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Abstract: The textures and microstructures of hot- and cold-rolled sheets of an AA 5454 aluminium alloy were studied,
with special attention paid to comparing the texture development for the symmetric and asymmetric cold rolling.
Scanning electron microscopy with electron-backscatter diffraction was used to monitor the development of the
microstructure in the differently deformed and additionally annealed samples. Details of the formations and
transformations of individual texture components occurring during the rolling processes were observed and discussed.
The average grain sizes, textures and mechanical properties were correlated and explained for the symmetric and
asymmetric cold-rolled samples. The asymmetric rolling is beneficial in terms of deep drawability because it reduces
the planar anisotropy of the annealed material due to the decrease of the Cube, Goss, rotated-Cube and 7-fibre texture
components and at the same time strengthens X1- and X2-fibre texture components which are shear texture components
and improve deep drawability. During the asymmetric cold rolling, the temperature increases due to friction, triggering
recrystallisation processes and leading to larger grains. It is also confirmed that asymmetric cold rolling uses less rolling

force and consequently less energy to produce a final material with better formability, particularly earing.
Key words: crystallographic texture; EBSD; aluminium alloy; symmetric/asymmetric rolling; anisotropy

1 Introduction

The properties of metals and alloys are largely
determined by three factors: chemistry, micro-
structure, and texture. Although the influence of
texture is generally a second-order effect, it is
crucial for the optimisation of many technical
products, as texture determines the anisotropy of
the properties of polycrystalline materials [1].
Depending on the deformation and annealing
processes, aluminium alloys tend to form strong
textures with large variability. Most of these
textures are undesirable because they limit the
deformability and the isotropy of the deformation

behaviour [2]. Unfortunately, texture cannot be
completely avoided in aluminium alloys, but
it can be controlled to minimise its effects [3].
Aluminium alloys have an fcc crystal structure
and a high stacking-fault energy (SFE). Therefore,
their rolling and recrystallisation textures mainly
follow the well-known Copper-type behaviour [4].
Nevertheless, due to the particularly high SFE of
aluminium alloys, the relatively high homologous
temperature (7/Tm, with T being the rolling
temperature and 7, the melting temperature in
Kelvin) and the important role of precipitations, the
rolling and recrystallisation textures exhibit certain
characteristics [5]. The high SFE causes a particular
cold-rolling texture: the f-fibre (Brass—Copper—S)
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(see Tables 1 and 2 for the crystallographic
definition of the different texture components) tends
to occupy the S component, while the Brass and
Copper components are weak [6]. The high SFE is
also responsible for forming a strong Cube texture
during recrystallisation after heavy cold rolling,
provided the extent of the precipitation is low [7,8].
When the precipitation or the number of slowly
diffusing alloying elements (e.g., Mn) is high, in
contrast, grain-boundary pinning during the
recrystallisation suppresses the formation of the
Cube texture and creates a weak retained rolling
texture. Rolling at high temperatures leads to a
complex texture evolution because the thermal
(recovery and recrystallisation) and athermal
(dislocation movement and related lattice rotations)
processes are superimposed [9]. Recrystallisation
processes usually support a Cube texture, while
shear processes caused by friction on the rollers
during hot rolling lead to the Brass texture [10,11].
The latter is caused by a crystal rotation from the
Cube via Goss to Brass. Consequently, the
Cube—Goss 7-fibre and the Goss—Brass a-fibre are
formed. The Brass texture plays a role during the
deformation of fcc alloys: it develops most strongly
in materials with low stacking-fault energy where
strong planar slip and/or deformation twinning
prevails. This deformation behaviour limits the
number of available slip systems and promotes
shear banding [12]. In turn, the lattice rotation
inside the shear bands leads to the Brass orientation
[13]. Similar behaviour occurs during hot rolling
when severe friction promotes shear banding.

The 5xxx Al alloys (containing Mg and Mn)
are non-ageable, corrosion-resistant alloys with
good strength. However, a relatively weak deep

drawability frequently limits their applications.
The texture components and intensities of alloy
heavily influence the material properties; therefore,
crystallographic texture analysis is crucial [14]. For
our material and processing, the texture components
can be classified into three groups, i.e., plane-strain
(PSC), shear (SC) and recrystallisation (RXC), and
each of them includes various texture components.
The components of the plain-strain class are
Copper, S, Brass and Goss, where the last two can
also be a consequence of shear or recrystallisation
during hot rolling. The shear class consists of the
Brass and the rotated-Cube texture components.
The recrystallisation class, finally, is composed of
the Goss and Cube-texture components. HIRSCH
and AL-SAMMAN [15] pointed out that the Cube
component is the most prominent and common
recrystallisation texture component in the fcc
crystal system with a high-to-medium SFE. It
originates from a classic nucleation mechanism [16].
Besides the Cube-texture component, LI et al [17]
mention the Brass, S, Copper, Rotated-Cube and
Goss as relevant texture components in 5xxx Al
alloys.

