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Abstract: The plastic distortion of AA5083 after the ECAP (Equal Channel Angular
Pressing) process was found under stress at a thermal limit from 6.2 to 420 K. The EBSD
(Electron Backscatter Diffraction) method was used to investigate the microstructure changes
during loading, such as the kernel average misorientation mappings and orientation. The
microstructure is distinguished by grains with many dislocations and small misorientation
angles. When a piece is deformed at 130 K, the density of deformation faults increases at
310 K and then decreases. The yield strength mentioned thermal sensitivity shows that thermal
energy starts the plastic deformation. A reduction in the removal of dislocations because of a
reduction in atomic movement and an increase in increased flexibility, followed by a faster rate
of strain hardening and durability of polycrystals as the temperature drops. The investigation of
stress-strain graphs and the evolution of microstructure show that the thermally induced process
is dominant at less than 185 K. The activity of recovery processes has increased. The aim of
this study is to examine the process of applying severe plastic deformation techniques, namely
equal channel angular pressing, to achieve a nanoscale structure in AA5083. The effects of
applying equal channel angular pressing on the microstructure and mechanical characteristics
of AA5083 were investigated. Scanning electron microscopy was employed to analyze the
changes in microstructure resulting from various thermal treatments applied to the material
subjected to severe plastic deformation through this process. Furthermore, a more profound
comprehension of the modifications in the mechanical characteristics of this aluminum alloy
was obtained.
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1. Introduction

In this paper, because of their strong mechanical characteristics, materials with
extremely metallic grains generated through intense plastic distortion are appealing. The
microscopic granule size, in addition to the unique behavior of boundaries, defines such
features. Such materials include substantial internal stresses that have a considerable
impact on their flexibility and strength because of the non-equilibrium grain boundaries.
Because of insufficient density, high resistance to corrosion, exceptional formability, and
lower price, the AA5083 series has great potential for use in aerospace, automotive, and
aviation applications [1]. The study of the link between solid structure and mechanical
characteristics is quite interested in such sub-microcrystalline materials. It is well known
that at medium temperatures, SPD materials with grain sizes greater than 110 nm retain
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their deformation of plastic [1]. The natural tendency of traditional coarse-grained
materials to break. The sources are the grain boundaries, sinks, and obstacles that
prevent dislocations, which specifically alter the mechanics of dislocation formation
and motion in SPD materials. Plastic deformity mechanisms of microgranular and
nanostructured materials have been established to It is possible to perform the typical
sliding of lattice dislocations inside grains using deformation of plastic. The reasons for
GB sliding include grain revolving stress-induced shows in Figure 1 [2]. It is necessary
to conduct studies of thermal effects between 6.2 and 420 K since the activity of different
deformations of plastic mechanisms is temperature and microstructure dependent [2].

Figure 1. ECAP die geometry with sample [3].

The extremely modest temperature range where diffusion techniques can be
impeded is included. There is research focused on investigating the flexibility of metals
with ultrafine grains and whether they retain their strength through studies conducted
at low temperatures [3]. This endeavor represents a continuation of the series of studies
aimed at exploring segments and subsections of the metallic alloy AA5083. The
mechanisms of thermally induced plasticity at different temperature ranges [4]. The
focus is on studying the initial microstructure and how it changes as selected materials
undergo plastic tensile deformation at low temperatures [4].

This applies specifically to materials that have been subjected to distortion. SPD
techniques for difficult-to-work substances are resulting in advanced form and system
design [5]. Bulk materials for industrial and biological purposes can be produced using
ECAP [5]. Using this technique, a polycrystalline material billet is extruded through
a die that has two identically cross-sectioned channels that intersect at an angle of 90°
(see Figure 2). The cross-section of the processed materials does not significantly
change because the cross-sectional areas of the two die channels are comparable. The
ECAP process can be iteratively applied to the same billet, thereby achieving ε    1.
It is feasible to apply severe plastic deformation techniques, such as equal channel
angular pressing, to increase the strength of aluminum alloys [6]. In this recent
research, AA5083 is under investigation because thermal treatments are ineffective in
strengthening this particular alloy [6].
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Figure 2. (a) The ECAP process; (b) finite element method simulation of the ECAP procedure
and the dies employed in ECAP [7].

The ECAP method imparts a more uniform deformation and enables the
production of larger-sized parts. Therefore, the final section or thickness would need
to be lowered to the point where it would limit the materials’ use as structural elements
in processing in order to reach equivalent levels of plastic strain as attained with ECAP.
Grain refining to submicrometric or even nanometric levels can be achieved with the
ECAP method. The reduction in grain size leads to an enhancement in the mechanical
properties of the processed material, and the material may even exhibit superplastic
behavior. During the ECAP processing, a fresh crystalline lattice with submicrometric
and nanometric features replaces the material’s original microstructure [8]. As a result
of the material’s high dislocation density [8]. The subgrains in this new lattice are
smaller and might be more equiaxially shaped than the original grains. The mechanical
characteristics of the produced material can be changed by thermal treatments to
satisfy certain operational needs. The ECAP process has been extensively researched
with lightweight alloys. This research investigates the impact of applying stress to a
billet that has undergone prior deformation through ECAP using two passes with a
specific route BC, during a thermal treatment at 590 K.

