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INTRODUCTION

The AA1xxx series are a group of high purity commercial aluminium alloys (with minimum content of 99 %-wt. Al),
which have a good corrosion resistance, high thermal and electrical conductivity, and excellent conformability. Usual
application for this type of alloys is the fabrication using draw operations of devices for food, chemical and electrical
industry stand out [1]. These alloys have low mechanical strength, which could be eventually increased by strain
hardening [2]. Rolling processes are commonly used for this purpose, aiming to obtain sheets, which are traditionally
used for the manufacture of insulating coatings, sheets, and kitchen tools [3, 4].

Aluminium texture has been extensively researched aiming to improve their formability, since it allows to understand
the deformation process and could be used to increase the performance of the material. Usually, plastic deformation by
rolling processes, such as extrusion and embossing generate a strong texture, particularly at room temperature [5, 6]. In
metal alloys with FCC structure, the texture formed during the rolling processes can usually be divided into three types:
recrystallization texture, deformation texture and shear texture [6-8]. Typically, texture is measured in bulk using X-ray
diffraction (XRD) and in microregions using backscattered electron diffraction (EBSD) techniques, and can be
represented by orientation distribution functions (ODF's). In these measurements the orientation corresponds to a specific
set of Euler angles (o1, ¢, ¢2 in the Bunge context) [9-11]. In Table 1 the most representative texture components for
aluminium alloys are listed, and their corresponding Euler angles and Miller indexes [7].

Table 1. Miller indexes and Euler angle for typical texture components in aluminum alloys

) Miller’s indices Euler angle (°)
Notation

{hkl} <uvw> o1 @ ®2
Cube {100} <100> 0 0 0

P {011} <122> 70 45 0/90
Q {013} <231> 59 37 63
Brass {110} <112> 35 45 0
Cupper {112} <111> 90 35 45
Goss {110} <001> 0 45 0
S {123} <634> 59 37 63
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Table 1. Miller indexes and Euler angle for typical texture components in aluminum alloys (cont.)

. Miller’s indices Euler angle (°)
Notation

{hkl} <uvw> 01 D ®2

R-cub {100} <110> 45 0 0

E {111} <110> 0/60 55 45

F {111} <112> 30/90 55 45

o-fiber <011>||ND 0-90 45 0
B-fiber - 90/35 35/45  45/90

y-fiber <111>|ND 60-90 54.7 45

0-fiber <100>|IND 0-90 0 45

During cold rolling, crystallographic orientations of the aluminium alloys are forced to preferential orientations
according to the plastic flow direction, thus establishing the so-called deformation textures [12]. Final deformation texture
depends mainly on initial grain orientation and both rolling process parameters and direction [13].

Reverse cold rolling (RCR) process is performed by alternating the rolling direction 180° and turning the face between
each rolled pass, as shown in Figure 1a. Unlike to conventional rolling process, this process improves intensity of shear
deformation through the entire thickness of the sheet, enhancing the deformation behaviour. Due to application of this
process, shear texture components {001} <110>, {111} <110> and {111} <112> can be obtained [14]. However, it is
possible to obtain a gradient of texture throughout the thickness of the sheet, which could modify the draw process
properties.
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Figure 1. (a) Sketch of reverse cold rolling process. (b) Heat treatment and traceability directions (ND normal
direction, RD rolled direction, TD transverse direction). (c) Rolling mill machine used

The goal of this work is to establish relationships among texture, mechanical properties and the microstructure changes
during different stages of reverse cold rolling process applied on aluminium alloy AA1100-H14, trying to determine
differences between measurements crystallographic and texture behaviour.

METHODS AND MATERIALS
Materials and Processes

Aluminium alloy sheets AA1100-H14 with 6 mm initial thickness and dimensions of 200 mm x 100 mm were used.
Chemical composition was carried out by optical emission spectrometry and results are shown in Table 2. Before rolling
process, sheets were annealed at 350 °C for 2 h, as shown in Figure 1b. Annealed sheets were then reverse cold rolled to
reach thickness reductions of 16%, 33%, 50% and 67%, respectively.

Table 2. Chemical composition for AA1100 aluminum alloy sheets (%-wt.)

Si Fe Cu Mn Mg Cr Ni Zn Ti Others Al
0.053 0.295 0.007 0.027 0.002 0.004 0.009 0.010 0.019 0.044 99.53
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RCR process was developed in a calibrated rolling mill machine showed in Figure 1c. No lubrication was used, and
the diameters of rollers used was 102 mm. The samples were rotated 180° regarding to rolling direction (RD) after each
pass. Table 3 shows the parameters of applied RCR process, including the percentage of reduction and the values of L/h
ratio, where L represents the contact length of the rollers with the sheet, and h represents the average value of the sheet
thickness. Three samples were made for each parameter’s combination [15].

