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Abstract: The Al-Mg system is extensively utilized in engineering applications due to its inherent corrosion resistance and
moderate strength levels. However, further enhancement of these properties is essential for their effective deployment in
demanding industrial environments. In this context, severe plastic deformation (SPD) methods have emerged as a promising
approach for microstructural refinement and property improvement. The present study focuses on evaluating the effect of the
constrained groove pressing (CGP) technique on the structural characteristics, mechanical performance, and corrosion
behavior of AA5083 alloy. Experimental results demonstrate a progressive refinement in grain size, with a reduction from
an original average of 50 um to approximately 3 pum following four CGP cycles. This microstructural modification is
accompanied by notable increases in microhardness and tensile strength, approximately 49% and 32%, respectively, relative
to the undeformed material. Corrosion resistance, quantified via electrochemical analysis, also exhibited a substantial
improvement, with a corrosion rate reduction indicating an enhancement of around 26%. These results underscore the
effectiveness of CGP as a viable processing route for significantly upgrading the functional properties of AA5083, thereby
supporting its application in high-performance and corrosion-sensitive industrial sectors.

Keywords: severe plastic deformation (SPD), constrained groove pressing (CGP), grain refinement, mechanical properties,
corrosion resistance, AA5083 alloy.

1. INTRODUCTION

Aluminum—magnesium (Al-Mg) alloys are classified as non-heat-treatable wrought materials and are extensively
used in engineering applications because of their superior corrosion resistance, excellent weldability, and balanced
mechanical properties. The presence of magnesium, typically between 3 and 5 wt.%, enhances the alloy’s strength
primarily through solid-solution strengthening. These alloys also demonstrate favorable formability, enabling their
use in various plastic deformation processes such as rolling, extrusion, and deep drawing. The combination of
mechanical performance and corrosion resistance makes Al-Mg alloys suitable for marine structures,
transportation components, and chemical processing equipment [1-3].

Although aluminum alloys offer advantages such as excellent corrosion resistance and low density, they present
several limitations when applied in seawater environments. A major concern is their relatively limited resistance
to stress corrosion cracking and crevice corrosion, particularly in regions subjected to high mechanical loads or
confined spaces. Aluminum alloys are also susceptible to galvanic corrosion when in contact with dissimilar
metals in marine conditions, which can significantly reduce service life. Moreover, the mechanical strength of
aluminum alloys is generally lower than that of certain steels, restricting their use in applications requiring high
load-bearing capacity. Additionally, their thermal resistance and wear resistance are inferior compared to other
metallic materials such as titanium or stainless steel, limiting their suitability for more severe service conditions.
Finally, maintenance costs may increase due to the need for specialized surface treatments to enhance long-term
durability and corrosion protection [4].

Severe plastic deformation (SPD) is a class of metalworking processes that introduces very large plastic strains
into materials, while the overall shape and dimensions change only negligibly [5,6]. The primary objective of
SPD is to produce ultrafine-grained or even nanocrystalline structures, which are known to enhance mechanical
strength, ductility, and thermal stability. Unlike conventional deformation methods, SPD techniques achieve grain
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refinement predominantly through the activation of dislocation mechanisms and dynamic recrystallization.
Several SPD routes, including Equal Channel Angular Pressing (ECAP), Multidirectional Forging (MDF), High
Pressure Torsion (HPT), and Constrained Groove Pressing (CGP), have attracted significant research interest
because of their efficiency in grain refinement and their suitability for bulk material processing [7—10]. These
processes enable significant modifications in the internal structure of metallic materials while preserving their
macroscopic shape, making them suitable for industrial applications. SPD-treated materials often exhibit a
remarkable combination of strength and toughness, surpassing the typical trade-off observed in coarse-grained
counterparts. Furthermore, the refinement of microstructure can contribute to improved surface properties,
including corrosion resistance and wear behavior. Recent developments in SPD research have focused on hybrid
techniques and process optimization to address limitations such as strain inhomogeneity and processing time. As
a result, SPD continues to evolve as a versatile platform for tailoring material performance to meet the demands
of advanced engineering systems.

