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ABSTRACT

The current as well as the future industrial market for Aluminium (Al) is huge and various research
is being under work regarding the usability of Aluminium. However, during the deep drawing of
Aluminium several issues can be developed and some of them are originated from the fundamental
material properties. One of these factors is the material texture, which is the preferred orientation of
the constituent polycrystalline Al, and the characteristic texture is affected by different rolling and
annealing recipes. To investigate the material texture, symmetric and asymmetric rolling trials were
performed on a commercially available Al 1050 sample. Energy-dispersive X-ray Spectroscopy (EDX),
and Electron Backscatter Diffraction (EBSD) scanning has performed to determine the material
composition and the crystallographic orientations of the investigated samples.
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1. Introduction

Aluminium as a material is widely used in the industry because of its low density and high cor-
rosion resistance. There are several methods already existing in the industry for the processing of
Aluminium that can provide optimum material properties. The hollow geometry parts i.e. cups
are generally manufactured with relatively small wall thickness, which is commonly produced by
the method of deep drawing. However, during the process of deep drawing 5 main issues can be
emerged, namely frame wrinkling, wall wrinkling, tearing, earing, and surface scratches [1]. These
manufacturing defects originate from different sources. Many manufacturing defects can arise from
the non-conformance of manufacturing conditions such as worn out or poorly maintained production
equipment, or ignoring of work instructions. Some defects i.e. earing and tearing are caused by the
ignorance of different mechanical properties of Aluminium e.g. yield strength and planar anisotropy
compared to the better deep-drawability characteristics of steel [2].
The advancement in Aluminium research suggests that it is possible to develop materials with

better mechanical properties by non-chemical processes [3]. This is the motivation of the current
study. Generally, it is possible to influence the following properties of a base material by [4]:

– The chemical composition;
– Different heat treatment methods;
– Mechanical processing.
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The production steps of sheets classically consist of the hot and cold rolling of casted ingots with
optional intermediate and final annealing. During conventional i.e. symmetric rolling, the material
passes between two rolls, which rotates opposite to each other with the same angular velocity [5].
However, in the last few decades, experiments are conducted using asymmetric rolling, i.e. the rolls
are rotating with a different angular velocity, bringing in an extra shear strain into the material.
These processing steps have a significant effect on the mechanical properties, which can be explained
at the microstructural level [6].
The atoms of the metals - like Aluminium – forms microscopic crystal lattice. These crystals

form groups, where they are grow in the same direction, creating the grains of a polycrystalline
microstructure [7]. The dimension and shape of the polycrystal can be evaluated by several methods
like the electron microscope, X-Ray diffraction, and Synchrotron Radiation [8]. Nowadays one of
the most common methods to characterise polycrystalline material is scanning electron microscope
equipped with an electron backscatter diffraction detector (EBSD) [9]. When the electron beam
is projected on a specimen under consideration, the instrument detects the backscattered electrons,
resulting in the formation of Kikuchi-patterns via the phenomenon of diffraction [10]. These patterns
can reveal the orientation of crystals in the examined area. The repetition of this test on every point
of a selected sample area shows a grain orientation map called inverse pole figure (IPF). The IPF can
reveal the shapes, dimensions, and orientations of the grains spotted on the specimen area, providing
necessary information for the analysis of microstructure [11].
Very important characteristic of a material is the texture, which is the orientation distribution

of its crystals [12]. To characterize the texture of materials, quite often the orientation distribution
function (ODF) is employed, which shows all of the crystallographic orientations in Euler space [11],
based on their angle deviations compared to a specified direction, i.e. rolling direction.
The common directions i.e. textures have received unique names, also specified texture groups are

existing which are called fibers, because these typical groups are creating elongated fiber-like patterns
within the Euler space [13]. The most common fibers are the β-fiber created by the Copper, S, and
Brass textures, the α-fiber (〈110〉//ND) and the γ-fiber (〈111〉//ND). In the Face Centered Cubic
(FCC) metals, the α-fiber and β-fiber components are indicative of plane strain compression, while
the γ-fiber tends to appear after shear [14–16]. However, annealing can transform the deformation
textures to recrystallization textures, like the Cube (100 〈001〉) [11, 17].
Several studies were published about the connection of microstructure, texture, and material char-