The deep drawability of aluminium alloys can
be improved by strengthening the p-fibre [18],
which can be developed with an additional step of
warm rolling [19]. Different authors reported that
formability and deep drawability could be improved
with asymmetric rolling (ASR) as a metal-forming
process [20,21]. In the literature, better mechanical
properties (formability and deep drawability) in
conjunction with asymmetric rolling are associated
with a larger number of shear texture components
[22,23] and more random texture [24]. For example,
van HOUTTE et al [25] presented an increased

Table 1 Crystallographic data for texture components used in analyses

Texture Crys'tall(?graphic plane and Euler angle/(°) Number of Group*
component direction, {hkl}{uvw) o1 10 02 components
Cube {001}(100) 0 0 0 1 RXC
Goss {011}(100) 0 45 0 2 PSC and RXC
Brass {011}(211) 35 45 0 2 SC and PSC
Copper {112}(111) 90 35 45 4 PSC
S {123}(634) 59 34 65 4 PSC
Rotated-Cube {001}(110) 45 0 0 1 SC

Random

All other identified texture components

* Groups are plane strain (PSC), shear (SC), and recrystallisation (RXC); All spherical texture components have orthotropic symmetry, and

fibre texture component has monoclinic symmetry
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Table 2 Crystallographic data for fibres used in analyses

Fibre texture Fibres path crystallographic
T Group
component description
X1 (001)]|[102]s SC
X2 (001)][102]s SC
n-fibre (001)]][100]s SC

amount of y-fibre in an ASR material and, at the
same time, an equivalent decrease in the amount of
p-fibre. JEONG et al [26] showed that the texture
changes of a 7075 aluminium alloy were more
evident after heat treatments. In contrast, the texture
changes caused by a single asymmetric rolling
pass were never investigated to the best of our
knowledge. Consequently, details of the relations
between the texture changes and the shear micro-
structures caused by ASR are still unknown.

In this work, we report on the texture changes
caused by a single pass with a strain of 33% applied
to a hot-rolled AA 5454 alloy with a relatively low
texture intensity. The applied cold rolling was either
symmetric or asymmetric with a single rolling pass.
The resulting materials were further annealed to
investigate the effect of complete recrystallisation
on the deformation textures. The mechanical
properties, including normal and planar anisotropy,
were measured for all the rolled and recrystallised
materials. These data are discussed in terms of
the amount of random, shear texture created by
the thermo-mechanical processing, as well as a
microstructure analysis and the energy consumption
related to asymmetric and symmetric cold rolling.

2 Experimental

Plates sized 510 mm x 230 mm X 6.7 mm of
the industrial hot-rolled AA 5454 (EN AW-5454)
aluminium alloy (composition of 2.43 wt.%
Mg, 0.61 wt.% Mn, 0.25 wt.% Fe, 0.18 wt.% Si,
0.09 wt.% Cr, and balanced Al) were symmetrically
and asymmetrically cold rolled. The details of the
metallurgical process were: homogenization in
the industrial furnace with ingot dimensions of
5500 mm % 1150 mm x 510 mm and regime of
(590£10) °C for (6+0.5) h; industrial hot rolling on
the reverse-quarto mill with entry thickness of
(510£1) mm, exit thickness of (6.7+0.02) mm,
temperatures of (505+10) °C at discharging,
(480%10) °C before first pass, (365+10) °C before
last pass with 19 passes (3 coiling passes) and

