-

View metadata, citation and similar papers at core.ac.uk brought to you byff CORE

provided by Repository of the Academy's Library

APPLIED CRYSTALLOGRAPHY
Prediction of earing of aluminium sheets from {111} pole figures
Benke M.

Institute of Physical Metallurgy, Metalforming and Nanotechnology, University of
Miskolc, Miskolc, Hungary

fembenke@uni-miskolc.hu

18/May/2020.


https://core.ac.uk/display/334425132?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Prediction of earing of aluminium sheets from {111} pole figures
Marton Benke

Institute of Physical Metallurgy, Metalforming and Nanotechnology, University of

Miskolc, Miskolc, Hungary

Abstract

Crystallographic texture causes anisotropic formability of metal sheets, which
results in the formation of uneven cup heights during deep drawing, called earing.
Over the past decades, several methods had been developed to predict the earing
behaviour of aluminium alloys. These methods are rather complex and can only be
applied within strict sheet thickness ranges. Recently, a simple method has been
presented and successfully applied on different sheet thicknesses. The method relies
solely on {h00} type pole figure data. However, it is desired to be able to predict
earing from other reflections as well. In this manuscript, a method which predicts
the type and magnitude of earing only from the data of {111} pole figure
measurements, is presented. The method was applied on a series of 0.3 mm and 3
mm thick cold rolled and annealed aluminium sheets, exhibiting rolling and
recrystallization textures and the combination of these. It is shown that the proposed
method gave similar results to those of deep drawing tests. It is concluded that using
the presented method, the earing of aluminium sheets can be characterized solely

from {111} pole figure measurement data.
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Introduction

Mechanical anisotropy of aluminium sheets is governed by crystallographic texture.
If the texture is strong, mechanical properties such as formability will have a strong

dependence on the direction of inspection. This is usually characterized by deep
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drawing tests during which circular samples, called blanks are forced in the shape of
cups. Strong texture results uneven cup heights, where height maximums, called
ears, and throughs follow each other. In case of four-fold earing, ears appear in the
45°+(n*90°) (n =0, 1, 2, 3) with respect to in the rolling direction (RD) if the sheet
exhibits cold rolling texture, while in the RD+(n*90°) directions if recrystallization
texture is developed [1, 2]. It is impossible to achieve a complete absence of ears,
but by the combination of annealing texture and deformation texture, an optimal case
with minimal earing can be achieved [2-5]. The simplified picture of this optimal
case is the idealized earing-free case. Besides deep drawing tests, several calculation
methods had been developed to predict earing. These methods require input data
which either originates from mechanical tests [6, 7] or texture examinations [8, 9].
Nowadays, finite element (FE) methods are preferred to reduce costs [10-13]. Most
of these methods are based on idealized theoretical material behaviour, or the
combination of some of those. Thus, the calculation process is quite complex, and,
in most cases, their applicability is limited to certain geometries. Recently, a new
approach which relies solely on the data of pole figure measurements of {h00} type
reflections has been proposed and validated [14]. The technique is based on the
correspondence between high intensities of {h00} pole figures and observed earing.
The method does not contain theoretical material laws; therefore, it is very simple,
and it was successfully applied on sheets with different thicknesses. Theoretically,
such a technique could be combined with non-destructive (sample cutting-free)
texture measurements proposed by Sepsi et al. [15]. This combination would greatly
widen the applicability of earing prediction and reduce costs and time as it could be
applied directly on industrial size coils instead of cut-out samples. However, at this
point, the non-destructive texture measurement method cannot be realized on {h00}
type pole figures, only on {111} due to a limited 26 examination range. On the other
hand, the observed correspondence does not exist between earing and pole figures
other than the {h00}. Therefore, the existing earing prediction method cannot be

combined with the non-destructive pole figure measurements. The aim of the present



4

manuscript is to develop an earing prediction method to {111} pole figures that

inherits all benefits of the previous one.