Table 3. Reverse cold rolling parameters used

Number of Final thickness ~ Accumulated reduction of area \/31yes for L/h
Code passes mm % ratio
L16 3 5.02 16.33 0.70-0.79
L33 5 4.02 33.00 0.78-1.10
L50 7 3.03 49.50 0.80-1.41
L67 10 2.03 66.16 0.78 - 2.05

Microstructure Characterization

Samples for optical and electron microscopy analysis were extracted from annealed state and from each deformation
stage. These samples were cut aiming to show microstructural changes in the normal, rolling and traverse directions. The
three different directions of same sample of each stage were mounted in polyester resin 856 using a relation of
approximately 10:1 resin and catalyst, with a curing time of 4 hours at room temperature. Standard metallographic
preparation was carried out using ASTM 240, 320, 400, 600, 1000 and 2000 mesh. A polishing was then carried out with
a 3pum and 1pum diamond paste suspension on a Struers® DP-Floc cloth with rotation speed of 150 rpm, constantly cooled
with water. The final polishing was carried out by using colloidal silica of 0.03 pum in suspension for 5 min. Hydrofluoric
acid (HF) with a concentration of 1.0% -vol. was used as chemical reagent, rubbing the sample with cotton moistened
with the etchant for a time of 120 s. Samples were observed in an Olympus® Vanox AHMT3 reflected light optical
microscope, with Image® Pro Plus image acquisition data software. Scanning electron microscopy analysis was
developed in a FEG-SEM JEOL® model JSM-7800F equipped with an XFLASH® detector for backscattered electrons
(BSE), and the precipitations were identified with chemical microanalysis EDS by using a voltage of 20kV and a working
distance of 10mm.

Mechanical Properties

Samples of tensile tests from annealed material and the different deformation stage conditions were extracted
according to ASTM E8M standard. A Criterion® MTS universal testing machine with 300 kN capacity of load cell, using
a 25.4 mm MTS® extensometer, and fitted with an MTS® test suite acquisition data software was used. The tests were
carried out by using 1.8 mm/min strain rate and 1 kN preload. 3 replicated samples were tensile tested for each
deformation stage. Vickers microhardness (HV) measurements were carried out on samples for all previously described
conditions and directions (ND, RD and TD). An MVK®-HO microdurometer was used applying a load of 100gf during
155, a 10 megapixels Clemex® PE camera, and a software Clemex® CMT were also used. Microhardness were randomly
measured in 10 different locations for each sample.

X-Ray Diffractometry Characterization

Macrotexture analysis was carried out by using a PANalytical® X-ray diffractometer using the goniometer in
reflection mode. CuKa radiation was used, with an angular step of 5°, for 5 seconds, and 4kW of energy radiation.
Measurements of X-ray diffraction patterns were performed on normal section in all samples for the entire conditions.
The data obtained were analysed in the X'Pert® Texture software to obtain the pole figures of planes {111}, {220} and
{311} and the orientation distribution functions (ODF's).

EBSD Measurement

The microtexture analysis was made applying the EBSD technique using an Ametek® EBSD-EDAX detector coupled
in a scanning electron microscope Philips® model XL30 ESEM and processed with the OIM® Analysis software.
Microtexture measurements were developed for the same condition of macrotexture measurements. Surface of samples
were prepared by mechanical polishing, followed by an ionic polishing (Cross-section) during 10 h. For EBSD
measurements an acceleration voltage of 25 kV, a 1500x magnification and a step of 0.17 um were used. After analysis
crystallographic orientation maps (I0OM) and high-quality maps (1Q) were obtained.
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RESULTS AND DISCUSSION
Microstructure of Annealed and Deformed States

Figure 2 shows the microscopy analysis of microstructure in all examined directions for AA1100-H14 under annealed
conditions. The microstructure observed in both RD and ND sections displayed equiaxed grains, while TD section exhibits
elongated and narrow grains parallel to rolled direction. Observed microstructure indicates that during annealing process
the material reaches a partial recrystallization state, which is produced due to previous strain level and applied time of
heating treatment [2]. Some finely dispersed precipitates were observed in the Al-rich matrix. EDS analysis show that
they are most likely AlsFe particles, which can be occurring because of the relatively higher atomic fraction of Fe in
comparison to Mn (0.6% and 0.05%), respectively [1].