Numerous studies have highlighted the role of the CGP technique in refining the microstructure of aluminum
alloys, thereby significantly enhancing their mechanical properties and corrosion resistance. The CGP process
promotes intensive grain fragmentation, producing finer grains that contribute to improved strength and hardness
of the material [11-13]. Repeated CGP cycles have been shown to progressively enhance tensile properties by
increasing dislocation density and activating grain boundary strengthening mechanisms. Furthermore, CGP
improves the surface oxide layer, enhancing corrosion resistance by forming a more uniform and stable protective
film. The degree of improvement depends on specific processing conditions and alloy composition. Ren-jie FAN
et al [14] demonstrated that the CGP technique significantly refines the microstructure of AA6063 aluminum
alloy, reducing the grain size from approximately 100 pm to the submicron scale. This refinement leads to a
marked increase in hardness and improved hardness uniformity with successive passes. Moreover, CGP
processing enhances corrosion resistance by promoting the formation of a more stable passive film and altering
the morphology of intermetallic precipitates that typically act as localized corrosion initiation sites. A. Sajadi et
al [15] conducted both experimental and numerical investigations of the CGP process applied to 2-mm-thick
commercial pure aluminum over four pressing passes. The results showed that hardness and tensile strength
increased rapidly during the first three passes due to strain hardening and grain refinement, followed by a slight
decrease in the fourth pass as a result of strain softening and the formation of microcracks. Finite element
simulations indicated that the equivalent plastic strain was not uniformly distributed, with lower values observed
at the surface and near the die tooth regions. In addition, the changes in the mechanical properties of AA7075
aluminum alloy during the CGP process were investigated by Shahin Heidari et al [16]. The study shows that the
constrained groove pressing (CGP) process significantly refines the microstructure of 7075-T6 aluminum alloy,
reducing the initial grain size from approximately 60 um to about 270 nm after four pressing passes. This
substantial grain refinement results in an increase in hardness from 157 HV to 254 HV, while the yield strength
and tensile strength rise by 38% and 34%, respectively, compared to the annealed sample. However, the elongation
decreases markedly to around 40%, indicating a reduction in ductility with increasing pressing passes. These
findings indicate that CGP is an effective technique for tailoring the microstructure and functional properties of
industrial aluminum alloys.

This study aims to systematically investigate the effects of the CGP process on the microstructure, mechanical
properties, and corrosion behavior of the AA5083 aluminum alloy. The research will involve performing multiple
CGP passes to achieve grain refinement and evaluate corresponding changes in microhardness and tensile
strength. Corrosion resistance will be assessed through electrochemical methods to quantify improvements in
corrosion rate and passive film stability. The findings are expected to contribute to the development of aluminum
alloys with enhanced durability and mechanical efficiency for use in harsh environments.

2. MATERIALS AND METHODS

The experimental material consisted of cold-rolled AA5083 aluminum alloy sheets, which were machined into
rectangular specimens with dimensions of 50 mm x 40 mm x 2 mm. The nominal chemical composition of the
alloy is listed in Table 1. To prepare the material for SPD, a heat treatment was applied to reduce internal stress
and promote microstructural uniformity. The annealing procedure consisted of heating the specimens at 450 °C
for one hour to allow sufficient recovery and partial recrystallization. Upon completion of the annealing treatment,
the specimens were gradually furnace-cooled to 260 °C to mitigate steep thermal gradients, followed by natural
cooling to ambient temperature. This thermal regimen facilitated the stabilization of the microstructure and
minimized the potential for distortion during subsequent mechanical processing [17].
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Table 1. Chemical composition of AA5083 aluminum alloy (wt.%)
Si Fe Cu Mn Mg Cr Zn Ti Al
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Fig. 1. Schematic of the experimental procedure