average rolling force of (15580+50) kN with an
average rolling speed of (120+£12) m/min, average
entry tension of (124+2) N/mm? and average exit
tension of (17+2) N/mm? The symmetric cold
rolling on the duo-laboratory mill was performed
using 1 pass with a roll gap high set on 4.5 mm;
factor of asymmetry was 1.0; entry thickness
was (6.7+£0.02) mm and exit thickness was (4.9+
0.02) mm; max rolling force used was (113045) kN
with max rolling torque of (5540+£10) N-m. The
asymmetric parameters were 1 pass with a roll gap
high set on 4.5 mm; factor of asymmetry was 1.5;
entry thickness was (6.7£0.02) mm and exit
thickness was (4.9+0.02) mm; max rolling force
was (1100+4) kN with max rolling torque of
(6040+12) N'-m. A duo laboratory mill was used to
apply a thickness reduction of 33% in a single pass.
The asymmetry ratio was calculated as the velocity
quotient between upper and bottom rollers. In the
symmetric rolling, the asymmetry ratio was 1.0,
indicating the rollers had the same rotation speeds.
The as-rolled material was used as a reference. An
asymmetry ratio of 1.5 was achieved, with the
bottom roller velocity at 0.33 r/min. The rollers
diameter was 295 mm. Annealing in the laboratory
furnaces was performed with a regime of (400+
10) °C for (1£0.02) h (cooled in the air).

The sample labelling is listed in Table 3.
Samples for light microscopy (LM) and scanning
electron microscopy (SEM) were ground to 320 grit,
polished with diamond and finished with 10 min
OP-S (oxide polishing suspension). An electrolytic
etching with HF (5 mL HF and 100 mL H,O) for
30 s at 40 °C, with 30 V and 0.5 mA, was used for
the LM samples, which were subsequently observed
with polarised light. Ion polishing with a PECS
Gatan 628 for 50 min was used for the SEM—EBSD
samples. EBSD mapping, Brinell hardness testing
and average grain size measurements were
performed on the top, centre and bottom of sample
cross-sections. The average grain size on LM
micrographs were measured according to the
ASTM EI112-13 (intersection method). For the
EBSD mapping, a Zeiss CrossBeam 550 field-
emission scanning electron microscope (FE-SEM),
with an EDAX Hikari Super EBSD camera with
APEX software was employed with a step size of
1 um. The analyses were performed on 70°-tilted
samples at a 15 kV accelerating voltage and a 10 nA
probe current. EBSD post-processing was carried
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out using OIM 8.6 software to calculate and
represent the inversed pole figure maps in the
Z-direction (IPF-Z maps), orientation distribution
functions (ODFs) and pole figures (PFs) obtained
from the EBSD measurements.

Table 3 Sample labelling

Sample Description
HR Hot rolled
SCR Symmetric cold rolled
ACR Asymmetric cold rolled
SCR+A Symmetric cold rolled and annealed
ACR+A Asymmetric cold rolled and annealed

The mechanical properties were measured
using an Instron 8802 tensile-test machine. The
tests were carried out at a strain rate of 0.0067 s! to
fracture (a dogbone-shaped rectangle with a width
of 12.5mm and gauge length of 50 mm). The
formability and plastic anisotropy were measured
by determining the Lankford factor (#), which is the
ratio of the true strain in the width and thickness of
sheet (r=ew/e)). The measurements were performed
with a load of 2 MPa, which created 15% of the
tensile strain. The testing speed was 0.0067 s!,
following the ASTM ES517 standard. To evaluate
the sheet’s anisotropy, tensile samples (a simple
strip-shaped rectangle with a gauge width of 20 mm
and gauge length of 50 mm) were cut out of the
sheet at 0°, 45° and 90° relative to the rolling
direction (as for the classic tensile test ASTM E8
M). With the obtained r ratios of true strain in
width and thickness, the normal anisotropy rm is
calculated according to the equation:

- _ (i +2r5 +15)

1
n 4 (M
and the planar anisotropy Ar, with the equation:
Ar = (ry =215 + 1) @)

2

where ro, 745 and 799 denote the anisotropies at 0°,
45° and 90° relative to the rolling direction.

The cups for the earing test were extracted
with an Erichsen 134 Model machine. Then,
anisotropy determinations of the cups’ ear
measurements were performed on an Erichsen 126
PLUS device.

The texture analysis is exclusively based on

EBSD data from sample areas of about 2.76 mm?.
The textures were calculated for each sample
on three randomly selected areas of 844 um x
1089 um in the middle (centre) and on the surface
(edge) of aluminium sheet cross-sections. The
middle measurements were right in the centre
of the aluminium cross-section, while the surface
measurements refer to an area selected from the top
surface (<10 pm from the edge) of every analysed
sheet. The initial hot-rolled material contained
about 400 grains on this surface, which did not
show any significant orientation clustering. The
ODF was calculated using a series expansion
over spherical harmonic functions up to a series
expansion rank of 22, using cubic crystal symmetry
(aluminium) and triclinic sample symmetry. The
latter was used in order to apply the same analysis
for the data from symmetric and asymmetric rolling.
Nevertheless, for a volume determination of the
texture component, the orthotropic symmetry of the
symmetrically rolled samples was considered using
a selection of all the symmetrically equivalent
rolling-texture components.

