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Abstract—The effect of equal-channel angular pressing (ECAP) and subsequent aging on the structure and
mechanical properties of Cu–7% Cr and Cu–10% Fe alloys is studied. ECAP is shown to substantially refine
the structure of both alloys. The average grain and subgrain sizes of the Cu–7% Cr and Cu–10% Fe alloys
subjected to ECAP are 250 ± 13 and 155 ± 7 nm, respectively. Moreover, the presence of shear bands ~100 nm
wide is found for the alloys. The structure refinement results in a substantial increase in the strength of the
alloys and a simultaneous decrease in their plasticity. In this case, additional aging of the alloys, which is per-
formed after quenching, increases their microhardness, electrical conductivity, and strength; simultaneously,
the plasticity decreases. Aging of the alloys subjected to ECAP leads to an increase in the sizes of the structural
components (both shear bands and grains and subgrains) and to the precipitation of chromium and iron
phases from the Cu–7% Cr and Cu–10% Fe alloys, respectively. The average sizes of shear bands, grains, and
subgrains of the Cu–7% Cr and Cu–10% Fe alloys subjected to ECAP and aging are 130 ± 7 and 317 ± 24 nm and
220 ± 9 and 357 ± 27 nm, respectively. Aging does not affect the strength of the deformed Cu–7% Cr alloy
and leads to a softening of the deformed Cu–10% Fe alloy. Aging of both alloys subjected to ECAP leads to
an increase in their plasticity and electrical conductivity. In the case of the Cu–7% Cr alloy, treatment, which
consists in quenching, ECAP, and aging, ensures reaching a better combination of the strength (~470 MPa),
plasticity (~18%), and electrical conductivity (~81% IACS).
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INTRODUCTION
Equal-channel angular pressing (ECAP) intended

for improving the mechanical and functional proper-
ties of metallic materials has been widely used in prac-
tice for a long time [1–4]. Owing to the creation of
conditions for high shear deformation, a microstruc-
ture can be substantially refined up to ultrafine-
grained (UFG) and nanostructured states. The for-
mation of such structures leads to an increase in the
strength and the improvement of many service proper-
ties. In particular, the application of ECAP for magne-
sium alloys allows one to increase their corrosion
resistance [5]; in the case of steels, an increase in the
fatigue life is observed [6]. At the same time, ECAP
and subsequent aging of quenched aluminum and
copper alloys ensure a combination of a high strength
and electrical conductivity of these materials; this is of

particular importance for their application in the elec-
trical industry [7–10].

Among the most popular materials for the electri-
cal industry, copper alloys are distinguished [11, 12].
They are widely used in manufacturing resistance-
welding electrodes, wire, and carrier cables. For such
an application, not only a good strength of matrix
material but also its high thermal stability, i.e., the fact
that the material retains the strength at high tempera-
tures, is of importance. Because of this, the develop-
ment and study of new compositions is a challenging
problem. At present, Cu–Cr alloys, in particular, low-
alloyed chromium bronzes are most widely used as
materials for electric purposes [13, 14]. These materi-
als are used mainly due to their relatively low cost.
However, the thermal stability of deformed low-
alloyed bronzes (to 200–300°C) is insufficient to use
1085



1086 MARTYNENKO et al.
them in critical constructions [15]. The mechanical
characteristics of these alloys can be improved by
increasing the chromium content in their composi-
tion. Earlier, high-chromium copper alloys already
were studied [16–18]. Moreover, the Cu–Fe system
[19–22], in particular, a Cu–10% Fe alloy [20, 21],
shows promise as materials for electric application.
However, it is necessary to note that the strength of
copper alloys is not high. Because of this, it is reason-
able to study the effect of severe plastic deformation
(SPD) on the mechanical behavior of Cu–Cr and
Cu–Fe alloys with a high content of alloying elements.

The purpose of this work is to study the effect of
ECAP on the structure, mechanical characteristics,
and aging behavior of the Cu–7% Cr and Cu–10% Fe
alloys, which show promise for the application in elec-
trical industry.

EXPERIMENTAL

Ingots of Cu–7% Cr and Cu–10% Fe alloys were
prepared by vacuum arc melting. Cast blanks 100 mm
in diameter were used to form rods 10 mm in diameter
by hot forging at 800°C. Before ECAP, blanks of both
alloys were subjected to homogenizing annealing at
1000°C for 2 h and subsequent water quenching.
ECAP was performed at room temperature in accor-
dance with route Bc using a die having a 90° channel
intersection. For both alloys, the total number of
passes was n = 4.

