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ABSTRACT: A metal forming technique called equal channel angular pressing is used to produce alloys
and metals with ultrafine grain and nanocrystalline structure. Using this method, grain refining to the nano
or submicron-scale is possible in materials with high strain super plasticity without affecting the size of the
workpiece. One of the greatest techniques for creating bulk materials with ultra-fine grains is equal channel
angular pressing. During this procedure, metal is continuously pushed through a channel die that has been
particularly made with intersecting channels at different angles. The material is pass through a die in this
procedure that has two channels that meet at a particular angle. Finer grains are formed as a result of the
material’s deformation when it passes through the die. The creation of ultra-fine grains is influenced by a
number of die design characteristics. The effects of processing route, corner angle, channel angle, and
number of passes in die design on grain refinement. After comparing the results of several parameters, it
was found that (90°) is the ideal channel angle for producing the maximum shear strain, and this strain
reduces as the channel angle increases. The die was designed and produced in the lab with ideal design
specifications, including a corner angle of (20°) and a channel angle of (90°). The mechanical
characteristics of AA5083 were examined both before and after the Equal Channel Angular Pressing
method. This study examines and analyses the mechanical behaviour of AA5083 that is treated through the
use of an ECAP die that has ideal design specifications. Pressing was done between 0 and 2 times when
using the (B) path. According to the results, the grain size decreased from 480 nm to 170 nm, and the
tensile strength increased from 225.8 MPa to 358.4 MPa after two ECAP runs.
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1. Introduction

Techniques for extreme plastic deformation include equal channel angular pressing, high-pressure
torsion straining, accumulative roll bonding, and multiaxial forging. The final technique is very intriguing
and promising because it replicates the procedure while preserving the workpiece’s initial cross-section,
possibly producing big samples with extremely small grain sizes [1]. The main characteristic that
distinguishes equal channel angular pressing from other techniques is that the deformation mostly takes
place in small regions, more precisely at the point where the two channels meet. As a result, within the
constrained deformation region, the changes in samples subjected to equal channel angular pressure are
extremely confined and consistent. According to Segal et al. [2], this process produces improved
mechanical properties, greater strain tolerance, and finer grain sizes, which give the processed materials a
variety of surface characteristics [3]. The quantitative impacts of the material’s strain hardening
characteristics, specifically the strain hardening coefficient (K) and the exponent (n) in Holloman’s law
[4], on strain uniformity and corner gap generation during the ECAP process were examined in this work
using finite element analysis. Different geometric angles are referred to as the channel angle (¢) and corner
angle (y) in standard ECAP language. This study aims to investigate the effect of the corner angle.
Equation (1) illustrates the effective theoretical strain (&) derived from the geometry by Iwahashi et al. [5].

ey = %[kot (g + %) + ycosec (% + %)] )

Figure 1 illustrates the equal channel angular pressing technique die used for sample passing. It features
a die with an angled interior channel and corner that shows the intersecting channels and the outside arc of
curvature. To fit into the die’s channel, the billet is either machined or loaded. A plunger is used to press
the billet through the die’s channel inside the die [6]. The purpose of this experiment is to determine the
ideal settings that produce the best outcomes in terms of strain uniformity. To achieve an unusually high
strain, the sample is repeatedly run through the die because the cross-sectional area stays constant. In order
to get the best results, the test is run over a range of values, from (90°) to (120°) for angle (¢) and from ()
equal to (0°), with an increment of (20°) for both angles. To attain improved refinement, the sample is
repeatedly run over the die’s pathway [7].

Prior research did not fully address stress and strain non-uniformity and instead relied on a two-
dimensional (2D) approximation of the planar strain condition. The information gained from 2D analysis
1s sometimes imprecise and incomplete, and it hasn’t been thoroughly examined with simulation programs
like ANSYS Workbench to determine the shear strain that the aluminum alloy material experiences, which
ultimately influences grain refinement.
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Figure 1. An outline of the ECAP procedure that shows the billet, die, corner angle, and channel angle.
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To meet pressing demands across a variety of industries, including automotive, aerospace, defense,
medical, and other branches of engineering and science, each industry seeks lightweight, highly durable
materials. This blend can be achieved through strong plastic deformation during grain refinement. Because
they may undergo significant plastic deformation to give the improved material characteristics required for
a range of applications, ultrafine and nanoscale materials have attracted a lot of attention recently. By fine-
tuning the grain size by strong plastic deformation, there are several ways to enhance the mechanical
characteristics and microstructure. The well-known Hall-Petch relationship [8] shows that specific alloys’
mechanical characteristics can be enhanced by grain refinement. Equation (2) provides the relationship
between yield stress and the material’s grain size (d).

