ISSN: 2230-9845 (Online)
ISSN: 2321-516X (Print)

Volume 17, Issue 1, 2026

Journal of

Experimental & Applied Mechanics

G

_—_— January—April
STM JOURNALS

. . . DOI (Journal): 10.37591/JoEAM
https://journals.stmjournals.com/joeam
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by Equal Channel Angular Pressing
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Abstract

A commercial AA5083 with an initial grain size of 210 um was given an ultrafine-grained structure
using the equal channel angular pressing (ECAP) technique under die design as patented. The identical
sample underwent two successful passes through the die at 473 K, with each passage causing the sample
to rotate 90° along its own longitudinal axis. After just one pressing, the microstructure was
comparatively homogeneous. It was made up of elongated substructure parallel bonds that were 0.9
um in length and 0.3 um in breadth on average. Two passes yielded an equiaxed super fine-grained
structure of 0.4 um in the current alloy. The minuscule granules maintained their thermal stability at
548 K. The yielding strength of the as received AA5083 was 132 MPa,; however, after one pressing, it
rose to 252 MPa, and after two passes, it reached 293 MPa, which was higher than the yield stress of
a typical AA5083. The AA5083, with a 0.4 um grain size, was found to exhibit superplastic-like behavior
below 548 K, with an elongation to failure of almost 210%. Using ECAP at 498 K, AA5083 was treated
in this study to yield an ultrafine particle size of roughly 210 nm.
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INTRODUCTION

Several studies have recently attempted to apply severe plastic deformation to metallic materials to
reduce the grain size to the sub-micrometer level. Using severe plastic deformation techniques,
numerous bulk metallic materials have been successfully fabricated with a sub-micrometer, incredibly
fine-grained structure, including accumulative roll bonding, equal channel angular pressing (ECAP),
and severe torsional straining [1, 2]. The equal channel angular pressing (ECAP) method has been
successfully applied to generate diverse bulk ultrafine-grain materials without residual porosity [3, 4].
Examples of these materials include Armco iron [3—4], Al alloys and their composites [5—9], Cu [10—
13], Mg alloys [5], pure Ni [3], low-carbon steel [14-19], Ti alloys [20-22], and Zn-22%Al [23].
Aluminum alloys, in particular, have gained
popularity as a lightweight, extremely effective
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material to address the issues of energy and
environmental pollution in all industrial sectors.
Owing to their excellent formability, weldability,
resistance to corrosion, and high strength from solid
solution and work hardening, Al-Mg system alloys
are among the most extensively used Al alloys in
wrought materials [24]. One benefit of ECAP is the
possibility of achieving a sub-micron grain size.
ECAP was performed with a path that involved up
to two passes at 498 K, deforming AAS5083.
Deformation altered the grain size from
approximately 210 pm to 310 nm. Approximately
825 K is a high-temperature area, and the specific
heat capacity increases monotonically with
increasing temperature. The current disclosure
pertains to a process that uses ECAP to produce
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metal wire with improved electroconductivity and mechanical properties. Important developments in
the field of severe plastic deformation technology are represented by patented die designs for ECAP
[25]. To maximize the ECAP process, which is utilized to improve mechanical properties, refine
microstructures, and raise the general quality of processed materials, these patents frequently contain
novel advancements in die geometry, material, and function. Modifying channel angles, entry, and exit
zones, and corner radii to create controlled shear strain and lessen frequent problems, such as stress
concentrations and frictional resistance, are usually key components of patented ECAP die designs.
Certain patents describe variable-angle or multi-channel dies, which save time and improve material
homogeneity by enabling flexible processing of various materials or multi-pass processing without
sample removal.