Experimental

The examined 1050 type Al sheets were manufactured by ARCONIC-Kofem
Hungary Ltd. The sheets were obtained in cold rolled state with 3, and 0.3 mm
thicknesses. The 0.3 mm thick sheets were annealed at 300°C and the 3 mm thick
sheets at 340°C for different durations. Samples were cut from the annealed sheets
for deep drawing tests carried out by ARCONIC-Kofem Hungary Ltd. with the
following parameters in the case of 3 mm sheet thickness blank diameter: 63.78 mm;
die opening diameter: 39.79 mm; punch diameter: 32.92 mm; punch profile radius:
5 mm and in the case of 0.3 mm sheet thickness blank diameter: 60 mm; die opening
diameter: 33.86 mm; punch diameter: 32.88 mm; punch profile radius: 5 mm.

Average earing (Z, %) was determined based on equations (1) (5).

Ry = (hpy + hyy + Rz + hpy) /4 (1)
hy = (hyy + hyy + Ry + hyg) /4 (2)
he=h, —h, (3)
h = (h, +h,)/2 (4)
Z = (hy/h) - 100 (5)

where h,,, is the peak height; h_p Is the average peak height; h,,, is the valley height;

h, is the average valley height; h, is the average ear height; h is the average cup
height; Z is the average earing (Fig. 1). By definition, rolling type earing is
designated with a negative sign and recrystallized type earing with a positive sign
[14].

Samples with diameter of 30 mm were cut from the annealed sheets for pole figure

measurements. The examinations were carried out with a Bruker D8 Advance type
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X-ray diffractometer equipped with an Eulerian cradle using CoKa radiation.
Incomplete {111}, {200} and {220} pole figures were measured in the y=0° ... 75°
tilting range in continuous sample rotation mode. After background subtraction and
defocusing correction, calculation of complete pole figures was performed for three
incomplete {111}, {200} and {220} pole figures with the original software of the

device (TexEval) using series harmonic functions.

In Fig. 2 &, lmy(xd), the intensity of a {hkl} reflection at a given tilting angle (y)
and sample rotation from RD (¢) is shown in the pole figure coordinate system from
the viewpoint of the transverse direction (TD). Here, the vertical axis is intensity and
the distance of the pole from the centre is equal to the tilting angle (). In Fig. 2 b,
Linkiy(xd) is shown in the sample coordinate system (ND is the normal direction). In
this coordinate system it can be seen that weighting ls(xd) with siny gives the
vertical projection of Igay(xd) on the rolling plane (RD-TD). All weighted Iz (x9)
intensities yields the vertical projection of the full intensity distribution function
(IDF) on the rolling plane. In practice, this can be estimated as described in Ref.
[14]. In short, every x-cut (Intensity versus y plot at a given ¢) of the recalculated
pole figure is fitted with a series of Gaussian functions. The areas of the Gaussian
functions are weighted with the sin of their peak position. The weighted intensities
are summarized for the given y-cut. Finally, the summarized intensities are plotted

as a function of ¢.

Typical cold rolled {111} pole figure of Al is shown in Fig. 3 a, that of recrystallized
Cu sheet is presented in Fig. 3 b. Fig. 3 ¢ and d show the vertical projections of the
{111} full intensity distributions on the rolling plane of the cold rolled Al and
recrystallized Cu, respectively. The typical cold rolled earing is shown in Fig. 3 e

and the recrystallized earing in Fig. 3 f.