Figure 1 presents a schematic overview of the experimental procedure conducted in this study. The initial
annealing of the specimens was conducted using a Nabertherm LH 120/13 resistance furnace to ensure uniform
thermal treatment. The chemical composition of the alloy was determined using a LAB LAVM11 optical emission
spectrometer to verify the consistency of alloying elements. Microstructural observations before and after CGP
processing were conducted with AXIO A2M and AXIOVERT-25C optical microscopes. Before examination,
specimens underwent surface preparation involving sequential grinding with P2000-grade abrasive paper and
mechanical polishing. Keller’s reagent (95 ml H,O, 1 ml HF, 2.5 ml HNOs3, 1.5 ml HCI) was employed for etching
to reveal the grain structure. Post-deformation analysis included microstructural evaluation, microhardness
testing, tensile property measurement, and corrosion resistance assessment. Microhardness was measured along
both transverse and longitudinal directions using a DURAJET hardness tester. Tensile specimens were prepared
in accordance with ISO 6892-1:2016, and tensile tests were conducted at ambient temperature using a Devotrans
DVT FU/RDNN 50kN-CKS testing system. Electrochemical corrosion behavior was evaluated by performing
potentiodynamic polarization tests in a sodium chloride (NaCl) solution. A three-electrode cell configuration was
used, with the specimen serving as the working electrode. Electrochemical corrosion measurements were
performed using a PGSTAT302N system. The polarization curves were analyzed to quantitatively extract the
corrosion potential (Ecorr), corrosion current density (Icorr), and the associated corrosion rate. All tests were
carried out at room temperature under stabilized open-circuit potential conditions.

The grain refinement process was carried out using a CGP technique, which introduces SPD into sheet materials
through repetitive in-plane shear, while preserving their overall shape. This method relies on a repeated sequence
of pressing operations involving alternating grooved and flat dies to impose controlled shear strains across the
sheet. Each full CGP cycle comprises four operations. Initially, the flat sheet is compressed between two grooved
dies that induce shear deformation via inclined surfaces. Next, a flattening step is performed using flat dies to
remove the resulting surface undulations. Before the third stage, the specimen is translated laterally by a distance
equal to the groove pitch, which ensures that regions not previously deformed are exposed to shear in the
subsequent grooved pressing. This is followed by a second flattening operation, concluding one CGP cycle and
restoring the specimen to its original geometry.

The sequential steps of the CGP cycle are schematically illustrated in Figure 2. In the initial configuration (Figure
2a), the undeformed sheet is positioned between the upper and lower dies. The first step (Figure 2b) involves
pressing the sheet between grooved dies to initiate localized shear deformation. Subsequently, the second step
(Figure 2¢) employs flat dies to eliminate surface undulations and restore geometric flatness. Before the third step,
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the specimen is laterally displaced by a distance corresponding to the groove pitch, enabling previously unstrained
regions to align with the die grooves (Figure 2d). A second grooved pressing is then applied in the third step
(Figure 2e) to introduce additional shear strain. Finally, the fourth step (Figure 2f) involves a second flattening
operation to complete the cycle. This systematic approach facilitates homogeneous strain distribution and
promotes the accumulation of SPD across the material. The CGP process was applied in 1 to 4 cycles using a
YH32 hydraulic press rated at 100 tons. Two dedicated die sets were designed and fabricated to perform groove
indentation and subsequent flattening within each cycle (as illustrated in Figure 3).

— S: 1)

L Upper die
BN

Sheet

|:| No Deformation
[ e.,=0.58
- A EA 116
Fig.2. Schematic illustration of the CGP cycle: (a) initial step (pre step); (b) first step (grooving a flat blank); (c) second

step (flattening the grooved blank); (d) rotating the blank; (e) third step (second grooving of the flat blank); (f) fourth step
(final flattening of the grooved blank).
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Fig. 3. Design of the grooving (a) and flattening (b) dies for the CGP process and experimental process (c)
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3. RESULTS AND DISCUSSION

The initial geometry and the post-deformation shape of the billet after the first CGP cycle are illustrated in Figure
4. The dimensions of the specimens after each CGP cycle are reported in Table 2. The width of the specimens was
constrained in both directions and therefore remained unchanged. The specimen length exhibited only minor
variations because the deformation predominantly occurred along the groove profiles of the dies. Thickness
measurements before and after pressing showed very small dimensional deviations, indicating high geometric
stability in the thickness direction. The die configuration effectively restricted outward material flow, leading to
strain localization along the die’s grooves and inclined interfaces. As a result, a distinct wavy morphology emerged
on the surface, indicating uniform shear deformation during processing.

