonic series method. With this method only the even coefficients of the
series expansion can be calculated and, as a consexluence, for some given orientations the
calculated intensifies are negative, which has no physical meaning. Since the yield
surface shape can be influenced by these "ghost values," they have been reealcdated with
a new CODF computation procedure based on the positivity condition10. However,
although the new computations somewhat modified the earing profiles they did not
significantly change the ear and trough positions.

The second reason proposed to explain the disagreement between earing predictions
and experiments for low cold rolling reduction is related to the choice of the strain or
stress state assumed in the flange for the calculations. It has been shown previously that
plane stress and plane strain earing are different for a single crystal in the cube position.
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In a real cup drawing operation, the stress or swain state in the flange is probably
between these two limiting cases. Therefore, it seems reasonable to look at the effect of
the deformation mode on earing tendency by computing the earing profile in the two
limiting cases.

In the following, material properties have been obtained only with the CODF
computation procedure which eliminates ghost peaks. Earing profiles have been
computed for high purity aluminum in each of the four material conditions using the
plane stress (no blank holder force) or the plane strain (no thickening of the flange)
assumptions. The results appear in Fig. 4. For the sheet with 35% cold rolling
reduction, 0 and 90 earing is predicted under the plane stress condition whereas, with the
plane strain assumption, 45 earing is predicted. This result seems a bit surprising, since
according to the previous section, we would expect 0 and 90 plane strain earing for a
material with a relatively high amount of cube texture. However, in this example, the
texlare is quite complicated and it is misleading to rely on conclusions based only on a
few ideal texture components. Nevertheless, it appears that plane strain earing is in better
agreement with the experiment than plane stress earing, although the small ears
occurring at 90 are not predicted. For the sheet with 60% cold rolling reduction, it seems
that the plane strain prediction again is in better agreement with the position of ears and
troughs. Finally, the two last figures correspond to the materials with high amounts of
cold rolling reduction. In both plane stress and plane strain cases, ear and trough
positions are correctly predicted. The only difference between the two theoretical curves
for each material is the earing percentage.

As a general conclusion, the plane strain assumption for the flange behavior
successfully explained the major trends for earing of both the single crystal in the cube
position and the high purity aluminum sheets with different cold rolling reductions.
More accurate predictions might be obtained from more sophisticated models if effects of
grain shape, texture evolution and friction were also taken into account.
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