The texture components Brass and Goss form
the a fibre (011)||ND, the texture components Brass,
Copper, and S form the S fibre, and the texture
components from Cube to Goss form the # fibre.
Some texture components are marked in the {001},
{011} and {111} pole figures (Fig. 1(a)) and in the
ODF sections of selected angles (Fig. 1(b)). In
addition to these components with orthotropic
symmetry, two additional typical shear components
with monoclinic symmetry were selected to deal
with the monoclinic symmetry of the asymmetric
rolling process, i.e., the fibres called X1 and X2.
Not mentioned in the literature, these texture fibres
correspond to crystals inclined in the positive and
negative shearing directions of ND-RD plane. Both
components are found on the surfaces of the S
component and most probably develop out of S
when a strong shear-band deformation prevails.
They are also marked in the pole figures (Fig. 1(a))
and in the ODF plot (Fig. 1(b)). Both fibres exist in
the asymmetrically rolled samples. A fibre texture
component # is also presented.

We determined the area (= volume) fraction of
the components with a spread of 10° around the
centre orientation for an analysis of the texture
component’s intensity that gives the best peak
separation. We report this volume fraction as the
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sum over all the symmetrically equivalent variants
of the respective component. Additionally, there are
varying volume fractions of grains that do not
belong to any of the analysed components for
different materials. This more-or-less randomly
distributed background is reported as well.
Furthermore, we report the percentage that every
texture component occupies with respect to the total
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volume of all the analysed texture components.
3 Results

3.1 Initial material

The texture and microstructure of the initial,
hot-rolled (HR) material are shown in Figs. 2 and 3.
The material shows a heterogeneous distribution of
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() 001 110 (d) 001 110 111 C
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Fig. 1 Schematic of most important spherical and fiber texture components of material in pole figures (001, 110 and
111) (a) and Euler space at constant sections of ¢, (b) (0°, 20°, 45°, 70°) [2, 4, 20]
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Fig. 2 Microstructure and texture of initial (hot-rolled) material, as observed by EBSD-based orientation mapping:
(a) Composite image of spherical and fiber texture components, and grain boundaries in middle position of sample
cross-section, consisting of pancake-shaped grains only; (b) Composite image of spherical and fiber texture components,
and grain boundaries for position close to surface of sample cross-section, consisting of recrystallized grains only;
(c) Pole-figure texture representation of middle area; (d) Pole-figure texture representation of area close to surface
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Fig. 3 LM microstructures with average grain sizes and Brinell hardness at top, bottom and centre positions in
cross-section: (a) Hot-rolled (HR); (b) Symmetrically cold-rolled (SCR); (c) Asymmetrically cold-rolled (ACR);
(d) Symmetrically cold-rolled and annealed (SCR+A); (e) Asymmetrically cold-rolled and annealed (ACR+A)

grain sizes with equiaxed recrystallised grains in the
outer thirds of the sheet thickness and rolled
pancake-shaped grains in inner third. Figure 3(a)
presents LM micrographs of the HR cross-section
with the measured average grain size and hardness.
The average grain size was measured using three
circles and two diagonals according to the ASTM
E112-13 standard. Usually, the material cools down
quicker outside, so it recrystallises more completely
in the centre. The fact that the surface areas are
recrystallised, while the centre remains mostly
deformed may be due to a higher strain introduced
into the surface-near regions by the additional
shearing caused by roll friction. The uneven grain
size distribution most probably results from the
uneven temperature distribution across the sample
during hot rolling. The texture in the middle is
mainly composed of X1- and X2-fibres and the
rotated-Cube, and the texture close to the surface
is also mainly composed of X1- and X2-fibres as
well as from #-fibre and with a small addition of
Brass and Cube, which indicates the strong shear
deformation caused by the friction of the hot-rolling
cylinders with the rolled material (Fig.2). The
largest contribution comes from the grains that
belong to none of the selected texture components
(“random texture”), in the middle and on the

surface, i.e., 80% and 61%, respectively. The Brass-
and S-oriented grains (bright blue and green in
Fig. 2(a)) are mostly flat and elongated, indicating a
lack of recrystallisation, in contrast to the grains
with other orientations. The surface area is almost
completely recrystallised (Fig. 2(b)) compared to
middle area where recrystallisation accounted for
not more than 30% of the whole volume (Fig. 2(a)),
evaluated by using Grain Average Misorientation in
OIM software.

