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Abstract: The main aim of the current work is to investi-
gate the effect of equal channel angular pressing (ECAP)
processing parameters, namely, number of passes, ECAP
die angle, route type, and processing temperature on the
mechanical and electrical properties of pure copper (Cu).
The finite element method was used to simulate the
homogeneity of stress and plastic strain distribution during
ECAPprocessing.The response surfacemethodology (RSM)
was used to identify the optimum ECAP processing para-
meters by analyzing the impact of ECAP conditions on
responses. A second-order regression model and analysis
of variance were created to analyze the ECAP condition of
optimum responses. A genetic algorithm (GA) was also
applied to optimize the ECAP condition. Finally, a hybrid
RSM–GA was created to improve the optimization of ECAP
responses and corresponding conditions evaluated using
GA. The developed models were validated and compared

with the experimental findings to prove that they are reli-
able as predictive tools. The optimization findings revealed
that route Bcwasmore effective in improving the hardness,
yield stress, ductility, and impact energy whereas route
A was more effective in improving the ultimate tensile
strength and the electrical conductivity of the Cu billets.
Furthermore, the optimum die angle, number of passes,
and processing temperature for the mechanical and elec-
trical properties were also identified individually.

Keywords: severeplasticdeformation,equalchannelangular
pressing, finite element method, response surface metho-
dology, optimization

1 Introduction

Due to their high conductivity, corrosion resistance [1–3],
high formability, and relatively elevated strength [4],
copper (Cu) and Cu alloys are strongly nominated in a
huge diverse of industrial applications such as automo-
bile industries, transportation industries [1,4], electronic
and electric industries [1,3–5], and structural applica-
tions [4,6]. In addition, the grain refining up to the ultra-
fine-grained (UFG) level or nano-sized (NS) level through
severe plastic deformation (SPD) techniques produces
superior Cu that possesses outstanding strength and duc-
tility [7–11]. SPD techniques have the potential to refine
both the pure and alloys of Cu to improve both the
mechanical, electrochemical and physical properties [12–15].

Many SPD techniques are available now such as
equal channel angular pressing (ECAP) [16–20], high
pressure torsion [21–24], accumulative rolling bonding
[25], twist extrusion [26] and multi-channel spiral twist
extrusion [27–30]. Among the different SPD techniques,
ECAP is the most effective technique in producing the
UFG and NS materials [31–34] as well as improving the
ductility [6,18]. As a result of its ability on forming large-
scale samples compared to the SPD counterparts, ECAP is
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a promising candidate for further development of dif-
ferent industrial applications [35]. ECAP die consists of
two channels with the same cross-section intersecting at
a channel angle Φ, and with an angle of curvature, Ψ.
The channel die angle has a significant effect on the shear
strain imposed on the processed materials [6]. In addi-
tion, the ECAP processing route type also has a signifi-
cant effect on both the microstructural evolution and
mechanical properties of the ECAPed billets [15]. The
common ECAP route types are A, Bc, and C. The pro-
cessed sample is not rotated at all between the subse-
quent passes, whereas in routes Bc and C, the sample is
rotated 90° and 180°, respectively, between subsequent
passes [15]. The equivalent strain (εeq) during ECAP pro-
cessing in terms of the number of passes (n) can be cal-
culated from equation (1) [17].
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The development of functional outcomes in mathe-
matical forms becomes a crucial requirement in now-a-days’
digital database era [36–38]. Prior research investigations
used the response surface methodology (RSM) to optimize
ECAP processing parameters of the commercial pure Cu.
The processes can be created, altered, and optimized using
RSM, an empirical collection of mathematical and statis-
tical tools. With a set of efficient parameters based on their
individual and combined effects, RSM blends real and
simulated responses efficiency behavior [39]. The finite
element method (FEM) was used by Daryadel [40] to
model the ECAP process on the aluminum alloy AA7075
with Cu casing. The maximum necessary force and strain
were examined using RSM in relation to the four ECAP
parameters of channel angle, corner angle, friction coeffi-
cient, and casing thickness. By contrasting the experi-
mental and simulation data, the predicted outcomes were
confirmed. Analysis of variance (ANOVA) is used to
illustrate the regression models for calculating the max-
imum forming force and strain. According to the author,
channel angle has the greatest impact on the resultant
force. Similar to how channel and corner angle affected
strain, Cu thickness and friction coefficient had no dis-
cernible impact on the strain. Finally, for channel angle,
corner angle, friction coefficient, and casing thickness,
respectively, the estimated optimal ECAP conditions for
decreasing the maximum forming force and increasing
the strain were 93.64°, 0°, 0.001°, and 1.62mm. In order
to improve the mechanical properties, the ECAP technique
was utilized after cold compacting and hot extruding the
recycled billets of aluminum alloy AA6061 chip, according
to Abbas et al.’s [41] investigation. Surface roughness and

metal removal rate were measured as performance factors
for the ECAP process under varied cutting parameters and
the number of passes. The authors concluded that the
parameter feed had the greatest impact on the generated
surface roughness. The optimal multi-objective value of
the generated surface and the metal removal rate were
also obtained using the method of the desirability func-
tion. The lowest value of surface roughness and the
highest rate of metal removal were achieved with the
following cutting parameters: 195m·min−1 cutting velocity,
0.073mm·rev−1, 0.4mm cut depth, and 3 passes of the
ECAP process.

For modeling and optimization under RSM, central
composite design (CCD) is used. CCD, desire function (DF),
and genetic algorithm (GA) can be utilized to improve any
process’ reaction performance without creating localized
uncertainty at the optimum location [39]. GA is used to
optimize the RSM without introducing localized optimum
point uncertainty. Science and engineering have employed
GA as an intelligent and successful technique for sol-
ving real-world optimization problems in a cost-effec-
tive approach. In each individual, the GA generates
an optimization algorithm and a random number of
generations, whereas the conventional convention algo-
rithm generates only a single point and uses a determi-
nistic rule to determine the next generation. Every gen-
eration evaluates each person’s fitness function. The GA
employs criteria to establish a global minimum fitness
function value and guarantees convergence of the out-
come [42,43].

To improve the process condition, many researchers
have employed hybrid RSM–GA. Deshwal et al. [44]
employed a statistical method outfitted with a variety
of hybrid static tools to study the tensile strength of a
poly lactic acid (PLA)-generated item produced by 3D
printing technology known as fused deposition modeling
(FDM). A study was done to determine how the infill
density, temperature, and speed of the FDM process
affected the maximum tensile strength. Hybrid optimiza-
tion techniques including genetic algorithm–artificial neural
network (GA–ANN), GA–RSM, and genetic algorithm–a-
daptive neuro-fuzzy interface system (GA-ANFIS) are
used to optimize the parameters of the FDM process.
The percentage accuracy of GA–ANN, GA–RSM, and
GA–ANFIS, respectively, is 99.89, 99.3, and 99.55%,
according to the author’s analysis. Additionally, the
GA–ANN method yielded PLA with a maximum tensile
strength of 47.0212 MPa at optimal conditions of 100%
infill density, 210°C temperature, and 124.778 mm·s−1
speed.

There are not many research works looking at ECAP
performance numerically. Therefore, the present study
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aims to obtain the optimal ECAP conditions of perfor-
mance characteristics: impact toughness (IT), electrical
conductivity (EC), hardness at two different positions,
center (HC) and edge (HE), and tensile characteristics
such as yield strength (σy), ultimate tensile strength
(σu), and ductility (Du). An experiment is conducted on
pure commercial Cu under various ECAP conditions, such
as the number of passes (N), ECAP die angle (φ), proces-
sing temperature, and the type of processing route. The
research design is based on RSM, and is used to identify
the optimum ECAP parameter levels by analyzing the
impact of ECAP conditions on responses. A second-order
regression model and ANOVA were created to analyze the
ECAP condition of optimum responses. A GA was applied
to optimize the ECAP condition. Finally, hybrid RSM–GA
was created to improve the optimization of ECAP responses
and the corresponding conditions were evaluated using GA.