Evolution of microstructure during different reverse cold rolling process (RCR) stages is shown in Figure 3. As the
strain level increases on aluminium alloy, an increment of the amount of elongation and oriented grains into RD direction
can be observed, while decreasing of grain width due to RCR process happens, as expected. When the maximum strain
is applied (67%), into resulting microstructure is not possible to distinguish grain boundaries inwardly and a banding
substructure is developed. This banding structure (Figure 3d) can be attributed to the high deformation stress accumulated
during different RCR process stages, which might affect the texture and mechanical properties of the material [16, 17].
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Figure 2. Microstructure of annealed AA1100-H14 to 350°C. Reagent HF 1.0%-v. Section: (a) RD, (b) ND, and (c)
TD. Microanalysis of annealed material, (d) SEM-SE image. (€) AlsFe precipitates, (f) chemical composition of matrix
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Figure 3. Optical microscopy images showing deformed microstructure across ND section: (a) 16%, (b) 33%, (c) 50%,
and (d) 67% of area reduction

EBSD Analysis

Image Quality (1Q) maps and orientation image maps (O1M) obtained from TD section for the conditions of: annealing
and, thickness reduction of 33% and 67%, are shown in Figure 4a. Coloured regions in OIM maps correspond to
orientations of each grain, as indicated by inverse pole figure (IPF), while high angle boundary grains are indicated by
black lines as displayed in Figure 4b. Microstructure observed on (0%) annealed condition shows a mixture of equiaxed
and elongated grains in the rolling direction, while a randomly texture with a lightly tendency to {111} pole is displayed.
For this same condition an equiaxed small grains (SG) of low angle grains boundary in OIM map were observed. Both
the morphology and the significant misorientation of the grains confirm that aluminium alloy in annealed state was not

fully recrystallized [17, 18].
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Figure 4. EBSD analysis results. (a) IQ Maps and (b) OIM Maps for aluminium alloy AA1100-H14 in annealed (0%),

33%, and 67% of thickness reduction. (c) Diagram of misorientation angle distribution. EG: Enlarged grain; SG:
equiaxed small grain
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After 33% thickness reduction, elongated and narrow grains on RD direction, showing high randomization of texture
with lightly predomination of {001} pole can be observed. The above mentioned indicates that a change in the orientation
of the annealed grains towards a strain microstructure with different texture [18] has occurred. OIM results for 67%
thickness reduction state show that deformation was not uniform, obtaining a slight deviation to RD direction and
displaying a microstructure mostly of enlarged grains towards flow deformation direction with a few small grains, where
{111} pole predominates, again. It is possible that the deviation in the direction of rolling and the refinement of the grains
are produced by the rotation of the sheet around RD [19]. Drastic changes in strain path could cause that shear stresses
imposed on the contact surfaces are extended along the thickness of the sheet [20]. In the same way, these stresses can
cause the rotation and subdivision of grains, which leads to refinement of grains for sufficient amounts of deformation
[21].

Figure 4c shows diagrams of distribution of misorientation angle obtained by EBSD technique for samples in
annealing, 33%, and 67% thickness reduction states. From these results, it is possible to infer that if strain level and the
number of passes (RCR cycles) increases, the elongated and refined grain with high angle grain boundaries increase,
during RCR process. The refinement of the grain depends mainly on sliding and stacking of dislocations, reason why
dislocation rearrangement during deformation produces many sub-grains with low angle grain boundaries (LAGB).
LAGB in deformed grains increase during deformation, therefore those are transformed into high angle grain boundaries
(HAGB), producing small equiaxed grains in the microstructure [22]. Conventional rolling comprises both compression
and surface shear strain, as a result of friction between the rollers and the workpiece [23]. During RCR, the shear strain
direction is rotated 180 degrees around the normal direction. Because of this direction reversal, the equivalent plastic
strain across the workpiece is steeper in conventional steep rolling than the one found in RCR. This difference in plastic
strain gradients leads to a reduced dislocation density in the RCR sample when compared to a conventional rolled sample
[24]

Texture Analysis by X-ray Diffraction

ODF's results of AA1100-H14 aluminium alloy obtained by DRX and from perpendicular direction to ND section
for: annealed and 50%, and 67% deformed samples are shown in Figure 5. ODF of annealed state exhibits that main
texture component is R-cube with a maximum intensity of 246.17 in @1 = 80°, ® = 0° and 2 = 60°. It has been found
that the R-cube texture component for high purity aluminium alloys remains stable during the annealing at a temperature
close to 350 ° C [25-27]. ODF of samples with 50% thickness reduction shows the following predominant texture
components: {114} <110> and {112} <110> rotated at 20° and 35° from the R-cube component, with maximum intensity
values of 29.04 and 13.35, respectively. ODF of samples with 67% thickness reduction show that intensity of R-cube
components decreases, while {112} <110> unstable component intensity increases.
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Figure 5. ODF results for AA1100-H14 aluminium alloy in states: (a) annealed, (b) 50%, and (c) 67% of thickness
reduction