1
o, =0( +kd?2 2

The terms (Gy) and (k) in Equation (2) stand for friction stress and yield constant, respectively. As
grains become smaller, the material becomes stronger due to this relationship, also known as grain-
boundary reinforcement or strengthening [9]. SPD approaches reduce the average grain size by shearing
the material very hard in the primary deformation zone. Although the specifics of each SPD method differ,
they all aim to achieve the same core goals, which are to reduce grain size and modify mechanical and other
qualities. ECAP was shown to be the most successful and efficient severe plastic deformation (SPD)
approach for meeting industrial needs after comparing other SPD techniques for grain refinement and
microstructure evolution [10]. The Equal Channel Angular Pressing (ECAP) technique involves pushing a
billet in the form of a rod through a die and into a channel that bends sharply at an angle. Shear strain is
mostly felt at the major deformation zone of the billet as it passes through the point where the two channel
sections intersect. High stresses can be produced by repeated pressings without changing the billet’s cross-
sectional dimensions. Segal further underlined how important the ECAP technique is for using simple shear
to process bulk-structured materials [11]. ECAP uses four primary processing routes, each of which pushes
using a distinct sliding mechanism. The microstructures created by ECAP differ significantly as a result of
these pathways. After thorough research into the ECAP method, it was discovered that bulk-nanostructured
materials undergo significant plastic deformation in the form of equiaxed grains [12].

When it comes to severe plastic deformation (SPD), ECAP is the most effective method of achieving
the material’s desired properties. The ECAP process is schematically mentioned in Figure 2, where the
material pressing is done with an ECAP die that has a particular corner (20°) and (90°) channel angle. In
this process, a plunger in the channel section converge at an angle called the channel angle in the die to
help drive the material through the die. The shear strain equation that was first developed using the ECAP
approach only took the channel angle into account. But later on, Iwahashi et al. [13] expanded and changed
this equation to include the corner angle as well as the channel angle. The homogeneity and equiaxed
structure that are produced when the material is processed using ECAP are greatly influenced by the die
design parameters. By experimenting with several combinations, the ideal die design parameters were
found. Finite element modeling and analysis were also used in some of the assessments. The material’s
deformation and strain caused by the ECAP processing were examined using computer models, which
resulted in the identification of ideal values for the channel and corner angles. The goal of this optimization
was to give the material a homogeneous and uniform microstructure [14].

Additionally, the simulation study found that uniform and homogeneous grain production requires
more than one pass. It has also been calculated that a certain amount of friction is required to achieve the
intended results [15]. It was shown that strain level and strain distribution homogeneity are increased by
raising the friction coefficient, decreasing the die channel angle, or providing back punch pressure in the
outlet channel [16]. According to Langdon’s research, materials that are single or polycrystalline can be
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treated with the ECAP approach. Furthermore, it was noted that of the four possible ways, the route (8,) is
the most desirable for generating a homogeneous and equiaxed microstructure [17].
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Figure 2. A schematic diagram that shows the material passing through the ECAP die and includes the corner and channel angles.

Processing Al alloy at temperatures as high as 120 °C improves its mechanical properties, according
to an experimental investigation done in conjunction with an ECAP simulation. But when processing
temperature rises above 120 °C, characteristics decrease. The study also observed a significant decrease in
grain size in AA5083 that was treated with ECAP. The findings showed a significant decrease in grain size
and distinct grain boundaries. Mechanical strength and hardness showed improvement with an increasing
number of passes [18]. With a focus on evaluating the effects of each pass, the study investigated the
mechanical and microstructural properties, including impact toughness, tensile strength, and hardness, of a
two-phase Al-Mg alloy that was processed using ECAP for up to two passes. The results showed that the
casted dendritic microstructure, including casting flaws like micro porosities, was eliminated as a result of
the ECAP procedure. Rather, it created a sophisticated microstructure with elongated microconstituents.
According to certain research, heat treatment can simultaneously improve strength and cause significant
plastic deformation [19]. Additionally, the number of passes in the ECAP processing was investigated in
the experimental research in relation to AA5083. Tensile strength and total elongation increased with the
number of passes, and these effects were further enhanced by heat treatment [20]. The reduction of grain
size and the study of the microstructure’s evolution made it easier to improve the mechanical properties.
The results confirm that low-angle grain boundaries were progressively converted into high-angle grain
boundaries by the grain subdivision mechanism, resulting in a significant improvement in the grain
structure [21]. It is often difficult to deform metallic materials at lower temperatures, and it has also been
observed that processing ECAP for materials at lower temperatures is difficult [22]. On annealed
magnesium alloy, ECAP processing was carried out to test different processing paths and iterations. It was
determined that route C produced superior outcomes versus route A. The results of the literature show that
AA5083 has been the subject of substantial research, involving several passes, changes in processing
temperature, and approaches that make use of particular die and channel angles. As such, it seems that there
is a dearth of experimental work examining the effects of different channel angles and the quantity of passes
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on AA5083. Therefore, the goal of the current investigation is to comprehend how the number of passes
and die angle impact the various mechanical properties of AA5083 [23].