In the cold rolled state, the projection of the full intensity distribution (Fig. 3 c)
exhibits a two-fold character, similarly to the {111} pole figure (Fig. 3 a). High
intensities appear in the RD and RD+180° directions and smaller intensity peaks are
also present in the RD+90° and RD+270° directions (Fig. 3 ¢). Actually, these are
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the directions where throughs and not ears are observed on deep drawn cups (Fig. 3
e). In the recrystallized state, the projection (Fig. 3 d) shows four-fold symmetry,
like the {111} pole figure (Fig. 3 b). High intensities can be found in the
RD-+45°+(n*90°) directions (Fig. 3 d). Again, these are the directions, in which
throughs are observed on deep drawn cups (Fig. 3 f). Thus, it can be stated that the
vertical projection of the {111} full intensity distribution function on the rolling
plane can be used to characterise the type of earing. Similarly to as it was shown on
deep drawn cups, predicted average earing can be determined as the ratio of the
average value of intensity peaks and average intensity. Here, predicted average
earing is determined from diffracted intensities and not cup heights. While the
former depends on the parameters of the texture measurement (sample size, spot
size, etc.), the latter depends on the parameters of the deep drawing test (blank
diameter, die opening diameter, etc.). Consequently, the two values differ from each
other. Thus, in order to obtain comparable values with those determined from deep
drawing tests, a scaling factor must be introduced. Since the same parameters were
used for texture measurements and the deep drawing test parameters of the 0.3 and
3 mm thick sheets were close to each other, the same scaling factor could be used
for all examined samples. The scaling factor can be determined by dividing the
values of predicted average earing obtained from diffracted intensities with those
derived from cup heights. In the present research the scaling factor was found to be
10. It is worth to note that the use of scaling factor is not necessary when the aim is
to specify the annealing time required for minimal earing and not to determine the
exact value of average earing. Again, rolling type intensity distribution is designated

with a negative sign and recrystallized type with a positive sign.

Results and discussion

Fig. 4 summarizes the results of the 0.3 mm thick sheet after annealing heat
treatments at 300°C. Fig. 4 a shows measured cup height values in the RD-TD

coordinate system. It can be seen that after 15 minute annealing, ears appear in the
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RD+45°+(n*90°) directions corresponding to a notable rolling type earing. After 30
minute annealing, the rolling earing is still present, but it is much weaker. After
longer annealing times, measured cup heights seem to be almost completely even as
a function of ¢. In Fig. 4 b, the vertical projection of the {111} intensity distribution
function on the RD-TD plane is presented. After 15 minute annealing, high
intensities appear in the RD and RD+180° directions and somewhat lower intensities
in the RD+90° and RD+270° directions resembling a strong rolling type pole
distribution. This character is weaker after 30 minute annealing. After 45 and longer
annealing times, the rolling type intensity distribution is weaker, but it is still easily
recognizable. In Fig. 4 c, the average earing calculated from measured cup heights
and from {111} IDFs are plotted versus annealing time. It can be seen that the
variations of average earing determined from both measured cup height data and
{111} IDFs have the same tendency. After 15 minutes, rolling type earing is strong,
which is notably weakened after 30 minutes annealing. After 45 minutes, the rolling
type earing is further weakened and reaches the minimal value after 60 minutes.

Prolonged annealing heat treatments do not change the magnitude and type of earing.

Despite the numerical values of the functions determined from measured cup heights
and {111} IDFs slightly differ, the minimal annealing time can be determined from
both functions. This means that the optimal annealing time can be obtained based on
{111} pole figure data without the need to perform deep drawing tests. Furthermore,
it was seen in Fig. 4 c that although its magnitude is small, the rolling type earing is
preserved even after 60 minute and 120 minute annealing. This could not be
univocally seen on the measured cup height functions (Fig. 4 a), but it is apparent
from the {111} intensity distribution functions (Fig. 4 b).