acteristics [18–24]. Based on this literature sources, it is possible to develop recipe e.g. rolling and
annealing methods, which help to achieve the desired mechanical properties i.e. the normal anisotropy
(Lankford number) over 1.1, and planar anisotropy correlating to 0 [25]. The most preferable textures
to achieve these values are the random and shear textures [3].
The change of mechanical properties, i.e. the hardness is connected to the accumulation of defor-

mation, and the evolution of dislocation density. These crystal defects are responsible for the work
hardenings, thus measuring the hardness we can estimate the dislocation density and the driving
force for recrystallization [26].
In this study, we are analysing the rolling experiment, which contains one step of asymmetric

rolling and two steps of symmetric rolling followed by a particular annealing routine. The evolu-
tion of microstructure, texture, and mechanical properties during the conducted thermo-mechanical
processing (TMP) steps has been reported in this work.
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Figure 1. Laboratory rolling mill

2. Methodology

The experimental work includes the use of Aluminium sheets with starting dimension of
1000 × 2000 mm and with 2 mm of nominal thickness. The base material was Aluminium alloy
(AA) 1050, which is the commercially available purest alloy with min. 99.5 wt% of Aluminium content
according to the standard EN 573-3:2019, although the measured value was 99.7 wt% ±0.545% which
was recorded by an Octane Plus energy-dispersive X-ray spectroscopy (EDX)-detector. 70 × 200 mm
samples were cut for further steps by a water jet machine, preventing unnecessary heat transfer into
the material. In order to facilitate the cold rolling process with the laboratory rolling mill, and
to eliminate the traces of the industrial thermomechanical processes, the material was subjected to
annealing at 250 °C for 60 minutes.
The sample was deformed by cold rolling on a laboratory rolling mill (Fig. 1). This equipment

is equipped with two motors, which can independently turn the two rolls through the connecting
planetary gears and Cardan shafts. The motors are receiving the energy through their own inverters,
making it possible for the machine to individually control the speed in the two rolls i.e. asymmetric
rolling. The roll gap (distance between the rolls) is adjustable through two worm gears.
Main data of the rolling mill:

– 2 pcs of 3-phase 7.5 kW motor; M = 7750 Nm,
– Each motor has equipped with individual planetary gear; R = 141 mm,
– Each motor is feed by an individual frequency inverter; f = 25 Hz 7−→ 50 Hz,
– Transmission: Cardan shafts,
– Rolls: d = 150 mm.

The initial thickness of the sample was 1.90 mm measured by caliper on multiple points, taking an
average from the measurements. The first step was an asymmetric rolling with an asymmetricity
ratio of 50:45 which is 1.1. The calculation is based on the applied frequency adjusted on the motor
inverters. The sample thickness was reduced to 1.49 mm, consequently, the reduction has calculated
as following [1]:

ε =
hi − hf
hi

· 100, (1)

where, hi stands for the initial thickness, and hf stands for the final thickness. The first step resulted
in a 21.58% reduction. The rolled material was processed through one more symmetric rolling
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Figure 2. Flowchart of the TMP

schedules; given as the following reduction of the thickness to 1.43 mm. After cold deformation, a
recrystallization annealing was performed at 530 °C for 120 s (Fig. 2).
The sample preparation for the Electron Backscatter Diffraction (EBSD) scanning includes me-