2. Experimental Material and Method

AAS5083 is mostly utilized for forming wrought items. The content and chemical makeup of the
substance are shown in Table 1. Its composition is 97.70% aluminum, with 0.18% each of silicon and iron
coming next. The material was examined for a number of mechanical and physical characteristics, such as
its 75 GPa Young’s modulus, 0.38 Poisson’s ratio, 25.8 coefficient of linear expansion at 107® (°C) !, tensile
strength range of 50 to 120 MPa, and yield strength range of 25 to 115 MPa [24]. Tool Steel H13, a material
extensively used in hot and cold tooling applications due to its high strength and adaptability, is the die
material used. Its ability to tolerate heat fatigue is aided by its heated hardness. Tool Steel H13 has great
strength and resistance to thermal fatigue, two remarkable qualities that make it a popular choice for hot
work applications. It is also used in a variety of cold tooling applications. In terms of performance, H13
outperforms standard steel alloys in terms of wear resistance and hardenability, especially when solidifying
large section thicknesses [25]. The mechanical and physical characteristics of Tool Steel H13 are as follows:
a Poisson’s ratio between 0.38 and 0.32; tensile strength between 1250 and 1620 MPa; yield strength
between 1050 and 1430 MPa; and a density of 7.85 g/cc. The composition percentage information for Tool
Steel H13 is shown in Table 2.

Table 1. Chemical composition of AA5083 [26].

Element Si Fe Cu Mn Mg Zn Ti Cr Al
% Present 0.4 0.4 0.1 0.4-1.0 4.0-4.9 0.35 0.15 0.05-0.35 Balance

Table 2. Tool steel H13’s chemical makeup [27].

C MN Si Cr Mo \ Fe
0.4515 0.4515 1.3715 5.3815 1.3715 1.1315 90.4815

The mechanical properties and microstructure of materials processed with an ECAP die are greatly
influenced by the die design parameters [28]. The die design parameters have a major impact on the
microstructure and mechanical characteristics of materials treated with the ECAP die. The material
experiences its greatest shear strain when the channel angle is (90°) and the corner angle is (20°). However,
studies show that the corner angle should be close to (20°) for a more uniform pressing of the material. A
die with a channel angle of (90°) and a corner angle of (20°) was thus created after the optimal die design
parameters were chosen. The die’s external measurements, which are divided into two parts, are 140 mm x
100 mm % 40 mm. The workpiece is rotated by an angle (90°) in alternate directions between passes in
route (B,), while it is pushed without being turned in route A. Route C rotates the workpiece by an angle
(180°) in between passes, while Route (B) rotates the sample by an angle (90°) in the same direction for
each pass (clockwise or counterclockwise). The shear path of the billet as it repeatedly travels through
intersecting channels distinguishes the various paths. Figure 3 displays the constructed ECAP die with
channel angle (¢) and corner angle (), together with the placement of the processed sample within the
ECAP die’s principal deformation zone [29]. Figure 4 makes clear that the size of the grains in the materials
as received varies. The material’s average particle size upon receipt is 480 nm. Experimental billet samples
were manufactured from this material, which was obtained as a rod with a diameter of 10 mm and a length of
about 50 mm. One sample was left unpressed in each of the sample sets, while the remaining samples were
pressed once, twice, and three times, respectively, representing 0-2 ECAP passes. After being passed through
the die, the finished samples were manufactured with dimensions resembling a circular rod with a diameter
of 10 mm and a length of around 50 mm. Figure 5 exhibits the samples that have completed varied numbers
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of passes through the ECAP die, ranging from 0 to 2 passes utilizing the (B.) method. Figure 5 shows the
samples after undergoing tensile fracture inspection on a Universal Testing Machine (UTM).

Route A
Route By

Route B¢

Route C

Figure 3. Procedure for the different process of the ECAP method.
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Figure 4. Workflow from receiving raw material to final result.
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Figure 5. Cutting procedure of ECAPed samples.

