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A B S T R A C T

This work deals mechanical and tribological properties of pure copper, reinforced by various weight percentages
of tin, before and after the application of equal channel angular pressing. It is found that the hardness, yield, and
ultimate shear strengths are considerably improved through ECAP due to grain refinement. The effect of ECAP
process on mechanical properties of dilute copper alloys is more significant than that of the pure condition. Also,
the strengthening behavior is slightly intensified by increasing the amount of tin content in pure copper.
Additionally, work-hardening potential of CPeCu is restricted due to the ECAP process and also, through the
production of dilute copper alloys. The results showed that the effect of ECAP on friction coefficient reduction is
more sizeable than making the dilute alloys. Furthermore, the reduction of electrical conductivity in the de-
formed materials relies on the lattice distortion increase of copper due to the addition of Sn to Cu and the
increment of dislocations density. Finally, ECAP procedure and alloying together, terminate to the better wear
response of the materials.

1. Introduction

Application of copper in its pure condition is restricted in different
engineering products. It is too soft and ductile with suitable heat and
electricity conduction [1,2]. Scientists, more years ago found that pure
copper could be strengthened by the addition of other alloying elements
[3]. They also experienced the production of bronze and brass as the
two common alloys of copper by addition of elements such as tin (equal
to 25%) and zinc (5%–45%) which have been utilized for a wide range
of applications [4,5].

Nowadays, numerous copper alloys have been fabricated with great
potential uses at architecture, automotive, electrical wire, fuel gas,
tube, pipe, and fittings etc. [5,6]. Cowper and Ohring showed that di-
lute ternary CueMneSe alloys offer possibilities for property im-
provement through binary and ternary interactions and reactions [7].
The addition of cadmium into pure copper (Cue1%Cd alloy) led to a
sharp yield strength similar to that achieved in the mild steel and in the
AleMg alloys [8]. According to the CueSn phase diagram system, al-
loyed copper remains in a single phase by the addition of tin to copper
only up to about 1 weight percent (dilute copper alloy). In other words,
molten copper which dissolve just a small amount of tin element leads

to the single-phase homogeneous microstructure. This causes a fabri-
cation of materials with uniform chemical and physical characteristics
which is very promising and attractive for industrial uses [9–11].

Fabrication of ultrafine grain (UFG) and even, nanostructure (NS)
metals and alloys have been received more attention of researchers and
scientists in this filed [12]. Conventional metal forming processes like
forging, extrusion, rolling, and drawing are not very successful in order
to change the microstructure and mechanical properties of many ma-
terials. For this aim, the high magnitude plastic strain at a relatively low
temperature must be employed through severe plastic deformation
(SPD) method as a special technique of metal forming processes
[13,14]. In recent years, different SPD processes have been proposed,
introduced, and experimented which have a mighty potential for
making UFG/NS bulk materials [15,16]. Of the various SPD methods
such as high pressure torsion [17], equal channel forward extrusion
[18], accumulative roll bonding [19], tubular channel angular pressing
[20], twist extrusion [21] etc. [22–24], equal channel angular pressing
(ECAP) is a quite efficient technique for providing UFG/NS large bulk
materials [25]. During the ECAP method with the schematic re-
presentation of Fig. 1a, a billet with square or round cross-section is
pressed and pushed through a die containing two channels of equal
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cross-section that meet at channel angle of Ф, and outer corner angle of
Ψ. It is well-established that shear plastic strain is imposed on the billet
at the intersection plane of the entrance and exit channels. According to
the analytical relationship for the estimation of effective plastic strain
at the frictionless condition [26], it is equal to 1.15 per pass for the die
channel angle of 90°. By considering that both channels are equal at the
cross-section, the billet can be located again at the entrance channel for
subsequent passes in order to attain the desired plastic strain. Fur-
thermore, there is a feasibility to rotate the billet between each pass of
ECAP process entitling routes A, BA, BC, and C in order to alter the
inclination of shear bands at the materials' structure; consequently,
different microstructures and properties may be acquired [27,28]. In
this regard, no rotation of the billet is defined as a route A, while the
billet is rotated by 90° CW on every even pass numbers and by 90° CCW
on every odd pass numbers for route BA. Also, for route BC, the billet is
respectively rotated by 90° between each pass and for Route C, the billet
is rotated by 180° after every pass. It was found that the route BC

provides the most efficient route for the formation of the equiaxed
grains [27,28]. The attention to product UFG/NS materials by means of
ECAP method relies on, not only their high monotonic and dynamic
mechanical properties but also, their physical, magnetic, and tribolo-
gical features [29–34].