The stability of the microstructure of highly damaged aluminum alloys at
temperatures higher than room temperature presents a difficulty [7]. An increase in
the annealing temperature corresponds to a greater decline in the mechanical properties
of the material. Grain size increases are followed by a decrease in mechanical attributes
like yield stress. Simulations using the finite element method were used to investigate
the effects of different die geometries and angle combinations [9]. Moreover, various
frictional conditions and different operational temperatures were considered. Various
factors, including superplasticity, grain refinement, and hardness, were correlated with
the number of passes [9]. As a result, the cross-sectional distribution of the cumulative
plastic strain was ascertained.

The author emphasizes the sample’s structural refinement and hardness using
optical and scanning electron microscopy, as well as X-ray diffraction. The formation
of subgrains enclosed by high-angle borders is linked to this phenomenon. The impact
of different thermal treatments on themicrostructure evolution andmechanical property
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changes of AA5083 after ECAP is only partially explored in a small number of studies.
The objective of this current research is to enhance understanding of the behavior of
this alloy following plastic deformation through ECAP and structural modification,
employing diverse thermal treatments.

2. Experimental material and procedure

From there as-cast state, the ingots were formed into 10mmdiameter cylindrical bars
using a machine. The bars were treated using the ECAP approach at room temperature.
After six ECAP passes, the billet’s final diameter and length were 10 mm and 50
mm, respectively. A total of 7.2 equivalent plastic deformations were accumulated.
More information regarding the processing of AA5083 by ECAP is available, and
Supplementary A depicts the whole scheme processing of ECAP [10]. The ECAP billets
for tensile tests, electrical spark erosion, and stamping were used for regulating the set
temperature, which was used to reach intermediate temperatures. It allowed for a 0.8 K
accuracy in temperature maintenance [10]. The stress relaxation method was used to test
the sensitivity to strain rate in the temperature range of 79–410 K.

The logarithmic law was used to approximate the relationship curves ∇σt(t) at
time t = 110 s while taking relaxation hardening into account [11]. The approximation
results at a specific temperature were used to estimate the activation volume of plastic
deformation [11]. The center portion of dog bone samples that have undergone
deformity is being analyzed for microstructure development. Investigation was
conducted in the areas using SiC paper and diamond pastes. The samples were
physically polished in ethanol to a particle size of 1.2 μm for microstructure inspection.
The ECAP process channel angle Φ = 90° and corner angle Ψ = 0° parameters have a
10 mm channel diameter. Applying the processing path employing four die passes
and a pressing speed of 0.15 mm/s. Where precise experimental and processing
information is provided, the general process was the same. In order to measure the
EBSD and analyze the thermomechanical and elasticity properties of the ECAPed
material afterwards. 2.2 h were spent at different temperatures (457 ℃, 610 ℃, and
910 ℃) in an argon atmosphere [12]. A plane parallel to the direction of extrusion was
used to cut the samples.

The room temperature sample mapping step was 55 nm, the 457 ℃ sample’s
mapping step was 110 nm, and the 610 ℃ and 910 ℃ samples were at a certain
temperature to more precisely observe peak position in the direct pole [12]. The insert
direction was rotated by 90° around the EBSD data sets. The average grain diameter
values may slightly rise as a result of this. The numbers given for the RT and 457 ℃
samples are overestimated because of the size of the unrecrystallized areas and the area
of surface that EBSD was unable to index.

The highest load that could be applied was 5.5 N at around HV 0.8. This load
ensures that there are enough substantial indentations to cover a significant number of
grains and produce values that are indicative of the material in a certain direction [13]. In
a nanoindentation experiment, experiments were carried out to determine the indentation
modulus. The ID-TD plane of a polished surface was used for all microhardness and
nanoindentation investigations mentioned in Figure 3. Mechanical properties of the
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ECAPed material were examined in the ID direction to look at its anisotropy. Each
cuboid in the AA5083 in its as-received state had a long axis that was either parallel
to or perpendicular to the AA5083’s axis.

Figure 3. Schematic diagram of the ECAP die with various parameters [14].

In all experiments, a consistent extrusion velocity of 55 mm/min was utilized. The
aluminum billets had a circular cross-section measuring 10 mm in diameter and 50
mm in length. Molybdenum disulfide was the lubricant employed for the execution
of the ECAP process. When subjecting the same billet to multiple ECAP processes,
various routes can be employed. Die geometries with an intersection angle of 90° and
equal fillet radii of 2.15 mm. This geometry is depicted in Figure 4. Three conditions
were applied to the material examination: no ECAP processing and up to two ECAP
processing using route C.

Figure 4. Hardness of the AA5083 for single and double ECAP route C passes. The hardness
of AA5083 for single and double passes through the ECAP route [15].