Throughout the initial pressing step, the material responded with substantial plastic flow, closely conforming to
the die geometry. At this stage, the form-filling capability was generally acceptable; however, slight void
formation was noted at the base of the grooves due to incomplete filling. As deformation cycles were repeated,
accumulated strain facilitated better cavity conformance and reduced the extent of unfilled regions. By the fourth
pass, however, surface cracking was detected at the crest regions of the grooves. These defects were likely caused
by stress accumulation in restricted flow zones, combined with increased work hardening, suggesting a need for
further optimization of the forming parameters to enhance material durability under large strain.
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Fig. 4. Original specimens and deformed specimens after one cycle of the CGP process
a) first step; b) second step; c) third step; d) fourth step

Table 2. Specimen dimensions after each CGP cycle

Specimen Length, [mm] Width, [mm] Thickness, [mm] Flatness, [mm]
Original 50+0.02 40+0.02 2+0.02 <0.1
After CGP cycle 1 50.08+0.02 40+0.02 1.9+0.02 <0.1
After CGP cycle 2 50.1+0.02 40+0.02 1.94+0.02 <0.1
After CGP cycle 3 50.12+0.02 40+0.02 1.9+0.02 <0.1
After CGP cycle 4 50.16+0.02 40+0.02 1.9+0.02 <0.1

The starting material consisted of rolled aluminum alloy sheets, characterized by elongated grains due to previous
deformation. To ensure a homogeneous microstructure before testing, the specimens underwent a recrystallization
annealing treatment. This thermal step allowed for the development of equiaxed grains with distinct boundaries
and eliminated residual internal stresses. The resulting starting structure, as depicted in Figure S5a, was
characterized by relatively coarse, homogeneously distributed grains, which provided a suitable baseline for
observing the effects of CGP-induced strain.

Fig. 5. Optical microstructures of AA5083 specimens after successive CGP cycles
(a) original specimen, (b) after 1 cycle, (c) after 2 cycles, (d) after 3 cycles,
and (e) after 4 cycles

Detailed analysis of the microstructure following each CGP cycle demonstrated a clear trend of grain size
reduction and increased uniformity. The cumulative shear strain introduced by successive passes facilitated
progressive fragmentation and rearrangement of the grains. To accurately assess this evolution, grain size
measurements were conducted using image processing techniques. Due to the irregularity of the deformed grains,
the conventional linear intercept method was unsuitable. Therefore, grain dimensions were instead quantified
using calibrated image analysis software (ImagelJ), by outlining grain boundaries and calculating equivalent grain
diameters across multiple fields of view for statistical reliability. The measurement process was conducted at
multiple locations on the microstructural images. The specimens were examined for microstructure in the direction
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perpendicular to the grooves. This is the direction in which the deformed grains are continuously sheared through
the CGP cycles, revealing the grain refinement process more clearly.

The measured values showed a significant decrease in grain size as the number of deformation cycles increased.
The annealed specimen had an average grain size of approximately 49.08 um, with individual measurements
ranging from 31.04 um to 65.93 pm. After one cycle, the average dropped markedly to 12.98 um, indicating a
notable degree of structural refinement (Figure 5b). Continued processing further reduced the grain size to
8.96 um, 5.68 um, and ultimately 3.27 um after the second, third, and fourth cycles, respectively (Figure 5c-¢).
While each step contributed to further refinement, the most pronounced change occurred during the first
deformation cycle, after which the rate of grain size reduction gradually diminished. This phenomenon implies
the onset of a saturation regime, where dynamic recovery and grain boundary stabilization limit further
refinement.

The CGP technique proves highly effective in promoting grain refinement and enhancing microstructural
homogeneity in aluminum alloys. The extent of refinement was directly linked to the level of plastic strain
introduced by the number of processing cycles. These results confirm the potential of CGP as a viable SPD method
for modifying microstructure and improving the mechanical performance of metallic materials.
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Fig. 6. Measurement positions in the transverse direction (a) and longitudinal direction (b), and the corresponding
microhardness results in the transverse (c) and longitudinal (d) directions after successive CGP cycles.

Microhardness testing was performed on the original specimen to establish a baseline for comparison. After each
cycle of the CGP process, the microhardness of the deformed specimens was measured along both the transverse
and longitudinal directions relative to the specimen axis. The locations of the measurement points are illustrated
in Figures 6a and 6b, whereas the associated microhardness values are displayed in Figures 6¢ and 6d. The original
specimens exhibited relatively uniform microhardness values, ranging from 78 to 80 HV. The microhardness
values at different positions along both the longitudinal and transverse directions showed negligible variation. The
variation between the maximum and minimum microhardness values was below 15%. Microhardness measured
along the longitudinal direction displayed higher uniformity compared to that along the transverse direction at
corresponding specimen locations following the CGP cycles. Accordingly, this section focuses on analyzing the
influence of CGP cycles on the microhardness distribution along the transverse direction of the deformed
specimens.