2 Methodology

2.1 FEM

The ECAP process was simulated using FEM to predict the
stress and strain distribution along the longitudinal and
transverse sections (LS and TS) of the ECAPed billets
using Simufact forming software (version 13.3.1, MSC
software corporation, Newport Beach, California, United
States). The ECAP processing was simulated at both room
temperature (RT) and at 200°C through route Bc at a ram
speed of 0.05 mm·s−1 using the cold forming extrusion
module. The FEM model consists of two-halves ECAP
die, plunger, and Cu billets. The ECAP die and plunger
were invisible during simulation for better visualization.
The ECAP die parts were modeled as rigid discrete ele-
ments made from non-deformable material whereas the
Cu billets were modeled as deformable elements. The
dimension of the simulated ECAP die and Cu billets
(sample diameter is 20mm with 60mm length) and the
experimental counterparts were identical. The material of
the Cu billets was selected from the Simufact forming
built-in library in which the mechanical and thermal
properties were pre-described. A hexahedral mesh with
a mesh size of 0.5 mm was used with the total number of
nodes ranging from 9,500 to 15,000 elements depending
on the specimen’s degree of deformation of the Cu billets.
Based on the degree of deformation of the material,
a modification in the dimension and geometry of the
deformed billets was taken into consideration as an addi-
tional precaution. The Cu billets were modeled as a strain

hardenable rigid plastic material as well as an isotropic
linear elastic material. During processing, themesh system
was immediately modified as the components became too
skewed. Re-meshing criteria were used based on a strain
change of 0.1mm·mm−1. A software built-in tabulated flow
curve model was used, as Cu strain hardening exponent
and yield constant are both dependent on temperature
and strain rate. The Coulomb’s friction model was used
with a die friction factor of 0.07 which agreed with the
previous studies [45,46]. The tracked elementswere chosen
in the sample center which exposed to the least deforma-
tion and near the peripheries which exposed to the max-
imum deformation [17].

The behavior of the Cu billets during ECAP proces-
sing, the Cu model adopted in Simufact forming software
is shown in equation (2).

= ⋅ ∅σ C ,N
F (2)

where σF is the flow stress, C is the yield constant, ϕ is the
strain, and N is the strain hardening exponent. In the FE
model, both the yield constant and strain hardening
exponent are dependent on the processing temperature.

2.2 Experimental procedure

Billets of a commercial pure Cu with a chemical composi-
tion of (0.5% Zn, 0.46% Si, traces of elements Sn, Mn, Al,
Fe, and the balance is Cu, wt%) were received as rolled
rods 20 mm in diameter and 50 cm length. Figure 1 shows
the scanning electron microscope (SEM) micrograph
coupled with the energy-dispersive spectroscopy (EDS)
analyses of the Cu billets. The as-received (AR) rods
were machined to form the ECAP billets with 20 mm
diameter and 60mm length. The Cu billets were annealed
at 400°C for 2 h followed by furnace cooling. The as-
annealed (AA) Cu billets were processed through ECAP
up to 6-passes of different routes (A, Bc, and C) using 2
ECAP dies with internal channel angles of 90° and 120°
and an outer corner angle of ψ = 20° (Figure 2) which
generated an equivalent strain of 1.054 and 0.634 per
pass, respectively, according to equation (1). ECAP proces-
sing was carried out at three different temperatures of RT,
100°C, and 200°C at a ram speed of 0.05mm·s−1. A gra-
phite-based lubricant was used to reduce the friction
during processing.

Microstructural evolution of the Cu billets was char-
acterized by optical microscope (OM) and field emission
SEM. Cu billets were mounted, ground using 600, 800,
1,000, and 1,200 grit silicon carbide sandpaper, polished
to a mirror-like finish using alumina solution, and finally
etched using a mixture of HCl and HNO3 solutions with a
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volume ratio of 3:1 as a final preparation step. The che-
mical composition analysis of the Cu billets was con-
ducted using EDS.

The tensile test was carried out for the Cu billets
before and after ECAP processing on a 100 kN universal
testing machine (Instron 4210, Norwood, MA, USA) at RT

Figure 1: (a) SEMmicrographs and (b) EDS analysis of the AR Cu billets (the orange frame shows the elemental mapping area and the yellow
circle shows the area of the EDS analysis).
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at a strain rate of 10−3 s−1. The tensile samples were pre-
pared according to the specifications set by the American
Society for Testing of Materials (E8M/ASTM). Two tensile
samples were machined from the center of the Cu billets
and tested per processing condition. In addition, the AA
and ECAPed Cu billets were sectioned along their central
longitudinal axis perpendicular to the extrusion direc-
tion, and then ground and polished to a mirror-like sur-
face. Vicker’s microhardness tests (HV) were carried out
under an applied load of 1 kg for 15 s in both the central
and peripheral regions of the samples. Five equispaced
indentations were measured and the displayed results
were the average of the recorded values.

The impact test was carried out for the Cu samples
before and after ECAP process using Charpy V-notch
testing machine (Time JB-W 500). The Cu samples are
in the form of a square bar with cross section of 10mm ×
10 mm and a length of 55 mm. The V-notch was machined
with angle, radius, and depth of 45ᵒ, 0.025 mm, and
2mm, respectively. Furthermore, the electrical conduc-
tivity of the Cu billets was measured at RT on AG 4311B
RLC-meter (Ando, Japan) at zero frequency. A thin cir-
cular disk of 20mm diameter and 1mm thickness was
prepared for the Cu billets. Four Cu wires were stretched
across the opening of a Teflon (or other non-conductive
plastic block), glued in place, parallel and with precisely-
known separation (gage length) between the two inner

wires. The Cu billet surfaces were polished before testing
to clean the surface. The electrical conductivity was
expressed as a relative percentage of the international
annealed copper standard (%IACS).

2.3 Design of experiment and regression
model

The ECAP conditions of commercial pure Cu are the
number of passes, die internal channel angle, ECAP pro-
cessing temperature, and processing route. Three dif-
ferent levels were employed in this investigation as shown
in Table 1.

In this study, RSM was used to design the combina-
tion of ECAP’s conditions levels. 21 runs were performed
and several ECAP responses were examined, namely,
impact toughness (IT), electrical conductivity (EC), hard-
ness at two different positions, center (HC) and edge (HE),
and tensile characteristics such as yield strength (σy),
ultimate tensile strength (σu), and ductility (Du) as shown
in Table 2.

Four conditions can be investigated with a minimal
number of experiments using this technique in order to
model a second-order response surface. A powerful tool
used to formulate, analyze, improve, and optimize is

Figure 2: Schematic of the ECAP dies with internal channel angle of (a) 90° and (b) 120°.
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called RSM. The interaction between one or more mea-
sured responses such as impact toughness, electrical
conductivity, and tensile characteristics and the critical
input conditions can also be evaluated using regression
modeling polynomial models, such as linear, two-way
interaction, and full quadratic models were used to eval-
uate the experimental data [42,47,48]. Stat-Ease Design
Expert software (version 13.0.5) was used to analyze the
experimental data, which is a useful tool for optimizing
complex systems for scientific and industrial applica-
tions [49,50].

The input conditions of the ECAP process are divided
into numeric conditions such as the number of passes,
die angle, and processing temperature and categorical
conditions such as processing route. To transform the
categorical to a numerical condition, dummy coding

was utilized sometimes called binary coding. Dummy
coding conveys all of the essential information about
the categorical conditions using only ones and zeros
[51]. For categorical variables: route A, route Bc, and
route C; the dummy variables were codded by x1 and x2.

3 Results and discussion

3.1 Finite element analysis

The distribution of the stress along both LS and TS for Cu
billets processed through the 90°-die is shown in Figure 3
in three-dimension (3D) plots. Similar plots for the Cu bil-
lets processed through the 120°-die are shown in Figure 4.
In addition, the strain distribution for the Cu billets pro-
cessed through the 90°-die and the 120°-die are shown in
Figures 5 and6, respectively. TheTS is chosen in themiddle
of the processed billets. Furthermore, the required force
needed to deform the Cu billets are shown in Figure 7 as a
function of the stroke. From Figures 3 and 4, it can have
revealed that the peripheral areas of the processed billets
exhibited higher stresses than the central areas due to the
contactwith the internalwallsof theECAPdies. Inaddition,
the top sections of the billets exhibited higher stresses due
to the contact with the plunger. Furthermore, the upper
parts of the billets exhibited higher stresses compared to
the lower parts due to the contact between the upper parts
of thebilletswith thedie internal corneranglewhichagreed
with the earlier findings [45].

