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Abstract: The formation of uneven cup heights during deep drawing is called earing. This phe-
nomenon is caused by the planar anisotropy of formability in sheets, which is the result of crystallo-
graphic texture. In addition to analytical and finite element methods, a simple and quick method
was developed recently to predict the earing profile of Al sheets solely from the data of {200} pole
figures. So far, the method was applied on final state sheets cold rolled to 0.3-3 mm thickness and
subsequently annealed. Within this manuscript, the earing prediction method is applied on 3003 type
Al sheets with the thickness of ~6 mm, being in the hot-rolled state. Texture examinations were
performed at different depths, from which earing profiles were calculated. For comparison, earing
profiles were calculated from Lankford values that were determined by tensile tests. It is shown
that in the case of hot-rolled Al sheets, if the grain structure is uniform across the thickness of the
sheet, the earing profile can be appropriately calculated from the full {200} pole figure obtained from
surface X-ray Diffraction (XRD) texture measurements.
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1. Introduction

The plastic anisotropy of aluminum sheets can be characterized experimentally
through deep drawing tests performed on circular blanks. If texture is present, the obtained
cup height varies versus the angle () relative to rolling direction (RD). To save time and
costs, the earing profile can also be calculated. Fukui and Kudo found empirically that
the profile can be predicted from the Lankford value Ar = (ry + r99)/2 — r45 [1]. In general,
earing prediction methods are analytical methods [2—4] or finite element (FE) methods.
The latter are usually applied nowadays [5]. In addition to these, a simple empirical
method has been proposed by the authors which predicts earing directly from the data
of texture measurements [6-8]. Very good correlation was obtained between predicted
and measured earing profiles in the case of 0.3 and 3 mm thicknesses for both rolling and
recrystallization textures and also for unidirectional and cross rolling as well. Despite
that the earing prediction methods are time and cost efficient, deep drawing tests did
not vanish completely since the calculation method needs to be experimentally validated,
and they are still practiced by some companies. However, such tests cannot be carried
out above a certain sheet thickness. The limiting thickness, of course, depends on the
deep-drawing equipment itself. Hot-rolled aluminum sheets are generally in the range
where deep drawing experiments cannot always be performed. Studies can be found about
the microstructure and texture in pure aluminum, 3014 type and 5XXX type sheets [9-12],
or mechanical properties of 7075 type alloy [13] in the hot-rolled state. In others, the texture
and microstructure evolution during annealing [14,15] is discussed in 1050 type hot-rolled
sheets. Hutchinson et al. examined the effect of hot-rolling parameters on earing of 1XXX,
3XXX and 5XXX type sheets, but they examined the earing behavior in the final state of
the sheets [16,17]. There are only a few reports in which earing behavior of hot-rolled
sheets is examined [12,18]. In these, experimental deep drawing tests were carried out. The
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objective of the present manuscript was to apply the earing prediction method proposed
by Benke et al. [6-8] on hot-rolled aluminum sheets for the first time and validate it with
experiment-based data. Since deep-drawing test was not possible to be performed due
to the thickness of hot-rolled sheets, the validation is based on the correlation between
r-values and earing profile proposed by Yoon et al. [19]. It is worth to mention that in the
referred work the earing profile was obtained first through FE analysis, from which the
Lankford values were determined. The correlation was also used in the work by Lelotte
et al. [20] in which the Lankford values were determined from FE simulated tensile tests
and the deep drawing tests were also simulated. In our case, the r-values are obtained
first through experimental tensile tests from which the earing profile is calculated using
Yoon's formula.

2. Materials and Methods

For the examinations, a 3003 type hot-rolled aluminum sheet with 5.9 mm thickness,
which was manufactured by ARCONIC-Kofém Ltd. (Székesfehérvar, Hungary), was used.
The width of the sheet was 1200 mm. Two sample pairs were cut from the sheet: one pair
from the side (at ~200 mm from the edge) and one from the center (at ~600 mm from the
edge) of the sheet. From each pair, one sample was subjected to optical microscopy to
reveal the grain structure. For this, longitudinal sections were prepared with Barker etchant
and a Zeiss Axiovert 40 type optical microscope (Zeiss, Headquartered in Oberkochen,
Germany) was used. From the other pieces of sample pairs, 30 mm diameter samples were
cut for texture measurements. Texture measurements were carried out on the surface and
at different depths of the original thickness. Texture measurements were performed with
a Bruker D8 Advance X-ray diffractometer (Bruker, Billerica, MA, USA) equipped with
an Eulerian cradle and CuK« X-ray tube. Incomplete pole figures of the {111}, {200}, and
{220} reflections were measured to x = 75° sample tilting angle. The complete {200} pole
figure was recalculated with the own software of the equipment, TexEval (Bruker-AXS,
Ver. 1.06.86., Bruker, Billerica, MA, USA). During recalculation, orthotropic deformation
was used. The earing prediction method is presented in detail in refs. [6-8]. In short, the
vertical projection of the recalculated {200} full intensity distribution function on the rolling
plane (RD-TD) was calculated. To obtain this, every x-cut of the recalculated pole figure
was fitted with a set of Gaussian functions. The area of each function was calculated, then
they were multiplied (weighted) with the sin of their x value corresponding to the peak.
The weighted intensities were summarized for the actual x-cut. At last, the summarized
values were plotted versus angle relative to RD (¢). Average earing was calculated as the
ratio of average intensity of “ears” (peak intensity-valley intensity) and average intensity
expressed in %. Since average earing was derived here from intensity data and not cup
height values, the use of a scaling factor was required. According to ref. [6], the scaling
factor was found to be 24 for the deep drawing parameters (blank diameter, die diameter,
punch diameter) used in this work during the validation process.

