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Abstract

Large-scale Equal channel angular pressing is a great engineering material that has more potential
for AA5083 industrial applications. Uniaxial dynamic compressive tests across a temperature of 448
K were conducted for the ECAP technique AA5083 in order to create such a design framework. The
microstructure was described using transmission electron microscopy and scanning electron
microscope both before and after dynamic loading. The plastic flow behaviour of the AA5083 was
described by a novel dynamic constitutive model that was built based on the experimental results. A
particle swarm optimization method was used to determine the impacts of plastic strain, temperature
and strain rate on the new model's input parameters. The strong agreement between model
predictions and experimental findings suggests that the predictive constitutive model used today is
very good at simulating the behaviour of dynamic deformation the large-scale ECAP method AA5083.
The surface characteristics of the alloy were investigated using electrochemical impedance
spectroscopy in the sodium chloride solution. The acquisition of the corrosion performance, scanning
electron microscopy and Raman spectroscopy were performed. As the pass number rises, the alloy's
microhardness and tensile strength get better. In ECAP technique the alloy's wear characteristics
significantly improved along with its hardness and tensile strength. The AA5083 is taken into account
in the current investigation both before and after equal channel angular pressing. Comparing the
material's fracture locus with the initial material, the ECAP method revealed somewhat higher
equivalent strain to fracture values.

Keywords: AA5083, Dynamic Response, ECAP, Thermal Activation, Raman Spectroscopy,
Plasticity Methods, Plasticity Fracture.

INTRODUCTION
Due to its exceptional mechanical and physical features, including as its high specific strength,
superior  formability, and great corrosion
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Channel Angular Pressing, which shows promise for expanded use in a variety of applications [1].
With the aim of enhancing predictive capabilities ensuring the accuracy of numerical simulations for
deformation processes and indirectly promoting the broader engineering application of the ECAP
technique on AA5083. It is essential to comprehend the fundamental constitutive relationships that
describe the deformation behavior and this can be achieved through the formulation of a more precise
constitutive model. A number of constitutive models have been created to describe how metallic
materials behave when they deform plastically. To find that the aforementioned models are not able to
predict the dynamic deformation behaviour of the given material with sufficient accuracy over a wide
temperature range. This restriction results from their inability to take into consideration the phases
that emerge in the microstructure and how they change as a result of dynamic loading and
deformation processes [2]. As a result, some classic models have been updated, and more accurate
models have been proposed to rectify this shortcoming. An example of such modifications is evident
in the adaptation of the Zerilli-Armstrong (Z-A) model by Voyiadjis and Abed. This adjustment
became necessary as the original model fell short in accurately characterizing dynamic plastic
deformation at elevated temperatures and lacked the incorporation of the strain rate effect for
thermally activated processes. The concept of mechanical threshold stress as an internal state variable.
Such as the necessity for low-temperature mechanical experiments and the subsequent intricate
process of parameter determination for the Mechanical Threshold Stress model.

The challenge in implementing numerical methods arises due to scale transitions and the utilization
of implicit algorithms for models based on crystal plasticity. Therefore, in this study, the
microstructure of AA5083 processed through the ECAP technique was initially characterized using
scanning electron microscopy and transmission electron microscopy. Subsequently, dynamic uniaxial
compression tests were conducted using a split Hopkinson pressure bar system across a broad
temperature range. The microstructure of the material post-impact was analyzed using scanning
electron microscopy and transmission electron microscopy. The investigated alloy can be used in
various engineering applications where high strength is required [3]. To evaluate the effect of ECAP
on AA5083, the microstructure, mechanical, and wear parameters of the alloy were examined both
before and after the treatment. From these findings and thermal activation theory, a novel constitutive
model was formulated to elucidate the mechanical behavior of the tested AA5083 material. The newly
proposed constitutive model takes into account the initial microstructure and its transformation under
varying dynamic loading conditions. Based on the experimental mechanical data, the parameters for
the formulated model were determined using the Particle Swarm Optimization method.

High strength, outstanding weldability, and corrosion resistance are displayed by AA5083 in its
ultra-fine-grained form. Consequently, there is a substantial demand for this material and it finds
applications in various components of vehicle bodies, as well as in the manufacturing of armor plates
ship bodies, and more. In response, researchers have undertaken thorough investigations to create
Ultra-Fine-Grained materials by employing severe plastic deformation techniques. On the other hand,
research on the corrosion properties of aluminium alloys that undergo equal-channel angular pressing
is still ongoing. Pitting typically occurs when mechanical flaws, random local discontinuities,
scratches, or the protective coating encircling second-phase particles are damaged. The literature
addressing the corrosion of materials undergoing Severe Plastic Deformation indicates that certain
studies propose a reduction in corrosion resistance for Ultra-Fine-Grained aluminum alloys, especially
those processed by Equal Channel Angular Pressing.

MATERIALS AND EXPERIMENTAL PROCEDURE
Experimental Materials
Sample Preparation and Die Setup

Purchased was AA5083, which was in H34 condition. The alloy was machined to a diameter of 10
mm and a length of 50 mm in order to prepare the samples for ECAP. The alloy's chemical
composition has been examined using the ARL spark analyzer, as shown in Table 1. With a maximum
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magnesium content of 4.47%, it was demonstrated that the alloy was an AA5083. The tool steel
ECAP die had two equal channels with a circular cross section that measured 10.1 mm in diameter.
because it reduced some of the pressing load and produced strain homogeneity in the billet material.
The channel intersection angle () of 105° had been chosen. In order to prevent bending-like
distortion, which is more common with larger outer corner angles (), a fillet radius of 4 mm has
been chosen. In order to shield the samples' top surfaces from damage and fissures, a fillet with a
radius of 1 mm was formed in the inner corner of the two crossing channels. This was done since the
specimens were damaged by the sharp inner corner. To make it simple to remove the extruded
specimen from the die, a split type die design has been adopted. Figure 1 displays a schematic of the
ECAP die.