These three material conditions were analyzed through the execution of both
tensile tests and microhardness tests [15]. Ten randommeasurements were taken across
the cross-section of the samples to evaluate each hardness value. Each indentation
cycle consists of a 3 s charging time, followed by a 10 s period of maintaining charge,
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and finally, a 3 s discharge. Every state of the material was subjected to tensile tests,
and each state was tested three times. During the test, the tensile force increased at
a rate of 112 N/s. A round ECAP billet with a cross-section of 10 mm in diameter
and 50 mm in length served as the basis for the tensile billets’ machining. Using a
metallographic saw, the samples were sliced in order to investigate their microstructure.
The samples were then ground using diamond and colloidal silica abrasives after
being implanted in a non-conductive acrylic resin. For optical microscopy, the Barker
electrolytic etching (2.8% HBF4) method was employed as it enables the observation
of the microstructure under polarized light. A high-resolution field emission electron
microscope that included secondary and backscattered electron detectors in addition to
electron backscattered diffraction was the instrument utilized.

3. Experimental results

3.1. Results for low temperature plasticity

3.1.1. Tensile test

Tensile loading is applied to themicrocrystalline AA5083 curves of true stress-true
strain for different deformity temperatures. It is evident that when temperature
decreases, flow stress rises. The relationship between plasticity and temperature
is nonmonotonic; temperature has a significant impact on the curve’s shape. At
temperatures between 6.2 and 420 K, the maximum plasticity of around 28% is seen,
and the lowest plasticity of about 3% is found close to 200 K to 420 K [16]. The
result of dynamic deformation aging in alloys is thought to be the cause of the yield
point occurrence on the deformity curve [16]. Dislocations start under more stress
than what is needed for their future migration. The investigation into the elastic limit
phenomenon in UFG polycrystals also delved into how dislocation sinks influenced this
phenomenon. The sweep by a movable dislocation area A should decrease when the
number of dislocation sinks increases as a result of severe plastic deformation caused by
lengthening borders and subboundaries. The tensile curves exhibit a singlemacroscopic
stress jump, which is typical of aluminum and its alloys. In this instance, the jump is
separated by smooth deformation areas.

Figure 5 depicts the strain hardening coefficient of response to temperature and
deformation [17]. It is evident that the coefficient of hardening of strain varies with
different temperatures, decreasingmonotonically. At cryogenic temperatures of 6.9 and
79 K, a high rate of hardening is active, and softening is seen in the range of 128–310
K. The yield point phenomenon is absent from the deformity curves for specimens
deformed at 310 K [18]. The alloy softens quickly even at 128 K and has little ductility,
which is unusual for materials at low temperatures [18].

Temperature has a significant impact on the dislocation buildup and destruction
processes, which control how hard a material becomes and how plastic it remains [19]. Due
to the unique behavior of the hardening coefficient shown in Figure 6, the temperature
range between 128 and 310 K is of interest. The characteristics of the AA5083 are
hardening and softening at low and high temperatures. The insert compares the temperature
effects on the standard yield strength of microcrystalline AA5083 samples to that of other
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alloys with the same concentration. It is clear that ECAP’s microcrystalline samples have
much better yield strengths than coarse-grained polycrystal samples do. The yielding
strength of microcrystalline at different temperatures above 160K is temperature dependent.
In the range of 410–87 K, the elastic strength of the microcrystalline specimen increases
monotonically. But the curve slope decreases. In the extremely low temperature range of
79–5.2K, the yield strength values essentially remain constant with temperature [20]. Many
metals and alloys exhibit this kind of unusual behavior in their yield strength at temperatures
lower than 79 K. Not just for coarse-grained AA5083, but for other samples as well, a
comparable plateau in the 58–4.8 K range was seen before [20].

Figure 5. The true stress-true strain curves of ECAP of AA5083 [17].

Figure 6. True strain curves and coefficient of strain hardening for ECAP AA5083 at different
temperatures between 6.9 and 420 K [19].

3.1.2. Stress relaxation

Figure 7 is various depictions of stress relaxation curves obtained from
experiments conducted at three distinct temperatures. It is evident that temperature
plays a substantial role in influencing both the speed and extent of relaxation. As the
temperature increases, both the rate and extent of relaxation at a given point during the
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experiment experience an augmentation [21]. The stress relaxation curves observed in
the experiments can be approximately modeled by the equation within the temperature
range of 6.9 to 420 K [21].

Figure 7. ECAP AA5083 at the same pre-strain (ε = 0.008) at 232, 296 and 410 K of the stress
relaxation curves [22].

∆σ(t) = α ln(βt+ 1) (1)

where∆σ(t) is the point at which the stress decreases from the beginning of relaxation
to the point at which the relaxation parameter and stress are where α = kT

Vs
and β =

Mε(0)
α . The activation volume Va(T ) at a given strain, as inferred from the relaxation

curves, governs the mechanisms that control the plastic deformity rate throughout a
range of temperatures [22].