chanical grinding and polishing. The mechanical polishing resulted in a mirror-polished surface,
which was applicable for the electrolytic polishing, which is required for the EBSD-scanning. During
this process we followed the ordinary method of metallographic sample preparation, i.e. the grinding
was made using wet sandpapers with grit size 400 7−→ 600 7−→ 800 7−→ 1000 7−→ 2000, and 240 rpm.
The grinded sample was hand polished using Struers® polishing discs with 3 µm and 1 µm-size
diamond suspensions at 400 rpm. The sample preparation was conducted in such a way that, after
every step, the sample surface was cleaned by running water, cotton ball, dishwasher detergent, and
dried. The electrolytic polishing for the sample was performed at 28 V for 45 s using A2 Struers
electrolyte in the temperature range of 5 °C to 10 °C. The transverse direction plane (TD-plane) of
the rolled sample was investigated. The prepared surface was examined by a FEI Teneo scanning
electron microscope, which was equipped with the EBSD-detector. The recorded data was post-
processed by the OIM-TSL-8 software. Furthermore hardness test has performed on the samples by
a ZwickRoell ZHVµ hardness tester, using the Vickers-method with 500 gram-force (gf) load.

Figure 3. Grain size (diameter) in the function of area fraction
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Figure 4. Microstructure of cold rolled and annealed material

3. Results

The microstructure analysis of recrystallized material reveals several grains with 0 0 1<uvw> ori-
entation. The majority of grains have quite uniform orientation distribution, but in some cases, the
low angle grain boundaries are also visible – see (Fig. 4). The average grain size of 48.5 µm was
calculated by the weighted area of the grains from the distribution, shown in (Fig. 3).
In the ODF (Fig. 5), a strong Cube texture is observable with a strength up to 10.5 m.r.d

(multiples of a random distribution). Apart from this, there are remaining traces of deformation
texture components with relatively low intensitiy (∼1 – 1.3 m.r.d). The absence of E and F textures
indicates that the shear strain was neglegibely small in the measured sample.
To better understand the TMP of the investigated material, it is important to determine the

dislocation density and the stored energy (ED) after every rolling step. The stored energy is the
energy originated from the formation of the dislocations and is also mentioned as the driving force
for recrystallization. Since the dislocations have a direct impact on the hardness of a material, the
driving force can be calculated by the following formula [27, 28]:

ED =
H2

V

G · (3.06Mα)2
, (2)

where the HV is the Vickers hardness of the material in MPa (the given results are shown in (Fig. 6)),

Figure 5. Texture of cold rolled and annealed material
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Figure 6. Change of hardness during the TMP

G is the shear modulus of Al, M is the Taylor factor, and the α is the geometric constant [13, 26, 29],
it can be estimated by (3) [18]:

α ≈ 1− 0.5ν

4π(1− ν)
ln

(
ρ−0.5

b

)
, (3)

where ν is 0.33 (this is typical value for high purity Al alloys) [7, 30, 31] , and ρ is the dislocation
density, which was estimated by [14]. Another method for calculation stored energy is apply the
formula from [13] modified using the Kubin-Estrin (KE) model is:

ED_KE = α · ρε(eq) ·G · b2. (4)

The calculated values of the stored energy and α are visible in Table 1.
In case of asymmetric rolling, the compressive and the possible shear strain and the equivalent

Table 1. Stored energy and α values during the rolling process

Stored energy
·105 [J/m3]

Stored energy
(Kubin-Estrin)
·105 [J/m3]

α

Sample before rolling 2.26 - 0.535
After 1st (asymmetric) rolling 2.59 3.19 0.529
After 2nd (asymmetric) rolling 2.73 3.23 0.528
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strain are needed to be calculated:
εeq =

2√
3

Φ ln
1

αx

, (5)

where

αx =
hf
hi
, (6)

Φ =

√
1 +

(
α2
x

1− α2
x

tan Ψ

)2

, (7)