Iwahashi et al.'s equation (1) can be used to calculate the equivalent strain for N passes.
e=N/V3 [2cot (% + %) + Ycosec (9 + E)] (1)

2 2

Where the number of passes N, channel intersection angle ¢, and outer corner angle s are all equal
to the equivalent plastic strain € [6].

Table 1. Chemical Compositions of AA5083 in Weight Percent and Annealing Condition for 1 hr at
320°C Aiir Cool [4].
Alloy | Si Fe Cu Mn | Mg Cr Zn Ti Al
5083 | 0.08 | 0.21 | 0.02 | 0.58 | 1.154 | 0.06 |[<0.01| - bal

RAM

SN

Workpiece L

2XC

Figure 1. A Schematic of ECAP Die [5].
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Using a hydraulic press with a 100 ton capacity, the prepared samples were forced through the
ECAP die both at ambient temperature and at -150°C for cryogenic conditions. Lubricants were
utilised to lower the friction between the samples and the die surface, including MoS; grease and SAE
68 oil. The rod that was used in this operation had a 50 mm length and a 10 mm diameter. The rod
was then submerged in liquid nitrogen for approximately 60 seconds. The sample is then produced
and quickly pressed into the ECAP entry channel. After each pass, the samples were rotated to a
direction of 90° at route-B¢. Using a scanning electron microscope, microstructural analyses of the
materials before and after ECAP were carried out. The microhardness of the samples along the
transverse plane was measured using a Vickers microhardness tester both before and after ECAP with
cryogenic treatment and without cryogenic treatment. Extensometer was used to measure the samples'
tensile strength while they were at room temperature. The samples for the tensile test were machined
with a 6 mm gauge diameter and 30 mm gauge length in the pressing direction. The 4 B route of
large-scale ECAP was used to process the AA5083 at 280°C. In accordance with the route selection
and processing conditions given in Figure 1, As seen in Figures 3 and 4, the material's microstructure
was examined using transmission electron microscopy and field-emission scanning electron
microscopy. On a desktop SHPB system, the dynamic uniaxial compression experiments were carried
out]. The compression experiments were performed with nominally constant strain rates at
temperatures ranging from 308 K to 588 K. The specimen was loaded in a direction that was
perpendicular to the pressing direction along its short dimension, either 3.6 mm or 1.8 mm [7].
Separate quasi-static compression tests using a DNS100 universal testing machine outfitted with an
electrothermal furnace were performed at nominal strain rates of 0.15 s and temperatures ranging
from 308 K to 738 K in order to determine the athermal stress parameters for the new constitutive
model. Similar to dynamic testing, the specimen was loaded along an axis with a length dimension of
4.0 mm that was perpendicular to the direction of pressing shown in Figure 2. The universal testing
machine's initial steel inserts were changed out for high-temperature inserts composed of an alumina
ceramic. On the loading surfaces of the specimen, a lithium-based molybdenum disulfide lubricant
was used to minimize friction.

Equal Channel Angular Pressing Technique of the AA5083 Alloy and Optical Microstructure

The samples were compressed using a hydraulic press with a 210-ton maximum load capacity for
one to three passes at room temperature, A 0.8 mm/s pressing speed was used. For the ECAP
technique of the materials, path C was chosen as the processing path depicted in Figure 3. The choice
of the ECAP processing method was made in accordance with the available literature, which shows
that ECAP via route C results in a homogeneous distribution of plastic strain in the processed material
in Figure 4.

Figurz 2. EBSD results of Microstructure of ECAP Technique AA508
and (b) Grain Boundaries Before Impact at 120 um [8].
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]:igure 3. EBSD esu CAP Technique AA5083 for (a) Gain orphologies

and (b) Grain Boundaries After Impact at 120 um [8].
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Figure 4. EBSD results of Microstructure of ECAP Technique AA5083 for Grain Size Distribution
Before and After Impact [9].

Various grades of silicon carbide emery papers (180, 120, 1/0, 2/0, etc.) were used to polish the
samples. The samples were also polished with cloth and abrasives such as powdered alumina. Prior to
being cleaned with an ultrasonic cleaner, the samples were polished. Before being examined under a
Leica optical microscope, the samples underwent a microstructural analysis in Figure 5.