3.1.3. Microstructural evolution

The maps of inclination for the AA5083 specimens in their initial state of
deformity are mentioned in Figure 8, based on the results of the EBSD measurements.
The white and black lines represent low- and high-angle misorientation borders,
respectively, while the colors of the grains represent different crystallographic
orientations. LAGBs can be seen as a different structure in large grains, temperature
effects during deformation at 310 and 125 K on the evolution of the microstructure.
The initial structural distribution is bimodal, with individual grains up to 32 m in
size and a typical grain size of 2.1 μm [23]. The average grain size d is decreased
by tensile deformation of AA5083 following ECAP, although the largest grain sizes
found after deformation at 310 and 125 K are 28 μm and 18 μm, respectively [23].
With deformation, the stronger the deformation, the particular fraction of large grains
decreases with decreasing temperature and decreasing grain size. The pattern on the
grain size chart transforms from having two peaks in a bimodal distribution seen in
the original polycrystal and the one that underwent deformation at 125 K and 310 K,
exhibiting a lognormal distribution that was later seen in the polycrystal shown in
Figure 8 [24].
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Figure 8. The EBSD orientation maps of AA8053 samples after ECAP before tension and
after tension [24] such as: (a) Inverse pole orientation at 35 μm at initial stage; (b) Inverse pole
orientation at 35 μm after tension; (c) Inverse pole orientation at 35 μm final stage.

Using the EBSD approach, it is possible to determine how the dislocation structure
evolved by contrasting the kernel average misorientation maps of the AA5083 with
respect to the deformity temperature before and after deformations. Low and high
dislocation density are represented, respectively, by the regions with tiny and large
KAM. The KAM for samples of the AA5083 material at 310 and 125 K both before and
after deformation—the polycrystals first KAM map shows a high dislocation density,
which is typical of the SPD of alloys made with AA5083 [25]. After being deformed
at 125 K. The changes in the dislocation structure evolution process shown in Figure
9, when plastic deformation occurs at temperatures of 310 and 125 K, are qualitatively
confirmed by the distributional features. KAM data can be used to estimate the density
of dislocations that are geometrically required and is calculated as follows:

ρ =
cθ

ub
(2)

where θ and u are misorientation angle and distance used for evaluation of the
misorientation angle. For microcrystalline AA5083 following low-temperature
deformation, the GND density measurement is two orders of magnitude greater than
the X-ray diffraction method’s estimate.

Figure 9. (a) AA5083 samples in initial state; (b) after tension at 310 K; (c) 125 K [26].

Similar microstructures are estimated differently, but this is perfectly acceptable
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and can be explained by the different experimental techniques used to make these
estimates [26]. An initial testing is a must before determining temperature values for
the thermal treatments of this material. This investigation involves a comparison of
hardness and aims to identify the temperature at which recrystallization occurs. After
reaching the correct temperature, the samples were put in the oven to achieve. After
each sample was heated for an hour at the specified temperature, its hardness was
evaluated. The hardness data for the starting state and after two and four ECAP runs
without heat treatment are shown in Figure 10. The enhancement in hardness after two
ECAP passes, amounting to 69.1% compared to the material’s initial state, does not
undergo significant alteration with additional ECAP passes [27]. For instance, after
four passes, the achieved improvement was 73.8%.

Figure 10. Variations in the mechanical properties, specifically Sy , Suts, and ε of AA5083 as
a function of the number of ECAP [27].

Similar results are found when accounting for the mechanical properties derived
from the tensile testing. The elongation at failure decreases after two passes, while the
yield stress and tensile strength increase. Owing to the effects of plastic strain saturation
and work hardening, the properties acquired after four ECAP passes are identical to
those obtained after two passes. Table 1 is mentioned using the Vickers hardness scale,
an overview of the values from the different samples under study [28]. The hardness
values for each of the various heat treatments applied to the samples in the two ECAP
states are shown in Figure 11. The final result is consistent with the hardness value
that was recorded for the initial state. The hardness measurement obtained with two
ECAP passes and without any heat treatment is represented by the upper line. The
hardness experiences a slight increase potentially attributed to the variability of the
hardness tester; there is a gradual decline in hardness starting from 470 K onwards
[29]. The hardness becomes lower than the measurement for the initial state from 620
K upwards.

Afterward, for five of these temperatures (excluding the thermal treatment at 445
K due to its excessively low temperature), the samples underwent thermal treatment for
varying holding times: 8 min, 34 min, 68 min, 102 min, 188 min, 308 min, and 428 min.
Hardness tests, as well as optical and scanning electron microscopy, were conducted on
these samples. Figure 12 provides an overview of the hardness evolution resulting from
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the performed treatments. Based on the obtained results, the thermal treatments at 470
K, 570 K, and 620 K were selected to conduct the tensile tests. Subsequently, these
studies are presented in detail [31].

Table 1. Hardness measurements recorded for the AA5083 [30].

