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Abstract—A novel repetitive corrugation and straightening (RCS) die geometry was evaluated in terms of its
mechanical properties and microstructural modifications. An annealed 3003 aluminum alloy sheet was pro-
cessed up to 6 RCS passes at room temperature, showing a significant improvement in yield strength and
hardness. Changes in surface profile values were obtained along different stages of the repetitive process; this
showed a clear correlation between the higher strained region and the maxima of hardness values. Moreover,
differences in roughness were associated with real contact area between material and corrugating die sections.
Local strain distribution generated during the process was determined by kernel average misorientation
(KAM) and was consistent with microhardness mapping results. Orientation image mapping showed that
grains, with the normals parallel to 111, activate dislocation arrangement and grain fragmentation process
prior to other main directions. In spite of mechanical properties improvement, initial texture components
were maintained.

Keywords: repetitive corrugated and straightening, AA3003, severe plastic deformation, microhardness, tex-
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INTRODUCTION
Severe plastic deformation (SPD) techniques have

been widely investigated recently due to their capabil-
ity of improving the yield strength, hardness, and
fatigue resistance, through grain refinement up to
ultra-fine grain size. Such changes occur without
affecting specimen geometry but by introducing a
large amount of dislocations in each pass of a repetitive
process [1‒3]. Several industrial sectors are interested
in the above mentioned properties, in particular, the
automotive and aerospace industries that require par-
ticularly elevated yield stress on low-density materials,
such as aluminum alloys. Among the more cited SPD
techniques: Equal channel angular pressing (ECAP)
[4–6], high pressure torsion (HPT) [7], multi-axial
compression (MAC) [8], constrained groove pressing
(CGP) [9], accumulative roll bonding (ARB) [10],
repetitive corrugation and straightening (RCS)
[11, 12], the last is one of the simplest to perform and
is well adapted for improving the mechanical strength
of metallic sheets. As a result of the SPD techniques, a

strain up to ~10 can be reached, with the grain size
diminished considerably [13–15]. Therefore, it is
extremely important to follow the grain size and the
grain misorientation evolution at highly deformed
stages, where dynamic recovery could take place, even
at low temperatures [16–18]. As other SPD tech-
niques, RCS process has revealed its ability to produce
bulk nanostructured materials [12], several RCS dies
have been proposed [19–24], the purpose has been to
produce the most homogeneous deformation into the
sample, combined with an ultrafine grains micro-
structure. Recently, it was reported that materials
which combine large and small grains at a micrometer
scale, could have unexpected mechanical properties
[25], such heterogeneous materials could be produced
with a new RCS die proposal, promoting heteroge-
neous strain. Hypothetically, the last could lead to
enhanced mechanical properties with not only a
mixed UFG microstructure, but also a convenient
crystallographic texture which could be suitable for
applications. In recent years, RCS reports in alumi-
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Table 1. Chemical composition of 3003 aluminum alloy

Si Fe Cu Mn Zn Others Al

0.6 0.58 0.1 0.85 0.05 0.1 Balance
num alloys focused mainly on the Al–Mg and Al–Li
systems. The A3003 alloy has not received attention,
despite its corrosion resistance, good formability, and
weldability. Furthermore, phenomena produced
during friction and in general surface damage, leaving
at worn surfaces certain changes in specimen geome-
try, have been poorly discussed in the literature.

The aim of this study was to evaluate and correlate
the mechanical and microstructural effects of a repet-
itive corrugated and straightening (RCS) process using
a novel die geometry, which introduces heterogeneous
deformation, in AA3003 alloy. The material was
deformed at room temperature by RCS up to six passes.
Mechanical properties were characterized by tension
tests and microhardness mapping while surface modifi-
cation was measured by means of an optical profilome-
ter. Crystallographic texture and microstructure
changes were investigated through X-ray diffraction
peak-broadening, pole figures, and orientation maps
obtained by electron backscatter diffraction (EBSD).

EXPERIMENTAL PROCEDURE
Aluminum sheet of 3003 alloy with 1.2 mm thick-

ness was acquired from a commercial distributor
under H14 condition of supply. Prior to RCS process-
ing, specimens were annealed at 450°C for 3 h to pro-
mote softening. Chemical composition was obtained
by means of f luorescence equipment and is presented
in Table 1.