For the 90°-die, processing at RT through 1-pass (1-P)
exhibited maximum stress of 70.3 MPa at the upper per-
ipheral parts of the LS whereas both the central areas and
the lower parts displayed a stress of 23.4 MPa (Figure 3a).
On the other hand, the TS exhibited more uniform dis-
tribution of the stress with a value of 39 MPa whereas its
central region displayed a stress of 23 MPa. Increasing the
number of passes up to 2-passes of route Bc (2-Bc) at RT
experienced more uniform distribution of the stress with
a maximum value of 85.9 MPa which was recorded at the
peripheral areas of the LS whereas the central regions
revealed a stress of 39 MPa and the lower parts revealed
a minimum recorded stress of 23 MPa as shown in Figure
3b. On the other hand, the TS exhibited a stress of
70.3 MPa at the peripheral region whereas the central
regions displayed a stress of 39 MPa. Processing through
3-Bc at RT resulted in increasing the maximum stress up
to 101.5 MPa at the top peripheral regions of the LS
whereas the TS displayed maximum stress of 70.3 MPa

Table 1: ECAP parameters and corresponding levels

ECAP conditions Symbol Unit Condition levels

−1 0 1

Number of passes N Pass 2 4 6
ECAP die angle φ ° 90 120 —
Processing temperature T K 298 373 473
Processing route type — — A Bc C

Table 2: Design of experiment of ECAP parameters

Run ECAP condition

N Φ T Processing route type

1 2 120 473 A
2 2 90 473 C
3 2 120 298 C
4 6 120 473 A
5 2 90 373 A
6 6 120 473 C
7 6 120 473 C
8 6 120 298 C
9 6 120 298 A
10 2 90 373 A
11 4 90 298 C
12 4 120 373 C
13 6 90 473 Bc
14 2 90 473 C
15 2 90 298 Bc
16 4 120 373 A
17 6 90 298 A
18 4 90 298 C
19 2 120 298 A
20 2 120 373 Bc
21 6 90 473 Bc
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at the peripheral areas (Figure 3c). Accumulating the
strain up to 4-Bc at RT exhibited almost uniform distribu-
tion of the stress along the LS (85.9 MPa) with a max-
imum stress of 117 MPa at the top peripheral regions
whereas the TS displayed maximum stress of 101.5 MPa
at the peripheral areas coupled with a minimum stress of
70.3 MPa as shown in Figure 3d. Furthermore, to investi-
gate the effect of the processing temperature on the stress
distribution during ECAP processing, the stress distribu-
tion during ECAP processing through 1-pass at 200°C is
shown in Figure 3e. From Figure 3e, it was clear that
ECAP processing at 200°C revealed higher homogeneity
of the stress distribution across both the LS and TS
of 48.125 MPa which indicated that lower stress was
attained compared to ECAP processing at RT. In addition,
the bottom part of the ECAPed billet revealed lower stress
which ranged between 4.375 and 21.875 MPa as shown in
Figure 3e.

A similar trend was depicted for the Cu billets which
were processed using the 120°-die. 1-P processing dis-
played maximum stress of 70.3 MPa at the top peripheral
regions of the LS whereas the TS displayed a dominated
stress of 23.4 MPa as shown in Figure 4a. Increasing the
number of passes up to 2-Bc displayed a maximum stress
of 85.9 MPa at the LS whereas the TS revealed a maximum
stress of 39 MPa (Figure 4b). More uniform distribution of
the stress was depicted at the 3-Bc with a maximum of
101.5 MPa which were displayed in minor areas of the top
peripheral areas whereas the TS exhibited maximum
stress of 54.6 MPa as shown in Figure 4c. 4-Bc condition
resulted in spreading the areas with a maximum stress of
101.5 MPa along the LS compared to 3-Bc counterpart
whereas the TS displayed maximum stress of 70.3 MPa
in the peripheral areas (Figure 4d). It is worth mentioning
here that 4-Bc using the 90°-die revealed a more homo-
genous distribution of the stress along both the LS and TS.

On the contrary, the strain distribution plots revealed
a more homogenous distribution along both the LS and
TS. ECAP processing at RT through 1-P using the 90°-die
exhibited a uniform strain distribution with an average
value of 0.375 along both the LS and TS whereas the
upper peripheral regions of the LS exhibited a strain of
1.125 as shown in Figure 5a which agreed to the strain
value calculated from equation (1). Increasing the strain
up to 2-Bc at RT resulted in increasing the strain up to
1.875 at the central regions of the LS whereas the upper
peripheral areas recorded 2.625 as shown in Figure 5b. In
addition, the central areas of the TS displayed a strain of
1.125 whereas the peripheral areas displayed higher strain
of 1.875 (Figure 5b). Similar trend was revealed for the

Figure 3: Stress distribution along both the LS and TS of the Cu
billets processed through ECAP using the 90°-die through 1-P
(a), 2-Bc (b), 3-Bc (c), 4-Bc (d) at RT, and 1-P (e) at 200°C.
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Figure 4: Stress distribution along both the LS and TS of the Cu billets processed through ECAP using the 120°-die through 1-P (a), 2-Bc
(b), 3-Bc (c), and 4-Bc (d).
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3-Bc condition at RT, the strain increased to 1.875 and
3.375 at the central and peripheral areas of the LS, respec-
tively whereas the central regions of the TS recorded a
strain of 1.875 which dominated the strain distribution

Figure 5: Strain distribution along both the LS and TS of the Cu
billets processed through ECAP using the 90°-die through 1-P
(a), 2-Bc (b), 3-Bc (c), 4-Bc (d) at RT, and 1-P (e) at 200°C.

Figure 6: Strain distribution along both the LS and TS of the Cu
billets processed through ECAP using the 120°-die through 1-P
(a), 2-Bc (b), 3-Bc (c), and 4-Bc (d).
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Figure 7: Force vs displacement of the Cu billets processed through (a) 90°-die and (b) 120°-die.
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with a few peripheral areas which recorded a strain of
2.625 as shown in Figure 5c. Accumulation of the plastic
strain up to 4-Bc at RT revealed almost homogenous dis-
tribution of the strain along the LS (3.375) whereas the
top parts of the billet revealed a combination between a
strain of 4.875, 5.625, and 6 as seen in Figure 5d. The TS
exhibited a cored distribution with a strain of 2.625
recorded at the center and a strain of 4.125 recorded at
the peripheries. On the other hand, ECAP processing
at 200°C revealed areas with low strain at the central
regions of the LS, while the upper areas displayed higher
strain of 1.125 as shown in Figure 5e. The bottom part of
the ECAP billets was dominated by lower strain value
which ranged from 0.125 up to 0.375. Similar findings
were depicted in the TS where the strain was ranged
between 0.625 at the central regions and 1.125 which
were recorded at the upper and lower peripheral regions.

Lower strain values were depicted for the Cu billets
processed using the 120°-die. Processing through 1-P
recorded almost dominated strain of 0.75 along both
the LS and TS whereas the upper parts of the LS and
the peripheral regions of the TS revealed higher strain
as shown in Figure 6a. Increasing the plastic strain up
to 2-Bc displayed a strain of 1.125 and 1.75 at the central
and peripheral areas of the LS whereas the TS displayed a
dominated strain of 1.125 with a few peripheral areas
which recorded a strain of 1.75 as shown in Figure 6b.
Homogenous distribution of the strain (2.25)was depicted
along the LS of the 3-Bc conditionwhereas the TS revealed
a cored distribution with strain value of 1.125 and 2.25 dis-
played at the central and peripheral areas as shown in
Figure 6c. Different strain distributions were displayed
for the 4-Bc billets as the top part revealed a strain of 4
followed by an intermediate area which displayed a strain
of 3.25 whereas the subsequent area recorded a strain of
2.25 as shown in Figure 6d. In addition, a cored distribu-
tion was recorded along the TS with a higher peripheral
value of 3.25 and lower central value of 1.75.