Deformation (ε) Temperature (K) Time (minutes) Hardness (HV)

0 - - 45
2.5 - - 73
4.8 - - 76
2.5 445 68 74
2.5 470 68 72
2.5 495 68 68
2.5 520 68 66
2.5 570 68 56
2.5 620 68 42

Figure 11. Hardness values for AA5083 two ECAP passes after one-hour thermal treatments
at various temperatures [3].

Figure 12. Hardness for AA5083 two ECAP passes in relation to the duration of holding time
at 470 K, 495 K, 520 K, 570 K, and 620 K [32].
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3.1.4. Thermal treatment at 470 K

In this current investigation, the optimal recovery temperature is defined as the
one at which the AA5083 alloy processed by ECAP experiences a marginal reduction
in hardness and simultaneously enhances its ductility through a specific thermal
treatment [33].

As per the preceding section, the chosen optimal recovery temperature was 470 K.
As shown in Figure 13, Table 2 shows the measured hardness values for each holding
duration at 470 K. Even after 428 min of treatment, the material’s hardness does not
significantly reduce. For the holding period of 68 min, a slight peak appears. Beyond
this duration, the hardness starts to decrease slightly until it stabilizes around a value of
approximately 68 HV. Considering these observations, three distinct holding times—8
min, 68 min, and 308 min—were chosen for conducting the tensile tests. The results
obtained are presented in Figure 14. It can be inferred that the material’s yield stress (Sy)
and tensile strength stress (Suts) diminish as the recovery thermal treatment holding time
increases. Hence, it can be determined that for 68 min and 308 min of treatment, there
is a reduction in the yield stress of 10.2% and 12.8%, respectively [34]. The decrease
in tensile strength is approximately 4.8% for 68 min of treatment and 8.4% for 308 min
of treatment, respectively. As anticipated, an augmentation in ductility is observed in
comparison to the billet processed twice through ECAP. With a holding time of 68 min,
this increase amounts to 16.8%, and in the case of 308 min, it is approximately 36%.

Table 2. Hardness values for AA5083 after varying holding times at 470 K [31].

Deformation (ε) Temperature (K) Time (minutes) Hardness (HV)

2.5 470 - 74
2.5 470 34 76
2.5 470 68 74
2.5 470 102 70
2.5 470 180 71
2.5 470 180 72
2.5 470 420 70

Figure 13. Mechanical properties Sy , Suts, and ε for AA5083 two ECAP passes in relation
to the holding time during the recovery thermal treatment at 470 K [33].
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Figure 14. Mechanical properties Sy , Suts, and ε for AA5083 two ECAP passes in relation
to the holding time during an intermediate thermal treatment at 570 K [35].

3.1.5. Thermal treatment at 570 K

The temperature for this treatment was selected as it falls between the recovery
and recrystallization temperatures of 620 K, serving as an intermediate point. As will
be illustrated later, recrystallization does not occur even after a treatment duration of
428 minutes. Improving the qualities without sacrificing ductility is the goal of Wang
and Huang [36]. As shown in Figure 15, Table 3 shows the measured hardness values
for each holding duration at 570 K. Figure 15 indicates that the hardness experiences
a 25% decrease in the first hour of treatment, reaching a value of 54.6 HV, after which
it stabilizes or even exhibits a slight increase with longer durations. Following these
findings, three distinct holding times—8 min, 68 min, and 308 min—were chosen to
conduct the tensile tests. As the treatment’s holding duration increases, the material’s
yield stress and tensile strength both decrease noticeably. Consequently, there is a
reduction of 22.8% and 32% in the yield stress concerning holding times of 68 min and
308min, respectively [37]. Additionally, there is a decrease of 18.4% in tensile strength
for the 68 min treatment and a decrease of 25.4% in the case of the 308 min treatment.
Nevertheless, the ductility improves in the treated material compared to the material
processed twice by ECAP. With a holding time of 68 min, this increase amounts to
77.6%, and in the case of 308 min, it is approximately 142.1%.

Table 3. Hardness values for AA5083 after varying holding times at 570 K [38].

Deformation (ε) Temperature (K) Time (min) Hardness (HV)

2.5 570 - 74
2.5 570 34 64
2.5 570 68 57
2.5 570 102 56
2.5 570 180 60
2.5 570 180 57
2.5 570 420 57
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Figure 15. Mechanical properties Sy , Suts, and ε for AA5083 two ECAP passes in relation
to the holding time during the recrystallization thermal treatment at 620 K [39].

3.1.6. Thermal treatment at 620 K

A temperature of 620 K is chosen to facilitate better control of the recrystallization
thermal treatment. A greater temperature would hasten the process of recrystallization
as well as the reduction of hardness, causing the material’s grain size to grow quickly.
Reduction of grain size and improvement of ductility are the goals of this treatment.
As indicated in Table 4, the hardness experiences a significant decrease during the
initial hour of treatment, but in a manageable manner. The hardness values obtained
at this 68-minute holding duration are lower than those obtained in the initial state of
the material. Similar to previous sections, three distinct holding times—8 min, 68 min,
and 380min—were chosen to assess the mechanical properties. This was accomplished
through the execution ofmultiple tensile tests, and the outcomes are presented inFigure
16.

