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Abstract

Earing of deep drawn cups is an effective measure of plastic anisotropy. It is the result of crystallographic
anisotropy, i.e. texture. There are several methods to predict earing, but all of these methods are rather com-
plex. Furthermore, above a certain sheet thickness, deep drawing cannot be performed, and prediction meth-
ods fail since they are usually valid within a certain sheet thickness range. A new, simple method has been
proposed to predict earing. Besides simplicity, another major benefit of the method is that it can be applied
to a wide range of sheet thicknesses. The method has been previously applied for unidirectionally rolled and
recrystallized and cross-rolled Al sheets. In the present manuscript, the proposed method is applied on the
AW-5056 type, unidirectionally and cross-rolled, then annealed Al sheets having very weak (close to random)
structure. It is shown that for such samples, the method predicts negligible earing. It is also revealed that for
the 5056 type Al alloy, the differences in texture and earing between unidirectionally and cross-rolled sam-
ples become so small after annealing, that the benefit of cross rolling is negligible.
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AZ31 type magnesium sheets, negligible earing
and increased ductility were obtained [5]. It can
be concluded that in general, using cross-rolling,
a more random texture and consequently, a more
uniform plastic formability can be achieved.
Deep drawing is a simple method to character-
ize the plastic anisotropy of rolled sheets. Besides
this, several methods have been developed to
predict earing. Fukui and Kudo showed that ear-
ing can be predicted from the Lankford number:

1. Introduction

The term “cross-rolling” is used for several
special types of rolling [1]. In this manuscript,
cross-rolling refers to a modified version of con-
ventional “unidirectional rolling” during which
the sheets are rotated by 90° about the normal
direction (ND) between consecutive passes [2-5].
The result of such a process is a more random
texture compared to unidirectional rolling with
four-fold symmetry. Li et al. obtained a higher ori-

entation scatter on the rolling plane of Mg sheets
[2]. Wronski et al. applied cross-rolling to low car-
bon steel and copper and established that the ani-
sotropy of plastic formability decreased in copper
but increased in the steel [3]. Huh et al. achieved
the suppression of cube texture formation in 5182
type Al sheets which resulted in better formabil-
ity [4]. Tang et al. reported that on cross-rolled

Ar = (r, + ry) / 2 - 1,5 [6]. Since then, reports have
been published about mechanics based [7], crys-
tallography based [8, 9] and more sophisticated
methods [10]. Nowadays, earing is usually esti-
mated with finite element (FE) methods [11]. One
drawback of the above prediction methods is that
they are valid within given sheet thickness rang-
es. If sheet thickness is out of this range, the mod-
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el must be modified and validated. This becomes
crucial if such sheet thickness is the target, where
deep drawing cannot be carried out, thus, the
method cannot be validated. A simple method has
been published recently by the authors which is
able to predict earing from {h00} pole figures [12,
13]. Besides simplicity, the developed method can
be applied in a wide sheet thickness range, which
makes it a generally applicable method. Further-
more, it can be used on pole figures obtained by
EBSD, or by non-destructive (sample-cutting-free)
texture measurement methods [14]. The method
was successfully applied on unidirectionally cold
rolled and subsequently annealed Al sheets show-
ing the following four-fold earing types: rolling,
close to zero and recrystallized earing, at notably
different sheet thicknesses (0,3-3 mm) [12]. ]. Lat-
er, it was applied on cross-rolled Al sheets as well
[13]. The present manuscript aims to further wid-
en the applicability of the developed earing pre-
diction method. Now, the method is to be applied
on unidirectionally (UD) and cross-rolled (CR) Al
sheets which have been subsequently subjected
to annealing heat treatments to obtain weak (al-
most random) recrystallization textures.

2. Materials and Methods

Sheets of 5056 aluminum with initial thickness
of 4 mm were unidirectionally- (UD) and cross-
rolled (CR) using a VonRoll roll stand. Except for
the type of rolling (UD or CR), the applied parame-
ters were similar. Sheets were produced with both
6 and 12 passes. Samples Al, A5, and A6 were UD
rolled, while samples A3K, A4K, and A9K were CR
rolled to ~1 mm in 6 passes. Between consecutive
passes, sample A4K was rotated around ND clock-
wise, while samples A3K and A9K were rotated
back and forth. The height reduction of the first
pass was 0.6 mm, and 0.5 mm for the subsequent
passes. Sample A10 was UD rolled and sample
A11K was CR rolled to ~1 mm in 12 passes. The
height reduction for the first pass was 0.3 mm and
0.25 for the following passes. Sample A11K was
also rotated back and forth around ND [13]. The
rolled sheets were heat treated in an air atmos-
phere furnace at 320°C for 2 hours to obtain a ful-
ly recrystallized structure.