The presence of B-fiber was not observed in any stage of cold rolling. The non-formation of the B-fiber for an
aluminium alloy of commercial purity can be discussed in terms of the parameters of the rolling process, such as the roll-
gap geometry, which depends on the ratio L/h [27]. For values of 0.5 < L/h < 5 the role-gap geometry does not affect the
formation of shear textures [15]. In the present work, ratio values of L/h were kept in this range for each pass during
rolling (see Table 3). Therefore, the spacing between the rollers did not affect rolling texture components present in [3-
fiber.

It is well-known that shear stresses can develop shear textures during cold rolling of aluminium alloys [28]. However,
changes in deformation path could cause that imposed shear stress on contact surfaces is extended along thickness, which
could modify deformation substructure [20], [22], [25], [26]. These changes could limit the dislocations mobility and
crystals rotation towards B-fiber, producing that components of lamination with Copper (Cu), S, and Brass (Bs) textures
are transformed in unstable components {112} <110>, {213} <031> and {011} <111> [27]. In the present work, the
results show that for 67% reduction thickness, the effects of shear stress due to change of rolling direction is significant,
generating a slight deviation related to rolling direction during deformation flow. These observations suggest that texture
component {112} <110> appears due to shear stress during deformation, being big enough to affect the development of
rolling texture, decreasing B-fiber intensity, as it has been reported in the literature [21].

Mechanical Properties

Figure 6a shows the comparison among tensile test results for AA1100-H14 aluminium alloy in annealed state and
different reduction thickness stages. It was observed that as the rolling cycles (i.e. hardening work) of RCR process
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increase, both ultimate strength (Su), and yield strength (Sy) increase while elongation decreases, as expected. Maximum
values of yield strength and ultimate strength were 106 MPa and 117 MPa, respectively for 67% thickness reduction.
Conditions above-mentioned leads to achieve increments of 76% and 43%, respectively, compared to the same values
obtained for the annealed sample, as well as a 92% of ductility decrease, as shown in Figure 6b. The improvement of
tensile strength is attributed to change in strain path during the reverse cold rolling, which increases the stored deformation
energy (strain hardening), while decreases the grain size during process [21], [28], [29].

Vickers microhardness results display coherent behaviour to tensile strength results as shown in Figure 6¢c. The
average hardness values show an increment for 39% through 67% of thickness reduction regarding to annealing state.
Longitudinal and transverse directions (RD and TD) showed higher values of hardness regarding to normal (ND) direction
(5 to 10% the highest). Factors such as refinement of grain size and increasing of grain boundaries density influenced on
raising the average hardness values during this process [21]. Microstructure and texture analysis showed refinement of
grain and an increasing amount of high angle grain boundaries (HGBA), while thickness reduction was raised, which
induced an increment of hardness and tensile strength by RCR process, as observed in others previous works [30, 31].
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Figure 6. (a) Tensile test results, (b) Su, Sv, and strain, and (c) Vickers hardness in ND, RD and TD directions for
different deformation stages. “O” state of area reduction corresponds to annealed stage

CONCLUSIONS

In this study, the effects of reverse cold rolling (RCR) on the microstructure, texture, and mechanical properties of
AA1100-H14 aluminium alloy were investigated. The most important results obtained can be summarized as follows:

1. The RCR process produced a microstructure of deformed and refined grains with high angle of grain boundaries
(HAGB) oriented into rolled direction (RD). This fact was attributed to rotations and alternations of the sheets on parallel
and perpendicular directions to RD direction during processing.

2. OIM’s of microstructure highly deformed (67% thickness reduction) showed deformed and enlarged grains
randomly distributed and with light tendency to {111} pole, which was again attributed to the rotation and alternance of
rolling direction of the sheet around RD during RCR process.

3. Maximum intensity of texture in the reverse cold rolling samples with 67% of thickness reduction was observed in
the unstable component {112} <110>, which was attributed to shear stress during deformation, affecting the development
of lamination texture, decreasing f-fiber intensity.

4. Owing to microstructure, micro- and macrotexture changes in processed material, the mechanical properties (tensile
strength and hardness) increased gradually when cycles of reverse cold rolling process also increased, increasing the
stored deformation energy and decreasing grain size during process. Consequently, the maximum values of mechanical
properties for 67% of thickness reduction were produced.
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