Table 4. Hardness values for AA5083 after varying holding times at 620 K [40].

Deformation (ϵ) Temperature (K) Time (min) Hardness (HV)

2.5 620 - 74
2.5 620 34 44
2.5 620 68 43
2.5 620 102 41
2.5 620 180 40
2.5 620 180 42
2.5 620 420 43

The material’s tensile strength and yield stress both significantly decreased.
Consequently, there is a reduction of 72.9% and 73.2% in the yield stress concerning
holding times of 68 min and 308 min, respectively. A similar trend is observed in the
tensile strength results, with a percentage decrease of 43.8% for 68 min and 44.1%
for 308 min, respectively. Conversely, an enhancement in ductility is attained in the
thermally treated material compared to the billet processed twice by ECAP. With a
holding time of 68 min, this increase amounts to 398.1%, and in the case of 308 min, it
is approximately 382.3%, as shown in Figure 17.
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Figure 16. Initial material state and material processed twice with a thermal treatment at 620
K for 34 min [41].

Figure 17. Microstructure after four ECAP passes [42].

4. Discussion

4.1. Plasticity of microcrystalline for AA5083

4.1.1. Influence of microstructure

To discover more about the microcrystalline AA5083’s plastic deformation
mechanics, extra crucial information on the microstructure studies before and after
tension is obtained. A comprehensive examination using EBSD revealed that grain
size reduction occurs across the entire size spectrum due to tensile deformation at both
125 K and 310 K. Another way to observe the alteration in grain size distribution
due to deformation is by considering the extension of high-angle boundaries, which
increased from 0.48 in the initial state to a range of 0.49–0.52 following the application
of stress. The proportion of low-angle borders drops from 0.33 to 0.29–0.31. It is
possible that during the deformation, dislocation rearrangement caused some of the
low-angle boundaries to change into high-angle ones. During deformation, the impact
of temperature on the development of the microstructure can be seen. Since the density
of dislocations and the degree of microdeformation absolutely correspond with each
other. The KAM value will alter if the microstructure changes under the impact

15



Mechanical Engineering Advances 2025, 3(3), 1888.

of specific factors [43]. The accumulation and interaction of dislocations result in
deformity, which leads to the emergence of different configurations and a considerable
increase in internal stresses and strains. Deformation lowers the dislocation density as
well at room temperature. This demonstrates that the activation of dynamic recovery
favors dislocation annihilationmechanisms over their accumulation during deformation
at 310 K.

The values are tiny, between 125 and 310 K, compared to 410 K. The sample loses
stability as a result of the sample’s quick localization of deformity and the creation of
necking, which results in a reduction in flow stress. In this temperature range, the least
plasticity is shown [44]. According to a study of the structural components that affect
how the neck develops. For lesser strains, the criterion for loss of stability will be met
if the stress rises σ < θ while the coefficient of strain hardening stays the same. The
coefficient of strain hardening and plasticity increases as a result of the slower diffusion
dynamic processes that occur at lower temperatures, as seen in instance temperature at
82 K and 6.9 K. It is known that external dislocations at the borders cause sliding in
certain materials.

4.1.2. Temperature effect

The relationship between yield strength σ0.3 and temperature suggests that the
thermally triggered mobility of dislocations through nearby impediments controls
the speed at which a microcrystalline alloy deforms plastically at 82 K. The
microcrystalline alloy has slope dσ0.3

dT and magnitude σ0.2 that are greater than their
corresponding values for the AA5083 [45]. Additionally, unlike the AA5083, for
microcrystalline polycrystals, the dependency does not plateau between 165 and
310 K. The dependency on microcrystalline polycrystals never reaches a peak. It
was demonstrated that for the AA5083 in the 48–150 K temperature range, plastic
deformation rate and yielding strength occur when the attraction between grain
dislocations and impurity atoms is thermally triggered. Due to the formation of crystal
lattice defects, SPD in microcrystalline alloys results in a rise in internal and practical
pressures versus AA5083. Internal tension is brought on by sliding dislocations’
extensive interactions with grain boundaries. Due to other dislocations’ elastic
fields being thermally activated and having a weak dependence on temperature, they
disappear at temperatures T0 above a particular threshold, because moving dislocations
encounter thermal barriers caused by the creation of additional high-angle boundaries.
The threshold temperature T0 of thermally induced plasticity and the barrier governing
the rate of plastic deformation can both be evaluated using the suggested model. In
order to clarify the dynamics of plastic deformation caused by heat fluctuation while
dislocations are travelling through a system of similar short-range obstacles.