For validation, tensile test specimens with 50 mm marked length (L), 5.9 mm thickness
(Ap), and 10 mm width (By) were cut from the center and at % width of the hot-rolled sheet in
5 different directions, namely in the 0°,22.5°,45°, 67.5°, and 90° with respect to RD. For each
direction, three parallel tensile test specimens were prepared. Tensile tests were performed
with an Instron 5982 type universal mechanical tester (Instron, Norwood, Massachusetts,
USA). During testing, instantaneous length (L) and width (B) were continuously measured
with a video extensometer. Instantaneous thickness was calculated from A and L according
to Equation (1). The calculations were performed with Maple 18 software. Data after
the maximum value of engineering stress were neglected to exclude plastic instability
(necking). The calculations were performed for all 5 examined directions and all three

parallel test specimens.
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Logarithmic strains (@4) and (¢p) were calculated using Equations (2) and (3), respec-
tively for the full strain range of interest (excluding necking).

By-L
ga=In"g @)
B
¢B = lnBio ®3)

The r-values were also calculated according to Equation (4) for the full strain range
of interest.

PB
r=-— 4
PA @)

The true stress—true strain (logarithmic strain) dataset was fitted to exclude the noise
originating from the measurement. The fit was needed to get the real stress and the real
strain as a function. The function will be integrable to calculate the value of the strain
energy density. An example for the measured data and fitted curve is shown in Figure 1.
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Figure 1. An example for the true stress—true strain measured data and the fitted curve. Direction: 22.5°.

Figure 2 shows the fitted true stress-true strain curves of specimens taken from
different directions. It can be seen that different stresses are required to reach a certain
strain value for the specimens taken in different directions from the initial sheet. This

originates from the crystallographic texture of the sheet, which causes different formability
in different directions.
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Figure 2. Fitted true stress—true strain curves for different directions.
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Afterwards, true stress was integrated by true strain. Thus, the strain energy density
(J/cm?®) variation along the uniform elongation regime was obtained. Then, r-values
were plotted as a function of strain energy density. Figure 3 shows such plots in all
5 examined directions.

0.4 1

0.2

0.0 ‘ r r r ,
0 5 10 15 20 25

Strain energy density, J/icm?®

Figure 3. The variation of r-values versus strain energy density for the uniform elongation regime of
tensile test specimens cut in different directions.

For each sample direction, r-values were determined for a constant strain energy
density value (namely at 25 J/cm3, being the last common point before necking) for all
5 directions instead of constant axial (logarithmic) strains. This method was chosen to
avoid the disturbing effect originating from that textured tensile test specimens show
different formability in different directions. The r-values of the parallel test specimens were
averaged. The earing profile was obtained from the averaged r-values according to Yoon's
formula (Equation (5)) which is described in reference [19] in detail.

T 9+90 R t
h¢—7p+<Rb+Rc)+r—‘:’;;_~_1<(Rc_Rb)+Rbll’l(Rb>> +EO (5)
P C

where h,, is the peak height for the given angle, r,, is the rounding radius, Ry, is half the
diameter of blank, R. is the quarter of the punch diameter and the outer diameter of the
cup, 7, is the Lankford number for the given angle, and f is the thickness of the sheet.

The following deep drawing parameters were used during the calculation. Blank
diameter: 65 mm, die diameter: 39 mm, punch diameter: 33 mm, sheet thickness: 5.9 mm.
From the earing profile, average earing was calculated as the ratio of average ear height
and average cup height (Figure 4), expressed in % based on Equations (6)—(10).

hy = (hp1 +hpo + -+ hpu) /1p (6)
By = (hor + hop + - - - + hon) /119 @)
he =Ty — T ®

hi= (p+1) /2 ©

— (hg/ﬁ)-loo (10)

where i, is the mean peak height, 1, is the peak height, 1, is the number of peaks, &,
is the mean valley }leight, hyy is the valley height, 1, is the number of valleys, h, is the
average ear height; h is the average cup height; z is the average earing [6].
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Figure 4. Deep drawn cup parameters for the average earing calculation [6].

