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enhancing the mechanical properties of AA2024; however, few studies have examined the
influence of processing parameters on its microstructure evolution and mechanical
performance during SPD. In this study, the effects of pre-processing heat treatment and
deformation regime on AA2024 during equal channel angular pressing (ECAP) were
investigated. The alloy was subjected to two different heat treatments prior to ECAP and
processed at two distinct temperatures. Optical microscope (OM) and scanning electron
microscopy (SEM) were used to monitor microstructure changes, while Vickers hardness
testing evaluated the hardness variation following processing. The results reveal that multiple
ECAP passes can only be applied successfully after overaging, as the workability of the alloy
is compromised following solution treatment. Furthermore, increasing the processing
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temperature from 25 °C to 150 °C has a limited effect on the alloy's behavior.
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1. Introduction

Aluminum 2xxx alloys (AA2xxx) are widely used in
different industries—such as aircraft and high-speed
train manufacturing—due to their unique mechanical
properties. These alloys typically contain copper (Cu)
and magnesium (Mg) as the primary alloying elements.

The presence of these elements promotes the formation
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of CuAl, and CuMgAl, precipitates through the
following sequence of steps [1-3]:

Supersaturated Solid Solution (SSS) - GP Zones —
6" - 6" - 0(Cudl,)

Supersaturated Solid Solution (SSS) — GP Zones —
S' = S(CuMgAl,)

These precipitates increase the strength of the alloys,
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serving as a key strengthening mechanism for AA2xxx
alloys. In addition to Cu and Mg, other alloying elements
like manganese (Mn) and zirconium (Zr) are sometimes
added to control grain growth. The lower grain size
increases different mechanical properties of the alloys,
including strength, fracture toughness, and fatigue
resistance. For instance, AA2024, the most commonly
used alloy in this series, typically contains about 4.5
wt.% Cu, 1.5 wt.% Mg, and 0.6 wt.% Mn. This alloy is
extensively employed in manufacturing aircraft frames,
wings, and fuselage shells [1-6]. Given the importance
of AA2024, numerous studies have sought to enhance its
mechanical properties through different methods such as
precipitation  heat treatment, thermomechanical
processing, and the incorporation of particles or fibers
[5-8]. However, relatively few investigations have
considered a combination of these methods to further
strengthen the alloy.

In recent decades, the concept of thermomechanical
processing has been expanded by introducing severe
plastic deformation (SPD). Today, the SPD is an
outstanding method to increase the strength and other
mechanical properties such as fatigue resistance. SPD is
defined as the imposition of a considerable plastic strain
(typically exceeding a strain value of 2) through cold or
warm deformation regimes. The modern usage of SPD
began in the 1970s when Segal et al. introduced a
process called equal channel angular pressing (ECAP)
[9-13]. SPD typically yields significant strengthening by
refining the grain size and increasing the density of
crystal defects such as dislocations. As a result,
numerous studies have considered the SPD as a
strengthening method for aluminum alloys [12-15].
Among wrought aluminum alloys, the 6xxx series
(AA6xxx) has received considerable attention due to its
precipitation hardening capability, which may produce a
synergetic effect when combined with the strengthening
provided by SPD [13, 16]. However, this approach has
rarely been applied to AA2xxx alloys.

This work aims to investigate the possibility of
combining the strengthening effects of severe plastic
deformation (SPD) with those of precipitation heat
treatment for AA2024. To this end, the effects of pre-
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SPD heat treatments and different processing regimes on
the behavior of AA2024 during equal channel angular
pressing are investigated. Two distinct heat treatments
are applied prior to ECAP, and the process is conducted
at two different temperatures. The microstructure of the
specimens is observed using optical microscopes (OM)
and scanning electron microscopes (SEM), while
challenges in hardness change are evaluated using the
Vickers method.