Surface engineering of materials has been broadly studied during
the last decade [35]. It is needed to mention that wear which is one of
the prominent surface properties, defined as a progressive loss of ma-
terial from the surface by the interaction of the exposed sample's sur-
face with the surrounding environment. According to previous studies,
wear behavior is related to the four key factors of the surface energy,
morphology, composition, and hardness [36–38]. Grain size, its shape,
and particle distribution are the prominent factors governing the wear
behavior of materials among various surface morphology parameters
such as roughness, macrostructure, and the microstructure. It is de-
monstrated that the tendency of materials' microstructure to refinement
could improve this behavior [39].

With respect to the aforementioned works, it is difficult to achieve a
high strength, substantial wear, and reasonable electrical conductivity

in the pure condition of copper; hence, this paper has been missioned to
resolve this complex situation. Accordingly, the Sn element was added
to pure copper with the different weight percentages (dilute copper
alloys). Afterward, they were subjected to the ECAP process up to four
passes by route BC. Eventually, hardness behavior, strength properties,
electrical conductivity, wear characterization, and microstructure ob-
servation of dilute Cu alloys were achieved and compared with the
initial condition.

2. Experimental procedure

As mentioned above, slight addition of alloying elements to the pure
copper (dilute copper alloy) and/or employing hardening processes
(with various metal forming techniques) are two major methods for
obtaining copper alloys with high strength and suitable electrical con-
ductivity which has been widely required for various industrial appli-
cations, especially at high-speed electric railway. For this purpose, di-
lute copper-tin alloy was produced by the continuous casting method
with the speed of 5m/min at 1100–1200 °C in 20mm rod size. They are
made using a continuous casting furnace (Rautomead) with a graphite
pot appropriated for producing non-ferrous materials. A low voltage
resistance furnace heating system was also applied with the graphite
heating elements. CueSn alloy was provided in three different types of
rod containing 0.18, 0.30 and 0.50 in weight percent. In addition, li-
quid metal surface was covered with a special graphite casting dust to
prevent oxidation of the alloy during the process. It is noteworthy to say
that this small amount of tin element is added to pure copper for in-
tending improvement of their mechanical and tribological behavior.
Table 1 lists the chemical analysis of the samples used for this study.
Afterward, billets with the length and diameter of 120mm and 12mm
were cut and machined for the ECAP process.

ECAP process was performed using a split-die with the die channel
angle of 90°, outer corner angle of 20°, and punch rate of 0.5mm/s. The
process was repeated up to four passes by route BC in which the billet is
respectively rotated by 90° between each consecutive pass. It was de-
termined that route BC is the most suitable operation path to achieve

Fig. 1. a) Schematic representation of ECAP setup, and b) Utilized ECAP die in this research.

Table 1
The chemical composition of three single-phase CueSn alloys used for this study in weight percent.

Name Cu Sn P Mg Zn Pb Se

Commercial pure Cu Bal. < 0.001 <0.020 <0.002 <0.002 <0.001 <0.001
Cu-0.18%tin Bal. 0.18 <0.020 <0.002 <0.002 <0.001 <0.001
Cu-0.30%tin Bal. 0.30 <0.020 <0.002 <0.002 <0.001 <0.001
Cu-0.50%tin Bal. 0.50 <0.020 <0.002 <0.002 <0.001 <0.001
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the lowest grain size with the equiaxed microstructure leading up the
highest strength properties [40]. Molybdenum disulfide (MoS2) which
is composed of the molybdenum and sulfur (an inorganic compound)
was employed as a lubricant to reduce the frictional force during the
ECAP process [41]. Fig. 1b displays the applied ECAP die in this study.