Superplastic AI-Mg system alloys have attracted considerable attention because they can achieve the
high forming rates required for superplastic forming to maintain the present fabrication speed. The
forming temperature should be as low as practicable to save fabrication energy and avoid cavities, grain
formation, and solute loss from surface layers [26]. In metallic materials, the grain size has a significant
impact on superplasticity. To achieve a fine-grained structure, thermomechanical treatment is typically
employed in Al-Zn—-Mg system alloys [27-31] and Al-Li system alloys [32]. Additionally, Horita et
al. [33, 34] produced the highest strength among non-heat-treated type Al alloys with an average grain
size of less than 1.2 pm in the commercial AA5083 by using ECAP under specific conditions [35-37].
Additionally, they investigated the tensile and thermal stability of ECAP AAS5083 at room temperature.
However, studies on the mechanical characteristics and microstructure of commercial AA5S083 pressed
under different conditions using the ECAP process are still lacking. Furthermore, investigations have
been conducted on the low-temperature superplasticity of Al-Mg [33, 34, 38-40] or AI-Mg—Mn [40—
43] alloys.

The low-temperature superplasticity of commercial AA5083 through ECAP has not been thoroughly
examined. The objective of this study was to evaluate the viability of superplasticity at relatively low
temperatures after obtaining an ultrafine-grained structure of commercial AA5083 by ECAP and to
examine the microstructural and mechanical characteristics at room and elevated temperatures.
Research on reducing the grain size to less than a sub-micron is currently being conducted to enhance
the mechanical properties of materials, including superplasticity, as well as their toughness and strength.
Some techniques have been used to miniaturize the grains of current materials; however, none of these
techniques can reduce the grain size to less than a sub-micron, and they can only reduce the deformation
caused by a decrease in cross-section as the processing quantity increases. Extreme plastic deformation
is a technique used to solve such issues; it causes extreme plastic deformation within the material, which
miniaturizes the grains of the material. ECAP produces transverse shear deformation by applying
flexion to a die with similar channels, which rapidly miniaturizes bulk material grains [44, 45]. There
are four processing steps involved in modifying the grain structure of a material [45]. Dislocations form
and become entangled in the different slip systems during Stage 1 of work hardening, which increases
the dislocation velocity. Stage 2 produces cells with a grain-like structure by creating a dislocation
network and continuously increasing the dislocation velocity. The cell size decreases during this step
as the processed quantity and dislocation velocity increases. In Stage 3, the subgrain is where a stable
Low-Angle Grain Boundary (LAG). Boundary is formed by the dislocation interacting with a high-
density dislocation to generate dynamic recovery. In Stage 4, ultrafine grains with an orientation
difference of over 15° and an increase in dislocation velocity transform the LAG boundary into a high-
angle grain boundary. Regardless of the number of processing steps, materials treated with ECAP are
likely to see increases in strength and toughness without losing sectional area or experiencing air space.
This is a method that, by accelerating the creation of a high-angle grain boundary, can achieve low-
temperature superplasticity. It is a helpful approach for measuring many different parameters, such as
the energy of activation, glass transition temperature, recrystallization temperature, latent heat, and
specific heat. The behavior of the precipitates from supersaturated magnesium is beneficial for Al-Mg
alloys [46, 47].
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AA5083, a commonly used non-heat-treated Al-Mg alloy, is inexpensive, strong, oxidation-resistant,
highly formable, and has low density. Consequently, it can reduce energy consumption by making car
planks and vessels lighter than they currently are because all studies to date have focused exclusively
on the mechanical characteristics of the commercial AA5083 produced by ECAP [48, 49]. Using a
specific heat capacity, a common feature of the physical characteristics of materials treated by ECAP,
we measured the energy accumulation inside the grain formation structure.

EXPERIMENTAL PROCEDURES

An extruded bar with the mass percentage composition of AA5083 is shown in Table 1. The pre-
materials for the ECAP were annealed samples. Pre-materials AA5083 had an average grain size of
about 210 pm. MoS2 was used as a lubricant, and ECAP was performed at 498 K with a press speed of
2.2 mm s'. The inner angle and arc of curvature of the present ECAPed die were 90° and 120°,
respectively, at the external point of contact between the channels on the die. To produce an effective
strain of 1 in a single pass [44, 45]. The sample was rotated about its longitudinal axis between each
pressing step of the ECAP technique.