In Fig. 5, results of the 3 mm thick sheets annealed at 340°C can be seen. Fig. 5 a
shows the measured cup height values versus ¢. It is apparent that the rolling type
earing turns into recrystallized type earing as annealing time is increased. After 10
minute annealing strong rolling type earing is present which weakens after 20 minute

annealing. In the sheet annealed for 30 minutes negligible earing is obtained. After
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45 minute annealing, maximal cup heights can be found in the RD+(n*90°)
directions, meaning that recrystallized type earing is developed which strengthens
after 60 minute annealing. In Fig. 5 b, the vertical projection of the {111} intensity
distribution function on the RD-TD plane is shown. After annealing heat treatments
for 10 and 20 minutes, high intensities are in the RD and RD+180° directions and
lower peaks appear in the RD+90° and RD+270° directions. No notable differences
can be seen between the plots of samples subjected to 10 minute and 20 minute heat
treatments. Due to 30 minute annealing, the rolling type pole distribution is notably
weakened. Intensity peaks can be observed in the RD+45°+(n*90°) directions after
45 minute and 60 minute annealing, which corresponds to the recrystallization state.
In Fig. 5 ¢, average earing functions versus annealing time are plotted. Again, similar
variations can be seen between functions derived from cup height and {111} IDF
data. Rolling type earing is preserved after 10 minute and 20 minute heat treatments,
while no earing is present after 30 minute annealing. If the treatment is enlengthened
to 45 minutes, recrystallized type earing develops, which further strengthens due to

the 60 minute annealing.

It can be clearly seen that the annealing time required to obtain minimal earing can
be determined from both average earing plots. Thus, it can be confirmed that the
optimal time of annealing heat treatment can be determined based on pole figure

measurements without performing deep drawing tests.

Conclusions

A method was presented which can be used to predict the type and magnitude of
earing of aluminium sheets solely from the data of {111} pole figures. It was found
that the results obtained with the presented method gave satisfactory results when
compared to the results derived from deep drawing tests. It is concluded that the

proposed method is applicable to characterize the earing behaviour of aluminium
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sheets and to determine the optimal annealing time to obtain minimal earing without

the need of additional examinations or calculations.
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Crystallographic texture causes anisotropic formability of metal sheets, which
results in the formation of uneven cup heights during deep drawing, called earing.
Over the past decades, several methods had been developed to predict the earing
behaviour of aluminium alloys. These methods are rather complex and can only be
applied within strict sheet thickness ranges. Recently, a simple method has been
presented and successfully applied on different sheet thicknesses. The method relies
solely on {h00} type pole figure data. However, it is desired to be able to predict
earing from other reflections as well. In this manuscript, a method which predicts
the type and magnitude of earing only from the data of {111} pole figure
measurements, is presented. The method was applied on a series of 0.3 mm and 3
mm thick cold rolled and annealed aluminium sheets, exhibiting rolling and
recrystallization textures and the combination of these. It is shown that the proposed
method gave similar results to those of deep drawing tests. It is concluded that using
the presented method, the earing of aluminium sheets can be characterized solely

from {111} pole figure measurement data.
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Introduction

Mechanical anisotropy of aluminium sheets is governed by crystallographic texture.
If the texture is strong, mechanical properties such as formability will have a strong

dependence on the direction of inspection. This is usually characterized by deep
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drawing tests during which circular samples, called blanks are forced in the shape of
cups. Strong texture results uneven cup heights, where height maximums, called
ears, and throughs follow each other. In case of four-fold earing, ears appear in the
45°+(n*90°) (n =0, 1, 2, 3) with respect to in the rolling direction (RD) if the sheet
exhibits cold rolling texture, while in the RD+(n*90°) directions if recrystallization
texture is developed [1, 2]. It is impossible to achieve a complete absence of ears,
but by the combination of annealing texture and deformation texture, an optimal case
with minimal earing can be achieved [2-5]. The simplified picture of this optimal
case is the idealized earing-free case. Besides deep drawing tests, several calculation
methods had been developed to predict earing. These methods require input data
which either originates from mechanical tests [6, 7] or texture examinations [8, 9].
Nowadays, finite element (FE) methods are preferred to reduce costs [10-13]. Most
of these methods are based on idealized theoretical material behaviour, or the
combination of some of those. Thus, the calculation process is quite complex, and,
in most cases, their applicability is limited to certain geometries. Recently, a new
approach which relies solely on the data of pole figure measurements of {h00} type
reflections has been proposed and validated [14]. The technique is based on the
correspondence between high intensities of {h00} pole figures and observed earing.
The method does not contain theoretical material laws; therefore, it is very simple,
and it was successfully applied on sheets with different thicknesses. Theoretically,
such a technique could be combined with non-destructive (sample cutting-free)
texture measurements proposed by Sepsi et al. [15]. This combination would greatly
widen the applicability of earing prediction and reduce costs and time as it could be
applied directly on industrial size coils instead of cut-out samples. However, at this
point, the non-destructive texture measurement method cannot be realized on {h00}
type pole figures, only on {111} due to a limited 26 examination range. On the other
hand, the observed correspondence does not exist between earing and pole figures
other than the {h00}. Therefore, the existing earing prediction method cannot be