The microstructure of the quenched alloys was
studied using an Axio Observer D1m optical micro-
scope (Carl Zeiss). After ECAP, the microstructure of
alloys was studied on a Jeol JEM 2100 electron micro-
scope operating at an accelerating voltage of 200 kV. To
prepare foils, samples preliminarily were thinned on
an abrasive paper and subjected to polishing using a
TENUPOL 5 polisher. To calculate the size of struc-
tural components, a random secant method was used.
The calculations were performed using the Image
Expert Pro 3 software.

The supersaturated solid-solution decomposition
processes that occur in the alloys upon aging were
studied via plotting the dependences of the micro-
hardness and electrical conductivity on the aging tem-
perature t (τ = 1 h) and time (T = const). The micro-
hardness of the alloys was studied using a 402 MVD
Instron Wolpert Wilson Instruments tester and the 1 N
(100 gf) load; the exposition time is 10 s. The electrical
conductivity of the alloys was studied via the measur-
ing the electrical resistivity using plain samples (1.5 ×
4.5 × 10 mm in size) and a BSZ-010-2 microhmmeter.
After that, the values of electrical resistivity were recal-
culated into the specific electrical conductivity and
transformed into percentage ratio to that of annealed
copper in accordance with the International Annealed
Copper Standard (% IACS).
RU
The mechanical properties were studied by uniaxial
tension at room temperature on an Instron 3382 test-
ing machine using plain samples 2 × 1 mm in gage sec-
tion and 5.75 mm in gage length at a strain rate of
1 mm/min.

RESULTS AND DISCUSSION

Figure 1 shows the microstructure of the Cu–7%
Cr and Cu–10% Fe alloys in the initial quenched state
and after ECAP. The structure of both alloys in the
quenched state consists of coarse grains of copper-
based supersaturated solid solution 30–35 μm in size.
In this case, second phase particles 3–5 μm in size are
present in the microstructure of the alloys. Such parti-
cles in the Cu–7% Cr and Cu–10% Fe alloys corre-
spond to the chromium (Fig. 1a) and iron (Fig. 1b)
phase, respectively [23]. It should be noted that
annealing twins 3–5 μm in size are present in the
structure of both the quenched alloys.

ECAP of both alloys leads to the formation of a
mixed UFG structure, which consists of shear bands
and a grain–subgrain structure. In the Cu–7% Cr
alloy subjected to ECAP, shear bands ~100 nm wide
and grains and subgrains with an average size of 250 ±
13 nm are observed (Figs. 1c, 1e). In the Cu–10% Fe
alloy subjected to ECAP, the presence of shear bands
~100 nm wide along with grains and subgrains with an
average size of 155 ± 7 nm is noted (Figs. 1d, 1f). It
should be also noted that the formation of grains and
subgrains take place both outside and inside shear
bands.