The deformation force required to extrude the Cu bil-
lets is shown in Figure 7 as a function of the processing
time. For the 90°-die, 1-P displayed a maximum force of
13.8 kN as shown in Figure 7a. Increasing the number of
passes up to 2-Bc resulted in increasing the required
deformation force up to 16.7 kN. An additional increase
in the deformation force was depicted for the Cu billets
processed through 3-Bc. Furthermore, 4-Bc resulted in
increasing the deformation force up to 18 kN as shown
in Figure 7a. Similar trend was revealed for the Cu billets
processed using the 120°-die. 1-P processing depicted a
maximum defamation force of 13.3 kN as shown in Figure
7b. Additional increase in the required deformation force

was depicted for the Cu billets processed through 2-Bc
and 3-Bc. Furthermore, increasing the number of passes
up to 4-Bc exhibited an increasing deformation force
of 16.4 kN. Accordingly, the aforementioned findings
revealed the effect of ECAP die angle on deformation
force as the 90°-die required a higher deformation force
compared to the 120°-die. In addition, increasing the
number of passes resulted in increasing the deformation
force which can be attributed to strain hardening resulting
from ECAP processing through multiple passes.

3.2 Microstructural evolution

The Cu samples processed through seven different para-
meter sets as well as the AA sample were studied using
the OM to characterize the microstructural evolution,
their micrographs are shown in Figure 8. The AA sample,
Figure 8a, was observed to mostly consist of irregular
coarse grains; however, the sample’s grain sizes ranged
from very fine to considerably coarse. Upon inspection of
the samples processed through 2-Bc at φ = 90° and at RT,
as seen in Figure 8b, it was observed that processing
resulted in a seemingly UFG structure orientated parallel
to the extrusion direction (ED). Processing via 4-Bc at RT
led to outstanding grain refinement, as seen in Figure 8c.
The latter sample showed a completely recrystallized
microstructure dominated by UFG equiaxed grains.

To investigate the effect of the ECAP route type on the
microstructure, Cu billets were processed through 6 passes
of route A and route C (6-A and 6-C, respectively) using
the 90°-die at RT. Similar to 6-Bc condition, processing
through 6-A revealed a relatively UFG structure as shown
in Figure 8d. On the other hand, it was revealed that route
A resulted in more elongated grains compared to the
equiaxed grains resulting from route Bc which agreed
with the previous study [52]. Processing through 6-C exhib-
ited coarser equiaxed grains compared to route Bc (Figure
8e). It is worth mentioning here that after even passes of
route C processing, the plastic strain of the foregoing odd
passes is reversed and hence, resulting in the remaining
equiaxed grains, which agreed with an earlier study [53].
Furthermore, Cu billet was processed through 6-Bc using
the 90°-die at 200°C to investigate the effect of the proces-
sing temperature on the microstructure of the ECAP-pro-
cessed Cu (Figure 8f). From Figure 8f it was clear that,
increasing the processing temperature up to 200°C exhib-
ited a significant effect on the grain size as coarser equiaxed
grains dominated the microstructure compared to the RT
processed counterparts as shown in Figure 8f.
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To study the influence of ECAP die angle on the Cu
microstructure, the OM micrographs of two sets of billets
were investigated. Both the sets were processed via 2-Bc
and 6-Bc at RT, one set was processed using φ = 90°
(Figure 8b and c) and the other via φ = 120° (Figure 8g
and h). The 90° and 120° 2-Bc processed billets showed

equivalentmicrostructures,mostlycharacterizedbyhaving
UFG and being parallel to the ED, seen in Figures 8b and g.
Figure 8g shows that the grains produced from the 120° die
have lower shear orientation angles than their 90° 2-Bc
counterpart, due to the lower plastic strain associated
with that die angle, as evidenced by equation (1). The

Figure 8: OM micrographs of the AA (a), Cu billets and ECAPed billets processed through 2-Bc _90°-die (b), 6-Bc_90°-die (c), 6-A_90°-die
(d), 6-C_90°-die (e), 6-Bc_90°-die (f), 2-Bc_120°-die (g), and 6-Bc_120°-die (h) at RT (b, c, d, e, g, and h) and at 200°C (f).
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previous results comply with the FEM findings, verifying
them. Finally, 6-Bc processing produced UFG structures
using both die angles, albeit processing via the 90° die
resulted in finer grains.

3.3 ANOVA for mechanical and electrical
behavior

Table A1 (Appendix) displayed the experimental findings
of four factors (number of passes, die channel angle,
processing temperature, and ECAP route type) with the
responses. Many trails of regression transformation form
and interactionbetween independentvariableswere exam-
ined in order to model the output responses of ECAP. The
best regression coefficient (R2) indicates that the models
generated in the experimental research are statistically sig-
nificant. Equations (3)–(9) represent the ECAP responses of
commercial pure Cu, namely, hardness at two different
positions, center (HC) and edge (HE), tensile characteristics
such as yield strength (σy), ultimate tensile strength (σu),
ductility (Du), impact toughness (IT), and electrical conduc-
tivity (EC).

= + − +

− + −

+ + −

+ − −

H φ N

T x x
φN φT NT

N x T x N

340.66961 2.21960 2.76103

0.462634 12.18175 11.72073
0.106122 0.004486 0.016972

6.14591 0.027823 0.608283 ²,
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1 2

2 1
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= + − +

− + −

+ +

− + −

−

H φ N

T x x
φN φT

NT Nx Tx
N

320.20469 2.02184 8.34474

0.413963 17.55009 17.16497
0.091851 0.004056

0.016682 6.12027 0.042205
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1 2
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+ + −

+
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φN φT φx

φx NT

Nx Nx N

570.26125 5.00336 53.05991

1.02206 52.09296 159.61278
0.471856 0.011710 0.371827

0.892584 0.056015
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E φ N
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φN φx Nx

0.842341 0.000760 0.004195

0.000110 0.005259 0.151862
0.00001 0.001188 0.009417 .

C

1 2

2 2

(9)

For all equations, if x1 = 1 and x2 = 0, then the route
type is (A), if x1 = 0 and x2 = 1, then the route type is (Bc),
and if x1 = 0 and x2 = 0, then the route type is (C).

ANOVA is used to examine independent conditions,
N, φ, T, x1, and x2, in order to determine which ones have
a significant impact on the performance response,HC, HE,
σy, σu, Du, IT, and EC [54]. Table 3 presents the statistical
tests, namely, F-value, P-value, lack of fit, adequate pre-
cision, regression coefficient (R2), adjusted R2, and pre-
dicted R2 of the seven models.

The F-value is the difference between the variation
attributed to individual factors and the variance due to
the error term. F-value of ECAP responses greater than 4
indicates that changing an input ECAP parameter has a
significant impact on the responses quality criterion [55].
Die angle has the greatest impact on IT and Du, otherwise,
the number of passes followed by processing temperature
has significant effect on EC, HC, HE, σy, and σu.

The significant effects with p-values less than 0.05
indicate that the independent parameters, as well as
the individual model coefficients and interaction terms,
are statistically different from zero at the 95% confidence
level [56].

The ECAP responses’ lack of fit is greater than 0.05,
implying that the model is good [55]. Adequate precision
determine the model’s validity by computing the signal-
to-noise (S/N) ratio. It is recommended that the ratio
exceeds four which indicates that there is sufficient signal
and the model can be applicable to navigate the design
space [57]. The regression coefficient R2 is high and indi-
cates that the ECAP responses’ model created by the
experimental is desirable. The adjusted R2 for the seven
responses is close to the predicted coefficient R2.

Over the duration of 21 iterations, Figures 9–11 pre-
sent the relationships between the actual and predicted
responses HC, HE, σy, σu, Du, IT, and EC. Each observed
response of pure Cu samples is compared with the pre-
dicted responses calculated from the regression model
and their respective correlation graphs. It demonstrates
that the majority of the predicted results are extremely
close to the actual experimental results, with a slight
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deviation between the expected and real values. Also, it
indicates that the ECAP responses’ regression models are
excellent and helpful to predict the optimization of ECAP
conditions for best responses.