This pressing pattern is referred to as the route. The route was selected because, with each different
pressing option, it restores the segment to its initial shape, thereby enabling the creation of an almost
equiaxed ultrafine grain structure [17, 18, 46]. An Instron machine was used to perform tensile testing
on full-scale specimens with a gauge length of 28 mm at room temperature and an initial strain rate of
1.02 x 107* s!. Tensile specimens with an initial strain rate of 1.06 x 10~*s™! and a gauge length of 8
mm were subjected to tensile testing at 548 K. Vickers microhardness testers were used to measure the
microhardness, whereas JEOL 2010 transmission electron microscopes operating at 210 keV were used
to study the microhardness [47-52].

The extrudate was shaped into a circular bar specimen with a diameter of 10 mm and a length of 50
mm. Annealing for 1.2 h at 748 K produced grain samples with a diameter of 210 um for the round bar
specimen. The specimen surface was coated with MoS2 lubricant to reduce friction with the die. A
schematic representation of the ECAP pressing die is shown in Figure 1. The sample was removed from
the die and pressed once more in Route 4 without rotation. The sample was rotated through 90° the
Route B. between each pressing. Route repeated pressings, from one to two pressings through the die,
were carried out on distinct samples under both 4 and B, conditions [53]. The results of a previous study
[54] indicate that when y is 90°, the maximum strain can be achieved with a single pressing.

The effective strain (¢) that the specimen accumulates during the ECAP process can be broadly
represented by the following equation.
2cot[d/2+y/2]+Pcosec[dp/2+Y/2]
e=N 7

(1

Here, N indicates the number of times the specimen was run through the die process. Equation (1)
simplifies the determination of the strain quantity based on the die dimensions; regardless of y = 90°
the situation, one pass can yield the effective strain that is approximately 1. A specimen that weighs
approximately 100 mg and has dimensions of 4 mm in diameter and 2.5 mm in thickness was used to
measure the specific heat capacity [55]. Additionally, a 210 keV acceleration voltage and a JEOL 2010
transmission electron microscope (TEM) were utilized to observe the microstructure within the
material. The specimen was jet-polished in a combined solution of 28% nitric acid and 72% methanol
at a voltage of 28 V to observe it under a TEM. Additionally, diluted Poulton's reagent was used to
prepare the material for optical examination.

Table 1. Aluminum alloy 5083 chemical composition.
Element Si Fe Cu Mn Mg Zn Ti Cr Al

% Present 0.4 0.4 0.1 0.4-1.0 4.0-4.9 0.25 0.15 0.05-0.25 Balance
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Figure 1. Schematic diagram of ECAPed die [11].

NN

Figure 2. (a) to (b) ECAP—presse AA5083 sTEM mlcrostructure and matchlng Selected Area Electron
Diffraction. (SAED) patterns after (a) one pressing, and (b) two pressings [15].

RESULTS AND DISCUSSION
Microstructural Characterization of Materials
Microstructural Evolution During Equal Channel Angular Pressing

TEM micrographs of equal channel angular pressing (AA5083) with the number of pressings are
shown in Figure 2. The microstructure resulting from single pressing consisted mostly of parallel bands
of elongated grains, each with a length of 0.9 um and a width of 0.3 um. Relatively clear patches
characterized the associated SAED patterns. This suggests that low-angled borders would be present in
the majority of fine-grain boundaries created by single pressing. After undergoing two pressing routes,
the microstructure exhibited predominantly equiaxed fine grains, and the subgrain band alignment with
the shear direction disappeared. The establishment of a high-angle boundary was indicated by the
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appearance of additional and diffused dots in the SAED pattern. One and two pressings produced nearly
equiaxed extremely fine grains, approximately 0.4 pum in size. Furthermore, in comparison to earlier
patterns, the SAED pattern had more rings and more evenly distributed dots. It was also evident from
the greatly magnified TEM micrographs of the twice and four times crushed specimens displayed in
Figure 3 that there were extinction contours at the grain boundaries and that the grain boundaries were
not well defined. The viability of ultrafine-grain AAS5083 low-temperature superplasticity was
investigated in this work. As a structural material, the conventional non-heat-treatable Al-Mg-based
alloy AA5083 exhibits intriguing properties. Because of the slightly divergent trend, precipitation or
the recrystallization of the Equal Channel Angular Pressing (ECAP) process is assumed to be to blame,
and as a result, the quantity of energy released affects the specific heat capacity.