combined with the non-destructive pole figure measurements. The aim of the present
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manuscript is to develop an earing prediction method to {111} pole figures that

inherits all benefits of the previous one.

Experimental

The examined 1050 type Al sheets were manufactured by ARCONIC-Kofem
Hungary Ltd. The sheets were obtained in cold rolled state with 3, and 0.3 mm
thicknesses. The 0.3 mm thick sheets were annealed at 300°C and the 3 mm thick
sheets at 340°C for different durations. Samples were cut from the annealed sheets
for deep drawing tests carried out by ARCONIC-Kofem Hungary Ltd. with the
following parameters in the case of 3 mm sheet thickness blank diameter: 63.78 mm;
die opening diameter: 39.79 mm; punch diameter: 32.92 mm; punch profile radius:
5 mm and in the case of 0.3 mm sheet thickness blank diameter: 60 mm; die opening
diameter: 33.86 mm; punch diameter: 32.88 mm; punch profile radius: 5 mm.

Average earing (Z, %) was determined based on equations (1) (5).

Ry = (hpy + hyy + Rz + hpy) /4 (1)
hy = (hyy + hyy + Ry + hyg) /4 (2)
he=h, —h, (3)
h = (h, +h,)/2 (4)
Z = (hy/h) - 100 (5)

where h,,, is the peak height; h_p Is the average peak height; h,,, is the valley height;

h, is the average valley height; h, is the average ear height; h is the average cup
height; Z is the average earing (Fig. 1). By definition, rolling type earing is
designated with a negative sign and recrystallized type earing with a positive sign
[14].

Samples with diameter of 30 mm were cut from the annealed sheets for pole figure

measurements. The examinations were carried out with a Bruker D8 Advance type
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X-ray diffractometer equipped with an Eulerian cradle using CoKa radiation.
Incomplete {111}, {200} and {220} pole figures were measured in the y=0° ... 75°
tilting range in continuous sample rotation mode. After background subtraction and
defocusing correction, calculation of complete pole figures was performed for three
incomplete {111}, {200} and {220} pole figures with the original software of the

device (TexEval) using series harmonic functions.

In Fig. 2 &, Iy (xd), the intensity of a {hkl} reflection at a given tilting angle ()
and sample rotation from RD (¢) is shown in the pole figure coordinate system from
the viewpoint of the transverse direction (TD). Here, the vertical axis is intensity and
the distance of the pole from the centre is equal to the tilting angle (y). In Fig. 2 b,
Linkiy(xd) is shown in the sample coordinate system (ND is the normal direction). In
this coordinate system it can be seen that weighting Isi(xd) with siny gives the
vertical projection of Igay(xd) on the rolling plane (RD-TD). All weighted Iz (x9)
intensities yields the vertical projection of the full intensity distribution function
(IDF) on the rolling plane. In practice, this can be estimated as described in Ref.
[14]. In short, every y-cut (Intensity versus x plot at a given ¢) of the recalculated
pole figure is fitted with a series of Gaussian functions. The areas of the Gaussian
functions are weighted with the sin of their peak position. The weighted intensities
are summarized for the given y-cut. Finally, the summarized intensities are plotted

as a function of ¢.