3.2 Microstructure

The LM microstructures of hot- and cold-
rolled (symmetrically and asymmetrically) and
additionally annealed samples are presented in
Fig. 3. Compared to the hot-rolled (HR) material,
cold-rolling causes a smaller average grain size.
However, there is an evident difference between
the SCR and ACR grain shape distribution
(Figs. 3(b, ¢)). The middle section with pancake-
shaped grains in the SCR material is much larger
than that of the ACR sample, where most grains are
at least partially recrystallised, and pancake-shaped
grains are only present in the very centre of the
cross-section. The SCR material has almost 3/4
of pancake-shaped grains, and only the area very
close to the surface underwent the recrystallization.
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Therefore, the grains in the areas close to the
surface are more equiaxed compared to the SCR
material. Surprisingly, there is no apparent
difference between the surfaces near the faster and
slower rollers. During the cold rolling, the hardness
increases, but there is no difference between
the SCR and ACR samples. The average grain
size increases, and the hardness decreases after
annealing. Figure 3(d) presents the microstructure
of the symmetrically rolled and annealed (SCR+A)
sample. The SCR+A sample has a uniform
distribution of the average grain size in all three
measured positions, which indicates appropriate
annealing. Similar to SCR+A, the asymmetrically
rolled and annealed (ACR+A) material has an equal
hardness in the cross-section. The microstructure of
the ACR+A sample is presented in Fig. 3(e) with
the measured average grain size and hardness. The
grain sizes in both annealed samples are between 19
and 26 um, resulting in a significantly reduced
hardness, compared to the cold rolled samples,
of 56 HB at all measured positions.

Details of the microstructure in the middle of
the sheets as measured by EBSD are shown in
Figs.4 and 5. The SCR material shows strongly
elongated, thin grains, typical for the cold-rolled
material. A similar microstructure is observed in the
ACR material with a slightly larger number of shear
bands distinguished by their 30°—40° inclination

to the rolling direction and their strong local
orientation changes. A detailed look at Fig. 4(b)
(bottom-left corner) reveals grains with crossing
shear bands. This phenomenon is not so often seen
in the SCR material’s microstructure. Thus, based
on the microstructures, it appears that shear
deformation is more frequent in ACR samples. The
annealed materials show a much coarser, clearly
recrystallised microstructure. The SCR+A material
shows partly equiaxed, recrystallised grains and
partly elongated, partly recrystallised or recovered
grains, with an aspect ratio of approximately two. A
similar recrystallised microstructure is observed in
the ACR+A material but with larger grains. The
larger grains might be due to the different plastic
deformation during the asymmetric cold rolling,
which would be reflected in faster recovery and
recrystallisation.

Details of the microstructure in areas close to
the surface of the sheets as measured by EBSD are
shown in Figs. 6 and 7. In the middle of the rolled
sample sheet, the grains are pancake-shaped, and
the situation close to the surface is different and
much less elongated grains are found (Figs. 5(a, b)).
The SCR sample on the surface still has some
grains elongated across the whole field of view. The
ACR sample has, on average, smaller grains, and
no very elongated grains can be observed. In both
samples, many shear bands are noticeable. During

(a)° y

101
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Fig. 5 EBSD-based texture component maps (middle position) of rolled and annealed samples (The colours indicate the

spherical and fiber texture components)

Fig. 6 EBSD IPF-Z orientation maps (surface position) of rolled and annealed samples

annealing, the grains completely recrystallised. As
observed in the middle, there is no drastic change in
grain size from the deformed to the recrystallised
structure. However, there is a slight difference in
the grain size of the SCR+A compared to the
ACR+A sample. Asymmetric rolling leads to
slightly larger grains. Again, the reason for the
larger grains might be the different plastic

deformation during the asymmetric cold rolling,
which would be reflected in faster recovery and
recrystallisation.

3.3 Crystallographic textures

All the texture results are compiled in Fig. 8
and summarised in Tables 4 and 5, and some texture
components and fibres of all the middle and surface



38 Matjaz GODEC, et al/Trans. Nonferrous Met. Soc. China 35(2025) 30—44

ND
T—vRD
Orientation Texture
Euler angle component
B (0°0°0%) Cube
[ 0045200 Goss
[ 65245009 Brass
B (90°35°45°) Copper
] (59°34°65) N
B 4500009 Rotated-Cube
Difection: | Textirofibre:
[ <oo1y|[T02] x1
1 <oonyr102] X2
] <oon)||(100] 7
e : =
TR