Sample preparation procedure: This chapter describes the methodologies used. Multiple setups are
presented in Figure 4, along with a flow chart. The figure summarizes the entire procedure step by step,
from receipt of raw material to final results, including the methods, tests, sample preparation, and outcomes.
Lubrication conditions during ECAP, Dry Condition: No lubricant; causes high friction and requires higher
pressing force. Solid Lubrication: Uses graphite, MoS2, or boron nitride; suitable for high-temperature
ECAP and reduces tool wear. Liquid Lubrication: Uses mineral oils, synthetic oils, or grease; commonly
used at room temperature to reduce friction and improve surface finish. High-Temperature Lubrication:
Uses glass-based or ceramic lubricants; prevents sticking and maintains lubrication at elevated temperatures.

Sever Plastic deformation is a techniques which proved the strength of the materials through the Ultra-
fine Grains, UFG means average grain size. These grains are achieved by the Equal Channel Angular
pressing method. ECAPed samples are prepared by receiving material in the form of a billet through
machining. The dimension was 10 mm in diameter and 50 mm in length. After the ECAP process, samples
were cut by the Diamond Cutter at a low feed rate and then cooled. This cutting is performed in a systematic
way, as shown in Figure 5.

The image above shows that two types of processes were performed: one at the microstructural level
and another on mechanical properties. In both cases samples are prepared by different-different ways.
Microstructural analysis was performed using optical microscopy to observe the evolution of grain structure,
and optical samples were prepared through different stages; the final-stage sample surface appeared as a
mirror image. Mechanical properties find out through the tensile testing and Hardness testing, tensile testing
was performed through the computer based tensile machines. And tensile samples were prepared according
to ASTM Standard (American Society for Testing and Materials).

3. Finite Element Analysis for Die Design

3.1. Simulation Procedure for Die Design

Using the commercial program Ansys Workbench 15.0 and the Finite Element Method (FEM), the
ECAP approach was assessed. When building the model, a plane strain condition was taken into account.
The die and the ram as hard, analytical bodies. Low pressing speeds are found to satisfy the isothermal
requirement, as indicated by both theoretical and experimental data. In the software simulations, the
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aluminum alloy AA5083 was used as the billet material and was assumed to exhibit elastic-plastic behavior
[30]. Convergence to a stable solution is a primary issue in this kind of computer research, mainly because
of solid nonlinearities caused by friction, deformations, and contact. In order to minimize computation time
and prevent mesh failure during the analysis of large deformations, mass scaling was used in the simulations
(Table 3).

Table 3. Simulation parameters.

Billet Billet Die Punch
. Die Length Die Height Time Temperatu Friction Die Channel Corner
Parameter Length Diameter  Breadth Speed
(mm) (mm) Increment (s) re (°C) Factor Angle Angle
(mm) (mm) (mm) (mm/s)
Value 50 10 100 140 40 1.2 0.3 25 0.28 90, and 120 20

3.2. Modeling of Die and Ram

Using exact measurements and computations, SOLIDWORKSs software version 2017 was used to
create and model the die, billet, plunger, or ram. All measurements were constantly kept in millimeters.
The die is designed in two parts in SOLIDWORKS software: the upper die and the bottom die. After that,
these components are put together to form a complete die with the right channel for passing the sample or
billet through [31]. Two cylindrical pins and six Allen screws are used to join the die’s upper and lower
sections. The cylindrical pins are 8 mm in diameter, and the Allen screws are 25 mm in diameter. Tool
Steel H13 is the material used for the die, and some parameters are indicated by the (d) = 900) and
((1) = 1200). It is expected that the die’s (y) value is equal to (20°). The output channel measured 140 mm
in length, while the inlet channel measured 60 mm. When the billet was designed, its measurements were
50 mm in length and 10 mm in diameter [32]. As shown in Figure 6, AA5083 material was used for the
passing sample, and to make the billet, and Tool steel H13 was selected to build the die. Table 4 represents
the processing parameters of Meshing for Material.

Table 4. Processing parameters of Meshing for Material, Properties, Statistics.

Material
Assignment AAS5083 H 13 Steel
Bounding Box
Length of X-Axes 2.5cm 22.5cm
Length of Y-Axes 2.5cm 5.5cm
Length of Z-Axes 8.5 cm 16.5 cm
Properties
Volume 27.144 cm® 0.0018282 x 108 cm®
Mass 6.8788 x 102 kg 14.389 kg
Centroid of X-Axes 0.3732 cm 4.228 cm
Centroid of Y-Axes 16.557 cm 13.219 cm
Centroid of Z-Axes 30.252 cm 17.835 cm
1st Moment of Inertia 0.38787 kg-cm? 315.70 kg-cm?
2nd Moment of Inertia 0.38787 kg-cm? 834.19 kg-cm?
3rd Moment of Inertia 0.034576 kg-cm? 571.79 kg-cm?
Statistics
Nodes 6314 38,768
Elements 1306 22,881

Mesh Metric None
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3.3. Meshing Method