After the ECAP process, various tests were examined on the initial
and processed billets to investigate the mechanical properties, electrical
conductivity, wear behavior, and microstructure observation. The re-
quired aforementioned tests were conducted on the plane perpendicular
to the extruding direction provided by means of wire-cut electrical-
discharge machine. Accordingly, their surface preparation was made
based on the type of examination test. Vickers microhardness (Hv)
measurements were performed according to the ASTM E384 by a load
of 100 g and a dwell time of 20 s. At least 10 measurements were re-
corded on each condition to increase accuracy and precision; then, the
average magnitude was reported. Shear punch test was fulfilled at room
temperature using a universal testing machine to investigate strength
properties of the initial and processed samples in accordance with
ASTM E143 standard. The applied punch was attached to a load-cell of
20 kN capacity with a constant crosshead speed of 10−3 s−1. The re-
presentation of the shear punch test has been shown in Fig. 2. For this
test, a disc-shaped specimen with 10mm diameter and 0.8mm thick-
ness was made. Also, the obtained force-displacement curves were
converted to the typical shear stress-normalized punch displacement by
using the following relationships in which τ, P, r, t, d, and h are shear
strength, applied force, average radius of the punch and die, thickness
of the specimen, normalized punch displacement, and measured punch
displacement, respectively [42,43].

=τ P
2πrt (1)

=d h
t (2)

Eddy current electrical conductivity technique was utilized by
means of SIGMOR 100 conductivity meter to measure the electrical
resistivity of dilute copper alloys before and after the ECAP process
according to the percentage of international annealed copper standard
(%IACS) (ASTM E1004). For each case, three measurements were done
and the mean value was reported. In the following, transmission elec-
tron microscopy (TEM) was used to evaluate the grain refinement
evolution of pure and dilute copper alloys through the ECAP process.
For this object, the thin foil was provided by grinding, polishing, and
twin-jet electropolishing machine at a voltage and temperature of 60 V
of −35 °C, respectively.

Dry-sliding pin-on-disk wear test was performed on the specimens
with the shape of a disc in 8mm diameter and 30mm height at the
relative humidity of 45–55% and ambient temperature. These wear
specimens were cut from the center of the samples' cross-section before
and after the ECAP process. The prepared specimens' surface was then
polished down to the 0.5 μm and cleaned by acetone for eliminating any
grease and contamination from the surface. Three normal loads of 20,
30, and 40 N were selected for this study with the sliding rate and total
distance of 0.23m/s and 1000m, respectively. In this work, wear rate
which is described as mass loss per total sliding distance at the de-
termined applied normal force was measured for all conditions.

3. Results and discussion

As known, hardness is a prominent factor for designing long-term
efficient metallic materials. Accordingly, Vickers microhardness testing
results of Cu-X%Sn (X=0, 0.18, 0.30, 0.50) are represented in Fig. 3.
As can be observed, deformed materials show high Hv magnitudes as
compared to the corresponding initial conditions irrespective of the
alloying element content. There are about 69%, 95%, 97%, and 101%
increase at the hardness magnitude of pure copper, Cu-0.18%Sn, Cu-
0.30%Sn, and Cu-0.50%Sn, respectively, in comparison with the initial
conditions by imposing ECAP process up to the four passes. It is also
apparent that the ECAP of alloyed copper leads to a considerable higher
hardness magnitude than that of the pure state. Moreover, this
strengthening behavior is slightly intensified by the addition of the tin
element to the pure copper.

Fig. 2. Representation of the shear punch testing device used in this research.

Fig. 3. Vickers microhardness measurements of pure and dilute copper alloys
before and after the ECAP process up to four passes.
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Shear punch test was performed on the pure and dilute copper al-
loys of tin (0.18%, 0.30%, and 0.50%) before and after the ECAP pro-
cess up to the four passes. It is worthy to note that shear yield strength
(SYS) was determined according to the deviation point from the line-
arity, and ultimate shear strength (USS) was obtained by the stress
corresponding to the maximum load point. There has been observed in
Fig. 4, the tin addition to the pure copper leads to the increment of both
yield and the ultimate shear strengths. About 21%, 40%, and 48% en-
hancement at the SYS, and approximate 20%, 36%, and 41% im-
provement at the USS have been respectively achieved by the addition
of 0.18%, 0.30%, and 0.50% Sn as compared to the pure Cu. ECAP
process increases the strength of the material, as well. SYS and USS are
grown up to 37% and 28% in CPeCu, 49% and 37% in Cu-0.18%Sn,
51% and 37% in Cu-0.30%Sn, and 56% and 40% in Cu-0.50%Sn, by
performing four passes of ECAP operation as compared to the corre-
sponding undeformed state. Improvement of materials hardness and
strength during various SPD processes has been previously demon-
strated by Kumar et al. in cyclic channel die compression of pure tita-
nium [44], Shaeri et al. in ECAP of Al-7075 [45], Fan et al. in multi-port
extrusion tube though porthole die extrusion of aluminum [46], and

Ebrahimi and Shamsborhan in planar twist channel angular extrusion of
copper and pure aluminum [47,48].