(
∆τ

∆ ln ε

)
T

= τc(pqA)−1

(
T

T0

) 1
q

[
1−

(
T

T0

) 1
q

](
1−p
p

)
(3)

A number of conventional polycrystals have had their plastic deformation caused
by mechanisms that have been identified using this theoretical model to successfully
approximate experimental evidence. A coarse-grained alloy deforms plastically most

16



Mechanical Engineering Advances 2025, 3(3), 1888.

frequently in the temperature range of 6.9 to 148 K when impurity atoms are thermally
activated and overcome by dislocations [46]. In estimating a microcrystalline alloy’s
experimental data, one was unable to determine precise acceptable thermally activated
parameters of plastic deformation [46]. With the exception of the area around 6.9
K, the yield strength’s temperature dependence is σ0.2 across the whole temperature
range. Additionally, in UFG polycrystals with complicated granular and intergranular
microstructure and high dislocation density, there are multiple processes that can be
combined to control how quickly thermally induced dislocations move.

4.1.3. Activation volume

The experimental determination of the activation volume Va can be obtained
through the analysis of stress relaxation data Va = MkT

α using a correlation.
Its nonmonotonic nature is one of the characteristics of Va(T ) of the dependence
of microcrystalline AA5083. The dependency of microcrystalline AA5083 has a
nonmonotonic structure [47]. The intensification of the importance of grain boundaries
during plastic deformation led to the involvement of numerous mechanisms [47]. As
can be observed in Figure 18, the temperature range between 81 K and 220 K is
increased by a significant amount varying from Va. The values of Va, the thermally
induced forest dislocations intersection mechanism, can accept values of the variable’s
changing order. The measured values are a little lower and don’t exactly match the
forest dislocation intersection’s basic mechanism. Volume Va decreases as temperature
rises up to T ≥ 220 K, the activation volume for aluminum’s cross-slip, which is
significantly less than the results of the investigation reported here. Higher values of
Va might result from the interaction of numerous thermally triggered mechanisms that
regulate plastic deformity, such as cross slip, junction of forest dislocations, etc. The
importance of interaction with its limits grows as the size of the grain or sub-grain
diminishes [48].

Figure 18. The activation volume Va/b3 is dependent on temperature [49].

This is brought on by a rise in the number of dislocations at grain borders and
subboundaries. The development of a thick forest of dislocations close to cell walls
and borders, as well as the requirement for unevenly distributed sources of dislocations.
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As a result, an increase in dislocation activity inside boundary regions may also increase
strain rate sensitivity [48]. A notable reduction in the activation volume for metals with
ultrafine grains when compared to those with coarse grains. It may be assumed that it
is feasible to superimpose several plastic deformation methods, resulting in the thermal
activation parameters’ values being averaged [49].

4.1.4. Recovery rate

When taking into account the recovery mechanisms, which are particularly
noticeable at elevated temperatures and extensive deformation levels, an equation for
stress relaxation was provided [50]. It is presumable that when under relaxation,
internal stress σi rises according to deformation ε and falls proportionately to time
t.

∆σi = θa∆ε− r∆t (4)

where θa =
(
dσi
dt

)
t,T

coefficient of strain hardening at the relaxation of the beginning,

and r = −
(
dσi
dt

)
t,T
-recovery rate. At constant θa and r, the term describes the link

between applied stress and downtime.

∆σ(t) =
α

1 + θa/M
ln
[
ε(0)M (1 + θa/M)

(
1

r

)(
exp

( r

α

)
t− 1

)
+ 1

]
(5)

At brief moments of calm in case of a small value of r, the expression is closely
related; with the passage of a very long duration, the relaxation curve anticipated by
Equation (9) should eventually converge toward a linear slope r

(1 + M × θ) . Finding
the recovery rate in microcrystalline AA5083 requires approximating the relaxation
curves using expression. The findings of such an evaluation are displayed in Figure
19 [51]. At lower temperatures up to 220 K, the dependency is minimal (on the order
of 5 × 10−3 MPa/s), and the relationship between r and temperature displays a limited
degree of sensitivity [50].

Figure 19. The recovery rate of microcrystalline AA5083 is temperature dependent [52].
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Different stacking fault energies establish the cross-slip-related partial dislocations’
splitting width. Cross-slip regulates the recovery mechanism at low and moderate
temperatures [51]. Dislocation creep predominates at high temperatures because
contact with voids is more obvious. In any event, dislocation annihilation reduces
the dislocation density, and the speed at which this happens is determined by the
energy barrier for annihilation, which also governs the associated recovery process [53].
The participation of both point faults and dislocations in the mechanism of recovery
processes makes it difficult to explain [52]. The grain boundary diffusion coefficients
for submicrocrystalline and nanocrystalline metals, as derived via SPD, were found to
be bigger by several orders of magnitude than those for metals with coarse grains [53].
Consequently, the dynamic recovery process brought on by dislocation absorption in
severely nonequilibrium boundaries even at a homologous temperature of 0.25 Celsius
approximately, which is a pretty low temperature, when the circumstances for diffusion
are much improved, Compared to typical coarse-grained polycrystals [54].