RCS process was performed within dies, as is
shown in Fig. 1a, on a 112 × 112 mm sheet. Die geom-
etry design was based on a sinusoidal function with an
amplitude of 4 mm and a period of 16 mm. First cor-
rugation was applied at a rate of to 5 mm/min. After-
ward, the first straighten was induced to the material,
marks in Fig. 1b represent lower position of the bottom
die. After a 90° rotation, a second corrugation and
straightening were achieved, producing new marks
shown in Fig. 1c. This double corrugation and
straightening process, illustrated in Figs. 1b–1d, is
considered as a complete RCS pass, which according
to Rosochowski [26], produces an equivalent plastic
strain of ~1.1. Considering the die symmetry, dashed
area in Fig. 1e indicates location of representative
microhardness and grain orientation mapping. During
the complete process, MoS2 was used as lubricant
between samples and corrugating and straightening
dies. The reference sample is denoted as 0P, while one
pass and six passes samples are designated as 1P and
6P, respectively.

Tensile samples were obtained from 0P and
deformed samples, all parallel to rolling direction. The
tensile tests were carried out at 10–3 s–1, using an
Instron universal testing machine.

Surface profiles measurement and hardness tests
were conducted by means of a Nanovea platform
equipped with a chromatic confocal optical profilo-
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
meter and a Vickers pyramidal indenter. Microhard-
ness mapping was carried out applying a 1 N load with
stabilization time at maximum load of 10 s. A 500 μm
step mesh was generated in representative sections
previously prepared by mechanical polishing. Consid-
ering symmetrical deformation, representative sec-
tions were selected as is shown in Fig. 1e. To charac-
terize the surface modification produced by SPD pro-
cess, height measurements were conducted using an
optical profilometer. Processing data consisted in
pulling apart shape and roughness by means of fitting
to a fifth-degree polynomial. Root mean square
roughness (Rrms) was calculated from 1 mm lines
placed randomly over processed surfaces in which
three different zones were identified, each one corre-
sponding to specific zones in the die contact surface.
Mentioned zones are: baseline, deepest zones, and
highest zones.

A Rigaku Ultima IV diffractometer equipped with
Cu Kα radiation and crossbeam optics (CBO), was
used to obtain X-ray diffractograms and crystallo-
graphic texture. Pole figures measurements were
obtained under “in-plane” mode having a ranging scan
α and β of 0°–90° and 0°–360°, respectively. Texture
analysis was carried out through orientation distribu-
tion function (ODF) calculated by the MATLAB tool-
box, MTEX [27].

Under a Brag–Brentano condition, X-ray diffrac-
tograms with 2θ values from 20°–140°, using a 0.01°
step and a speed of 0.2°/min were obtained. X-ray
peak broadening was determined by Le Bail refine-
ment method within FULLPROF software [28]. LaB6
standard powder was used to calculate the instrumental
peak broadening, deconvoluting the integral breadth
from its Gaussian and Lorentzian contributions.

Assuming that X-ray sample profile is mainly
Lorentzian, crystallite domain size and strain can be
obtained by plotting the Williamson–Hall (W–H)
equation which allows to separate crystalline domain
size (D) and strain (ε) contribution from the integral
breadth (β), as: βcosθ = kλ/D + 2εsinθ this provides
valuable-qualitative information about strain variation
as a function of RCS passes.

Electron backscattered diffraction (ESBD) scans
were obtained through a field emission JEOL
JEM7600FEG scanning electron microscope (SEM).
Samples over normal direction were prepared by con-
ventional mechanical polishing, while orientation
maps acquisition was performed in selected zones pre-
sented in Fig. 1e. MTEX software analysis was used to
process orientation data.
22  No. 5  2021
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Fig. 1. (a) RCS die geometry. (b), (c), and (d) RCS process scheme. (e) Identification zones for microstructural and mechanical
characterization.
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RESULTS AND DISCUSSION

RCS process was successfully applied to an
annealed 3003 aluminum alloy sheet without visible
material damage. The stress-strain curves showed in
Fig. 2 present an important increase in yield stress
between the 0P and 1P samples. For 0P a yield stress
of ~57 MPa was obtained the while after a complete
RCS cycle, ~87 MPa was achieved as yield stress
value. After six RCS cycles (6P), a marginal increase
in yield stress was observed (~92 MPa). As a conse-
quence of the increase in yield strength, a reduction in
ductility was registered, this is consistent with the
observed in the SPD processing conducted at room
temperature [29]. Despite this strengthening, nowa-
days there are other mechanical and microstructural
PHYSICS OF META
properties and capabilities that require scrutiny in the
SPD field [30].