3. Results

Figure 5 shows the grain structure of the examined sheet on longitudinal sections
taken from the side (Figure 5a) and center (Figure 5b). The locations of XRD texture
measurements are also highlighted. It can be seen, that in the sample taken from the side,
slightly elongated grains are present near the surface region and along the thickness as
well. Although the size of the grains increases from the surface towards the middle of
the sheet, the elongation of grains is quite uniform. Bands of equiaxial grains or highly
deformed grains cannot be found. Within the sample taken from the center, however,
slightly elongated grains can be found near the surface regions, while a band of heavily
deformed grains is formed near the middle of the sheet.

Side Center

Surface Surface
™ —

1. depth 1. depth
O ]

2. depth 2. depth
—

3. depth 3. depth

Middle 2 Middle

(a) (b)

Figure 5. Grain structure on longitudinal sections. (a) Sample from the side and (b) from the center
of the hot-rolled sheet.

Figure 6 summarizes the recalculated full {200} pole figures obtained from different
depths of the samples taken from the side and the center. The values of pole density levels
and the maximal value of texture (Tmax) are also presented. Based on the pole figures, it is
evident that the textures observed in the samples cannot be characterized as pure rolling or
recrystallization textures, as they are somewhere in between those. It is also apparent by
the density level and Tmax values that the magnitude of texture increases with depth. The
texture of the sample taken from the side differs from that of the sample taken from the
center. However, as the depth of inspection is increased, the pole figure of the sample from
the center becomes more similar to that of sample from the side.
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Figure 6. Recalculated full {200} pole figures taken from different depths. (a) Sample from the side
and (b) from the center of the hot-rolled sheet.

In Figure 7, the earing profiles predicted from the Lankford values are plotted together
with the earing profiles obtained from XRD texture measurements performed at different
depths of samples taken from the side (a) and center of the sheet (b). In the case of the
sample taken from the side, the ears and valleys on earing profiles obtained from XRD
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measurements at different depths appear exactly at those ¢ values, where ears and valleys
can be found on the earing profile derived from Lankford values. The relative height of
ears and valleys increase with increasing depth. However, the profile deduced from surface
XRD measurement is very similar to that calculated from the Lankford values. In the case
of the sample taken from the center, the major valleys on all XRD-derived profiles appear
exactly where valleys can be seen on the earing profile deduced from tensile tests. On
surface XRD profiles, there are 3 ears in the ¢ = 0°-90° range, but only 2 on the profiles
of increased depth and 1 of the Lankford value-derived curve. (Actually, 2 additional
minor ears appear at ¢ = 0° and 90° on the curve of 3. depth.) This confirms that as the
examination depth is increased, the texture of sample from center becomes more similar
to those of sample from the side. The envelope of the multiple ears observed on the XRD-
derived curves are close to the ears of the tensile test-derived curve. It is worth to note
that the value of average earing (the ratio of average ear height and average cup height)
was very low, namely 0.81% and 1.34% for the sample taken from the side and from the
center, respectively. That is, the presented earing profiles are of two samples with very
weak earing.
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Figure 7. Earing profiles predicted from the Lankford values of tensile tests and from XRD texture
measurements taken from different depths. (a) Sample from the side and (b) from the center of the
hot-rolled sheet.

4. Discussion

It was seen that if the morphology (that is, the elongation) of grains does not show
relevant differences in depth, similar {200} pole figures can be obtained from the different
depths of examination of a relatively thick (~6 mm) sheet. Consequently, the earing profiles
deduced from these pole figures also have similar character. It was also shown that in
such cases, the earing profile that is calculated from surface texture measurements and the
earing profile that is obtained from Lankford values determined by tensile tests—describing
the earing behavior with the full thickness of the sheet—show a good correlation. The
presented results are of a hot-rolled sheet having relatively large thickness (~6 mm) and
showing very weak earing (~1%), which means that the height variation versus ¢ is rather
small. The fact that the earing profile with even such weak earing characteristics was
appropriately reconstructed proves the suitability of the method. In fact, the applicability
of the method for larger earing was presented in our previous works [6,7].

5. Conclusions

It was shown that in such cases when the grain structure of Al sheets does not show
relevant changes in depth, the predicted earing profiles of different depths calculated as the
vertical projection of the full {200} pole figures on the rolling plane and the earing profile
obtained from r-values give similar results. This is true for surface texture measurements
as well. Thus, it can be concluded that if the elongation of grains is uniform across the
thickness of the examined sheet, the earing behavior of relatively thick sheets can be
predicted from full {200} pole figures originating from surface texture measurements.
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