Fig. 7 EBSD-based texture component maps (surface position) of rolled and annealed samples (The colours indicate
spherical and fiber texture components)
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Fig. 8 ODFs and pole-figure textures in middle (a—d) and close to surface (e—h) of sample cross-section
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Table 4 Results of SEM—EBSD analysis on textures in middle of sample cross-section
Sample
Texture characteristic
HR SCR ACR SCR+A ACR+A
Max. intensity 15.9 23.5 18.8 7.5 7.7
Cube 4.0 1.1 2.4 2.1 1.2
Goss 0.8 1.1 0.6 0.7 0.5
Volume fraction of Brass 5.0 5.1 5.4 2.0 0.9
spherical texture
component/% Copper 1.0 1.3 0.3 0.8 0.9
S 2.2 4.8 2.0 0.2 1.6
Rotated-Cube 0.7 0.1 0.3 2.2 1.4
Volume fraction of fibre X1+X2-fibre 10.8 14.2 10.1 6.6 9.4
texture component/% n-fibre 14.2 6.0 9.2 7.0 5.9
Volume fraction of random/% 61 65 67 79 75

The textures are characterised with the maximum intensity and volume fraction of separate texture components

Table S Results of SEM—EBSD analysis on textures close to surface of sample cross-section

Sample
Texture characteristic
HR SCR ACR SCR+A ACR+A
Max. intensity 6.1 13.5 7.4 5.1 6.3
Cube 0.3 0.5 0.2 1.1 0.7
Goss 0.3 0.2 1.1 0.9 0.5
Volume fraction of Brass 12 4.0 2.7 1.9 1.4
spherical texture
component/% Copper 0.7 0.4 0.9 1.3 0.5
S 1.2 1.5 1.5 1.4 0.7
Rotated-Cube 2.6 0.5 04 0.8 0.1
Volume fraction of fibre X1+X2-fibre 10.6 12.7 11.5 9.3 9.8
texture component/% n-fibre 2.3 2.6 4.1 6.2 43
Volume fraction of random/% 80 75 76 77 82

The textures are characterised with the maximum intensity and volume fraction of separate texture components

positions are presented in Figs. 5 and 7, respectively.
The textures of the initial and differently processed
materials show characteristic differences (Figs. 2, 5
and 7). The HR material is the initial material for all
the following production steps, and its pole figures
are shown in Figs.2(c,d). In the middle, all
three fibres (X1, X2 and #) form 25 vol.% of
all components. The Cube component occupies
4 vol.%, indicating relatively weak pinning of the
boundaries by solutes. On the surface, all three fibre
components (X1, X2 and #) form 13 vol.% of all
components. The Cube component is almost absent,
indicating strong pinning of the boundaries by
solutes. Altogether, this texture is typical for a
combination of rolling with strong friction and

simultaneous recrystallisation.

The conventional SCR material in the middle
shows a texture typical for a cold-rolled FCC
material with high stacking-fault energy. By far the
strongest are the Brass and S components, covering
about 10vol.% of all texture components. As
mentioned above, the Brass component is a typical
shear component. The X1 and X2 fibres occupy
around 14 vol.%. The crystal orientations are
homogeneously distributed. On the surface, the
textures are similar but show much less intensity.
The ODF plots and pole figures are shown in
Figs. 8(a, b).

The texture in the middle of the ACR sheet is
different from the SCR material. The ACR texture
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intensity is weaker. The ODF and pole figures are
shown in Figs. 8(a, b). Compared to the SCR sheet,
the S component and the X1- and X2-fibres are
reduced from 5 to 2 vol.% and from 14 to 10 vol.%,
respectively, while the Cube and #-fibre are
increased from 1 to 2vol.% and 6 to 9 vol.%,
respectively. The fact that the grains generally
appear slightly larger than the grains in the SCR
material could indicate a certain degree of recovery
and recrystallisation during the asymmetric rolling
process. The temperature can rise significantly due
to the strong friction, triggering recrystallisation
processes. The texture close to the surface of the
ACR sheet is also different from the SCR material.
The ODF and pole figures are shown in Figs. 8(e, f).
The ACR sheet has slightly weaker X1- and X2-
fibres and a bit stronger #-fibre.