Microhardness obtained from a representative
zone of the 0P sample showed homogeneous hardness
values of 31 ± 0.5 HV. Microhardness distribution
through deformed 1P and 6P samples, obtained from
dashed zone in Fig. 1(e), are shown in Fig. 3. In both
samples, the highest hardness values are related to
most strained zones which correspond to the hills in
the bottom corrugating die. In the 1P sample, the
maximum hardness increasing is about 50% from the
reference value, while in the case of 6P an additional
hardening increase of 10% was registered. Addition-
ally, hardness increment showed a spread that extends
over a larger region as the number of passes increases.
LS AND METALLOGRAPHY  Vol. 122  No. 5  2021
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Fig. 2. Stress–strain curves for 0P, 1P, and 6P samples.
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Fig. 3. Microhardness mapping for 1P and 6P samples.
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These results could be useful depending on the final
application due to that a gradient in hardness distribu-
tion is desired in some materials like those subjected to
sliding contact conditions [31].

Some 3D height profiles for 1P and 6P samples are
presented in Figs. 4a, 4d, respectively. It is observed
that as the number of passes increases, the morphol-
ogy of processed material is better defined, due to that
the highest and lowest zones are closer to the baseline.
This allows to identify each zone as is referred in
Figs. 4c, 4e, which show the surface shape data after
one and six passes, making evident two zones that do
not fulfill the baseline, these are identified as A and B.
In the case of zone A, the material is under the base-
line due to the induced pileup in surroundings to hard-
est region, this is according to the roughness map
(Figs. 4c, 4f) where it is possible to notice higher rough-
ness values indicating a greater contact area. In zone B,
lower height levels indicate that the die geometry
modified material shape, but did not induce enough
plastic deformation to increase hardness. Moreover,
roughness indicates a smaller real contact area and there-
fore during the straightening step was not possible to
reach the baseline.

Table 2 summarizes root mean square roughness
(Rrms) for baseline, deepest and highest zones, show-
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1

Table 2. Rrms values for 0P, 1P, and 6P samples

RCS Pass Rrms, μm baseline Rr

0P

1P 0.76 ± 0.12

6P 0.77 ± 0.18
ing a gradual increment in the last two, leading to 6P
specimen to exhibited higher values, while in baseline
levels Rrms are similar. This indicates that in the high-
est zones of both materials, a mild wear process reduces
the Rrms values [32], in regard to baseline and deepest
zones. A detailed overview of Fig. 4 and Table 2 allows to
remark that main superficial effects of increasing the
number of RCS passes were the increment in height
gaps. However, under present conditions, substantial
changes in roughness were produced only from 0P to
1P, while subsequent passes do not contribute to sig-
nificative changes.

X-ray diffractograms in Fig. 5 show that 0P, 1P, 6P
present a high relative intensity for (220) plane, this is
particularly visible in 0P and indicates a preferred
crystal orientation. Although 1P and 6P exhibit a rela-
tive increase of intensity for (111) and (200); predom-
inant orientation still being (220), this behavior indi-
cates that texture intensity variation along the process
can be found between different RCS passes. A normal-
ized peak broadening for (220) plane is shown in
Fig. 6. Between 0P and 1P samples an increase in
22  No. 5  2021

ms, μm deepest zones Rrms, μm highest zones

0.56 ± 0.03

0.87 ± 0.2 0.62 ± 0.7

0.92 ± 0.26 0.73 ± 0.13
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Fig. 4. (a) 3D height profile, (b) contours of shape and (c) roughness for 1P. (d) 3D height profile, (e) contours of the shape and
(f) roughness for 6P.
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FWHM was registered, this indicates a strain increase
into the crystal or a decrease in grain size. In addition,
between 1P and 6P there is a marginal decrement in
peak broadening suggesting a dislocations rearrange-
ment compatible with a partial stress release.

Based on the Le Bail XRD peaks profile matching,
it is possible to understand the peak-broadening evo-
lution during the RCS process. Figure 7 shows the
PHYSICS OF META
Williamson–Hall plots for several RCS passes. For 0P
sample a negligible slope is observed; this indicates
that as a consequence of the annealing treatment, the
material underwent a stress relaxation associated with
the lowest dislocation density. For 1P sample, the cor-
responding slope increase indicating the rise of dislo-
cation density and probably the formation of some dis-
location tangles. A slope reduction was observed
LS AND METALLOGRAPHY  Vol. 122  No. 5  2021



EFFECT OF THE REPETITIVE CORRUGATION AND STRAIGHTENING 509

Fig. 5. X-ray diffractograms for 0P, 1P, and 6P samples.
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between 1P and 4P and subsequently, no changes in
slope were observed between 4P and 6P samples. The
previous behavior has been observed in several works
after SPD processing [33] and leads to one of two
hypotheses; the first suggests the presence of several
microcracks that generate a stress relaxation; the sec-
ond indicates that at this stage, the material increased its
capability of dislocation annihilation, even if it occurred
during a cold work process [10, 14, 15, 34, 35]. Because
no visible cracks were observed in the samples, the
second hypothesis seems more probable. Moreover, β
(y-intercept) values indicate an important reduction
in crystallite domain after one RCS cycle, for 4P
value remained unchanged and decreased again for
6P sample.