The predicted and actual values of HC and HE are
presented in Figure 9. The minimum error % between
the actual and predicted HC was found in run (10) with
a percentage of 0.02%. However, the maximum error %
between the actual and predicted HC was found in run (7)
with a percentage of 0.97%. Similarly, the minimum error
% between the actual and predicted HE was found in run
(1) with a percentage of 0.007%. However, the maximum
error % between the actual and predicted HE was found
in run (6) with a percentage of 0.79%.

The predicted and actual values of σy, σu, and Du are
presented in Figure 10. The minimum error % between
the actual and predicted σy was found in run (12) with a
percentage of 0.37%. However, the maximum error %
between the actual and predicted σy was found in run
(1) with a percentage of 9.4%. Similarly, the minimum
error % between the actual and predicted σu was found
in run (11) with a percentage of 0.04%. However, the
maximum error % between the actual and predicted σu

was found in run (19)with a percentage of 2.06%. Finally,
the minimum error % between the actual and predicted
Du was found in runs (15 and 20)with a percentage of 0%.
However, the maximum error % between the actual and
predicted Du was found in run (10) with a percentage
of 2.1%.

In addition, Figure 11 shows the predicted and actual
values of IT and EC. The difference error % did not exceed
3.18 and 0.92% for IT and EC, respectively. The minimum
error between the actual and predicted IT and EC are close
to 0%.

3.4 Effect of ECAP processing parameters on
Cu properties

3.4.1 Hardness distribution

A three-dimensional interaction effect of ECAP para-
meters, N and φ, on HC and HE at different processing
temperatures is shown in Figures 12 and 13. For all pro-
cessing routes in hardness response, at different

Table 3: Statistical tests of ECAP responses of commercial pure Cu

Response F-value (F > 4) P-value (P < 0.05) Lack of fit (P > 0.05) Adeq. precision (ratio >4) R² Adj R² Pred R²

HC 142.24 <0.0001 0.3990 40.1907 0.9943 0.9873 0.9227
HE 129.89 <0.0001 0.7027 40.6710 0.9937 0.9861 0.9525
σy 96.73 <0.0001 0.0776 34.2257 0.9875 0.9773 0.9429
σu 82.72 <0.0001 0.1449 27.1270 0.9822 0.9703 0.9361
Du 92.25 <0.0001 0.2488 32.6722 0.9893 0.9786 0.9721
IT 123.80 <0.0001 0.6385 42.7757 0.9957 0.9876 0.9722
EC 21.01 <0.0001 0.8413 15.5261 0.9334 0.8889 0.9021
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Figure 9: Predicted and actual value of HC and HE for Cu.
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processing temperatures, the increase in N results in
increase in the hardness response and there is an inverse
relationship between the φ and hardness response. The
AA billets exhibited an almost constant Vicker’s hardness
value of 100 along the billet’s TS from the central area
to the peripheral regions. The 90°-die exhibited higher
hardness values at both the central and close to the per-
ipheries of the processed billets which can be attributed

to the effect of imposed plastic strain. As mentioned
before, the 90°-die and 120°-die imposed the Cu billets
to a shear strain of 1.054 and 0.634 per pass, respectively,
according to equation (1), so that the Cu billets processed
using the 90°-die exhibited higher hardness values.

The maximum optimum HC at routes A, Bc, and C are
148.8 HV, 170 HV, and 145 HV which are obtained at 6-
passes, 90°-die, and 298 K as shown in Figure 12. In this
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Figure 11: Predicted and actual values of IT and EC for Cu.
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Figure 10: Predicted and actual values of σy, σu, and Du for Cu.
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context, the experimental results of Cu at different pro-
cessing temperatures show that the maximum optimum
HC (149 HV) obtained at 6-passes, 90°, 298 K, and route
type is A which is in agreement with the results obtained
by the regression model. Similarly, Figure 13 shows the
maximum optimum HE at routes A, Bc, and C with values
of 157.5 HV, 172 HV, and 152.5 HV which are obtained at 6
passes, 90°-die, and 298 K. In this context, the experi-
mental results of Cu at different processing temperatures
show that the maximum optimum HE (158 HV) obtained
at 6-passes, 90°, 473 K, and route type A is in agreement
with the results obtained by the regression model.

From the aforementioned findings, it was clear that
the peripheral regions exhibited higher hardness values

compared to the central counterparts that can be attrib-
uted to the friction between the Cu billets with the
internal walls of the ECAP dies which agreed with the
previous study [6] and FEM findings. Furthermore, pro-
cessing through multiple passes resulted in increasing
the homogeneity of the hardness distribution as both
the central and peripheral regions recorded too close
values of hardness. In addition, accumulation of the
plastic strain through processing via multiple passes
resulted in increasing the hardness values in both the
central and peripheral regions which agreed with the
report by Djavanroodi et al. [58]. A high density of low
angle grain boundaries (LAGBs) was transformed by the
ECAP process into high angle grain boundaries
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Figure 12: Response surface plot of HC as a function of die angle, number of passes, route type, and processing temperature.
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subsequently producing an UFG structure, as seen in
Figure 8. This process occurred on merit of the formation,
multiplication, and motion of dislocations during ECAP
processing [6,14,16,17], leading to dislocation motion
impedance and subsequently a strengthened Cu billet
[14,16]. Thus, a conclusion can be reached that grain
refinement is an effective strengthening mechanism that
produces improved Cu hardness [6,17].

Another effective parameter that affected the proper-
ties of the processed billets is the route type. It was con-
firmed that route type Bc is the most effective route in
grain refining which generated an almost equiaxed UFG
structure (Figure 8c). Accordingly, the most effective

route in increasing the ECAPed billets hardness is route
Bc due to its more refined grains compared to the other
route types. On the other hand, route A resulted in more
elongated fine grains (Figure 8d) whereas route C resulted
in almost equiaxed coarser grains compared to the other
route types (Figure 8e), and hence sample processed
through route A exhibited lower hardness values in both
the central and peripheral regions compared to route Bc
counterparts but it recorded higher hardness values in
both the central and peripheral regions when compared
with route C counterparts.

Additionally, despite the RT processing revealing
higher hardness values in both the central and close to
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Figure 13: Response surface plot of HE as a function of die angle, number of passes, route type, and processing temperature.
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the peripheries compared to the sample processed at
100 and 200°C, ECAP processing at higher temperatures
revealed a more homogenous distribution of the hardness
which agreed with the previous study [6]. It is worth
mentioning here that, ECAP processing at high tempera-
ture resulted in strain softening which leads to grain
coarsening (as shown in Figure 8f) compared to the sam-
ples processed at RT (Figure 8c).

Similar findings were reported in previous studies.
Xu et al. [11] reported an increase in the hardness of
pure Cu by 45.3% after processing through 8-Bc at RT.
Dalan et al. [59] reported that RT processing was more
effective in increasing the hardness due to the grain
refinement compared to ECAPprocessing at 300°C.Whereas
Jayakumar et al. [12] reported that the hardness of Cu–Cr–Zr
alloy was saturated after 4-Bc using a 105°-die at RT and
increasing the number of passes over 4-passes revealed an
insignificant change. Wei et al. [60] presented that ECAP
processing through 4-Bc resulted in increasing Vicker’s
hardness of Cu billets from 63 up to 145. Ngam et al. [61]
processedCu–0.1 wt%Zr throughECAPvia8-BcatRTwhich
resulted in increasing the Vicker’s microhardness from 95 to
143HV and they attributed this behavior to the effect of
reefing the grain size on strengthening the alloy according
to Hall–Petch [15]. Tong et al. [62] reported that the Vicker’s
microhardness of Cu–0.36Cr–0.49Zr alloy increased signifi-
cantly after the first ECAP processing after which it became
almost constant till processing through 8-passes. Huang
et al. [9] reported similar behavior as reported by Tong
et al. [62] for Cu–0.25Se–0.25Te Alloy.

3.4.2 Tensile properties

The interaction effect of ECAP processing parameters on
the tensile properties is shown in Figure 14 (σy), Figure 15
(σu), and Figure 16 (Du) in three-dimensional plots, while
generating interaction graphs and response surface plots
at different processing temperatures between two vari-
ables, namely, N and φ, at a constant processing route.