Corrosion Test, Raman Spectroscopy and Scanning Electron Microscopic Analysis

The corrosion properties of samples from the ECAP were investigated. Every specimen underwent
metallographic polishing. Using a potentiostat and potentiodynamic polarization in a 3.8% NaCl
solution, the polished specimens were further evaluated to determine their corrosive qualities. Using
commercial NaCl and distilled water, the necessary chemical solutions were made. It should be noted
that the open-circuit potential test was carried out utilizing the aforementioned test solution for 1 hour
and 15 minutes to obtain a consistent state before moving on to the actual potentiodynamic tests. A
potentiodynamic analysis was then carried out. For these tests, a standard three-cathode cell with a
saturated calomel anode and a graphite bar was utilised. In these investigations, a polished sample
functioned as the working electrode, a SCE as the reference electrode, and graphite as the counter
electrode. The broad frequency range of 120 kHz to 0.02 Hz was used for electrochemical impedance
spectroscopy. A Jobin Yvon confocal micro-Raman spectrometer was used for the Raman
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Figure 6. Microstructure of AA5083: (a) Anneald, ECAP followng th' First, Secohd, and Third
Passes (b, c, d) [11].

spectroscopy. To determine how the chemical composition of the surface changed as a result of ECAP
passes, Raman spectroscopy was used. The use of spectrometer backscattered geometry through a
microscope objective was made. The Raman spectrometer contained 1850 grooves/mm of grating.
The spectrometer was aligned using the 540 cm™ Raman band of a silicon wafer. The repeatable tests
used three points from each sample to record and collect all Raman spectra in the 220 to 1200 cm™*
range Figure 6. Using a scanning electron microscope, the surface morphology of the equal-channel,
angularly pressed, as-received AA5083 was investigated.

EXPERIMENTAL RESULTS
Microstructure

The distinctive grain structure at both high and low-angle grain boundaries, along with the
accompanying distribution of grain sizes in AA5083, undergoes alteration through Equal Channel
Angular Pressing (ECAP) both prior to and following dynamic compression deformation. The alloy
has a substantial amount of fine, equiaxed grains with an average grain size of a few micrometers. In
the ECAP process applied to AA5083, there are instances of larger unrefined grains, reaching
diameters of up to ten micrometers. These grains possess low-angle grain boundaries, indicating that
the dynamic recovery or recrystallization was not entirely accomplished during the multiple pressing
passes. After dynamic plastic deformation, it was discovered that grains were marginally refined, with
the average grain size decreasing from 4.12 um to 3.76 um. The perimeter length of the low-angle
GBs grows from 8.80 cm to 10.41 cm after dynamic compression, whereas the perimeter length of the
high-angle GBs is essentially unaltered, 10.42 and 10.54 cm for before and after dynamic
deformation, respectively. Additionally, it was discovered that the alloy has a significant amount of
precipitates with erratic and plate-like forms. The Transmission Electron Microscopy (TEM) findings
reveal the presence of precipitates in the material prior to dynamic compression. The central particle is
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detailed further in Figure 6 as a bright-field image as a dark-field image at a higher magnification
[12]. The dynamic compression at a temperature of 738 K and a strain rate of 3400 s, the TEM-EDX
elemental mapping images in the specimen. The findings from TEM-EDX affirm that these particles
exhibit a high concentration of alloying elements such as Mg, Si, Fe, Mn, and Cr. This observation
aligns with the outcomes reported in prior studies. Furthermore, it's evident that there exists a
fractured precipitate in this sample following dynamic plastic deformation at an elevated temperature.

Mechanical Properties

Figure 7 illustrates the typical true stress versus true strain behavior across a temperature range
spanning from 308 K to 588 K. The data is presented for three different strain rates: 520 s, 3400 s,
and 24000 s™. Each of the blue, green, and red lines represents exemplary curves corresponding to
temperatures of 308 K, 438 K, and 588 K, respectively. Compression tests were conducted under each
condition, and each set of conditions was replicated at least three times. The obtained test results
exhibited outstanding quality and reproducibility. Moreover, it's important to highlight to the reader
that the constrained strain observed in the stress versus strain curves at 520 s and 3400 s resulted
from the limitations imposed by the length of the bar utilized in the Split Hopkinson Pressure Bar
(SHPB) test. the outcomes obtained at the strain rates of 520 s and 3400 s remain applicable for
formulating the constitutive model. This is justified by the fact that the deformation of the samples
under these conditions extends beyond the elastic limit and encompasses plastic flow. It can be noted
that the ECAP technique AA5083 has a distinctly positive strain rate effect, meaning that the flow
stress increases with increasing loading rate. The strain hardening and temperature softening effects
are clearly seen in the real stress-true strain graphs, which is typical of FCC metals.

Assuming high temperatures and a strain rate of 0.15 s, Figure 7 displays the quasi-static true
stress vs. true strain graphs. The testing were terminated at a strain of 0.35 since more loading could
severely distort the samples, which would lead the stress-strain result to be incorrect. Comparison of
these curves reveals two salient traits. The first is that the capability for work hardening reduces as
test temperature rises because the softening effect of rising temperature cancels out the work
hardening effect. While the flow stress of the curve at 738 K doesn't vary much, the curve at room
temperature shows a clear work hardening. The second is the significant effect of temperature
softening on compression loading [14]. The curves show that as the temperature rises, the
temperature-induced reduction in flow stress diminishes and approaches the athermal stress limit. We
point out that the athermal parameters of the proposed constitutive model were determined using the
true stress versus true strain curve at 738 K.