For a number of heat treatments, the refining grain that results from the buildup of
various degrees of plastic strain will be displayed [54]. The starting material undergoes
two ECAP passes via route C, is thermally treated during recrystallization to improve
the grain size, and then undergoes twomore ECAP runs by route [55]. The intermediate
thermal treatment is conducted at 350℃ for a duration of 34 min, as depicted in Figure
19. When comparing the initial state with four passes, the grain refinement achieved in
the material samples exceeds 260 times its initial grain size.

Additionally, the microstructure grains’ size ratio has dropped to half of what
it was previously. The enhancement of mechanical properties and uniformity is
influenced by these two factors [55]. The outcomes are presented in Table 5 [56].
The recovery rate of microcrystalline AA5083 is temperature dependent in Figure 19
illustrates the grain size of the starting material, featuring an average value of 150 µm.
In contrast, two ECAP passes with thermal treatment at 620 K for 34 min exhibit a
reduced mean value of 50 µm [57]. Similarly, Figure 20 displays a scanning electron
microscope micrograph depicting the grain size of AA5083 after undergoing four equal
channel angular pressing passes, with the billet rotated 180° between each ECAP pass
designated as route C. Examining the Electron Backscatter Diffraction mapping, as
illustrated in Figure 20, it becomes evident that the sample subjected to four passes
exhibits significant grainmisorientation, highlighted by noticeable differences in colors,
aligning with expectations [58]. The corresponding histograms, depicted in Figure
21, are derived from the EBSD mapping results. The presented histogram illustrates
the distribution function of grain size, centered around approximately 550 nm [58].
Additionally, the grain size ratio is depicted, with peaks falling within the range of 1.5
to 3.5.

Table 5. Sizes of grains and the ratio of grain sizes for various states of the AA5083 [59].

Deformation state Grain size (μm) Grain size ratio

N0 (ε = 0) ~160 > 8
N0 (4.8 = 0) ~1.6 ~4.45
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Figure 20. EBSD mapping of four passes [59].

Figure 21. (a)Histogram showing the grain size and (b)Grain size ratio distribution functions
for the four-pass sample [60].

To assess whether there is a reduction in the grain size value between the initial,
two-pass, and four-pass states, Figure 21 exhibits two scanning electron microscope
micrographs illustrating the microstructures grain size. As is evident, there is not a
substantial alteration in grain size when compared to the four-pass state, as illustrated
in Figure 22 [60]. The material was deformed over the course of four passes, arriving
at a plastic deformation value of 4.8. Initially, the grain size was approximately 160
μm, and eventually, a grain size smaller than 1.2 μm was attained [61]. Conversely, the
initial and two ECAP passes underwent initial processing through ECAP for two cycles,
introducing a plastic strain of 2.5, and subsequently underwent a thermal treatment [61].
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(a) (b)
Figure 22. Microscopic arrangement as: (a) the processing of the material in the initial; (b)
two ECAP passes is stated [62].

Subsequently, the grain size underwent alterations, and the plastic strain was
eliminated as a result of the treatment. The grain size measured approximately 50
μm [62]. Subsequently, this novel material underwent an additional two rounds of
processing through ECAP, reaching a plastic deformation of 2.5. For this example, the
starting grain size was about 50 μm, while the final grain size was less than 1.2 μm. All
thematerials had different beginning grain sizes and experienced plastic deformation up
to a specific degree [63]. The experiment reveals that a decrease in the initial grain size
correlates with a reduced amount of necessary plastic strain to achieve the targeted grain
reduction. The diminished ductility observed in the temperature range of 125–310 K
can be attributed to the lower rate of strain hardening, which is a result of the increased
dynamic recovery within the microcrystalline alloy. This is the case despite the fact that
the power and abundance of such barriers are significantly increased following severe
plastic deformation [63].

5. Conclusion

The evolution of the microstructure in microcrystalline AA5083 subjected to
ECAP was investigated through scanning electron microscopy in its initial state,
as well as stress at a consistent strain rate at temperatures of 310 K and 125 K.
The observations reveal the presence of a mixed grain structure characterized by a
substantial dislocation density within grain boundaries. This structure consists of
numerous grains with dimensions around 1.2 μm, alongside individual larger grains
measuring approximately 12 μm. Under tensile deformation, the microcrystalline
AA5083 tends to exhibit a reduction in the average grain size. At 125 K, deformation
leads to a rise in the dislocation density within the grains. It has been demonstrated
that the fundamental shape of the tension curves undergoes changes as the temperature
decreases. A high dislocation density and non-equilibrium grain boundaries, which
amplified recovery processes, are the causes of thermally induced plasticity. In this
research, an investigation into the changes in microstructure and mechanical properties
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was conducted on the aluminum alloy AA5083. The study involved subjecting
the material to severe plastic deformation, utilizing the equal channel angular pressing
process. It was established that employing a thermal treatment at 470 K with a dwell
time of either 68 minutes or 308 minutes can lead to a notable enhancement in the
mechanical properties. An increase of approximately 135% in yield stress can be
achieved. This is highly relevant for the advancement of applications that demand
excellent resistance properties.
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