The AA Cu billets displayed σy, σu, and Du of 82 MPa,
225 MPa, and 36%, respectively. According to the regres-
sion model, for all processing routes at different proces-
sing temperatures, the increase in N results in an increase
in σy and there is a slight effect between φ and σy. At
route A, the maximum optimum σy is 223.4 MPa obtained
at 6-passes, 120°, and 298 K. At route Bc, the maximum
optimum σy is 232.2 MPa obtained at 6-passes, 90°, and
298 K. Finally, the maximum optimum σy of route C is
222.8 MPa obtained at 6-passes, 90°, and 298 K as shown
in Figure 14. In this context, the experimental results of

Cu at different processing temperatures show that the
maximum optimum σy (225 MPa) obtained at 6-passes,
120°, 298 K, and route type A is in agreement with results
obtained by the regression model.

The σu of the ECAP process has a similar trend of σy at
routes A, Bc, and C. The σu was obtained at 6 passes, 90°
ECAP die angle, and 298 K. Figure 15 shows the values of
σu are 353.4, 351.3, and 348.4 MPa for routes A, Bc, and C,
respectively. In this context, the experimental results of
Cu at different processing temperatures show that the
maximum optimum σu (353 MPa) obtained at 6-passes,
90°, 298 K, and route type A is in agreement with the
results obtained by the regression model.

All the Cu billets exhibited a ductile fracture which
start with the formation of the neck followed by a cup and
cone fracture at 45° from the loading direction. For routes
A, Bc, and C, the Du percentage decreased with the
increase in N. Also, there is an inverse proportional rela-
tion between φ and Du. The minimum Du of route A is
14.6% obtained at 6-passes, 90°, and 298 K. For route Bc,
the value of Du is 16.25% obtained at 4-passes, 90°, and
298 K. The minimum Du is 15.5% of route C obtained at 6-
passes, 90°, and 298 K as shown in Figure 16. In this
context, the experimental results of Cu at different pro-
cessing temperatures show that the minimum optimum
Du (14.8%) obtained at 6 passes, 90°, 298 K, and route
type A is in agreement with the results obtained by the
regression model.

From the tensile properties, it can be revealed that
ECAPed billets exhibited a significant increase in σy and
σu coupled without a significant reduction in the ductility
compared to theAAcounterparts. Inaddition, fromFigure 14,
it was revealed that the processing conditions 6-Bc, 90°-
die, and 298 K resulted in the best σy which indicated that
routeBc is themost effective route in increasing theσy due to
the significant reduction in grain size (Figure 8c). Further-
more, the 90°-die resulted significantly in improving the σy
due to the higher imposed plastic strain according to equa-
tion (1). In addition, processing in the RT resulted in a sig-
nificant reduction in the grain size and hence, better σy was
recorded. Additionally, the accumulation of the shear strain
up to6-passes resulted in increasingσu for all routesA,Bcan
Cwhich can be attributed to the increase in dislocation den-
sitywhichhinders themobilityof thedislocation [63]. On the
other hand, both routes A and Bc exhibited a too close value
of the maximum σu (353.4 and 351.4MPa) using the 90°-die
at RT.

The reduction in the Cu Du after ECAP processing can
be attributed to the refinement in the grain size. In addi-
tion, it was revealed that the 120°-die experienced better
Du compared to the sample processed through the 90°-
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die due to the lower imposed strain of the 120°-die
according to equation (1) which agreed with the FEM
findings. Furthermore, the processing temperature has
a significant effect on the Cu ductility as the RT proces-
sing resulted in strain hardening, and hence, lower duc-
tility was recorded. On the hand, increasing the ECAP
processing temperature resulted in strain softening, and
hence, higher ductility was recorded. In the same con-
text, it was clear that route Bc is the most effective route
in grain refining so it exhibited lower ductility compared
to the other route types.

Similar behavior was reported in previous studies.
Wu et al. [64] reported a significant increase in the σu
and σy of pure Cu billets after ECAP processing through

route Bc at RT coupled with a decrease in the Du up to
22% and these were attributed to the grain refinement
strengthening. Wei et al. [60] reported that 4-A proces-
sing at RT resulted in increasing both the σu and σy of
pure Cu from 62 and 121 MPa up to 365 and 389MPa,
respectively, coupled with a reduction in the Du from
50.1 to 19.8. Whereas Wang et al. [65] showed that 12-Bc
at RT resulted in increasing the σu and σy of pure Cu from
89.6 and 222 MPa up to 403.9 and 440.8 MPa coupled
with a significant reduction in the Du up to 14.5. Tian
et al. [66] investigated the effect of ECAP route type on
the tensile properties of Cu–8wt% Ag alloy using a 90°-
die at RT. They found that 4-A revealed more effectiveness
in increasing both the σu and σy coupled with higher
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Figure 14: Response surface plot of σy as a function of die angle, number of passes, route type, and processing temperature.
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elongation at fracture compared to route Bc and C. Ngam
et al. [61] used ECAP processing for 8-Bc at RT to increase
both the σu and σy as well as Du compared to the AA coun-
terpart. While Tong et al. [62] processed Cu–0.36Cr–0.49Zr
alloy through 8-Bc at 450°C which resulted in increasing
the tensile strength of the alloy up to 580 MPa with
recording a significant decrease in the ductility. Similar
behavior was reported by Zhu et al. [67] for Cu–0.2wt%
Mg and Cu–0.4wt% Mg alloys and by Ko et al. [68] for
Cu–3 wt% Ag alloy and by Ni et al. [69] for Cu–1wt% TiC
alloy.

3.4.3 Impact toughness

According to the regression model, Figure 17 shows the
three-dimensional interaction effect of ECAP parameters,
N and φ, on IT at different processing temperatures, while
generating interaction graphs and response surface plots
at different processing temperatures between two vari-
ables, namely, N and φ, at a constant processing route.
The absorbed energy during the impact test of the AA was
60 J·cm−2. For route A, at different processing tempera-
tures, the increase in ECAP die angle results in decrease
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Figure 15: Response surface plot of σu as a function of die angle, number of passes, route type, and processing temperature.
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in IT. There is a proportional relation between N and IT.
The maximum optimum IT (115 J·cm−2) was obtained at
2-passes, 120°-die, and 200°C. Also, for route Bc, at dif-
ferent processing temperatures, an increase in both N
and φ will increase the IT. In this context, the maximum
optimum IT (185.29 J·cm−2) was obtained at 6-passes,
120°-die, and 200°C. Furthermore, for route C at different
processing temperature, the increase in φ results in a
decrease in IT. There is a proportional relation between
N and IT. The maximum optimum IT (112.895 J·cm−2) was
obtained at 2-passes, 120°-die, and 200°C. In this context,
the experimental results of Cu at different processing tem-
peratures show that the maximum optimum IT (115 J·cm−2)
obtained at 2-passes, 120°-die, 200°C, and route type A is in

agreementwith the resultsobtainedby the regressionmodel.
The great majority of the ECAPed billets exhibited higher
absorbed impact energy compared to the AA except for
some ECAP samples which were processed at RT (Table
A1) which agreed with the previous studies [63,70]. It is
worth mentioning here that ECAP processing at higher
temperatures resulted in improving the absorbed impact
energy. On the contrary, the Cu sample processed through
6-Bc using the 90°-die at 200°C exhibited lower impact
energy compared to the AA can be attributed to the pre-
sence of brittle particles along the grain boundaries which
agreedwith the previous study [70]. In addition, the impact
findings (Table A1) revealed that the 120°-die experienced
higher impact energycompared to the90°-diewhich canbe
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Figure 16: Response surface plot of Du as a function of die angle, number of passes, route type, and processing temperature.
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attributed to the lower imposed strain. Fang et al. [70] sug-
gested that ECAP processing resulted in changing the
metals from brittle mode to ductile mode after processing
throughmultiple passeswhich is related to the transition of
the microstructure as the impact energy is too sensitive to
microstructural changes [65]. In addition, they reported
that ECAP processing can produce tougher alloys despite
it resulting in decreasing the elongation of the ECAPed
samples [70,71]. Jiang et al. [71] reported that the impact
energy of Al–6 wt% Si is improved markedly after grain
refinement. In addition, they stated that the maximum
absorbed energy of the alloy was found to be close to the

RT, and this temperature of peak impact energy increases
with the increase in the number of ECAPprocessing passes.
Meyer et al. [72] reported the improvement in the impact
energy ofmagnesiumalloyAZ31B after ECAPprocessingup
to 4-passes at 260°C.