In the first CGP cycle, the maximum measured microhardness reached 104.3 HV, representing an increase of
approximately 33.72% compared to the original specimens. During the second CGP cycle, the highest
microhardness value recorded at the measured positions was 110.2 HV, indicating an increase of 41.28%
compared to the undeformed specimen. This continued improvement in hardness is attributed to the progressive
plastic deformation introduced by the CGP process. In the third cycle, the maximum microhardness further rose
to 115.6 HV, corresponding to a 48.2% increase. By the fourth cycle, the peak microhardness reached 116.2 HV,
marking a total increase of 48.97% relative to the original specimen.

The results indicate that the most pronounced enhancement in microhardness occurred during the original CGP
cycle, likely due to the substantial introduction of strain and microstructural refinement in the early stage of
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deformation. Although subsequent cycles contributed to further increases, the rate of hardening gradually
declined, suggesting a saturation trend in the material’s response. Notably, the gain in microhardness from the
third to the fourth cycle was marginal, approximately 1% implying that the material was approaching a stable
microstructural condition where additional deformation had limited influence on microhardness.

Such a tendency, where the most significant property changes are observed in the early deformation cycles, is
consistent with behaviors reported for other SPD methods. Continued processing beyond the original stages often
leads to microstructural homogenization rather than further hardening [18].

The results of ultimate tensile strength and relative elongation measurements for the original specimen and the
specimens after successive CGP cycles are presented in Table 3.

Table 3. Tensile strength and elongation of specimens after CGP cycles

No Specimen Ultimate Tensile Strength, oy, Elongation, 6
' (MPa) (%)
1 Original 285.5 12.72
2 After CGP cycle 1 356.4 11.43
3 After CGP cycle 2 365.2 10.2
4 After CGP cycle 3 376.8 8.77
5 After CGP cycle 4 378.2 7.63

In its as-received condition, the material exhibited a tensile strength of 285.5 MPa and a relatively high elongation
of 12.72%, indicating good ductility. After undergoing the first CGP cycle, the tensile strength increased
noticeably to 356.4 MPa, which corresponds to a gain of approximately 24.8%. Meanwhile, elongation decreased
to 11.43%, reflecting the initiation of strain hardening mechanisms.

Further CGP processing led to a continued enhancement in strength. Specifically, after the second, third, and
fourth cycles, the tensile strength values rose to 365.2 MPa, 376.8 MPa, and 378.2 MPa, respectively. These
improvements are likely due to the cumulative effects of plastic deformation, dislocation multiplication, and
microstructural refinement. After four CGP cycles, the tensile strength exhibited an overall increase of
approximately 32.4% relative to the initial state. In contrast, ductility progressively decreased with the increasing
number of CGP cycles. The elongation values dropped to 10.20%, 8.77%, and 7.63% after the second, third, and
fourth cycles, respectively. This inverse relationship between strength and ductility is characteristic of SPD
techniques, in which the enhancement of strength is typically accompanied by a reduction in plastic formability,
resulting from grain boundary strengthening and limited dislocation mobility

The first CGP cycle had the most pronounced impact, resulting in the largest change in both tensile strength and
ductility. Although additional cycles still contributed to strengthening, the rate of improvement decreased,
suggesting that the material was approaching a saturation point in terms of work hardening. Simultaneously, the
continued reduction in elongation underscores the inherent trade-off between strength and ductility during SPD
processing. These findings highlight the effectiveness of the CGP process in strengthening aluminum alloys while
also confirming the typical mechanical behavior associated with SPD methods.

The corrosion resistance of AA5083 aluminum alloy after CGP processing was assessed via potentiodynamic
polarization tests. The specimens were immersed in a sodium chloride (NaCl) solution, and a potential sweep was
applied to determine the corrosion potential, corrosion current density, and corrosion rate. The resulting
electrochemical parameters are summarized in Table 4 and illustrated in Figure 7.