Typical cold rolled {111} pole figure of Al is shown in Fig. 3 a, that of recrystallized
Cu sheet is presented in Fig. 3 b. Fig. 3 ¢ and d show the vertical projections of the
{111} full intensity distributions on the rolling plane of the cold rolled Al and
recrystallized Cu, respectively. The typical cold rolled earing is shown in Fig. 3 e

and the recrystallized earing in Fig. 3 f.

In the cold rolled state, the projection of the full intensity distribution (Fig. 3 c)
exhibits a two-fold character, similarly to the {111} pole figure (Fig. 3 a). High
intensities appear in the RD and RD+180° directions and smaller intensity peaks are
also present in the RD+90° and RD+270° directions (Fig. 3 c¢). Actually, these are
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the directions where throughs and not ears are observed on deep drawn cups (Fig. 3
e). In the recrystallized state, the projection (Fig. 3 d) shows four-fold symmetry,
like the {111} pole figure (Fig. 3 b). High intensities can be found in the
RD+45°+(n*90°) directions (Fig. 3 d). Again, these are the directions, in which
throughs are observed on deep drawn cups (Fig. 3 f). Thus, it can be stated that the
vertical projection of the {111} full intensity distribution function on the rolling
plane can be used to characterise the type of earing. Similarly to as it was shown on
deep drawn cups, predicted average earing can be determined as the ratio of the
average value of intensity peaks and average intensity. Here, predicted average
earing is determined from diffracted intensities and not cup heights. While the
former depends on the parameters of the texture measurement (sample size, spot
size, etc.), the latter depends on the parameters of the deep drawing test (blank
diameter, die opening diameter, etc.). Consequently, the two values differ from each
other. Thus, in order to obtain comparable values with those determined from deep
drawing tests, a scaling factor must be introduced. Since the same parameters were
used for texture measurements and the deep drawing test parameters of the 0.3 and
3 mm thick sheets were close to each other, the same scaling factor could be used
for all examined samples. The scaling factor can be determined by dividing the
values of predicted average earing obtained from diffracted intensities with those
derived from cup heights. In the present research the scaling factor was found to be
10. It is worth to note that the use of scaling factor is not necessary when the aim is
to specify the annealing time required for minimal earing and not to determine the
exact value of average earing. Again, rolling type intensity distribution is designated

with a negative sign and recrystallized type with a positive sign.

Results and discussion

Fig. 4 summarizes the results of the 0.3 mm thick sheet after annealing heat
treatments at 300°C. Fig. 4 a shows measured cup height values in the RD-TD

coordinate system. It can be seen that after 15 minute annealing, ears appear in the
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RD+45°+(n*90°) directions corresponding to a notable rolling type earing. After 30
minute annealing, the rolling earing is still present, but it is much weaker. After
longer annealing times, measured cup heights seem to be almost completely even as
a function of ¢. In Fig. 4 b, the vertical projection of the {111} intensity distribution
function on the RD-TD plane is presented. After 15 minute annealing, high
intensities appear in the RD and RD+180° directions and somewhat lower intensities
in the RD+90° and RD+270° directions resembling a strong rolling type pole
distribution. This character is weaker after 30 minute annealing. After 45 and longer
annealing times, the rolling type intensity distribution is weaker, but it is still easily
recognizable. In Fig. 4 c, the average earing calculated from measured cup heights
and from {111} IDFs are plotted versus annealing time. It can be seen that the
variations of average earing determined from both measured cup height data and
{111} IDFs have the same tendency. After 15 minutes, rolling type earing is strong,
which is notably weakened after 30 minutes annealing. After 45 minutes, the rolling
type earing is further weakened and reaches the minimal value after 60 minutes.

Prolonged annealing heat treatments do not change the magnitude and type of earing.