3.4.4 Electrical conductivity

According to the regression model, Figure 18 shows the
three-dimensional interaction effect of ECAP parameters,
N andφ, on EC at different processing temperatures. For all
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Figure 17: Response surface plot of IT as a function of die angle, number of passes, route type, and processing temperature.
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processing routes, at different processing temperature, the
increase in φ result in increase in the EC and there is a
slight effect of N and EC. The maximum optimum EC at
route A is (98.484%) obtained at 2-passes, 120°-die, and
200°C. Also, for route Bc, the maximum optimum EC
(98.229%) was obtained at 2-passes, 90°-die, and 200°C.
Finally, the maximum optimum EC at route C is (97.958%)
obtained at 2-passes, 120°-die, and 200°C. In this context,
the experimental results of Cu at different processing tem-
peratures show that the maximum optimum EC (98.1%)
obtained at 2-passes, 120°-die, 200°C, and route type A
is in agreement with the results obtained by the regression
model.

Analysis of the AA billet’s electric conductivity found
an EC of 99.4% IACS; however, processing caused trivial
decreases in EC values, such that they ranged from 92.2%
up to 98.1% IACS, as shown in Table A1. The previous
findings [73] provide conclusive evidence that ECAP pro-
cessing can be used to strengthen Cu billets without
influencing its EC. This is evidenced by the fact that pro-
cessing for up to 6-Bc resulted in a maximum reduction of
6.6% in the EC relative to the AA samples, as well as the
fact that the EC decreased as the number of passes
increased. ECAP processing resulted in an increase in
the number of dislocations, grain boundaries, and other
defects, which caused electron scattering [5]. Zhao et al.
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Figure 18: Response surface plot of EC as a function of die angle, number of passes, route type, and processing temperature.
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reported a similar phenomenon for the Al–Mg–Si alloy
[74], as well as increases in EC with the processing tem-
perature. Finally, they also found that decomposition
of impurities can be achieved by increasing diffusion
kinetics, which was validated by Dalan et al. [59,75], albeit
for the Cu–0.81Cr–0.07Zr alloy. Dalan et al. further con-
cluded that the number of ECAP passes did not influence
the EC. Furthermore, they concluded that for a sample pro-
cessed for 4-passes, route Bc provided better EC than route
A. Zhu et al. [67] found that the EC of the Cu-Mg alloy drops
with the increase in grain refinement, as well as increase in
the dislocation and point defect density, which occur due to
extensive processing. Kommel et al. reported that the EC of
the Cu–Cr alloy decreases further when the alloy is pro-
cessed as well as with the increase in the processing tem-
perature [76]. Kumar et al. [77] showed that the density of
the defects produced from cyclic channel die compres-
sion influences the EC of oxygen-free highly conductive
Cu, as it decreases with the increase in defect density. The
previously reported decrease in EC with the number of
ECAP passes was further confirmed by research done by
Ko et al. [68] and Wei et al. [60] on the Cu–3 wt% Ag alloy
and pure Cu, respectively. However, Ciemiorek et al. [78]
found that a decrease in the EC of Cu occurred after the first
pass, only for the EC to rise again with the progression of
processing till 8-passses. Finally, Cho et al. [79] investi-
gated the Cu–15Ag alloy and found that for 8-pass proces-
sing, the highest EC values were produced, in a descending
order: route C, route A, and finally route Bc.

3.5 RSM optimization

Based on the comprehensive analysis of each indepen-
dent variable, this section presents the optimal ECAP
condition of the desired response using Stat-Ease Design
Expert software (version 13.0.5). In this context, Figure 19
shows the RSM optimization results of HC and HE. The
optimization target is set to “In range,” and the solution
destination is set to “Maximize.” Larger-is-better charac-
teristics are the predicted output of the DF. The maximum
HC of 150.423HV was obtained at die angle (A) = 99.25°,
number of passes (B) = 4-passes, processing temperature
(C) = 34.7°C, dummy variable x1(D) = 0, and dummy vari-
able x2(E) = 1 as shown in Figure 19a. In addition, Figure
19b shows the optimal ECAP condition of HE. The max-
imum HE of 158.927 HV was obtained at die angle (A) =
104.86°, number of passes (B) = 6-passes, processing tem-
perature (C) = 129°C, dummy variable x1(D) = 0, and
dummy variable x2(E) = 1.

The optimum RSM condition of tensile response,
namely, σy and σu are presented in Figure 20. The opti-
mization target is set to “In range,” and the solution des-
tination is set to “Maximize.” Larger-is-better character-
istics are the predicted output of the DF The maximum σy
of 225.8 MPa was obtained at die angle (A) = 95.15°,
number of passes (B) = 6-passes, processing temperature
(C) = 40°C, dummy variable x1(D) = 0, and dummy vari-
able x2(E) = 1 as shown in Figure 20a. In addition, Figure
20b shows the optimal ECAP condition of σu. The max-
imum σu of 348.73 MPa was obtained at die angle (A) =
90.6°, number of passes (B) = 6-passes, processing tem-
perature (C) = RT, dummy variable x1(D) = 1, and dummy
variable x2(E) = 0.

The RSM optimization results of Du are presented in
Figure 21. the optimization target is set to “In range,” and
the solution destination is set to “Maximize.” The DF’s
predicted output is in the form of “Larger-is-better” char-
acteristics. The maximum Du of 31.76% was obtained at
die angle (A) = 111°, number of passes (B) = 6-passes,
processing temperature (C) = 200°C, dummy variable
x1(D) = 0, and dummy variable x2(E) = 1.

Figure 22 shows the optimal condition of IT response
of the Cu ECAP process. The optimization target is set to
“In range,” and the solution destination is set to “Maxi-
mize.” The DF’s predicted output is in the form of “larger-
is-better” characteristics. The optimal process condition
values such as die angle (A) = 109.5°, number of passes
(B) = 6-passes, processing temperature (C) = 191.25°C,
dummy variable x1(D) = 0, and dummy variable x2(E) = 1
for maximum IT value of 141.214 J·cm−2.

Furthermore, Figure 23 presents the RSM optimiza-
tion results of EC copper ECAP process and corresponding
conditions. The optimization target is set to “In range,”
and the solution destination is set to “Maximize.” The
DF’s predicted output is in the form of “larger-is-better”
characteristics. The optimal process condition values such
as die angle (A) = 119°, number of passes (B) = 2-passes,
processing temperature (C) = 200°C, dummy variable x1(D)
= 1, and dummy variable x2(E) = 0 for maximum EC value
of 98.405%.

3.6 GA and hybrid RSM–GA results

Finally, GA is used to determine the optimum set of the
ECAP conditions, N, φ, T, x1, and x2, which contribute to
the higher possible HC, HE, σy, σu, Du, IT, and EC. Each
ECAP response proposed in equations (3)–(9) is taken as
the fitness function and subjected to the ECAP boundary
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condition, N, φ, T, x1, and x2 by using GA can be expressed
as:

Minimize ECAP (N, φ, T, x1, x2),
subjected to the following ECAP constraints:
1 ≤ N ≤ 4 (pass)
90 ≤ φ ≤ 120(°)

298 ≤ T ≤ 473(K)
x1 ϵ [0,1]
x2 ϵ [0,1]
The optimization of hardness response by GA is pre-

sented in Figure 24. The highest possible HC and HE pro-
posed inequations 3 and4are takenas thefitness functions

Figure 19: RSM optimization results of (a) HC and (b) HE.
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and subjected to the ECAP boundary condition. The best
value of HC and HE by GA is 148.867 HV and 157.203 HV,
respectively, obtained at 6-passes, 90°-die angle, RT pro-
cessing temperature, and route A. Hybrid RSM–GA of HC

and HE was performed to improve the results of GA. The
maximum optimum HC and HE by hybrid RSM–GA are
148.867 HV and 157.493HV, respectively, obtained at 6-

passes, 90°-die angle, RT processing temperature, and
route A as shown in Figure 24.