Microstructural Change by Static Annealing

An ECAP method was used to examine the thermal stability of ultrafine-grained AAS5083. Static heat
treatment was applied to one and two pressed specimens, which were annealed at 548 K for one hour.
In the case of the two-times-pressed specimens, the grain boundary was quite evident following the
annealing process, with the exception of the as Equal Channel Angular Pressing (ECAPed) pressed
specimen shown in Figure 4(a). The grains were approximately 0.5 um in size, indicating minimal grain
development, as shown in Figure 4(b).

In the two pressing specimens, there are some recrystallized grains with a grain size of about 5 um,
Figure 5(a) and (b). As depicted in Figure 5, prior observations acknowledged that the lattices near grain
boundaries experienced significant distortion. Additionally, in strongly plastically deformed metallic
materials, grain boundaries with indistinct features exhibited multiple facets and either regular or
irregular step alignments [47, 48]. The grain border energy was significantly increased owing to the
presence of extrinsic dislocations, which had a density of approximately 1018 m™ in the grain
boundaries. Even at comparatively low temperatures, grains with non-equilibrium grain borders may
exhibit grain development [6, 49]. According to Hasegawa et al. [52], twice ECAPed pressing revealed

50 um
Figure 3. AAS5083 has received, as measured by optical microstructure [19].

Flgure 4. (a) to (b) TEM mlcrographs of pressed AA5083 w1th one and two pressings that have been
greatly enlarged [14].
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the presence of a duplex structure with parts of both huge and sub-micrometer grains. A duplex structure
containing both large and sub-micrometer grain sections was observed by twice ECAPed pressing, as
reported by Hasegawa et al. [52].

Microstructural Change at SAED Pattern

An optical image taken prior to the ECAP procedure (Figure 5) depicts the 210-pum grains aligned in
the directions of tensile loading. Subgrain bands parallel to the shear surface form in the case of a single
pass, as depicted in Figure 6(a), with a grain size of 210 nm in width and 710 nm in length. In two
passes, the subgrain bands vanish (Figure 6(b)), and an equiaxed grain with a diameter of approximately
510 nm emerges. Compared with a single ECAP pass, the diffraction pattern generates a ring pattern in
the SAED pattern. This demonstrates that high-angle misorientation is caused by the angles formed
between the grain boundaries in polycrystals. This implies that the greater plastic deformation of the
subgrains created in two passes, as opposed to the subgrains formed in one pass, has exacerbated the
misorientation of the grains. As the number of passes increases, the subgrains at the low-angle grain
border shift to the high-angle grain boundary. The grain size was lowered to as little as 160 nm in the
four and eight-pass cases depicted in Figure 6(c) and (d), yielding grains that were closer to equiaxed
than in the two-pass instance.

(a) 0.6 um [ B 06um
Figure 5. (a) to (b) TEM micrographs of ECAPed pressed AA5083 after one and two pressings,
annealed at 548 K for 1.2 hours [29].

used to analyze the 5083 Al
alloy, subjected to pressing at 90° in route B.. The alloy underwent one and two passes for examination
[39].