The ODFs and related pole figures of the
annealed materials, SCR+A and ACR+A in the
middle and close to the surface, are shown in
Figs. 8(c, d) and 8(g, h), respectively. Generally, the
sharpness decreases compared to the
cold-rolled material. This is to be expected for Al
alloys with significant precipitations that pin the
grain boundaries or with slowly diffusing alloying
elements (e.g., Mn and Cr) that lead to the solute
drag of boundaries. These processes prevent the
nucleation and growth of new grains with sharp
texture components. The SCR+A material in the
middle shows a slight increase in the #-fibre,
a typical recrystallisation fibre, while ACR+A
displays a strong decrease in the #-fibre. The main
difference between SCR and ACR is in the amount
of X1- and X2-fibres. These two fibres together are
actually types of fibres that are distributed in the
ODF space and occupy most of the volume and, in
such a way, contribute to the random texture, which
is good for the low earing in a deep-drawability

texture

process. Similar observations can be made on the
surface of the SCR+A and the ACR+A samples. X1-
and X2-fibres have slightly higher intensity, while
the #-fibre is weaker after asymmetrical rolling.

Symmetrical and asymmetrical cold rolling
also differ with respect to total texture intensity and
amount of random texture. The asymmetric rolling
randomises the texture and influences the texture
intensity.

3.4 Mechanical properties

The results of all the mechanical tests for the
cold-rolled samples before and after annealing are
presented in Table 6. The hardness values at
discrete measurement positions on the cross-section
of the different samples are shown in Fig. 3, while
the hardnesses in Table 6 are the average values of
these measurements. The tensile-test properties and
the hardness values are almost the same for the
samples ACR and SCR, as well as for the annealed
samples ACR+A and SCR+A. As expected, after
the annealing, the hardness and the tensile-test
values decrease for both the symmetrically and
asymmetrically cold-rolled samples. The Assmm and
hardness values are precisely the same for the
SCR+A and ACR+A, (29£2)% and 56 HB.

In contrast, the results of the plastic-strain-
ratio tests differ significantly between the SCR and
ACR samples for both the cold-rolled and the
annealed states. For the cold-rolled material, the
normal anisotropy, rm, increases from (0.49+0.03)
for the SCR to (0.55%0.01) for ACR. However, the
opposite trend is observed for annealed material,
and rn drops from (0.62+0.04) for SCR+A to
(0.5610.03) for ACR+A. The planar anisotropy, Ar
(it is essential to consider its absolute value) shows
similar trends: an increase from SCR to ACR and a
decrease from SCR+A to ACR+A.

Table 6 Mechanical properties of symmetric- and asymmetric-rolled samples in deformed (SCR and ACR) as well as

annealed conditions (SCR+A and ACR+A)

Tensile properties

Plastic strain ratio

Sample Hardness Lankford Normal Planar Earing
Ro/MPa Ryoo/MPa s/ (HB) parameter, » anisotropy, rm  anisotropy, Ar percentage/%
SCR  279+2 2304 122 874 0.46x0.05 0.49+0.03 —0.15+0.03 2.17£0.05
ACR 280+l 22943 1242 88+5 0.50£0.02 0.55+0.01 —0.20£0.04 2.43+0.04
SCR+A 21943 8912 29+2 5613 0.58+0.04 0.62+0.04 —0.24+0.02 1.62+0.05
ACR+A 21843 90+1 29+2 5612 0.53+0.01 0.56+0.03 —0.1740.02 0.97+0.04
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In accordance with the described plastic-strain-
ratio results of earing test, the same trend is seen.
The SCR sample has (2.17£0.05)% of measured
earing, while the ACR sample has a higher
percentage of (2.4310.04)% earing. After the
annealing, the earing percentage of the material is
decreased. By comparing SCR+A (1.62+0.05)%
and ACR+A, the latter has only (0.9710.04)% of
earing. The earing phenomenon is, thus, reduced
significantly by almost 60%. This is particularly
important, considering that the maximum earing
for this material in an industrial application never
exceeds 2.5%. The data show that asymmetric
rolling has,
modification, a positive effect on the properties of
the annealed material as it reduces its undesirable
mechanical anisotropy.

using texture and microstructure

4 Discussion

Even though the differences in the textures of
the annealed materials are not significant, the
results for earing are very promising for industrial
applications. With asymmetric rolling, much less
force on the rollers is used, which means a longer
life span of rolling mills and considerable energy
saving. A rough calculation for rolling-mill energy
consumption per working hour for symmetrical and
asymmetrical rolling is 3260 and 3050 kW-h,
respectively. Therefore, the difference of 210 kW-h
of lower electric energy consumption for
asymmetric rolling can be greatly beneficial for the
aluminium industry.