Constitutive Modeling

It is generally acknowledged that the flow stress of metals and alloys depends on their
microstructural properties as well as the testing environment, particularly the temperature and strain
rate. The flow stress (o) can be determined as a function of the plastic strain (¢), the strain rate (¢)
and the temperature (T), as shown by Eq. (1), and is additionally evaluated in relation to a specific
plastic deformation level (€¢) for FCC metals and microstructure (S) [15]:

o=1(5¢T) =1(g,£T) 2

According to some studies, there are two main categories of barriers for dislocation motion: short-
range and long-range barriers. The vast majority of fine precipitates in a range of sizes for the ECAP
technique AA5083 are of the short-range barrier type. Thermal activation may be used to break down
the short-range barriers; as such, strain rate and temperature are key variables. It is possible to
disregard the long-range barriers' sensitivity to temperature and strain rate. As a result, the total of the
atmospheric stress o,(g) and the thermally activated stress (g, &, T) can be used to express the flow
stress, which represents the metallic material's resistance to dislocation motion in the plastic
deformation zone:

0 =0, (S) + Oth (81 é, T) (3)
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Figure 7. TEM Images of Precipitates of ECAP Technique AA5083 [13]. (a) The bright field image
of precipitate (b) Low magnification TEM image of precipitates (c) The dark field image of
precipitate.

Figure 8. TEM EDX Elemental Mapping Images [17]. (a) TEM dark field image (b) Enlarged dark
field image (c) Enlarged bright field image.

Athermal Stress

The athermal stress for a particular metallic material is typically assumed to depend only on the
initial microstructure and to remain constant throughout the entire plastic deformation process, and is
therefore defined in most models as [16]:

0, = 01 + Og 4)

The flow stress in Eq. (3) is caused by the initial imperfections or impurities, and the flow stress
indicating size effects is caused by grain boundaries and twining boundaries, which together cause a
rise in stress. The Hall-Petch relationship can be used to directly represent the stress associated with
GBs because it occurs in all polycrystalline metals and alloys. For FCC metals, deformation twinning
has been seen during the plastic deformation process at high strain rates. Due of twining's low
temperature sensitivity, the stress connected to TBs was absorbed by the athermal stress. Furthermore,
it has been demonstrated that the stress brought on by TBs follows a pattern like the Hall-Petch effect.
As a result, the stress brought on by size effects is described as [17]:

Og = Kdd_l/z + K;L)\_l/z (5)

In Eq. (8), the microstructure coefficient denoted as Kg, linked to the Hall-Petch effect d, along
with the mean diameter of initial grains A, the mean boundary spacing between twins, and a
coefficient K, indicating the connection between material strength and twin spacing. But snagging all
four of these parameters directly shown in Figure 8.

The reciprocal of activation volume V=1 and grain size d~%/2 in FCC metals has been observed to
have a Hall-Petch-type relationship, or it varies linearly with grain size. Combining the thermal
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activation analysis for plastic flow rate and the pile-up model of dislocation can explain the grain size
dependency of the reciprocal of activation volume. Given that GBs and TBs both serve to restrict
dislocation motion, Lu and Dao et al. In Figure 9 generalized a Hall-Petch-type connection to show
V=1 how the activation volume's size depends on both the impacts of GBs and TBs as shown in Eq.

(5) [19]:
(V1 =Vyh) = Kgd V2 + KyA~1/2 (6)

where V, is the relationship between the intra-grain and intra-twin dislocation mechanisms and the
physical activation volume shown in Figure 10. The link between the activation volume and plastic
strain and the dislocation density, represented as Egs. (6) and (7) [19],

(V== Vo D~/p—Po (7
P =Po + Aa[1 — exp(—Kge) (8)

where p is the initial density of the dislocations that interact with long-range obstacles p, is the far-
field dynamic recovery coefficient shown in Figure 11 is a material constant related to the number of
these dislocations K, and is the density of the dislocations that interact with long-range barriers A,.

The above equations can be used to convert the athermal stress associated with the size effect into a
function of plastic strain, as shown in Eq. 8 [21].
os = A[1 — exp(—K,£)]"/? (9)

where A is a distinct stress metric that has no physical relevance in the real world.

(a) (b)
Figure 9. TEM EDX Elemental Mapping Images [18]. (2) Al mapping image (b) Mg mapping image
(c) Si mapping image.
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Figure 10. TEM EDX Elemental Mapping Images [18]. (a) Fe mapping image (b) Mn mapping image
(c) Cr mapping image.
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Figure 11. Representative True Stress versus True Strain Curves of Dynamic Uniaxial Compression
Test at Strain Rate 520 s, 3400 s** and 24000 s [20].
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Figure 12. True Stress versus True Strain Curves of Quasi-static Compression Tests at Strain Rate of
0.01s-1[22].

So far, the strain-dependent stress component that the size effect previously contributed to athermal
stress has replaced the challenging, expensive, and time-consuming microscopic characterization of
grain size and twin spacing with straightforward shown in Figure 12, affordable mechanical testing
and parameter fitting.

Thermally Activated Stress
An Arrhenius-type equation can be used to characterize the link between the shear strain rate and
thermal activation energy, as indicated in Eq. (10) [23].

¥ = Yoexp (522 (10)

The activation energy, AG(t) is Boltzmann constant, y shear strain rate, and reference shear strain
rate y, are all given in Eq. (10).