To evaluate work-hardening potential of the aforementioned ma-
terials, formability index (FI) has been introduced as (USS-SYS)/SYS
[49]. Lower FI magnitude increases the feasibility of performing the
metal forming operation. Table 2 lists the magnitudes of formability
index for pure and three dilute copper alloys before and after the ECAP
process up to four passes. The results show that work-hardening capa-
city of pure copper is reduced through making dilute copper alloys and

Fig. 4. Shear punch testing of pure and dilute copper alloys before and after the
ECAP process up to four passes.

Table 2
Formability index of pure and the dilute copper alloys before and after the
ECAP process up to four passes.

Before ECAP After four passes ECAP

CPeCu 0.300 0.213
Cu-0.18%Sn 0.284 0.178
Cu-0.30%Sn 0.262 0.141
Cu-0.50%Sn 0.241 0.114

Fig. 5. The electrical conductivity of pure and dilute copper alloys before and
after the ECAP process up to four passes.

Fig. 6. The plot of electrical conductivity versus Vickers microhardness and
ultimate shear strength for pure and dilute copper alloys before and after the
ECAP process up to four passes.

Fig. 7. TEM micrographs of pure and dilute copper alloys after the four passes
of ECAP process.
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the ECAP process has a negative effect on the work-hardening capacity
of the as-received metals and alloys. Similar approaches have been al-
ready reported for the deformed materials processed by ECAP method
[32,50–52].

The electrical conductivity of Cu-X%Sn (X= 0, 0.18, 0.30, 0.50) has
been achieved before and after the ECAP process up to the final pass;
see Fig. 5. Accordingly, initial CPeCu and deformed Cu-0.50%Sn pos-
sess respectively the highest and lowest electrical conductivity which
are equal to 95.6 %IACS and 64.6 %IACS. It is obvious that both
treatments of adding the alloying element and refining the micro-
structure reduce the magnitude of electrical conductivity. In this re-
gard, adding tin with the amount of 0.50%, and applying four-pass
ECAP process lead to the 32% reduction of electrical conductivity as
compared to the initial pure copper. The attained results are in agree-
ment with the previous studies in which the electrical conductivity of
SPD materials is decreased with the reduction of their grain size
[53–55].

As well-demonstrated, the electrical resistivity of metals which is in
the reversed connection with the electrical conductivity is due to the
scattering of conducting electrons. Also, the scattering of conducting
electrons are the result of the crystal imperfections such as impurity
atoms, interstitials, substitutional, dislocations, and grain boundaries.
Hence, the electrical resistivity of metals and alloys might be explained
by the empirical Matthiessen's law in which it is related to the several
microstructural elements according to the following relationship (Eq.
(3)) [56]:

= + + + + +ρ ρ Δρ Δρ Δρ Δρ Δρt i ss p v d gb (3)

Where, ρt, ρi, Δρss, Δρp, Δρv, Δρd, and Δρgb are total resistivity of a me-
tallic material, resistivity of pure metal, resistivity due to atoms in solid
solution, second phase precipitates, vacancies, dislocations, and grain
boundaries, respectively. Based on the results and according to the
above relationship, reduction of electrical conductivity is relevant to
the addition of Sn alloying element, and increment of dislocations
density and grain boundaries. These two treatments increase the copper
lattice distortion which lead to the decrease of the electrical con-
ductivity of the alloyed samples as compared to the pure condition. The
results of both mechanical properties and electrical conductivity of pure
and dilute copper alloys before and after the ECAP process indicate that
materials with high strength and acceptable conductivity could be
achieved according to Fig. 6.