In order to speed up the simulation process, the model is divided into many smaller components in a
crucial phase called meshing in computer-aided engineering simulations. To provide precise and error-free
results, the simulation is run separately on each of these smaller components. The method affects the
solution’s accuracy, convergence, and speed [33]. Furthermore, the time needed to build and mesh the
model frequently makes up a sizable chunk of the total time required to get results from a CAE solution.
Depending on the structure that has to be meshing, Ansys Workbench gives users the freedom to select
from a variety of meshing options, such as sweep meshing or automatic meshing. Ansys Workbench’s
meshing technologies allow users to precisely place the right mesh in the right places once the ideal model
has been determined. This ensures that the simulation accurately validates the model. The default setting
for the particle sizes was coarse, although they were thought to be fine [34]. An automatic meshing
technique was used for the die and all other equipment used in the analysis. The relevance center and span
angle center were set to fine, and the element sizes in the meshing process varied from 2 to 5 mm.

The tool steel used to make the die was H-13, which has a carbon content of about 0.8%. Figure 6a shows
the ECAP die schematic in an exploded form, and Figure 6b shows the die assembly. Figure 6¢ which supports
the length of the sample, are both made of H-13 tool steel, the same material used to produce the die.

() (b) (©)

Figure 6. Meshed parts of the die with a different view. (a) Meshed part view one, (b) Meshed part view two, (¢) Meshed part
view three.

After the mesh has been created, the die has been separated into 23,881 elements and the billet into
1306 elements. For the die with a channel angle of ¢, this particular element count was calculated using an
element size of 4 mm. Without changing the overall number of parts, it seems that this amount is adequate
for utilizing Ansys Workbench to estimate the workpiece’s deformation and strain rate [35]. Table 2
indicates that the meshed die and a cross-sectional view displaying the internal meshed section of the die
are depicted in Figure 7a,b.
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(a) Exploded view (b) Top view of part of die
Figure 7. (a) View of an explosion. (b) A top view of a die component.

3.4. Strain Imposed of ECAP Technique

The material undergoes an abrupt shear strain each time it passes through an ECAP die [36]. The strain
levels can be computed using a theoretical model based on numerous die designs. The channel angle in this
computation is denoted by (¢) and the corner angle, denoted by (y) is related to the matching arc of
curvature at the channel intersection. The following limiting instances can be explored for this analysis: (a)
(y=0°), (b) (y =7 - ¢), and (c) (v) lies between (y = 0°) and (v =7 - ¢). Since it is anticipated that the
dies will be manufactured accurately and the component will be properly lubricated, frictional losses can
be ignored in the aforementioned situations [37].

Here, for analytical purposes, shear at the junction of the two channels deforms a little square piece
with measurements (p), (q), (r), and (s) into the shape given by (p!), (q!), (), (s)), Case (a) (y = 0°),
Shear tension on the workpiece (y) is given by (y= p'b/bs') where (qd1 =ad) and by geometry

(ab = bslcot(¢/2)) , SO
pq! =sr' =pla=ab=rpscot($/2) 3)

and as (p'b=p'a+ ab).
Therefore p'b = pscot(¢/2)
If (y = 0°), then shear strain (y) will be (Figure 6a) [38].

st

Case (b) (v == - ¢), for this case, shear strain (y) is given by
(y=rr'/rq")
{rq" = sp = (op - 0s)}
And
{pq' =sr! = opy = (rr' = osy)} “

So {rr! = (op - 0s)y}
When (y =7 - ¢), then shear strain (y) will be (Figure 6b) (y =) [39].
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In this case (c¢) (y) lie between (y = 0°) and (y =7 - ¢), so for this case, shear strain (y) will be given
by (y=p'u/s'u) where (s'lu=ps) and from the geometry {p'u=(p't+tu)=_r'+pc)},
{pc = pscot(¢/2+y/2)}

here {pq' =sr! = (pc + ocy) = (rr! + osy)}

{(oc - 0s) = pscosec(dp/2+y/2)}.

And now (rr!) is given by {rr! = pc + pscosec(¢p/2+vy/2)}

Therefore

{p'b = 2pscot(¢/2+y/2) + psycosec(d/2+y/2)} (5)
So shear strain {y} is given by
{y = 2cot(¢/2+y/2) + ycosec(§/2+y/2)} (6)

Now the equivalent strain (gy) is given by

1
2 2 2 2
ny + sz + sz]

2,242
2[8X+8y+ez+ 3

N = 3 (7
Therefore, Figure 6¢ shows the corresponding strain following the N cycle [40].
¢,V ¢,V
2cot(x + %) +ycosec|5 + 5
N (2 2) 3 (2 2) ®)

3.5. Impact of Coefficient of Friction

The homogeneity of the microstructure and the loading rate are highly dependent on the friction
between the sample and the workpiece. According to F. Djavanroodi’s research, a high coefficient of
friction can remove the corner gap that forms at the intersection of the channels. But there’s another benefit
to this strategy: a faster loading rate [41]. After examining the impacts of friction, Atul Dayal concluded
that friction significantly affects softer materials but has little effect on the homogeneity of hard materials.
Higher friction produces a more uniform structure in softer materials.