The results reveal a noticeable improvement in the corrosion resistance of the AA5S083 alloy with increasing
numbers of CGP cycles. The corrosion rate decreased from 0.27954 mm/year for the as-received material to
0.20498 mm/year after the fourth CGP cycle, corresponding to a 26.67% reduction. Concurrently, the corrosion
potential shifted in the positive direction, from -0.86808 V initially to -0.735 V after four cycles. This trend
indicates a reduced tendency for anodic dissolution and, consequently, better corrosion resistance.

Table 4. Electrochemical parameters of AA5083 aluminum alloy after CGP cycles

No Specimen Corrosion rate Corr(?sion Corrosion current density
) (mm/year) potential (V) (A/cm?)
1 Original 0.27954 -0.86808 8.55E-06
2 After CGP cycle 1 0.24046 -0.79079 7.36E-06
3 After CGP cycle 2 0.22878 -0.76943 7.00E-06
4 After CGP cycle 3 0.21466 -0.74973 6.57E-06
5 After CGP cycle 4 0.20498 -0.735 6.27E-06

The most significant reduction in corrosion rate was observed after the first CGP cycle (approximately 14%), with
subsequent cycles contributing more moderate improvements. This suggests that the primary enhancement in
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corrosion behavior occurs in the early stages of severe plastic deformation. The decreasing magnitude of
improvement with additional cycles points toward a saturation of structural refinement effects on corrosion
behavior.
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Fig. 7. Potentio dynamic polarization curves of AA5083 aluminum alloy after CGP cycles.

These improvements in corrosion performance can be closely linked to the grain refinement and homogenization
occurring during CGP processing. As the material undergoes plastic deformation, the grain size becomes finer,
and the grain boundary density increases. However, in aluminum alloys, particularly those with high magnesium
content like AA5083, finer grains tend to support a more uniform and adherent passive oxide layer (Al.Os), which
serves as a barrier against corrosive attack. Additionally, the CGP process helps eliminate surface defects and
reduces localized micro-galvanic coupling between second-phase particles and the aluminum matrix. This
decrease in microstructural heterogeneity significantly contributed to the reduction of the corrosion current
density, which decreased from 8.55x107¢ A/cm? to 6.27%107° A/cm? following four CGP cycles.

Figure 7 illustrates the polarization curves for the AA5083 specimens. A consistent rightward shift of the anodic
and cathodic branches is observed with each CGP cycle, confirming the enhancement in electrochemical stability.
The decreased slope of the anodic branch after CGP processing also implies reduced susceptibility to pitting and
uniform corrosion.

These findings are consistent with previous studies on SPD-processed aluminum alloys [19, 20], where grain
refinement and improved passive film stability contributed significantly to enhanced corrosion resistance. It is
important to note that while SPD techniques often aim to improve mechanical properties, their positive effect on
corrosion behavior can be equally beneficial, especially for structural components exposed to harsh environments
such as marine or aerospace applications.

4. CONCLUSIONS

This study confirmed that CGP significantly improves the microstructure and properties of AA5S083 aluminum
alloy. The average grain size was reduced from 50 um to 3 um after four CGP cycles, contributing to notable
increases in microhardness and tensile strength (up to 49% and 32%, respectively). Despite a slight reduction in
ductility, the alloy retained acceptable formability.

The tensile strength of the alloy increased by over 30% after four cycles, while microhardness showed nearly a
49% rise. Although ductility decreased with further deformation, the values remained within acceptable ranges
for structural applications. The most significant changes were observed during the first two CGP cycles, indicating
a saturation trend in both strength and microhardness with additional passes.

Electrochemical measurements indicated that CGP processing enhanced the corrosion resistance of the alloy. The
corrosion rate was reduced by over 26%, accompanied by a positive shift in the corrosion potential. These
enhancements are attributed to grain refinement, the formation of a more uniform passive oxide film, and the
reduction in surface defects and micro-galvanic sites.

In summary, CGP offers a promising approach for simultaneously optimizing mechanical and corrosion-related
properties of AA5S083 without altering its geometry. These results suggest its suitability for high-performance
applications in sectors such as marine, transportation, and defense, where strength, durability, and corrosion
resistance are critically required.
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