Table 6 shows that the texture does not
significantly influence the fundamental mechanical
properties, i.e., yield strength
elongation. These values are mainly determined
by the basic composition and the microstructure,
i.e., grain size, dislocation density and precipitate
content. A difference in grain size between the
asymmetrically and symmetrically rolled and
annealed samples is visible, but this does not affect
the yield strength.

In contrast, the anisotropy values (see
HUTCHINSON [27] for a detailed discussion)
show differences between the ACR and SCR
samples related to the material’s texture.
Generally, the Lankford parameter, r, indicates
the resistance of a material to thinning during
stretching operations [28]. For good deformability,

and uniform

particularly in deep drawing, this value should be
close to 1 [29]. The normal anisotropy, rm, is the
average of the Lankford parameter for different
directions. A large value indicates resistance to
thinning for deep-drawing operations with
stretching in different directions of a sheet [30]. A
high value allows deeper parts to be drawn and is
therefore desirable. Finally, the planar anisotropy,
Ar, indicates how differently the material deforms
in different sheet directions. A large value can
lead to strong earing and heterogeneous sheet
thicknesses during cup drawing. Conversely, the
desirable small absolute value can lead to little
earing and homogeneous deep-drawability [27,31].

A synopsis of the values of r, rm and Ar in
Table 6 with the intensities of the texture
components in Tables 4 and 5 reveals the following
prospects. The sample SCR has the highest
texture intensity with only 38 vol.% of “random”
orientations, the principal component being the S,
Brass and Cube components. At the same time, this
sample has the smallest Lankford value, normal
anisotropy and the smallest planar anisotropy.
During annealing, the sample changes its texture
and, consequently, its mechanical behaviour in the
opposite direction: the SCR+A sample shows a
random texture of 77 vol.% and a well-developed
n-fibre with some Cube texture. This sample has, of
all samples, a Lankford value close to 1, indicating
good deformability, but also the largest absolute
planar anisotropy, which would result in strong
earing [32].

The asymmetrically rolled samples behave
slightly differently from the symmetrically rolled
ones. The cold-rolled and the annealed samples
have similar texture strengths compared to the
asymmetrical ones, but ASCR+A has a higher X1-
and X2-fibres and weaker #-fibre and Cube texture
components with higher random texture in the
surface. Therefore, this sample should show the
best compromise of deep drawability and low
earing [33]. Its texture intensity is low, which
improves the deep-drawability [34]. At the same
time, the components that typically lead to earing,
which means components with few symmetric
equivalent positions (Cube, Goss, rotated-Cube),
are also very low [35].

Asymmetric rolling causes a decrease of
n-fibre in the middle and on the aluminium sheet’s
surface. As a result, the strengthening of the X1-
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and X2-fibres is higher in the middle and on the
surface of the aluminium sheet. Asymmetric rolling
causes an increase in the material temperature due
to higher friction stresses during deformation;
therefore, recovery and recrystallisation occur
earlier, which is reflected in an increase in the
recrystallisation texture (#-fibre).

5 Conclusions

(1) Asymmetric cold rolling leads to different
amounts of shear banding in the middle of the
aluminium sheet, which, in turn, promotes the
formation of the shear fibre (X1-,
X2-fibres). Asymmetric cold rolling also causes an
increase in the temperature of the material due to
friction stresses during deformation; therefore,
recovery and recrystallisation occur earlier, which is
reflected in an increase in the recrystallisation
texture (7-fibre) and larger grains. As a result,
grains in the middle generally appear 30% larger,
while on the surface the difference is about 10%.

(2) During recrystallisation, the presence of
shear bands leads to an effective randomisation of
the texture and, therefore, to the low mechanical
anisotropy of the asymmetrically rolled material. As
a result, the final asymmetric rolling material has
fewer Cube, Goss, rotated-Cube and Brass texture
components compared to the final symmetric rolled
material. These texture components are responsible
for earing.

(3) The texture developed after annealing of
the asymmetric rolled samples possesses a larger
amount of X1- and X2-fibres, which fairly evenly
occupy areas within the ODF space and thus
contribute strongly to the weak texture favourable
for isotropic properties.

(4) The presence of the y-fibre in the middle
and on the surface after asymmetric cold rolling and
the fact that the grains generally appear 30%
(middle) and 10% (surface) larger could indicate a
certain degree of recovery and recrystallisation
during the asymmetric rolling process. The
temperature can rise significantly due to friction,
triggering recrystallisation processes.

(5) The study confirmed that it is possible,
with asymmetric rolling involving less rolling force
and less energy consumption, to produce a final
material with similar or even better mechanical

textures

properties in terms of formability, particularly in
earing phenomena.
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