Despite the numerical values of the functions determined from measured cup heights
and {111} IDFs slightly differ, the minimal annealing time can be determined from
both functions. This means that the optimal annealing time can be obtained based on
{111} pole figure data without the need to perform deep drawing tests. Furthermore,
it was seen in Fig. 4 c that although its magnitude is small, the rolling type earing is
preserved even after 60 minute and 120 minute annealing. This could not be
univocally seen on the measured cup height functions (Fig. 4 a), but it is apparent
from the {111} intensity distribution functions (Fig. 4 b).

In Fig. 5, results of the 3 mm thick sheets annealed at 340°C can be seen. Fig. 5 a
shows the measured cup height values versus ¢. It is apparent that the rolling type
earing turns into recrystallized type earing as annealing time is increased. After 10
minute annealing strong rolling type earing is present which weakens after 20 minute

annealing. In the sheet annealed for 30 minutes negligible earing is obtained. After
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45 minute annealing, maximal cup heights can be found in the RD+(n*90°)
directions, meaning that recrystallized type earing is developed which strengthens
after 60 minute annealing. In Fig. 5 b, the vertical projection of the {111} intensity
distribution function on the RD-TD plane is shown. After annealing heat treatments
for 10 and 20 minutes, high intensities are in the RD and RD+180° directions and
lower peaks appear in the RD+90° and RD+270° directions. No notable differences
can be seen between the plots of samples subjected to 10 minute and 20 minute heat
treatments. Due to 30 minute annealing, the rolling type pole distribution is notably
weakened. Intensity peaks can be observed in the RD+45°+(n*90°) directions after
45 minute and 60 minute annealing, which corresponds to the recrystallization state.
In Fig. 5 ¢, average earing functions versus annealing time are plotted. Again, similar
variations can be seen between functions derived from cup height and {111} IDF
data. Rolling type earing is preserved after 10 minute and 20 minute heat treatments,
while no earing is present after 30 minute annealing. If the treatment is enlengthened
to 45 minutes, recrystallized type earing develops, which further strengthens due to

the 60 minute annealing.

It can be clearly seen that the annealing time required to obtain minimal earing can
be determined from both average earing plots. Thus, it can be confirmed that the
optimal time of annealing heat treatment can be determined based on pole figure

measurements without performing deep drawing tests.

Conclusions

A method was presented which can be used to predict the type and magnitude of
earing of aluminium sheets solely from the data of {111} pole figures. It was found
that the results obtained with the presented method gave satisfactory results when
compared to the results derived from deep drawing tests. It is concluded that the

proposed method is applicable to characterize the earing behaviour of aluminium
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sheets and to determine the optimal annealing time to obtain minimal earing without

the need of additional examinations or calculations.
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Figure captions

Figure 1. Parameters used for the calculation of average earing of deep drawn cups
[14].

Figure 2. Views of the intensity of a {hkl} reflection at y tilting angle and ¢ rotation
from the viewpoint of TD a) in the pole figure coordinate system, b) in the sample

coordinate system.

Figure 3. Comparison between rolled Al and recrystallized Cu. a) rolled AI{111}
pole figure, b) recrystallized Cu{111} pole figure, c) vertical projection of rolled
Al{111} intensity distribution function on the RD-TD plane, d) vertical projection
of recrystallized Cu{111} intensity distribution function on the RD-TD plane, e)

earing of rolled Al, f) earing of recrystallized Cu.

Figure 4. Results of the 0.3 mm thick Al sheet annealed at 300°C for different
durations, a) measured cup heights versus ¢ on the RD-TD plane, b) vertical
projection of the {111} intensity distribution function versus ¢ on the RD-TD plane,

c) average and predicted average earing.

Figure 5. Results of the 3 mm thick Al sheet annealed at 340°C for different
durations, a) measured cup heights versus ¢ on the RD-TD plane, b) vertical
projection of the {111} intensity distribution function versus ¢ on the RD-TD plane,

c) average and predicted average earing.
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c) average and predicted average earing.
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