© STM Journals 2026. All Rights Reserved 54



Journal of Experimental & Applied Mechanics
Volume 17, Issue 1
ISSN: 2230-9845 (Online), ISSN: 2321-516X (Print)

0.015

AAS083 iV Different passing
L 4 \ . .
0.010 J \ Condition of specimen
/ \
/ \
< 0.005 | A/ \
20 TP = 4 ,’~\N§
- e .,-"/--‘_'_"1' I ':’C:.:‘ _
= — N Vi
<) \ y
=
§ -0.005 | \ | /]
T y ) /]
\ \l/
0.010F £ \ f
1/
-0.015 V
-0.020 L . L . L " L . 1 .
450 500 550 600 650 700

Temperature (K)
Figure 7. Heat flow of ECAPed AA5083 [51].

As the number of passes increases, a high-angle grain boundary is formed, as evidenced by the SAED
patterns in one and two passes shown in Figure 7, which display more vibrant ring patterns than the
two-pass patterns. However, when the material undergoes substantial plastic deformation, the lattice
surrounding the boundaries becomes severely distorted, which is why the grain boundaries of single
pass and double passes are indefinite as opposed to those of single pass and double passes. Moreover,
owing to the threefold increase in grain boundary energy, these grain boundaries exhibit extrinsic grain
boundary dislocations at approximately 1018 m™ [60, 61]. It has been established that grain growth
occurs, even at relatively low temperatures, at the non-equilibrium grain boundaries characterized by
elevated internal energy and long-range stress.

Mechanical Properties of Materials
At Room Temperature

Figure 8 illustrates how the microhardness of ECAP-pressed AA5083 varies with the number of
presses. The microhardness shows a significant shift as a result of applying more pressure. This is
similar to the finding published by Iwahashi et al. [55], which showed that after just one pressing, pure
Al microhardness significantly increased from 20 to 38 HV [56]. Nevertheless, the microhardness
exhibited a negligible increase following two and three consecutive pressings before reaching saturation
beyond three repetitions. The formation of subgrain bands and heightened dislocation density arising
from shear deformation within the initial grain interior are responsible for work hardening. This leads
to a substantial increase in microhardness following a single pressing. In contrast, it is hypothesized
that the dynamic recovery brought about by subgrain rotation and dislocation rearrangement that forms
the grain boundary during recurrent pressing is the cause of the microhardness constant value with the
number of pressings [52]. Figure 9 shows how the elongation, yield strength, and tensile strength change
as the number of pressings increases. The tensile strength of pre-material AAS083 developed steadily;
however, after one pressing, the yield strength increased to 252 MPa, and after two pressings, it reached
293 MPa. The number of pressings did not affect the elongation. Figure 8 displays typical real stress—
strain curves derived for ECAP-pressed Al alloys [57-60].

While the ECAP-pressed one showed a modest amount of strain hardening, the pre-material AAS083
exhibited the typical strain hardening behavior. Recent research indicates that this is highly associated
with both the number of dislocations required to deform the ultra-thin grains and the annihilation
kinetics of extrinsic GB dislocations induced by extreme plastic deformation [10, 53, 54]. There was a
slight variation from the typical behavior of ultrafine-grained materials, although. According to
previously published research, ultrafine-grained materials do not show any signs of strain hardening [5,
6, 19]. However, the cause was not clear in this study. This will be investigated in future research. In
contrast, the number of pressings did not affect the strain hardening behavior.
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Figure 9. Tensile properties of ECAP-pressed AA5083 are affected by the quantity of pressings [40].

In Figure 9, the yield strength, ultimate strength, and elongation of ECAP-pressed AAS5S083 are
compared with those of AA5083-0 and the strongest form of AAS5083 that is currently available [55].
ECAP-pressed AAS5083 has a yield strength that is over double the amount compared to the AA5083-
O material and a tensile strength that is around 63 MPa higher. In addition, compared with the AA5083-
H321 material, the ECAP-pressed AA5083 material showed a notable increase of approximately 18%
in yield strength and ultimate strength while maintaining the same elongation. The behavior of typical
materials is noticeably different from this discovery of increased strength with no commensurate
decrease in elongation. This result demonstrates that the refining of the grain by the ECAP process is
responsible for the improvement in the mechanical properties.

