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Abstract. The potential of improving the mechanical strength by the RCS process is evaluated on
the 5754, 6061, and 7075 aluminum alloys, which present different hardening mechanisms related
to their respective alloying elements. This work compares the evolution of the texture and the
mechanical properties of the different alloys through the RCS processing. The mechanical
properties were evaluated by micro-hardness measurements, tensile tests at different temperatures,
and strain rates to evaluate the strain-rate sensitivity. The results showed that after two RCS passes,
the 6061 and 5754 alloys showed a relatively high strain-rate sensitivity at 300°C. In addition, an
increment of 27%, 22%, 15% in hardness was obtained for the 5754, 6061 and 7075 alloys,
respectively. Showing the potential of improvement in the mechanical resistance due to the
different hardening mechanism. Furthermore, the crystallographic texture was characterized by
the obtention of pole figures by X-ray diffraction and the calculation of their orientation
distribution functions. The results showed the same trend in the three aluminum alloys, i.e., the
initial texture components were conserved, but the texturized volume decreased.

Introduction

Aluminum alloys have excellent mechanical properties, low density, corrosion resistance, and
recyclability, making them promising alternatives to some steel components in the automotive
industry. Despite these advantages, their lower formability and significant spring back at room
temperature constrain the application of aluminum alloys [1,2]. To overcome these disadvantages,
recent studies have focused on reducing the grain size of these alloys to an ultrafine level to
improve the mechanical properties of the alloys, as smaller grain sizes typically contribute to
enhanced strength and hardness. Severe plastic deformation (SPD) techniques can significantly
decrease the grain size and increase the mechanical properties; some examples are equal channel
angular pressing (ECAP), high-pressure torsion (HPT), accumulative roll bonding (ARB), equal

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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channel angular rolling (ECAR), constrained groove pressing (CGP), and repetitive corrugation
and straightening (RCS) [3-6].

Most SPD techniques induce repetitive plastic deformation, overcoming standard deformation
limits without significantly changing the initial shape. Since many modern engineering
applications require metal sheets, SPD processes on such geometries are particularly interesting.
ECAR, ARB, CGP, and RCS allow deforming materials in sheet format while maintaining the
dimensions and shape of the material. Particularly, ARB is a simple and continuous process, but it
requires special surface treatment to prevent bonding failure. In contrast, RCS requires no special
surface treatment and offers more flexibility in improving mechanical properties by modifying die
geometries and deformation routes. Exploring these techniques and processes presents a promising
avenue for enhancing aluminum formability and mechanical properties for industrial applications
[8].

Despite the development of these techniques, the lack of knowledge regarding post-SPD
shaping hinders the broader commercialization of these SPD-processed materials [9,10].
Increasing the forming temperature is one proposed solution to enhance the post-SPD shaping of
aluminum alloys. In this context, the strain rate sensitivity parameter becomes an essential
indicator of the forming capacity, illustrating the ability of the material to sustain homogeneous
deformation and delay fracture under the applied strain rate [1]. In addition, the grain size, notably
when reduced to below 10 um, significantly affects the hot forming processes, even being capable
of inducing superplastic behavior and resulting in extraordinary homogeneous elongations [11].

On the other hand, the crystalline orientation distribution within a polycrystalline material, i.e.,
the crystallographic texture, significantly impacts mechanical properties such as anisotropy,
formability, strain hardening, and post-forming surface roughness. In that sense, the material
texture influences the rate and magnitude of strain hardening during deformation. Consequently,
comprehending and controlling crystallographic texture is critical for optimizing metallic materials
for specific manufacturing applications [12,13].

In aluminum alloys, crystallographic texture evolution typically manifests specific orientations
during different manufacturing processes. For example, the texture generally evolves around the
so-called copper, brass, and S orientations during the rolling process. In contrast, the annealing
process often develops the Cube and Goss orientations. The impact of these texture components
on the formability of aluminum alloys is a topic of ongoing debate in the scientific community.
For example, some researchers argue that the cube texture component is beneficial in enhancing
formability, while others contest that it might have a detrimental effect [14,15].