The improvement of mechanical properties for the designed dilute
copper alloys after the ECAP process may be associated with the three
strengthening mechanisms including solution strengthening, disloca-
tion strengthening, and UFG strengthening as indicated in previous
investigations [57–59]. For the before ECAP conditions, point defect
density decreases by the addition of tin to the pure copper. This acts as
the barrier of dislocation movement, letting the increment of strength
and reduction of work-hardening potential of the dilute copper alloys as
compared to the pure condition. It is worthy to note that grain

boundaries and solute atoms are two prominent factors that control
dislocations motion. Accordingly, low hardness and strength of the
samples before the ECAP process may be related to the coarse grain size
of the material. By imposing intense plastic strain using the well-known
ECAP process, the generation of dislocations, their motions, and their
interactions are developed and led to the formation of dislocations
boundaries or low-angle grain boundaries (subgrains). It is also neces-
sary to mention that grain boundaries can block the dislocations
movement by two different routes: firstly, by enforcing the dislocations
to adjust the direction of their movements, and secondly, slip plane
interruption due to the misorientation [58,59]. Thereafter, dislocations
density is increased by adding the amount of plastic strain within the
subsequent pass numbers which are stored at the subgrains, expanding
gradually their misorientation angle. By this way, the fraction of LAGBs
is transformed into high-angle grain boundaries resulting in the for-
mation of ultrafine grains. In the following, further grain refinement
occurs and the ultrafine grain and even, nanostructure materials are
achieved. Therefore, better mechanical behavior is achieved using the
reduction of grain size and/or addition of solute atom according to the
following relationships (Eqs. (4) and (5)) [60].

=τ k
dgs x (4)

=τ G b ε Csa
1.5 0.5 (5)

In these equations, τgs and τsa are shear strengths due to the grain
size reduction and solute atom addition, d, G, b, ε, and C are related to
the average grain size, shear modulus, burger's vector, lattice strain,
and solute atom concentration, and also, k and x are the material
constants, respectively. It can be said that the enhancement of material
strength after the ECAP process is due to the grain size reduction for the
pure copper, and because of the grain size decrease and the tin alloying
element for the alloyed samples. It means that the influence of the ECAP
process on the mechanical enhancement of the alloyed copper is more
considerable than the pure condition. Fig. 7 represents TEM observa-
tion of the pure and dilute copper alloys after the four passes of the
ECAP process. In this regard, four passes of ECAP process lead to having
a material with the combination of the nanostructure (average crys-
tallite size of ≈90 nm) and ultrafine grain (average grain sizes of
≈370 nm) as compared to the coarse grain of the initial coppers, irre-
spective of the tin alloying amount. As can be observed, the achieved
UFG/NS grains are fairly equiaxed and the microstructure is reasonably
homogeneous. Most of the grains are wavy and ill-defined indicating
the presence of high density of dislocations, especially at the cell
boundaries. All these features exhibited that the microstructures of the
ECAPed copper alloys are in high-energy and non-equilibrium condi-
tion. The modification of the microstructure and reduction of grain size
during the ECAP method were developed by portioning the grains via
shearing or deformation bands as a result of the plastic strain locali-
zation as well as the transformation of LAGBs formed at the early stages

Fig. 8. Wear rate of pure and dilute copper alloys before and after the ECAP process up to four passes.
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of the deformation into the HAGBs [32,61,62].
Wear test was performed to assess the surface parameters of pure

and dilute copper alloys before and after the ECAP process up to the
four passes, and the results are presented in Figs. 8–10. Accordingly,
performing ECAP process, making alloy by addition of Sn element, and
the increase of applied normal force are three factors to attain materials
with low wear rate; see Fig. 8. As an example, about 15%, 21%, 22%,

and 23% improvement at the wear rate of CPeCu, Cu-0.18%Sn, Cu-
0.30%Sn, and Cu-0.50%Sn have been respectively achieved after the
four passes of ECAP process as compared to the corresponding initial
conditions, when the normal force magnitude of 20 N is applied. Also,
approximate 8%, 16%, and 25% enhancement at the wear rate of the
undeformed dilute copper alloys with the tin amount of 0.18%, 0.30%,
and 0.50% have been respectively attained in comparison with the pure

Fig. 9. Friction coefficient-sliding distance plot of pure and dilute copper alloy with 0.50%Sn before and after the ECAP process up to four passes.
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condition at the given normal force of 30 N. Additionally, wear rate
increase of 75% and 106% for the CPeCu and Cu-0.30%Sn has been
respectively attained by addition of applied force from 20 N to 40 N for
the final pass of the ECAP process. The results indicate that the most
and the least wear rates are respectively related to the initial CPeCu
with 40 N load and ECAP Cu-0.50%Sn with the 20 N load which are
equal to 16.148mg/m×103 and 3.037mg/m×103. Summarily, the
ECAP process leads to the improvement of wear resistant irrespective of
the applied force which is associated with the grain size refinement as
illustrated above.