AG(T) = Gy [1 - (%:)p]q (11)

Within the parameters of Eq. (11), the thermally activated shear stress at any temperature Ty, and at
absolute zero Ty, which is intimately related with two shape constants 0 <p <1and 1 <q < 2,
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determines the structure of resistance to dislocation motion resulting from short-range barriers. In the
meantime, is a representation of the total energy required for dislocation motion is Gy. The shear
strain rate can be stated as by using Egs. (10) and (11).

p

~ ¥\/a
For the situation of uniaxial compression, Eq. (12) can be recast as by using the von Mises yield
criterion:
Y
Ya]) P
o = Gth{l - [ BT (In ) ]} (13)

In Eq. (13), g, is the reference strain rate €, and stand in for the thermally activated stress at any
temperature and at absolute zero, oy, and Gy, respectively. Also, and is a material constant 8 and
equal to k/Gq. The expression for the thermally activated tension at absolute zero is [24]:

O = Opeexp <0(Tln (f)) (14)
1

where the saturation of strain hardening is n, the reference strain rate is €, the reference thermal
stress is Gy, and the strain hardening exponent a is a material constant. The thermally activated stress
can therefore be represented as:

1
/
Oih = Omeexp <0(Tln( ){1 — [ BT ln ) /q]} ’ (15)

The parameters of the test temperature should also be changed since, when the strain rate exceeds
12 s, the adiabatic conditions that predominate during the plastic deformation of the specimens result
in a non-negligible increase in actual temperature. As a result, the estimated real temperature is [25]:

1 5de (16)

T+To+ 5o

the material's density p, which was determined to be 3.66 g/cm? for the ECAP technique AA5083
in the current investigation, C, is temperature-dependent specific heat capacity at constant volume, the
initial test temperature T,, This is quantifiable using conventional thermal analysis techniques, and
which can roughly be written as C, = 0.785 exp (T/3200)(320 K < T < 788), where is the plastic-
work-heat conversion coefficient, also known as the Taylor-Quinney factor, and is fixed at 1.2 for
aluminium alloys.

Final Constitutive Model

The following thermal-activation-based constitutive equation was created for the large-scale ECAP
approach AA5083 for dynamic deformation across a wide temperature range utilising Eqgs. (9), (15),
and (16).

1
6 = 0, + A[1 — exp(—K,£)]"/? + G exp<aT1n( >{1—[ BT ln )/]} ’ (17a)

€

T+To+ fy =

1 ode (17b)

The preceding one-dimensional equation can be directly extended to three dimensions by relating
the plastic strain and flow stress with the equivalent values of the strain or strain tensor, respectively.
This yields a three-dimensional constitutive model. The fundamental presumption is that the material
will act isotropically in all major directions.
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Figure 13. Determination of Parameters related to Athermal Stress [27].

Table 2. Input parameters that have been determined for use in current constitute model for ECAP
technique AA5083 [28]

Parameter Value Parameter Value

n 12 n 0.1129

p 3.66 g/cm?® £ 10.89 x 108 s-1
01 63.87 MPa € 1.2 x109 s-1
A 43.27 MPa o 1.2 x10-7
Ka 0.80 B 1.18 x 10-5
Cy 0.775exp(T/3200) J/g*k p 0.1292
B 575.92 MPa q 1.0

Parameter Determination

Overall, there are two groups that can be made up of all the variables in the established constitutive
equation. The parameters that are simple to learn from experiments or the literature; these parameters
include p, and Cy. Both parameters associated to the thermally activated stress (G, n, a, €1, B, €0, P, )
and those related to the athermal stress must (o4, A, K,) be found using nonlinear fitting. Determining
the parameters in category 2 is therefore the main focus of this section. Regarding the three athermal
stress parameters, as shown in Figure 13, they may be directly determined by applying a least-squares
method based on the findings of uniaxial compression using the ECAP technique AA5083 at a
temperature of 738 K and a strain rate of 0.01 s-1. The three parameters were established as follows:
0, = 63.87 MPa, A = 43.27 MPa, K, = 0.8. It is far more difficult to calculate the values of the
parameters related to the thermal stress using non-linear fitting to guarantee global optimality. So, a
MATLAB programme was created to calculate the parameters related to the thermal stress based on
the particle swarm Optimization algorithm, a commonly used global optimization technique [26].
Figure 7 displayed the exact steps of this technique. Table 2 contains a list of the parameters. The
results of the comparison between the experimental data of dynamic uniaxial compression at various
temperatures and strain rates and those predicted by the current model and Z-A model are depicted in
Figure 8 (a), (b), and (c). where the solid lines represent the experimental data and the solid and
hollow symbols represent the results of fitting the Z-A constitutive model of the material using the
PSO approach, as given in Eq. (18).

6 = 246.6 + 1577.8¢1/2exp(—0.0055T + 0.000167TIn) (18)

According to the graph, the established model performs better than the Z-A model in accurately
describing the dynamic plastic flow stress of the experimental materials over the whole range of test
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temperatures and strain rates. The stress at 12% plastic strain was projected using the present
constitutive model, which covers a wide range of temperatures 210 to 610 K and strain rates 120 s to
25200 s, as shown in Figure 13, to further illustrate the effect of strain rate and temperature on the
plastic flow stress. Both strain rate hardening and temperature softening effects are taken into account
by the current model. comparisons between the experimental data and the data generated by the
current model and the Z-A model. a three-dimensional representation of the proposed constitutive
model's capacity for prediction [29].

DISCUSSIONS
Microstructure and Grain Size Analysis

The alloy had coarse grains when it was first obtained. The microstructures demonstrated the
possibility of the creation of finely grained, microscopically homogenous structures in the presence of
substantial deformation. The measurement of grain size was conducted utilizing ImageJ software. The
first sample was received with a particle size of 148 um. After the first pass, the grain size decreased
to 105 um, the second pass to 68 um, and the third pass to 40 um. The process of grain refinement
was a result of the deformation induced by the Equal Channel Angular Pressing.