Aluminum alloys 5754, 6061, and 7075 have distinct hardening mechanisms due to their unique
compositions and microstructural characteristics. The 5754 alloy is a non-heat treatable alloy with
medium strength. Its hardening mechanism mainly relates to solid solution strengthening and strain
hardening. Solid solution strengthening occurs due to the alloying elements (such as magnesium),
which distort the lattice structure when added to the aluminum matrix, creating resistance to
dislocation movement. This resistance enhances the strength of the material. Strain hardening, also
known as work hardening, is the process by which the material becomes stronger as it is deformed,
with dislocations in the crystal structure interacting and multiplying to create a harder and stronger
material [16].

On the other hand, the 6061 and 7075 alloys are heat-treatable with medium to high strength.
Their hardening mechanism relies on precipitation. This process involves three stages: solution
heat treatment, quenching, and aging. Solution heat treatment dissolves the soluble alloying
elements within the aluminum matrix, followed by rapid quenching to retain them in a super-
saturated solid solution. During aging, these elements precipitate out of the solution, forming fine
particles that hinder dislocation movement, increasing the alloy's strength and hardness. Therefore,
the hardening mechanism is the primary difference between the studied alloys [16].
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The objective of the present work is to compare the hardening evolution and hot formability of
different aluminum alloys and the effect of the RCS on the crystallographic texture evolution
through the process. Furthermore, the strain rate sensitivity is evaluated by hot tensile tests to
characterize the RCS impact on the hot formability. Moreover, a quantitative analysis of the texture
evolution is assessed by identifying the different texture components and calculating their
respective volume fraction through the orientation distribution functions.

Methods

Commercially available 5754-H111, 6061-T6, and 7075-O aluminum sheets with 1 mm thickness
were cut into squares of 120 x 120 mm. Table 1 summarizes the nominal chemical composition of
these alloys. A pair of dies, fabricated from D2 tool steel and featuring a geometry based on two
perpendicular extruded cuts with a sinusoidal profile, were used for the corrugation stages. A pair
of analogous flat dies made of D2 steel were used for the straightening stages. The modified RCS
process allows the alternation of the deformed zone with each pressing, and it consists of pressing
the sheets and then rotating them 90° around the normal direction to generate alternated zone with
low and high deformation levels. The semi-circular profile avoids stress concentrations in
comparison to a V-groove profile, and it introduces less stress concentration points [17]. Every
sequence of corrugation, straightening, 90° rotation, corrugation, and straightening is considered
one RCS pass (Fig. 1).
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Figure 1 (a) Die profile. (b) One pass of RCS.
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Table 1. Nominal composition of the aluminum alloys investigated in Y%owt [17—19].

Alloy Si | Fe | Cu | Mn Mg | Cr | Zn | Ti | Ni Al
5754-H111 0.04/0.17] 0.00 | 0.01 | 3.00 | 0.22 | 0.00 | 0.02 | 0.00 | balance
6061-T6 0.7710.24 ] 0.16 | 0.03 | 1.03 | 0.07 | 0.03 | 0.02 | 0.00 | balance
7075-0 0.00) 03 | 1.8 | 0.00 | 22 [0.28 ] 53 |0.06|0.01 | balance

The hardening potential of the RCS process in the different aluminum alloys is compared based
on the microhardness evolution. Therefore, Vickers microhardness measurements were taken in
the deformed zone with a load of 100g (HVo.1) with a holding time of 15 seconds. Before the
hardness measurement, a representative part of a specimen was mechanically grounded and
polished until mirror-finish for each composition.

Uniaxial tensile tests were conducted only for the 5754 and 6061 alloys. The tests were carried
out on RCS samples subjected to one and two passes within the temperature range of 150 — 500
°C and strain rates between 3 X 107> and 3 X 1072. Figure 2 depicts the geometry of these
samples, which possess a gauge length of 50 mm. Tensile tests were carried out on specimens after
one and two RCS passes. These tests were performed using an INSTRON 5584 universal testing
machine outfitted with a cylindrical furnace. The strain rate sensitivity coefficient (m) was derived
following Equation (1).

o=Kem (1)

where o is the stress, K a material constant, and ¢ the strain rate. A pair of samples were
examined for every distinct pairing of temperature and strain rate. Peak values recorded for tensile
stress and associated strain rates were graphically represented on a logarithmic scale.
Subsequently, a linear approximation of the data was undertaken. The slope of this plot reflects
the strain rate sensitivity.

s

22.00
12.50

. i 50.00 | 1.00

Figure 2 Dimensions of the sample employed for the hot tensile test in mm.