At 548 K

It is commonly recognized that improved superplasticity is introduced by smaller grain sizes. This is
because superplastic deformation primarily involves grain boundary sliding (GBS). Superplasticity is
generally observed in metallic materials with grain sizes smaller than 12 um at strain rates between 107
and 107 s7! and at temperatures exceeding 0.8 Tm. Furthermore, it is well known that the ideal
circumstances for superplasticity are low strain, less than 107 s™!, and high temperature. These two
factors pose significant challenges to the practical application of superplasticity. Therefore, research
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using ultrafine grains has been actively conducted to achieve superplasticity at low temperatures and
high strain rates [56, 57]. The ultrafine-grained AA5083 was subjected to tensile tests at 548 K (0.58
Tm) with an initial strain rate of 1.06 x 10~* s™! to investigate low-temperature superplasticity. Figure
10 shows the pre-material AA5083 curve and the stress—strain curves.

The flow stress of the as received AA5083 was approximately 75 MPa, whereas the flow stresses of
AAS5083 that were pressed once and twice were 63 and 55 MPa, respectively. Following one and two
pressings, the elongations were 170% and 230%, respectively. This is a significant increase over the
AAS5083 as received. This is also consistent with the finding of Berbon et al. [6], which showed that the
elongation of the repeatedly ECAP-pressed one rose dramatically at a greater strain rate in the Al-5.5
Mg-2.2Li-0.12Zr alloy. The grip (a) and deformed (b) sections of the OM microstructures for the twice-
pressed AAS5083 subjected to tensile deformation are shown in Figure 11. In the grip section, the grain
grew from its original size of 0.4 um to approximately 10 um, and no holes were observed. Grain
elongation occurred parallel to the tensile direction; however, local grain growth occurred in the
distorted region [57]. Additionally, the distorted section contained numerous cavities. This is implied
by the fact that cavities typically occur along grain boundaries parallel to the direction of tensile stress,
indicating that stress concentration caused by GBS may be the cause of the cavities. Nonetheless, the
decline in flow stress and increase in elongation can be attributed to the high-angle grain boundaries
produced by the repeated ECAP [58]. These limits may slip readily, which could be a major factor in
the low-temperature superplasticity that results. It is generally anticipated that materials with extremely
fine grains (less than 1.2 um) will exhibit superplasticity at temperatures lower than 598 K and strain
rates greater than 10~ s™'. As shown in Table 2, commercial AA5083 did not produce adequate results
for low-temperature superplasticity [59]. Grain diameters larger than 12 pm in alloys in the Al-Mg
binary system do not significantly elongate at relatively mild temperatures and strain rates [39, 40]. A
grain size of roughly 0.3 pm was produced by Wang et al. [35] after applying the ECAP to the Al-3Mg
alloy. Additionally, Kawazoe et al. [36] created an ultrafine-grained Al-4.8Mg alloy with a 0.4 um grain
size using the ECAP. Nevertheless, in both cases the elongation did not exceed 210%, indicating that
low-temperature superplasticity was not achieved. It is possible that other elements, such as Sc [58,59],
Mn [40, 41], or Zr [40], were added to improve superplasticity at high temperatures. However, the
features of low-temperature superplasticity were fundamentally below 210% [42]. For the Al-4.45Mg-
0.5Mn alloy, accumulative roll bonding produced a small grain size of 0.28 pum, which resulted in a
notable elongation of 230% at 498 K and 1.2 x 1073 s7! [43]. The aforementioned findings imply that

Table 2. Tensile characteristics of commercial AA5053 and ECAP-pressed AA5083.