Round samples with 30 mm diameter were cut
out from the sheets for X-ray diffraction texture
measurements. Texture examinations were car-
ried out using a Bruker D8 Advance X-ray dif-
fractometer with Cu X-ray source equipped with
an Eulerian cradle. The applied tube voltage and

current were 40 kV and 40 mA. {111}, {200}, and
{220} pole figures were measured up to 75° tilting.
Recalculated {200} pole figures were obtained
with the software of the equipment, TexEval. Or-
thotropic deformation was applied for the recal-
culation of both UD and CR samples.

The used earing prediction method is de-
scribed in detail in a previous publication [12].
In brief, the CHI-cuts of the recalculated {200}
pole figures were obtained. The {200} CHI-cuts
were plotted for each PHI (sample rotation) angle.
The method supposes that the intensity variation
on the CHI-cuts can be approximated with a sum
of Gaussian curves [15]. The CHI-cuts were fitted
with Gaussian curves. The net intensity (area) of
each Gaussian curve was determined and weight-
ed (multiplied) with the sine of the CHI values
of the peaks of the Gaussian curves. Then, the
weighted areas were summed to the given PHI
angle. The summarized, weighted {200} intensi-
ty function versus PHI is the predicted relative
cup height variation versus PHI. Predicted aver-
age earing was calculated as the ratio of average
predicted ear height and average predicted cup
height and divided by a scaling factor [12]. The
determination of the scaling factor was based on
comparison to experimental data described in
detail in [13]. The scaling factors for UD and CR
cases were 40 and 60, respectively.

3. Results

3.1. Results of 6 Pass Rolling

Figure 1 shows the recalculated {200} pole fig-
ures of the annealed UD and CR samples rolled in
6 passes. On the pole figures, no intensity peaks
are present. The RD is at 12’0 clock in every case.
Thus, it can be said that all the UD and CR samples
show a close to random structure.

In Figure 2 the predicted earing and predicted
average earing of the annealed samples rolled
in 6 passes are summarized. It can be seen that
for all UD and CR samples, notable ears that are
characteristic to rolling earing at RD + 45° +
(n - 90°) directions or ears typical to recrystallized
earing at RD + (n - 90°) directions (or any other
directions) do not appear. The observed differ-
ences in cup height are very small, the intensity
varies between 60 and 80 counts. Such differenc-
es are negligible. This is proved by the predicted
average earing which is below 1. Thus, it can be
said that all UD and CR samples show very weak
earing.
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Figure 1. Recalculated {200} pole figures of the an-
nealed samples rolled in 6 steps. (a) A1; (b)
A3K; (c) A5; (d) A4K; (e) A6; (f) A9K.

3.2. Results of 12 Pass Rolling

In Figure 3 the recalculated {200} pole figures
of the annealed UD and CR samples rolled in 12
passes is presented. It is evident that the anneal-
ing heat treatment resulted a random structure in
both UD and CR samples.

Figure 4 shows predicted earing and predicted
average earing of the samples rolled in 12 passes.
According to the figure, both UD and CR samples
show weak earing. The predicted average earing
is below 1.

4. Conclusions

It was seen that no intensity peaks appeared on
the {200} pole figures of UD and CR rolled and
subsequently annealed AW-5056 type Al sheets.
Thus, a homogenous intensity distribution was
present on the {200} pole figures (i.e., the rolling
plane) of the examined samples. The developed
earing prediction method is based on the inten-
sity distribution of the {h00} pole figures i.e., the
{h00} intensity distribution on the rolling plane. It
is shown that in such cases, when a homogenous
{200} intensity distribution is present on the roll-
ing plane, very small cup height variations and
weak average earing is obtained using the devel-
oped earing prediction method. It is also shown
that for the AW-5056 type Al alloy, the differences
in texture and earing between UD and CR samples
become so small after annealing, that the benefit
of cross rolling is negligible.
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Figure 2. Predicted earing of the annealed samples rolled in 6 steps. (a) UD samples; (b) CR samp-
les; (c) predicted average earing of the UD samples, (d) CR samples.
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Figure 4. Predicted earing of the annealed samples rolled in 12 steps. (a) UD sample; (b) CR sample;
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