Finally, the -crystallographic texture was determined utilizing a Rigaku Ultima IV
diffractometer, operating with a Cu-Ka wavelength. The apparatus was arranged in 'in-plane'
mode, with an angle range o spanning from 0.5 to 90° and B from 0 to 360°. Specimens were
meticulously prepared to mirror-finish prior to the measurements. Orientation distribution
functions (ODFs), typically used to represent the crystallographic orientation within Euler's space,
were computed from the experimentally derived pole figures (111), (200), and (220). These ODFs
were calculated using the MATLAB® toolbox MTEX software for samples in their initial
condition and following one and two RCS cycles.
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Results

Table 2 displays the average hardness values for the samples subjected to the RCS process up to
two passes for the different aluminum alloys. These tests offer insight into the effects of the
different hardening mechanisms on the RCS process.

Table 2. Microhardness values of the samples before and after being processed by RCS.

Average (HVO0.1) Initial condition 1P 2P
5754-H111 71.7 87.2 91.3
6061-T6 120 139.6 147.2
7075-0 66.2 76.5 75.4

The microhardness data demonstrate significant variations in hardness for different aluminum
alloys subjected to the RCS process. In the case of the aluminum alloy 5754, a marked hardness
increment of 22% was observed after one pass (1P), which further escalated to a 27% increase
after two passes (2P). A similar trend was detected for aluminum alloy 6061-T6, albeit with
slightly lower increments of 16.3% and 22% after the 1P and 2P conditions, respectively. Lastly,
the hardness testing on aluminum alloy 7075-O revealed a comparable progression, registering an
approximate increase of 15% in hardness for the 1P sample relative to its initial condition, and
keep constant for further passes.

The most significant increase in microhardness is observed in the first RCS pass, a typical
behavior typical of severe plastic deformation processes. However, in the 5754 alloy, the increase
in the first pass is greater than that in the 6061 and 7075 alloys, which show a similar increase in
the first pass. On the other hand, for the second RCS pass, the alloys whose primary hardening
mechanism is precipitation tend to saturate more quickly. A non-significant hardness change was
reported for RCS-processed alloy 7075 from the first to fourth RCS passes [19]. This result accords
with the superior strain-hardening capacity of the 5754 alloy.

The increment in hardness might be attributable to the substantial dislocation density and grain
boundaries induced by the RCS procedure. However, the nearly steady mechanical strength
observed following the initial RCS pass could likely be ascribed to the concurrent influence of
micro and ultrafine grains. The microscale grains might permit substantial deformations, thereby
contributing to ductility, while the ultrafine grains could serve as barriers to the creation and sliding
of dislocations, thereby enhancing the material's resistance.

Figure 3a and Figure 3b show the strain rate sensitivity coefficients at different temperatures
for 6061 and 5754 samples undergoing one and two RCS cycles. It can be observed that both alloys
exhibit relatively high values of the strain rate sensitivity 'm' coefficient at the tested conditions
when compared with the typical values reported for aluminum alloys.
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Figure 3 Strain rate sensitivity analysis of the RCS processed samples for a) AA5754 b) AA6061.

The highest 'm' value of 0.38 was achieved at 400 °C for the aluminum 5754 for one RCS pass,
while the aluminum 6061 was at 300 °C for two RCS passes with a value of 0.29. Such value is
similar to the exhibited by the 5754 in the same condition. On the other hand, the same trend can
be observed in both alloys. For the one-pass condition, the 'm' values increase as the temperature
rises, while this behavior is the opposite for two passes. They are showing the maximum value for
that condition at 300 °C and getting lower as the temperature rises. The grain refinement obtained
after the RCS processed samples could explain the high values for the strain rate sensitivity
coefficients, since the grain size plays an important role in the deformation mechanisms at these
temperatures. Furthermore, the inverse behavior in the two RCS passes could be because the
recrystallization temperature decreased due to the deformation process, impacting the activation
temperature associated with the deformation mechanism. This results in an enhanced capacity of
uniform deformation at high temperatures given by the RCS process.