UTS (MPa) YS (MPa) EI (%)
ECAP AA5083 (two passes) 352 276 20
AA5083-O 290 145 22
AA5083-H321 315 230 16

Flgure 10. (a) to (b) Optlcal Mlcroscopy (OhM) the grlp section (a) and.the distorted region (b) are
micrographed after eight times that ECAP-pressed AAS083 29].

© STM Journals 2026. All Rights Reserved 57



Effect of Thermal Conditions on Microstructure and Mechanical Singh and Verma

attaining a high-angled grain boundary is a successful means of achieving low-temperature
superplasticity in commercial AAS083.

Analysis of Thermal Effect

The Differential Scanning Calorimetry (DSC) analysis results for the temperature range of 323855
K at a heating rate of 12 K/min are shown in Figure 12. One exothermic peak and two endothermic
peaks are observed. Table 3 lists the measurements of the heat of transition, peak temperature, and start.
The ECAP process significantly affects the start temperature and heat of transition, whereas the number
of passes and peak temperature remain unchanged for one exothermic peak and two endothermic peaks.
Grains are thought to be formed via endothermic and exothermic reactions resulting from crystallization
and recrystallization, which is accomplished by the ECAP process [12].

We investigated a temperature range of 445-665 K. Numerous endothermic and exothermic DSC
peaks were observed in this temperature range [13]. We observed the formation of the first endothermic
DSC peak and a combination of endothermic and exothermic features for the second peak, which
resulted from dissolution and transition. Dissolution was indicated by the third endothermic peak. We
believe that when the heat of fusion reaches ECAP, the transition temperature decreases to that value.
At temperatures ranging from 548 to 748 K, AAS5083 can recover and recrystallize [14]. The Al6Mn
precipitate appeared under heat treatment conditions, as shown in Figure 13. Thus, precipitation of
AlsMg, Al6Mn, etc., had an impact on this temperature range of AA5083. Utilizing TEM and X-ray
Diffraction. Every peak in eight passes has been examined. First, examining the XRD pattern in Figure
14, we can see that the precipitation peak of AI6Mn is located at 548, 548, and 675 K. The specimen
showed no evidence of this peak after eight as ECAPed passes. This shows that the endothermic first
peak is where the AlI6Mn phase precipitates. The TEM image of the specimen was water-quenched at
548 K in the first endothermic peak interval. Compared to the grain boundaries in Figure 11(a), which
are less defined, Figure 11(b) depicts grains that have been unpolished to a size of up to 210 nm. This
is the outcome of the thermal effect, lowering the dislocation, which lowers the boundary energy. The
precipitate, measuring 32 nm in diameter and 110 nm in length, is depicted in Figure 11(b), together
with the results of the Energy Dispersive X-ray Spectroscopy (EDS). Analysis, which indicates a 6:1
Al:Mn ratio. As further supported by the results of earlier investigations [60]. Because of recovery and
recrystallization, the microhardness rapidly decreased in the 498—548 K temperature range. Four passes
of the ECAPed sample showed an endothermic peak at 510 K, which we believe is caused by
recrystallization and recovery. The specimen that underwent eight ECAP passes produced its initial
endothermic peak as a result of repeated precipitation and recovery reactions. More precipitates are
visible in Figure 11(b), when compared to the image of the grain, which has expanded to a size of 510
nm. This demonstrates that precipitation can occur as low as 598 K, or within the exothermic peak
range. With an increasing number of passes, the opening temperature of the exothermic peak decreases
from 623 to 568 K. The strain energy that the material accumulated as the number of passes increased
was directly impacted by this. The dislocation produced during strong plastic deformation raises the
strain energy, as expressed by the following formula [61]:

Estorea = Gb? ﬁln(b\/;) )

Where, p is the dislocation density, « is Poisson’s ratio, « is the arithmetic average of (v) and (1-v),
G is the shear modulus and b is the Burgers vector. Equation (2) is governed by.