The longitudinal section showed an increase in grain sizes whereas the cross-section showed a
decrease in grain sizes. The tested samples' grains' lengthening and refining. Because the original
grains in the sample separated into smaller subgrain groups after the first trip through the channel, a
reduction in grain size was mostly observed after that. The first pass's dislocation augmentation speed
was much higher than its dislocation obliteration speed because of the multi-pass ECAP and the low
dislocation density. These types of material grains can essentially be purified. The grain was further
polished during the course of multiple passes due to the expansion of the dislocation density and
internal energy. After a few passes, the grain fineness gradually decreased due to the development of
recrystallization and crystalline recovery, both of which were induced by the internal energy
expansion [31]. For the various pressing routes, the specimen's grain refinement development process
was once again modified. Route C was also exceptional in terms of the accumulation and equilibration
of the dislocations. The analysis of the deformation and dislocation progression may very well
demonstrate that the ECAP process can be used to obtain materials with a nanostructure. The process
of refining grains can be described as consistently unique recrystallization and recovery. The grain
refining process, as seen from the perspective of a microstructure analysis, is to oversee the lively
evening beyond the age and the dislocations' deconstruction.

Electrochemical Behavior of AA5083

Aluminium develops a protective coating of AIOOH when it is exposed to water, but anodic
breakdown products (AIOHCI and AIOHCI,) appear when this passive layer is exposed to chloride
ions. These products are prone to dissolving in water, which promotes the passive film's anodic
disintegration. Figure 14 displays the polarisation curves of the ECAP and AA5083 samples in the
3.5% NaCl solution. Table 3 displays the data that Tafel's extrapolation method yielded from these
curves.

The curve and the data unmistakably demonstrate that, as compared to the as-received sample, the
corrosion resistance property (icorr value) of the ECAP rises with increasing passes. Regarding the
corrosion potential (E., value), there was no discernible pattern. In comparison to the ECAP
sample, the as-received sample had the greatest value (E.q.r), Which is explicable by the micrograph
shown in Figure 15. After each pass, this alloy's grain refining got finer. When grains are refined,
more sites are available for the corrosion to start. In two different ways, grain refinement increases the
potential for corrosion: (1) within the grain border, and (2) near the grain boundary. The outcomes
unmistakably show that an increase in corrosion rate in the aluminium alloy is likely to occur with
more ECAP passes as a result of improved grain structure. In the 3.8% NaCl solution, the Bode
magnitude and Bode phase are plotted, respectively. The Bode magnitude diagram shows two distinct
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regions. The Bode magnitude plot shows consistent values log|Z| vs. in the lower and higher
frequency log|F| portions, showing a reaction to the solution resistance. The middle-frequency spectra
showed a linear slope of around 1 in the wide (0.21200.0 Hz) range. This is a typical reaction to the
surface film's capacitive behaviour.

Table 3. The 3.8% NaCl Solution is the Consequence of Potentiodynamic Polarization [32].

107 106 105 104 103 102 10!
Logi (A per centimetre square)
Figure 14. The AA5083's Potentiodynamic Polarisation Curve in a 3.8% NaCl Solution [30].

Sample irare (A/CM?) Ecarr (V)
Annealed 1.2 x10°% -4.29 x 101
First pass 2.2 x10°% -5.55 x 101
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Figure 15. The AA5083 Electrochemical Impedance Spectroscope Curve in a 3.8% NaCl Solution is
Shown in [33].
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The phase angle 70° in the Bode phase plot of the initially received sample moved towards in the
intermediate frequency range. On the other hand, the phase angle steadily dropped throughout the
first, second, and third passes, approaching 30°. This indicates a surface diffusion that impacted the
solution resistance, leading to a subsequent decrease in corrosion resistance. The character of each
Nyquist plot in Figure 16 displays a pattern that is essentially the same for each sample. We can
therefore safely assume that the ECAP has no effect on the surface character. The Nyquist plots
revealed two distinct time constants: (1) a high-frequency one linked to a well-defined double-layer
constant phase element (Qq;), and (2) a low-frequency counterpart associated with a significantly
dissipated loop. In specific instances, an inductive loop characterized the behavior all around.

The same NaCl solution was used for these samples' EIS. The impact of grain refinement on
corrosion resistance was also discovered in this article. The parameters that were extracted from the
equivalent circuit were: solution resistance, charge transfer resistance, constant phase element,
inductance element, and electrical inductance, in that sequence. The capacitive area in HF/IF was
crucial to the establishment of a double layer capacitance at the surface of the Al alloy and the
solution interface as well as the charge transfer resistance. The inductive loop was required for the
production, adsorption, and desorption of corrosion products on the metal surface [35]. The pitting
corrosion's early stage is indicated. The Al alloy's polarization resistance and corrosion resistance
were inversely related. A few publications have discussed how variations in grain size caused by the
prolonged forced strain caused by the ECAP affect corrosion resistance, as referenced.

Scanning Electron Microscopic Study

SEM measurements were performed on the potentiodynamically polarized annealed and ECAP
samples in the 3.8 wt% NaCl solution. SEM micrographs in Figure 17 demonstrate plainly little
corrosion-related degradation, particularly during the three passes of the ECAP sample test. Figure 18
shows the development of relatively small, semi-circular pits spread throughout the surface of the
unaltered material. The ECAP approach led to an upsurge in pitting attacks. After three passes, a
much larger and deeper rectangular pit appeared. This attack took place at the point where the Al
lattice and particle interact.