The optimization of tensile response σy, σu, and Du,
by GA, is presented in Figure 25. The maximization of σy,
σu, and Du proposed in equations (5)–(7) is taken as the
fitness function, and subjected to the ECAP boundary
condition. The best highest value of σy is 223.418 MPa

Figure 20: RSM optimization results of (a) σy and (b) σu.

26  Abdulrahman I. Alateyah et al.



obtained at 6-passes, 120° die angle, RT processing tem-
perature, and route A. Also, the best highest value of σu is
348.732 MPa obtained at 6-passes, 90°-die angle, RT pro-
cessing temperature, and route A. Finally, the maximum
percentage of Du by GA is 35.77% obtained at 6-passes,
120°-die angle, 200°C processing temperature, and route Bc.

The maximum σy by hybrid RSM–GA is 223.421 MPa
obtained at 6-passes, 120°-die angle, RT processing tem-
perature, and route A. Also, the best highest value of σu

by hybrid RSM–GA is 348.733 MPa obtained at 6-passes,
90°-die angle, RT processing temperature, and route A.
Finally, the maximum optimum Du% by hybrid RSM–GA
is 35.77% obtained at 6-passes, 120°-die angle, 200°C
processing temperature, and route Bc. Table 4 sum-
marizes the comparison of ECAP response values at
experimental, RSM, GA, and hybrid RSM–GA.

In addition, Figure 26 shows the performance results
of IT and EC obtained by MATLAB. The best highest value

Figure 21: RSM optimization results of Du.

Figure 22: RSM optimization results of IT.
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Figure 23: RSM optimization results of Ec.

H C
 

H E
 

GA Hybrid RSM-GA

Figure 24: Optimum HC and HE by GA and hybrid RSM–GA.
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of IT and EC obtained by GA is 114.998 J·cm−2 and 98.47%,
respectively. The correspondingECAP’s conditions for best of
both IT andEC are obtained at 2-passes, 120°-die angle, 200°C
processing temperature, and routeA.Hybrid of RSM–GAwas
performed in order to improve the results of GA. An initial

population of hybrid RSM–GAbased onRSMoptimumECAP
condition of N, φ, T, x1, and x2 of IT and EC. The maximum
optimum IT andEC by hybrid RSM–GAare 114.998 J·cm−2 and
98.48%, respectively, obtained at 2-passes, 120°-die angle,
473 K processing temperature, and route A.

σ y
σ u

 
D u

 

GA Hybrid RSM-GA 

Figure 25: Optimum σy, σu, and Du by GA and hybrid RSM–GA.
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Table 4: Summary results of commercial pure copper ECAP process

Response Experimental RSM GA RSM-GA

IT Value 115 141.214 114.998 114.998
Cond. 2-passes, 120°, 200°C,

route A
6-passes, 109°, 191.25°C,
route Bc

2-passes, 120°, 200°C,
route A

2-passes, 120°, 200°C,
route A

EC Value 98.1 98.405 98.4721 98.4809
Cond. 2-passes, 120°, 200°C,

route A
2-passes, 119°, 200°C, route A 2-passes, 120°, 200°C,

route A
2-passes, 120°, 200°C,
route A

HC Value 149 150.423 148.867 148.867
Cond. 6-passes, 90°, 298 K, route A 4-passes, 99°, 3.7°C, route Bc 6-passes, 90°, RT, route A 6-passes, 90°, RT, route A

HE Value 158 158.927 157.203 157.493
Cond. 6-passes, 90°, RT, route A 6-passes, 104.8°, 129°C,

route Bc
6-passes, 90°, 26.5°C,
route A

6-passes, 90°, RT, route A

σy Value 225 225.8 223.418 223.421
Cond. 6-passes, 120°, RT, route A 6-passes, 95.15°, 40°C,

route Bc
6-passes, 120°, RT, route A 6-passes, 120°, RT, route A

σu Value 353 348.733 348.732 348.733
Cond. 6-passes, 90°, RT, route A 6-passes, 90°, RT, route A 6-passes, 90°, RT, route A 6-passes, 90°, RT, route A

Du Value 14.8 14.7385 14.5144 14.5142
Cond. 6-passes, 90°, RT, route A 6-passes, 90°, RT, route A 6-passes, 90°, RT, route A 6-passes, 90°, RT, route A

I T
E C

 

GA Hybrid RSM-GA

Figure 26: Optimum IT and EC by GA and hybrid RSM–GA.
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4 Conclusion

In the current study, commercial pure Cu were processed
using 2 ECAP dies with angles of 90° and 120°. Several
ECAP routes (A, Bc, and C)were employed up to 6-passes.
The ECAPed samples were processed at RT, 100°C, and
200°C. The effect of ECAP parameters on microstructural
evolution, tensile properties, Vicker’smicrohardness, impact
toughness, and electrical conductivity was analyzed. RSM,
ANOVA, GA, and RSM–GA were used to optimize the
ECAP processing parameters and arrived at the following
conclusions:
1) In the early passes, both the equivalent stress and

plastic strain exhibited a heterogeneous distribution,
while in the subsequent passes more homogenous
distribution was achieved.

2) Route Bc is the most effective route type in grain
refining.

3) The 90°-die is more effective in producing a UFG grain
structure compared to the 120°-die.

4) The RSM revealed that the processing conditions of 6-
Bc using about 105°-die at 129°C is the optimum pro-
cessing parameter in improving the Cu hardness as it
leads to an increase in the hardness by 59% compared
to the AA counterpart.

5) The optimum processing condition for improving σy
and σu are 4-A using about 95°-die at 40°C and 6-A
using the 90°-die at 40°C, respectively, as they resulted
in increasing σy and σu by 175 and 54%, respectively,
compared to the AA condition.

6) The RSM optimization showed that the processing
conditions of 6-Bc using 111°-die at 200°C are more
effective in improving the Cu ductility.

7) The processing condition of 6-Bc using about 109.5°-
die at 191°C is the optimum condition for improving
the Cu ductility.

8) ECAP processing can strengthen the Cu billets without
a significant effect on their electric conductivity.
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Appendix

Table A1: Design of experiment of ECAP parameters and process response

Run ECAP Condition ECAP response

N φ T Processing route type Hardness Tensile strength IT (J·cm−2) EC (% IACS)

HE (HV) HC (HV) σy (MPa) σu (MPa) Du (%)

1 2 120 473 A 128 122 108 264 28.5 115 98.1%
2 2 90 473 C 127 119 112 268 28 68 95.2%
3 2 120 298 C 124 116 124 285 25 65 96%
4 6 120 473 A 137 132 167 318 23 105 97.3%
5 2 90 373 A 139 129 126 288 25.6 68 95.4%
6 6 120 473 C 141 134 158 316 24.6 84 96.9%
7 6 120 473 C 139 132 162 322 23.9 80 96.4%
8 6 120 298 C 145 137 212 324 20 75 95.3%
9 6 120 298 A 149 142 225 332 19 95 94.9%
10 2 90 373 A 137 130 122 284 26.4 67 94.5%
11 4 90 298 C 151 143 176 342 17 52 92.2%
12 4 120 373 C 139 129 132 328 20.8 75 96.2%
13 6 90 473 Bc 145 141 179 338 22 55 92.8%
14 2 90 473 C 129 120 114 265 28.4 69 96.5%
15 2 90 298 Bc 138 137 166 304 19 55 96.3%
16 4 120 373 A 142 132 138 325 20.5 85 97.4%
17 6 90 298 A 158 149 208 353 14.8 45 93.2%
18 4 90 298 C 152 142 168 338 17.6 50 93.3%
19 2 120 298 A 128 119 126.5 302 22.5 68 96.7%
20 2 120 373 Bc 121 118 112 278 27 85 95.9%
21 6 90 473 Bc 147 143 176 332 22.8 60 93.5%
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