The endothermic and exothermic peaks of the ECAPed commercial 5083 Al alloy shift towards lower
temperatures with an increase in the number of processing steps. This is because the driving power
required for nucleation increases while the amount of dislocation created during deformation increases,
which lowers the temperatures of recovery and recrystallization. Thermal instability is the main issue
when using the ECAP technique to treat materials. More dislocations are generated by deformation,
which lowers the thermal stability of the material and results in recrystallization at low temperatures.
The results of a previous investigation were supplemented with Sc and Zr to overcome this thermal
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instability and produce small precipitate particles. AlsSc and Al:Zr precipitates with a nanoscale are
generated when Sc and Zr are mixed with an aluminum matrix phase. These precipitates have a coherent
or semi-coherent interaction with the Al matrix and exhibit exceptional high-temperature safety.
Additionally, the AlsSc and AlsZr precipitates are dispersed throughout the grains, preventing grain
expansion and structural coarsening by impeding grain boundary movement at elevated temperatures
[48, 49].

Table 3. The 5083 Al alloys' temperature and heat of fusion were determined using ECAP.

DSC scan Number of ECAP Single pass Double passes

First endothermic Onset temperature (K) 513.5 511.8
Peak temperature (K) 567.7 564.3
Heat of transition (J/g) 0.22 0.46

Second endothermic Onset temperature (K) 598.8 578.3
Peak temperature (K) 613.1 601.7
Heat of transition (J/g) -0.09 -0.30

Third endothermic Onset temperature (K) 609.4 602.7
Peak temperature (K) 633.4 625.6
Heat of transition (J/g) 0.03 0.11

Figure 12. (a) to (b) The expanded fringes and moiré are visible in the microstructure of the 5083 Al
alloys that have undergone ECAPing at 548 K [41].
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Figure 13. (a—c) Microstructure of alloys 5083 Al treated at 598 K with ECAP [57].
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As illustrated in Figure 15, the specific heat capacity was computed at temperatures ranging from
125 to 825 K. For each sample, the specific heat capacity increased in a temperature-dependent manner.
At <325 K, the specific heat capacity is not affected by ECAP; nevertheless, in the high-temperature
region, it increases as ECAP passes. These differences are related to the energy state shown in Figure
15. Crystallization and recrystallization brought on by the ECAP process over 575 K were determined
[49]. When Zr or Sc is not added, grain development occurs even at 525 K, but when Sc is added, the
grain size remains extremely small until 625 K. This outcome is amply demonstrated by the DSC
melting point measurement of AAS5083. The melting temperature of AA5083 in the absence of Sc is
shown in Figure 14 and is approximately 35 K lower than that at 900 K [18] reported by Park. This
suggests that one of the elements contributing to the thermal stability of the Al-Mg type is either
Sc or Zr.

CONCLUSIONS

Using this approach, ECAP of commercial AA5083 was accomplished effectively at 498 K using
route B.. The microstructure exhibited homogeneity, characterized by parallel bands of an elongated
substructure with an average length of 0.9 pm and a width of 0.3 pm. An equiaxed extremely fine-
grained structure with a 0.4-pum grain size was obtained after two pressings. After 1.2 h of annealing at
548 K, the extremely tiny grains obtained from a single pressing were thermally stable; however,
AAS5083 after two pressings displayed uneven grain growth. After one pressing, the yield strength of
the as received AAS5083 significantly increased to 252 MPa, and after two pressings, it reached 293
MPa. Conversely, the elongation remained relatively constant, while the number of pressings led to a
progressive increase in the tensile strength. With an increased number of pressings, ECAP AA5083
with a 0.4-pm grain size showed an increase in elongation and a decrease in flow stress at 548 K. It also
demonstrated behavior akin to that of superplastic materials, with an elongation to failure exceeding
210%. In this work, the effects of grain atomization on the characteristics of ECAPed AA5083 were
observed through thermal and structural analyses. The second exothermic peak, which was generated
in proportion to the number of ECAP passes, was created by the precipitation of Al6Mn. Additional
evidence of precipitation was observed in the second exothermic peak.
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