Friction coefficient is another major factor for the characterization
of surface engineering which is defined as follows (Eq. (6)) in which Ff,
μ, and N present friction force, friction coefficient, and applied normal
force [30,63]. Accordingly, the curves of friction coefficient-sliding
distance of the pure and dilute copper alloys have been achieved before
and after the ECAP process, and their corresponding friction coefficient
magnitudes have been extracted. Fig. 9 plots the friction coefficient
magnitude versus sliding distance of the initial and deformed CPeCu
and Cu-0.50%Sn at the given normal force of 20 N. As can be observed,
friction coefficient increases smoothly within the sliding distance until
it reaches the steady-state condition. This slow growth at the initial
stages may be associated with the wear debris due to the work-hard-
ening at the contacting surface which changes the wear mechanism
from 2D to 3D [30,38].

=F μNf (6)

Moreover, Fig. 10 exhibits average friction coefficient magnitude of
the initial and deformed CPeCu, Cu-0.18%Sn, Cu-0.30%Sn, and Cu-
0.50%Sn at the given normal forces of 20, 30, and 40 N. Accordingly,
three factors including ECAP process, applied normal force, and addi-
tion of alloying element may vary the magnitude of friction coefficient.
The results indicate that the influence of the applied normal force is
negligible on the friction coefficient magnitude. Also, the friction
coefficient decreases considerably by the applying ECAP process and tin
addition to the pure copper. It is needed to mention that the lowest and
highest friction coefficient magnitudes are respectively related to the
deformed Cu-0.50%Sn and initial CPeCu, irrespective of the amount of
applied normal force. For instance, about 9% and 2% reduction at the
average friction coefficient have been respectively achieved for the
initial pure copper by applying four passes of ECAP process and the
addition of 0.18%Sn. It means that the effect of ECAP process on the
reduction of friction coefficient is more sizeable than the making dilute
copper alloys. Based on the achieved results, it seems that mass loss,
wear rate, and friction coefficient of materials depend strongly on their
strength and grain size. In other words, fabrication of high strength
samples by means of the ECAP process and making alloyed copper
boosts wear resistance and restricts the layer removal (delamination)
from the contacting surface. Hence, there is a reversed relationship

between the strength and wear rate of the Cu samples [30,38,64,65]. Of
course, more studies are needed for verification of this reversed con-
nection.

4. Conclusions

Pure copper samples reinforced by various weight percentages of
the tin element were subjected to the four passes of ECAP process.
Afterward, mechanical, microstructural, and tribological behavior of
pure and dilute copper alloys were investigated before and after the
processing. The main conclusions are as follows:

• About 69%, 95%, 97%, and 101% improvement at the hardness
magnitude and 28%, 37%, 37%, and 40% enhancement at the ul-
timate shear strength were respectively achieved for the CPeCu, Cu-
0.18%Sn, Cu-0.30%Sn, and Cu-0.50%Sn by imposing four passes of
ECAP process in comparison with the corresponding initial condi-
tions. Also, ECAP process of the dilute copper alloys has a significant
effect on the hardness and strengths than that of the pure situation.
Moreover, this strengthening behavior is slightly intensified by in-
creasing tin addition to the pure copper.

• Addition of the alloying element and refinement of the micro-
structure decrease the magnitude of electrical conductivity. This is
associated with the addition of Sn alloying element and increment of
both dislocations density and grain boundaries which extend scat-
tering of the conducting electrons.

• The microstructure analyses indicated that four-pass ECAP process
of pure and dilute copper alloys leads to owning a material with the
combination of the nanostructure and ultrafine grains as compared
to the coarse grains of the initial copper.

• The lowest and highest friction coefficient magnitudes are respec-
tively related to the deformed Cu-0.50%Sn and initial CPeCu, ir-
respective of the amount of applied normal force. Also, the effect of
the applied normal force is negligible on the friction coefficient
magnitude.
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