2. Materials and Methods

A circular rod of AA2024 with a diameter of 10 mm was
obtained for this study. The chemical composition was
determined using optical emission spectrometry, and the
results are presented in Table 1. The rod was
subsequently cut into 75 mm-long specimens and
subjected to a solution treatment at 530 °C for 2 hours.
Thereafter, the ECAP processing was performed
according to one of the following procedures:

I- SS: Specimens were processed immediately by

ECAP after the solution treatment.

2- OVG: Specimens were overaged at 300°C for 2
hours prior to ECAP processing.

ECAP processing was carried out for up to four
passes under two different regimes: cold deformation at
25 °C and warm deformation at 150 °C. Each specimen
was labeled with a code indicating the number of ECAP
passes, the processing procedure, and the applied ECAP
temperature. For example, 1SS25 designates the
specimen that underwent one pass of ECAP at 25 °C
following the SS procedure. Fig. 1 illustrates the ECAP
die set used in this study. The die features a channel with
a diameter of 10.1 mm, a corner angle of 90° and a
corner radius of 2.5 mm. Each pass through the die
imposes an equivalent plastic strain of approximately
0.9. Additional technical details regarding the ECAP die
and processing procedure are presented in [17, 18].
Following ECAP processing, the specimens were
subjected to Vickers hardness testing using a 20 N load
with each measurement at least 5 times per specimen.

For optical microscopy (OM) analysis, specimens
were cut, mechanically polished, and etched using

Keller's etchant. The microstructures of the specimens
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were then observed using a BX-60M optical microscope.
In addition, scanning electron microscopy (SEM)
observations were carried out with a TESCAN MIRA3-
XMU instrument. During SEM analysis, electron
channeling contrast imaging (ECCI) was used to assess
grain size, while energy-dispersive X-ray spectroscopy
(EDXS) was used to evaluate the chemical composition
of the precipitates. Microstructural quantification was

performed using MIP5 image analysis software.

Table 1. The chemical composition of the received alloy

Element Al Si Fe Cu Mn Mg Zn

Concentration oo\ 011 042 381 051 129 024
(Wt.%)

_

Fig. 1. The ECAP die set used in the present work.

3. Results and Discussion

Fig. 2 shows specimens processed using the SS
procedure. After two passes of Capsomere, localized
macroscopic cracks are evident, and after four passes, an
overall fracture is observed. In contrast, specimens
processed with the OVG procedure for four passes of
ECAP exhibit no macroscopic cracks. Fig. 3 compares
the optical microscopy (OM) microstructures of the
alloy before and after ECAP processing using the SS
procedure. As shown in Fig. 3(a), the alloy initially
exhibits relatively coarse grains. In Fig. 3(b), the
microstructure of the 1SS25 specimen is characterized
by elongated grains and the presence of micro-shear
bands. After the second pass, macro-shear bands
appeared in the microstructures, as illustrated in Figs.
3(c) and 3(d). These macro-shear bands likely explain
the macroscopic cracks observed in the SS processed
specimens shown in Fig. 2. This behavior is attributed to

dynamic strain aging (DSA) in AA2xxx alloys. In a
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supersaturated AA2xxx, GP zones and fine precipitates
form rapidly and are subsequently sheared by
dislocations, leading to localized negative strain-
hardening. Moreover, the alloy’s flow stress shows only
a weak dependence on the strain rate [19-21]. Together,
these phenomena promote strain localization, which
leads to the formation of macroscopic shear bands and,
ultimately, cracking [22, 23]. Based on these results, the
applicability of the SS procedure for ECAP processing
of AA2024 appears to be limited. Fig. 4 displays the
microstructures of specimens processed using the
ECAP-OVG procedure as observed by SEM-ECCI. A
comparison between Fig. 3(a) and Fig. 4 clearly
demonstrates that a considerable grain refinement is
obtained using ECAP-OVG. Table 2 lists the average
grain sizes for the specimens presented in Fig. 4. The
data indicate that the average grain size is reduced to
approximately 3 um after two passes of ECAP-OVG and
further decreases to about 1 um after four passes. These
findings are consistent with previous studies on this alloy
[24-28] and <can Dbe attributed to