4. Experimental Results and Discussions

The main focus of this research is the effects of parameters like (¢), (v), (u), (¢), punch load. Using
analytical observations, graphs, and comparisons of the analytical results, we will evaluate and contrast
each of these parameters. Phase-by-phase results are evaluated at two distinct channel angles (90°) and
(120°), where the corner angle is equal to (0°). The outcomes will be examined for the two frictional
situations, i.e., for (u=0) and (u = 0.28). The distorted geometry can distinguish the two different loading
phases of the ECAP process. The findings show that different (¢) values correspond to varied ram
displacement during the deformation stages. The leading edge of the workpiece experiences considerable
distortion in the major deformation zone during the first stage of workpiece development. The majority of
the deformation happens here [42]. Phase I is represented by the deformation of the geometry for (¢ = 90°)
with a displacement of 12 mm. Both the volume of workpiece deformation and internal tensions noticeably
increase during Stage 1. At this point, the applied force also increases proportionately, which is explained
by the first deformation of the initially undisturbed workpiece. After Stage I, the workpiece’s top portion
reaches the Main Deformation Zone (MDZ) after the loading point during Stage II. The workpiece’s rear
section experiences the most plastic deformation in Stage I and is discharged past the peak point until the
distortion stabilizes. This leads to a decrease in the load during Stage II. The findings showed that, for a
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given value of (¢ =90°), phase II does not occur [43]. When contact is achieved between the workpiece
and the die’s channel, Stage III gets started. The strain on the die in the first stage is comparatively less for
a large die because of the less important rounded interior corner angle. On the other hand, for stages II and
I11, the burden rises as () rises, which is explained by the variability in big (y) cases. The observation
revealed that the load overshoot is a recurrent load brought on by strain concentration at the back of the
workpiece segment rather than being indicative of the entire workpiece.

4.1. Impact of Channel Angle and Friction

In the frictionless case, the effective strain in the workpiece after it goes through the die is equal to (¢),
(6 =90°), and (¢ = 120°). The figure and graph show the distribution of strain across the cross-section that
was taken at the midpoint of the workpiece. It illustrates how strain is applied consistently throughout the
ECAP process at a certain point. This point-to-point strain distribution can be averaged to provide the mean
value of the strain imparted to the workpiece during the ECAP process [44]. Two curves corresponding to
the corner and channel angles can be seen during the simulation. The result of billet twisting during
deformation is frequently these angles. At the die corner, the expansions in (¢) and (y) were joined under
frictionless conditions. The higher resistance to frictional forces at the billet surface is responsible for the
elimination of the corner hole when friction is considered. The drag acts as a rear weight, drawing material
through the die. The non-uniform closures of the billet at (¢) bigger than (¢ = 90°) are slightly altered by
friction. As predicted by the experimental results, the data below show that the case of (¢ =90°)
experienced the most strain and deformation, whereas the case of (¢ = 120°) experienced the smallest strain
and distortion [45]. The strain is highest on the curve and is larger when (¢) is equal to (90°) than (120°),
according to the graphs in Figure 7a,b. The total deformation and corresponding elastic strain for different
channel angles (90°, 120°) are displayed in the data below, along with graphs that illustrate how the strain
changes over time.

4.2. Impact of Punch Load

The change in load estimation with (y), (¢) and (n) was looked at in this section of the results. The
necessary load to expel the billet under frictionless and frictional (n = 0.28) circumstances for different
channel angles, (90°) and (120°) with a corner angle of (20°). As the workpiece travels, the punch
pressure is increased until the workpiece experiences shear strain. From the point of maximum strain or
load, the applied force gradually reduces and continues at a very slow rate until the procedure is completed
[46]. Because the material may flow freely along the die path, increasing the channel angle reduces the
required load to punch the billet in both friction and frictionless situations. In the frictional situation, the
results show that the applied load increases dramatically for several passes as the frictional coefficient
increases (n =0 to p = 0.28). This happens as a result of frictional resistance acting against the direction of
motion of the surface. To reduce the applied load and increase the die’s lifespan, it is preferable to avoid
using a high coefficient of friction during the ECAP process [47]. At a certain position, the greatest punch
burden needed to produce a 36.3 kN. On the other hand, a channel angle equal to (90°) and punch loads of
28.6 kN and 15.8 kN are needed for channel angles (104.5°) and (119.6°), respectively. Because the
applied loads in the two situations were of different magnitudes, the results of the frictionless example
showed that the workpiece was under distinct strains. Less angles mean a larger necessary load, which
raises the magnitude of the strain and causes more deformation.