The quantitative analysis of the volume fraction of the different texture components that are
typically developed in aluminum alloys was calculated from the ODF. Table 3 shows the result for
the different alloys. Firstly, the aluminum alloy 5754-H111 exhibits a predominantly mixed
texture, primarily composed of B-fiber and S-Cube fiber components. The B-fiber texture is defined
by a series of <111> fiber textures that spread in the ¢2=45° section of an orientation distribution
function (ODF). This texture component is typically observed in metals undergoing processes like
rolling or drawing. On the other hand, a connecting fiber, S-Cube fiber, has been previously
identified as a potential pathway for recrystallization leading to Cube. These observed texture
components align well with the material's thermomechanical history, which underwent a process
of rolling, leading to the generation of the S component, followed by an annealing process,
resulting in the production of the S-Cube fiber. Throughout the process, the texture components
remain consistent. However, there is a minor decrease in the intensity correlating with the number
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of RCS passes. This reduction in B-fiber, along with the lack of additional B-fiber generation during
the process, could positively impact the material's forming capacity, given that previous studies
suggest that the presence of B-fiber can be detrimental to the material's formability.

In the case of the aluminum alloy 6061-T6, the initial condition prominently exhibits a strong

cube texture, characteristic of the annealed texture commonly found in aluminum alloys. This
texture aligns well with the material's thermomechanical history because of the solid solution
treatment performed previous to the aging needed to reach the T6 condition. As the number of
RCS passes increases, the S component significantly increases. In addition, when subjected to two
RCS cycles, a non-common texture component appears. This emergent texture component might
be associated with the bending process inherent to the RCS process. Moreover, a substantial
reduction in the intensity of the Cube texture component is evident. Literature suggests that this
decrease in intensity relates to the rotation of some texture components induced by the bending
state [20].
In the initial state of the 7075-O alloy, a prominent Cube orientation is discernible, likely
attributable to the recrystallized grains formed during the annealing process. This texture aligns
with the findings observed in the 6061 alloys. Interestingly, the Goss and P orientations also
manifest in approximately equal measures. A significant observation is that as the intensity of the
Cube texture dwindles, other texture components essentially sustain their presence. This pattern is
evident across all three studied alloys, where the dominant texture component significantly
decreases in intensity with each additional RCS pass. The marked decrease in Cube texture
intensity concurrent with increasing applied deformation is consistent with numerous studies on
rolled Al-based alloys.

Table 3. Quantitative analysis of the texture evolution through the RCS process.

Texture component 2754 6061 7075

0P 1P | 2P | OP | 1P | 2P | OP 1P | 4P
Goss 23 |20 | 1.7 - - - 14.0 | 189 | 14.5
P - - - - - - 13.9 | 144 | 10.6

Brass 6.6 | 51 | 39 - 14 | 3.8 - - -

S 259 (217217 3.1 | 7.1 | 122 | - - -

Cu 6.3 | 57 | 6.0 - - - - - -
Cube - - - 1469 (441|178 |13.7| 53 | 2.8

S-Cube connecting fiber | 18.3 | 183 | 179 9.5 | 99 | 53 - - -

Conclusions

In conclusion, the Repetitive Corrugation and Straightening (RCS) process was applied to
commercially available 5754, 6061, and 7075 aluminum alloys. The results displayed a significant
hardening effect in the alloys, with distinct hardening mechanisms influencing the process.
Microhardness tests revealed a significant increase in hardness, particularly for the 5754 alloy,
which showed the greatest hardening potential. The rise in hardness is likely attributable to the
high dislocation density and grain boundaries introduced by the RCS process.

Tensile tests conducted at different temperatures and strain rates showed 6061 and 5754 alloys
exhibiting relatively high strain rate sensitivity 'm' coefficients. A peak 'm' value appears at specific
temperatures for one and two RCS passes, providing further evidence of grain refinement's impact
on the deformation mechanisms and the alloy's mechanical properties.

Crystallographic texture analysis showed that the RCS process had distinct effects on different
alloy textures. In particular, the process significantly reduced the cube texture component in all
the studied alloys, with the effect being most pronounced in the 7075-O alloy. The consistency in
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the other texture components suggests that the Goss and S texture components are able to remain
during the RCS process.

In summary, the RCS process presents an effective approach to enhance the mechanical
properties of the studied aluminum alloys. This study provides insight into the potential of the RCS
process for industrial applications, such as automotive and aerospace, where enhanced mechanical
properties are of significant importance. However, more comprehensive investigations considering
more complex deformation processes and additional alloy types may be necessary to understand
the RCS's potential better.
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