80 .
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50, == Two passes

~@- Three passes

Z phase (degree)
\®]
e

L
o O
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'30 I T T T
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Figure 16. EIS Bode Angle Plot of the AA5083 in the 3.5% NaCl Solution [34].
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Figure 17. Raman Spectroscopy plot of the as-received AA5083 in Different Solution [36].

Figure 18. Under a Scanning Electron Microscope, the Corroded Surface of the AA5083 in 3.5%
NaCl Solution was Captured in Pictures for the ECAP Samples following the (b) First, (c) Second,

and (d) Third passes, as well as for the Annealed Samples (a) [37].

CONCLUSIONS

Utilizing thermal activation theory, a novel constitutive model was formulated to characterize the
dynamic plastic deformation of AA5083 during the ECAP process. This model takes into account the
interrelated effects of microstructure, temperature, and strain rate. The model's input parameters were
identified using the Particle Swarm Optimization method, relying on experimental data obtained from
uniaxial compression tests conducted on the experimental material across a broad range of
temperatures and strain rates. When the newly created model's anticipated flow stresses were
compared to the experimental findings, there was a good level of agreement. This illustrates that the
proposed constitutive relationships in this study have a high level of applicability in replicating the
dynamic plastic flow behavior of AA5083 during the ECAP process across temperatures ranging from
308 K to 588 K. The corrosion resistance of the ECAP samples revealed an opposite effect compared
to the as-received sample, due to the grain refinement observed from the first to third passes. After the
alloy was cryogenically processed using ECAP for two passes via route B, its original coarse grain
structure was replaced with a highly refined and uniform microstructure. As the pass number
increased, the microhardness of the alloy increased as well, peaking at 151 HV following cryogenic
treatment as a result of the formation of fine grains. As the pass number increased, the alloy's tensile
strength also saw a rise, albeit with a concurrent decrease in ductility attributed to the alloy's
hardening.

© STM Journals 2024. All Rights Reserved S110

*2}ISq3a/W\ |e1D1JO Sjeuanof 3dadx]

(waopield auluQ 4o) arsqam 124yiQ Auy uo uonedljgnd 1o ‘Suipeojdn ‘uonnguiisiqg 10} 10N



Galley Proof for Author's Review and Approval Only.

Journal of Polymer & Composites
Volume 12, Special Issue 1
ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print)

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Hosseini SA, Ranjbar K, Dehmolaei R, et al. Fabrication of AI5083 surface composites reinforced
by CNTs and cerium oxide nano particles via friction stir processing. J Alloys Compd
2015;622:725-33.

Dai Q-S, Deng Y-L, Tang J-G, et al. Deformation characteristics and strain-compensated
constitutive equation for AA5083 aluminum alloy under hot compression. Trans Nonferrous Met
Soc China 2019;29(11):2252-61.

Singh, Nagendra, and Manoj Kumar Agrawal. “Effect of ECAP process on deformability,
microstructure and conductivity of AA5083 under thermal effect.” MATEC Web of Conferences.
Vol. 392. EDP Sciences, 2024.

Segal V, Reznikov SV, Murching N, et al. Semi-continuous equal channel angular extrusion and
rolling of AA5083 and AZ31 alloys. Metals 2019;9(10):1035.

Huarte B, Luis CJ, Puertas I, et al. Optical and mechanical properties of an Al-Mg alloy
processed by ECAE. J Mater Process Technol 2005;162-163:317-26.

Singh, Nagendra, and Manoj Kumar Agrawal. “The effect of tooling design and properties of
materials on fracture and deformation through equal channel angular pressing technique.”
MATEC Web of Conferences. VVol. 392. EDP Sciences, 2024.

Fakhar N, Fereshteh-saniee F, Mahmudi R. Significant improvements in mechanical properties of
AA5083 aluminum alloy using dual equal channel lateral extrusion. Trans Nonferrous Met Soc
China 2016;26(12):3081-90.

Johnson GR, Cook WH. Fracture characteristics of three metals subjected to various strains, strain
rates, temperatures and pressures. Eng Fract Mech 1985;21(1):31-48.

Singh, Nagendra, et al. “Impact design of die parameters on Severe plastic deformation during
Equal channel angular pressing: An overview.” E3S Web of Conferences. Vol. 430. EDP
Sciences, 2023.

Zhu Y, Wu D, Zhao L, et al. A novel shock-induced multistage phase transformation and
underlying mechanism in textured Nano-Twinned Cu. Extreme Mech Lett 2021;48:101448.

Shi W, Lu S, Shen J, et al. ASB induced phase transformation in high oxygen doped commercial
purity Ti. Mater Sci Eng A 2022;830:142321.

Voyiadjis GZ, Abed FH. Microstructural based models for bcc and fcc metals with temperature
and strain rate dependency. Mech Mater 2005;37(2-3):355-78.

Follansbee PS, Kocks UF. A constitutive description of the deformation of copper based on the
use of the mechanical threshold stress as an internal state variable. Acta Metall 1988;36 (1):81—
93.

Singh, Nagendra, et al. “A review on impact route process on AA5083 of back pressure through
equal channel angular pressing.” Materials Today: Proceedings (2023).

Khan AS, Liu J. A deformation mechanism based crystal plasticity model of ultrafine-
grained/nanocrystalline FCC polycrystals. Int J Plast 2016;86:56—69.