recrystallization during ECAP processing. As previously

dynamic

discussed, continuous dynamic recrystallization in
aluminum alloys typically occurs via an extended
recovery process that involves the following steps: (1)
multiplication of dislocations by Frank-Reed sources
during plastic deformation, (2) formation of dislocation
cells, (3) transformation of these cells into subgrains, (4)
an increase in misorientations between subgrains due to
addition plastic strain, and (5) gradual transformation of
subgrains into main grains. Additionally, the intersection
of micro-shear bands may play a significant role in grain
refinement as documented in the literature [11-13].
Furthermore, Table 2 shows that increasing the
processing temperature from 25 °C to 150 °C results in
slight increase in grain size. This effect is likely due to
the enhanced mobility of dislocations at higher
temperatures, which reduces the number of locked
dislocations and, consequently, limits the multiplication
of dislocations via Frank-Reed sources. As a result, the
rate of grain refinement with respect to plastic strain
decreases as the deformation temperature increases [29,
30].
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- ED
Fig. 3. Optical micrographs (OM) showing the microstructure of the alloy: (a) As solution treated, (b) 1SS25, (c) 2SS25, and (d)
2SS150.
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Table 2. Average grain size of the specimens observed by

SEM-ECCI
Specimen 20VG25 40VG25 20VGI150 40VG150
Average
grain size 3.03 0.92 3.68 1.15
(um)

Fig. 5 compares the precipitates in OVG-processed
microstructures as observed by FESEM. As shown, the
precipitates in these specimens are generally coarser
than 1 um, suggesting that they formed the pre-ECAP
overaging treatment. In addition, a population of fine
precipitates is visible in the ECAP-OVG processed
specimens. These finer particles are likely the result of
the partial dissolution and subsequent reprecipitation of
coarse precipitates during ECAP, similar to previous
reports [26, 31]. Overall, the data in Fig. 5 indicate that
variations in ECAP pass number and processing
temperature have a negligible effect on the precipitate's
morphology in OVG-processed specimens.

Fig. 6 illustrates the effect of ECAP on the hardness
of OVG specimens. The results show that the hardness
increases significantly with up to two passes of ECAP at
both processing temperatures. However, further ECAP
passes yield only limited additional hardness. This
behavior is attributed to supersaturation of grain
refinement with increasing pass numbers as discussed in

relation to Fig. 4.

> L
Fig. 5. Appearance of precipitates in OVG-processed
specimens: (a) 20VG25, (b) 20VG150, (¢) 40VG25 and
(d) 40VG150.
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Fig. 6. Variation in Vickers hardness during ECAP
processing using OVG procedures.

Previous studies have reported that dislocation
accumulation and grain refinement become saturated
when the imposed plastic strain reaches approximately
4-6, thereby reducing the rate of strengthening with
additional passes [12-14, 29, 32]. Moreover, Fig. 6
indicates that specimens processed at 150 °C exhibit
slightly lower hardness compared to those processed at
25°C. This difference is likely due to the lower degree
of grain refinement at the higher processing temperature,
which enhances the mobility of dislocations, promoting
temperature-activated dislocation annihilation.
Consequently, the accumulation of dislocations and the
rate of grain refinement decrease, leading to a reduced

strengthening effect [12-15, 30].

4. Conclusion

The effects of pre-deformation heat treatment and
deformation regime on the behavior of AA2024 alloy
during ECAP were investigated. The results indicated
that overaging the alloy prior to processing is a more
effective treatment compared to a solid solution
treatment, which leads to fractures during multiple
ECAP passes. Based on this study, the following
conclusions can be drawn:

1. Imposing two passes of ECAP on solution treated
AA2024 results in the appearance of macroscopic
cracks, even at an elevated processing temperature of
150 °C.

2. A significant grain refinement is achieved by

subjecting the overaged alloy to four passes of ECAP,
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reducing the average grain size to approximately 1 um.
3. Increasing the ECAP temperature from 25 °C to 150
°C has a limited effect on the overall behavior of the

alloy.
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