Figure 8, shows the texture evolution for 0P, 1P,
and 6P samples. Main texture components and their
respective volume fraction were computed by MTEX
software. At annealing conditions, the two major
components (P1 and P2) corresponding to annealed P
orientation {100}554 were found [36–38]. No
change in texture components was observed for 1P,
but its global intensity decreases, this could be related
to substructure generation expected in early stages of
SPD processes and agrees with X-ray peak-broaden-
ing results. In the case of 6P, the increasing spread
some degrees around the original components, P1 and
P2 was observed, this is caused by the specific RCS
strain state which presumably activates different slip sys-
tems generating misorientation across subgrain bound-
aries and eventually promotes low angle grain boundar-
ies (LAGB) and high angle grain boundaries (HAGB)
[12]. Contrary to other SPD processes [33, 39–41],
this RCS process applied to a 3003 AA sheet, did not
modify the specific initial texture components, there-
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
fore, mechanical properties improvement is only
related to dislocation density. Such behavior could be
beneficial for industrial applications in which preserv-
ing the original grain orientation is often required.

Grain orientation maps obtained from EBSD
(Fig. 9) showed that major structural modifications
produced by plastic deformation consisted in sub-
structure formation due to average grain size; previous
works have shown that at the evaluated stage of the
process, a condition of ultrafine grain has not been
achieved [42]. However, comparing boundary misori-
ention angle histograms for 0P, 1P, and 6P, LAGB
(5°–15°) fraction increases as a function of RCS
passes, having 7, 12, and 30%, respectively. Even if
grain refinement has not begun, the LAGB fraction
increase and Williamson–Hall plots indicate a sub-
22  No. 5  2021
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Fig. 8. Calculated pole figures with main texture components.
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structure generation along the process, where disloca-
tion density increased after one RCS cycle, decreases
for 4P and remains still between 4P and 6P; plastic
strain induced among those cycles generated disloca-
tion density, however, dislocation rearrangement
decreased crystallite domain, as well as internal defor-
mation.

Local distribution of this LAGB fraction was cor-
roborated by the computation of second order kernel
average misorientation (KAM). KAM map presented
in Fig. 10, which relates local misorientations with
microhardness mapping, supporting that higher hard-
ness values are corresponding to KAM increase, this
corroborates that both characterization techniques
PHYSICS OF META
allow to determinate strain distribution induced by
this particular RCS process.

Representative grains, which normal is parallel to
001, 011, and 111 were subjected to local misori-
entations evolution analysis. KAM histograms and
their corresponding grain maps presented in Fig. 11
show that prior to RCS process (0P), grains have sim-
ilar local misorientation independently of the normal
directions. After the first RCS pass (1P), histograms
show a shift to the right, which represents a general
increment of local misorientations, indicating the
beginning of grain fragmentation process that has a
stronger effect over 111 grains. Further RCS passes
(6P) maintain KAM displacement trend for 001 and
011 crystals, in contrast with 111 grains, which
LS AND METALLOGRAPHY  Vol. 122  No. 5  2021
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Fig. 9. Orientation maps and their corresponding grain boundary misorientation histograms for 0P, 1P, and 6P.
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Fig. 10. KAM map for 1P showing the location of the measured region into the hardness mapping.
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111, for 0P, 1P, and 6P.
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exhibited a shift to lower KAM values, indicating that
the dislocation rearrangement process was activated
prior to other directions grains. The latest matches
with results showed above, where a decrease in W–H
plot slope magnitude was registered for 6P specimen.

CONCLUSIONS
The novel die geometry proposed in the present

study produced mechanical, superficial, and micro-
structural modifications that conduce to a general
improvement in properties, allowing to expand the
applications field of 3003 aluminum alloy sheets.

Yield strength was enhanced since early stages of
the process. Heterogeneous strain distribution
induced was determined by hardness mapping, show-
ing that regions that presented higher hardness and
larger contact area after one RCS pass expanded as the
number of passes increases.

The analyzed RCS process did not change the ini-
tial texture components, this could be beneficial if the
strength increase is required without changes in grain
orientation. Also, RCS process introduced a large
number of low angle grain boundaries, indicating that
further RCS passes would lead to grain refinement.

It was determined that grains, which normal is par-
allel to 111 presented dislocation rearrangement and
cells formation in early RCS stages prior to grains
001, 011. Furthermore, W–H plots are consistent
with dislocation rearrangement of grains 111, which
reduces local misorientation values.
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