Ψ = arctan

(
R

2s

(
ωupper

ωlower

(
arccos

(
R− ωlower

e−s
ωupper

R

))
− arccos

(
R + s− e

R

)))
, (8)

e =
hi
2
, (9)

s =
hf
2
, (10)

where, R is the radius of the rolls, ωupper, and ωlower are the angular velocity of the upper and lower
rolls respectively, and Ψ is the shear angle. During the above calculations [17], the initial equivalent
strain before the first rolling step is ε = 1.363. This value has calculated based on the correlation of
the strain and the dislocation density:

dρm
dε

=
C1

b2
− C2ρm −

C3

b

√
ρf , (11)

dρf
dε

= C2ρm +
C3

b

√
ρf − C4ρf , (12)

where ρm is the density of the mobile dislocations, ρf is the density of the forest dislocations, C1 is the
factor connected to mobile dislocation multiplication, C2 = 1.1 1/m2 is the factor of the annihilation
and trapping of mobile dislocations, C3 = 4 · 105 1/m is the factor of the immobilization of them,
and C4 is the factor of the immobilization of the dislocations by the dynamic recovery. The given
values are valid at 293 K [32, 33].
Prior to cold rolling the investigated material was hot rolled, and therefore large number of disloca-

tions was generated. Although the material was annealed prior to cold rolling, the low-temperature
annealing led to partial recovery, meaning that the investigated material still contains a large amount
of dislocations based on the hardness test results, as it is visible in Table 2.
The sum of the forest and mobile dislocations is equals the total dislocation’s amount [34]. The

calculation of dislocation density, based on the hardness test, can be expressed as:

ρ =
1

α3

(
HV

3.06MGb

)2

. (13)

Table 2. Dislocation density calculated by the indentation technique and the modified Kubin-Estrin model

ρ
·1014 [1/m2]

ρε(eq)
(Kubin-Estrin)
·1014 [1/m2]

εeq [-]

Sample before rolling 2.106 - 1.363
After 1st (asymmetric) rolling 2.288 2.810 1.644
After 2nd (asymmetric) rolling 2.300 2.944 1.691
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Another approach to determine the dislocation density is the modified Kubin-Estrin model:

ρ(εeq) =
2C1

C4

−
(

2C1

C4

− ρ0
)(

1 +
C4εeq

2

)
exp (−C4εeq) , (14)

where ρ0 = 1010 1/m2 [26] is the initial dislocation density, C1 = 2.33 · 1014 1/m2, and C4 has the
value of 1.2 1/m. The given parameter values are valid for 293 K [32]. The results of equivalent
strain and different dislocation density calculations are presented in Table 2.
During the calculations of the dislocation density and stored energy, the equivalent strain of the

sample before the first rolling step ad the indentation-based dislocation density were determined with
the α = 0.5, since in the case of high strains the α tends to saturate to this value [26]. For each
strain increment the equivalent strains were added to each other, as displayed in Table 2.

4. Discussion

The reported data suggests that, after the initial rolling, the orthorhombic symmetry remained intact
due to the lower level of asymmetricity mainlined during the rolling experiments. The presence of
Cube texture is typically observed after conventional rolling and the following recrystallization. The
integrity of the orthorhombic ODF symmetry and the lack of E and F shear textures can be originated
from the low-level i.e. 50/45 asymmetricity; although this level was sufficient for the appearance of
a weak H shear texture. The overall symmetric-like rolling is the reason for the ordinary Cube- and
β-fiber – type textures.
The minimal rise in the hardening after the second rolling pass can be originated from the low

level additional deformation i.e. after a 22% reduction by an asymmetric rolling pass, a symmetric
4% reduction was performed which exposes the sample to a minimal normal strain.
The current study clearly depicts the fact that a 50/45 asymmetricity level is not sufficient in the

case of 1050 aluminium alloy to reach a substantial level of shear texture, thus a significantly higher
level of asymmetry is needed to reach the desired H, E, and F texture, and to destroy the Cube
texture at the same time. The dislocation densities as well as the stored energies, predicted by the
indentation technique and K-E model are of the same order of magnitude. The deviations between
the measured and calculated values can be explained by the simplifications, made in the modified
K-E approach.

5. Conclusion

Results of the current investigation show that the low level of asymmetry is not capable of modifying
the conventional texture, which tends to appear during thermomechanical processing. The higher
degree of asymmetricity might provide a desirable shear-type texture. The estimated dislocation
density and driving force for recrystallization are correlated well with the data presented in various
literature sources. The deviations observed between the measured and calculated counterparts might
emerge from the simplifications made in the modeling approaches.
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