4.3. Impact of ECAP Pressing on Stress—Strain Behaviour

The Universal Testing Machine (TUF-C-1000) S.M. Engineer, Pune, Maharashtra was used in the lab
to create and test samples of different sorts (without a pass, one pass, and two passes) using Equal Channel
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Angular Pressing material processing. The sample’s dimensions are roughly 10 mm in diameter and 78.53
mm? in cross-section. It has a 25 mm gauge length at first [48]. Figure 7 SEM micrograph of as-received
materials for samples with 02 ECAP processing runs. According to the graph, the first part of the curve in
the material as received exhibits a nearly linear relationship, culminating at roughly 263 MPa of stress and
0.0082 of strain. After the first pass, the corresponding values were 313 MPa and 0.0087; after the second
pass, the values were 341 MPa and 0.0064. Following the third pass, the readings climbed somewhat to
352 MPa and 0.0061, respectively. The material’s reduced grain size in each ECAP-processed sample may
be the cause of the increase in tensile strength that was seen. Furthermore, the decrease in particle size may
also be responsible for the decrease in elongation following each ECAP processing [49]. If the reduction in
grain size results in decreased elongation and increased tensile strength, then the deformed material
complies with the Hall-Patch equation. A similar pattern of improved tensile strength and decreased

elongation has also been documented in several experiments on AA5083 treated with ECAP [50].

4.4. Impact of ECAP Pressing on Tensile Strength

The material’s essential tensile strength was assessed using the TUF-C-1000 model Universal Testing
Machine in compliance with IS: 1608-2005 (RA 2017)/IS 1586—1:2018 methodology. A treated rod that
was around 10 mm in diameter and 50 mm long was used to create the specimens. The specimens measured
50 mm in gauge length and 10 mm in diameter [51]. One sample was made with one pass, another with two
passes, and a third with no passes at all. Figure 8 single pass and double pass ECAP processing specimen
via ECAP. Tensile strength increased dramatically from 228.4 to 332.4 MPa after the first pass, which was
explained by the material’s grain consolidation and considerable shear strain. Due mostly to the continuous
grain refinement, there was a slight increase to 356.2 MPa following the second run and a slight increase
to 321.2 MPa following the third pass. The trends detected in the results were similar to those seen in
previous research [52]. Experiments were conducted to validate these results, and the results showed that
AAS5083’s tensile strength increased significantly after four (90°) channel die passes, from 196 to 360 MPa.

(%)
q r
o
p S p b
L Vs
P’/,a/
=0
(a)

Figure 8. (a) Case (a) when (y = 0°). (b) Case (b) when (w == - ¢). (¢) Case (c) when (y) lie between (y = 0°) and (v =7 - ¢).

4.5. Impact of ECAP Passes on 0.3% Proof Stress

Appearance of actual specimens; (a) Specimen before tensile test, and (b) Specimen after tensile test
shown in Figure 9. The trend in the material’s tensile strength is largely reflected in this graph. For the 0.3%
proof stress, similar trends were observed in the experimental material. In the same location, the 0.3% proof
stress increased dramatically from 268.4 to 349.2 MPa after only one ECAP pass [53]. Due to further grain
consolidation and refinement, there was a minor increase to 347.2 MPa after two ECAP runs, and a
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significant increase to 349.2 MPa after three ECAP passes, as shown in Figure 10. These results show a
similar trend and are consistent with earlier research findings [54].

646.6 nm) " 785.4 nm

528.6/nm

638:7,nm

27674 nm

Figure 9. SEM micrograph of as-received materials.
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Figure 10. Relation between stress and strain curve for tensile test.

4.6. ECAP with an Impact on Elongation and Ductility

Figure 11 shows the relation between stress and strain curve for tensile test. Ductility was observed to
have drastically decreased from 16.20 to 14.20 after only one ECAP pass [55]. Grain processing in the die’s
main deformation zone, which causes material consolidation and the removal of empty space, is responsible
for the reduction shown in Figure 12. After the second ECAP pass, ductility was further shown to decline
progressively with each pass, reaching a minimum value of 12.40 after the third pass. Previous research
indicates that after four or more passes, ductility either remains unchanged or significantly decreases. The
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elongation percentage decrease was corroborated by earlier research using AA5083 samples, which showed
a 34% decrease in elongation after two runs of ECAP with channel angle. These outcomes strongly concur
with those of earlier studies [56].