Ibragimova O, Brahme A, Muhammad W, et al. A new ANN based crystal plasticity model for
FCC materials and its application to non-monotonic strain paths. Int J Plast 2021;144:103059.

Bai DN, Gao PF, Yan XG, et al. Intelligent forming technology: State-of-the-art review and
perspectives. J Adv Manuf Sci Technol 2021;1(3):2021008.

Xie Q, Zhu Z, Kang G. Thermal activation based constitutive model for high-temperature
dynamic deformation of AZ31B magnesium alloy. Mater Sci Eng A 2019;743:24-31.

Jin H, Gallerneault M, Segal VM, et al. Grain structure and texture in aluminium alloy AA5083
after equal angular channel extrusion, warm rolling and subsequent annealing. Mater Sci Technol
2011;27(4):789-92.

Shen J, Chen X, Hammond V, et al. The effect of rolling on the microstructure and compression
behavior of AA5083 subjected to large-scale ECAE. J Alloys Compd 2017;695:3589-97.

Zhang R, Steiner MA, Agnew SR, et al. Experiment-based modelling of grain boundary beta-
phase (Mg2AlI3) evolution during sensitisation of aluminium alloy AA5083. Sci Rep 2017;7(1):1-
14.

© STM Journals 2024. All Rights Reserved S111

*2}ISq3a/W\ |e1D1JO Sjeuanof 3dadx]

(waopield auluQ 4o) arsqam 124yiQ Auy uo uonedljgnd 1o ‘Suipeojdn ‘uonnguiisiqg 10} 10N



Galley Proof for Author's Review and Approval Only.

Dynamic Deformation and Microstructural Characteristics of AA5083 Singh et al.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Lucadamo G, Yang NYC, Marchi CS, et al. Microstructure characterization in cryomilled Al
5083. Mater Sci Eng A 2006;430 (1-2):230-41.

Suo T, Li Y, Zhao F, et al. Compressive behavior and rate controlling mechanisms of ultrafine
grained copper over wide temperature and strain rate ranges. Mech Mater 2013;61:1-10.

Singh, Nagendra, et al. “Advancement and Influence of Designing of ECAP on Deformation and
Microstructure Properties of the AA5083 under Thermal Effects.” International Journal on
Interactive Design and Manufacturing (1JIDeM) (2023): 1-109.

Meyers MA, Vo~ hringer O, Lubarda VA. The onset of twinning in metals: a constitutive
description. Acta Mater 2001;49 (19):4025-39.

Lu L, Dao M, Zhu T, et al. Size dependence of rate-controlling deformation mechanisms in
nanotwinned copper. Scr Mater 2009;60(12):1062-6.

Klepaczko JR, Chiem CY. On rate sensitivity of fcc metals, instantaneous rate sensitivity and rate
sensitivity of strain hardening. J Mech Phys Solids 1986;34(1):29-54.

Kocks UF, Argon AS, Ashby MF. Thermodynamics and Kinetics of slip. Prog Mater Sci
1975;19:1-281.

Yuan K, Guo W, Li D, et al. Influence of heat treatments on plastic flow of laser deposited
Inconel 718:Testing and microstructural based constitutive modeling. Int J Plast
2021;136:102865.

Kabirian F, Khan AS, Pandey A. Negative to positive strain rate sensitivity in 5xxx series
aluminum alloys: Experiment and constitutive modeling. Int J Plast 2014;55:232-46.

Moc ko W, Rodri’guez-Marti 'nez JA, Kowalewski ZL, et al. Compressive viscoplastic response
of 6082-T6 and 7075-T6 aluminium alloys under wide range of strain rate at room temperature:
Experiments and modelling. Strain 2012;48(6):498-509.

Kenndey J. The particle swarm: social adaptation of knowledge Proceedings of 1997 IEEE
International Conference on Evolutionary Computation (ICEC’97). p. 303-8.

Lin, Y.C.; Li, L.T.; Xia, Y.C.; Jiang, Y.Q. Hot deformation and processing map of a typical Al-
Zn—Mg-Cu alloy. J. Alloys Compd. 2013, 550, 438-445.

Maximov, J.T.; Duncheva, G.V.; Anchev, A.P. A new 3 Definite element model of the spherical
mandrelling process. Finite Elem. Anal. Des. 2014, 45, 1-14.

Singh, Nagendra, and Manoj Kumar Agrawal. “Mechanical characteristics and crystallographic
texture of AA5083 during Equal Channel Angular Pressing Technique.” E3S Web of
Conferences. VVol. 505. EDP Sciences, 2024.

Zhou, M.; Lin, Y.C.; Deng, J.; Jiang, Y.Q. Hot tensile deformation behaviors and constitutive
model of an Al-Zn—Mg-Cu alloy. Mater. Des. 2014, 59, 141-150.

Li, L.T.; Lin, Y.C.; Zhou, H.M.; Xia, Y.C.; Jiang, Y.Q. Modeling the high-temperature creep
behaviors of 7075 and 2124 aluminum alloys by continuum damage mechanics model. Comput.
Mater. Sci. 2013, 73, 72-78.

© STM Journals 2024. All Rights Reserved S112

*2}ISq3a/W\ |e1D1JO Sjeuanof 3dadx]

(waopield auluQ 4o) arsqam 124yiQ Auy uo uonedljgnd 1o ‘Suipeojdn ‘uonnguiisiqg 10} 10N