Figure 11. Single pass and double pass ECAP processing specimen. (a) Single Pass; (b) Double Pass.

Variation of Tensile Strength with ECAP passes
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Figure 12. Comparative graph displaying the change in tensile strength following each ECAP pass.

4.7. Grain Size Effects of ECAP Passes

After adjusting the number of ECAP passes, the trend in the treated AA5083 material’s average grain
size is displayed in Figure 13. Several test samples were created, and micrographs were analyzed at room
temperature 28 °C in order to ascertain the average grain size [57]. As-received material was used to prepare
one sample, which underwent no pass processing; one and two passes were applied to the remaining
samples, respectively. Based on the optical microstructure, the average grain size was determined using the
line intercept method. It is clear from Figure 13 that following the initial two ECAP processing rounds, the
grain size dramatically shrank. After two passes, the grain size decreased to about 175 nm from its initial
measurement of 485 nm without any passes or zero passes [58]. The material in the primary deformation
zone is subjected to severe shear strain, which is responsible for the reduction in grain size. During the first
pass of ECAP, this strain significantly reduces the average grain size; subsequent passes provide a relatively
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lower reduction. With each subsequent pass, more power is needed to reduce the average grain size even
further, as mentioned in Figure 14. Grain size decreases as a result of passing the material via the channel
angle of 90°, according to experimental verification. After four passes, the data showed a significant
decrease of up to 235 nm, which amply validates our experimental findings [59].

Figure 13. Appearance of actual specimens: (a) Specimen before tensile test, and (b) Specimen after tensile test.

Variation of 0.3% Proof Stress with ECAP passes
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Figure 14. A comparative graph that displays the variation in proof stress following each ECAP pass.

4.8. Impact of ECAP Passes on Hardness

The tested ECAP treated material, AAS083, was measured for hardness using a hardness testing
machine at a room temperature of approximately 27 °C. The hardness findings of the sample processed
with the ECAP die are shown in Figure 12. The HRB representation of the hardness value rose with each
successive ECAP pass [60]. After one pass, there is a noticeable rise in hardness, there is still an increase,
but the increments in hardness values are a little bit lower. The difficulty of combining the grains with each
pass, which results in more consolidation of the grains with each subsequent pass, may be the cause of the
variance in hardness in Figure 15. After two passes, the numerical hardness value rose from 39.60 HRB
without any passes to 46.20 HRB. After two passes, the hardness of AA5083 increased from 48 BHN to 70
BHN based on similar patterns that were seen. This attests to a regular pattern in the material’s enhanced
hardness after several cycles through ECAP [61] (Figure 16 and 17).
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Figure 15. A comparative graph demonstrating the variance in elongation (ductility) following each ECAP pass.
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Figure 16. A comparison graph of the average grain size following 0 to 2 ECAP passes.
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Figure 17.

A comparative graph showing the hardness change following each ECAP pass.
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5. Conclusions

The effect of deformation and strain on the material under both frictional and frictionless conditions as
it goes through a die with different channel angles. Using a ram, the punch load is applied to the AA5083
material workpiece, enabling it to pass through the Tool Steel H13 die, which is substantially stronger than
AAS5083. Within the die’s dimensional constraints, strain and deformation in the material were computed
for (90°) and (20°) channel angles, as well as a corner angle equal to (20°), taking into account both friction
and frictionless conditions. Out of all the angles, the combination of the corner angle (20°) and channel
angle (90°) produces better outcomes than any other angle. As the channel angle reduces, the billet becomes
more homogeneous. A die channel angle that is not quite (90°) has resulted in a more even distribution of
strain. The corner angle has little bearing on the distribution of strain, but it is essential to close the corner
gap and make sure that material flows smoothly through the main deformation zone. The corresponding
plastic strain and deformation are directly influenced by variations in the corner and channel angles. The
material flows through the die more smoothly as the channel angle increases. Applying friction to the path
causes the applied punch load to increase as well. The assumptions in the analytical model account for the
discrepancy between analytical and numerical data. After the system was run through zero to two times,
more conclusions were drawn. After two ECAP runs, the tensile strength increased dramatically from 225.8
to 358.4 MPa. The stress-strain graph demonstrates that even while the elongation slightly drops with each
pass, the tensile strength increases. The elongation was 16.20 prior to any passes, and it was 12.40 after the
third run through the ECAP die. The UFG structure’s homogenous and equiaxed grains complied with
ASTM rule 8-9. In addition, after zero to two passes, the average particle size dropped from 480 to 170
nm. Concurrently, the number of ECAP passes increased from 0 to 2, and the hardness increased from
39.60 to 46.20 HRB.
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