Both alloys under study are among the precipita-
tion-hardening materials, the heat treatment of which
is accompanied by the decomposition of a supersatu-
rated solid solution. In practice, this should lead to
improvement of the strength and/or functional prop-
erties (in our case, such a property is electrical con-
ductivity). Figures 2a and 2b show data on the micro-
hardness and electrical conductivity of the Cu–7% Cr
and Cu–10% Fe alloys in the quenched state and after
ECAP in accordance with the aging temperature.
First, it should be noted that ECAP of both alloys
leads to an increase in the microhardness as a result of
the grain refining. The microhardness of the Cu–7%
Cr alloy increases from 1.11 ± 0.03 to 1.58 ± 0.06 GPa;
in the case of the Cu–10% Fe alloy, the microhardness
increases from 1.18 ± 0.06 to 1.69 ± 0.06 GPa. The
study of the changes in the microhardness during
aging showed that the microhardness of the Cu–
7% Cr alloy was unchanged in a temperature range
from 20 to 350°C. An increase in the microhardness is
observed beginning from a temperature of 400°C. At
500°C, the microhardness decreases almost to the ini-
tial value. At the same time, the microhardness of the
Cu–7% Cr alloy subjected to ECAP remains
unchanged up to 425°C and, as the temperature
increases, decreases abruptly (see Fig. 2a).
SSIAN METALLURGY (METALLY)  Vol. 2021  No. 9
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Fig. 1. Microstructure of (a, c, e) Cu–7% Cr and (b, d, f) Cu–10% Fe alloys in (a, b) quenched state and (c–f) after ECAP.
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The decomposition of supersaturated solid solu-
tion in the Cu–10% Fe alloy in both the microstruc-
tural states has no the strengthening effect. The values
of microhardness of the quenched alloy almost are the
same within the whole aging temperature range,
whereas the microhardness of the deformed alloy
slightly decreases after aging at temperatures above
500°C (see Fig. 2a). Despite the data, the study of the
electrical conductivity indicates the fact that the
decomposition of the solid solution occurs in both
alloys (Fig. 2b). An increase in the electrical conduc-
tivity of the Cu–7% Cr alloy in both microstructural
states is observed after aging above 400°C and, there-
fore, indicates the active occurrence of the solid solu-
tion decomposition. In this case, the more intense
increase in the microhardness of the deformed Cu–
7% Cr alloy is likely to be caused by the presence of a
great number of crystal lattice defects (dislocations)
RUSSIAN METALLURGY (METALLY)  Vol. 2021  No.
formed in the course of the ECAP. Dislocations act as
particle crystallization centers; this accelerates the
solid solution decomposition [24–26].

Despite the absence of strengthening during heat-
ing, the Cu–10% Fe alloy also exhibits the increase in
the electrical conductivity at aging temperatures above
400°C. This confirms the particle precipitation upon
decomposition and depletion of the supersaturated
solid solution (see Fig. 2b).

Based on the data obtained, the isothermal anneal-
ing temperatures were chosen. The aging temperature
of both the quenched alloys and the Cu–10% Fe alloy
subjected to ECAP is 500°C, whereas the aging tem-
perature of the deformed Cu–7% Cr alloy is 425°C.

Figures 2c and 2d show the dependences of the
microhardness and electrical conductivity on the
aging time. The quenched Cu–7% Cr alloy is seen to
 9



1088 MARTYNENKO et al.

Fig. 2. Dependences of the (a, c) microhardness HV0.1 and (b, d) electrical conductivity IACS of the Cu–7% Cr and Cu–10%
Fe alloys before and after ECAP on the aging temperature and time.
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undergo the most pronounced strengthening; the peak
microhardness is reached after 30-min aging. In this
case, the microhardness slightly changes within 4 h
and, after that, decreases abruptly. At the same time,
the microhardness of the ECAP-processed Cu–7% Cr
alloy is almost unchanged for 4 h (only a slight
increase corresponds to 1 h) and then abruptly
decreases. In the case of the quenched Cu–10% Fe
alloy, the peak microhardness corresponds to aging at
500°C for 2 h. However, it should be noted that this
peak is not so pronounced as compared to that for the
quenched Cu–7% Cr alloy. In this case, the micro-
hardness of the deformed Cu–10% Fe alloy is
unchanged for 2-h aging and then begins to decrease.
The increase in the electrical conductivity of the alloys
under study indicates the fact that, during aging, the
supersaturated solid solution decomposition processes
occur in the alloys in both the states (Fig. 2d). In this
case, the solid solution decomposition in the Cu–7%
Cr alloy is more pronounced (in particular, in
deformed state) as compared to that in the Cu–10%
Fe alloy.

Taking into account the results of the study of aging
kinetics, aging parameters of the alloys were chosen,
RU
the application of which ensures reaching the opti-
mum combinations of the microhardness and electri-
cal conductivity. For both the quenched alloys and
ECAP-processed Cu–10% Fe alloy, such a parameter
was chosen to be heating at 500°C for 2 h; the aging of
the ECAP-processed Cu–7% Cr alloy was performed
at 425°C for 2 h. In the case of the use of the above
conditions, the microhardness and electrical conduc-
tivity are sufficiently high. Table 1 gives the summa-
rized data on aging of the Cu–7% Cr and Cu–10% Fe
alloys.

Figure 3 shows the microstructures of the studied
alloys subjected to ECAP and subsequent aging under
the optimum conditions. The structure of the Cu–7%
Cr alloy subjected to ECAP and aging is fragmented
and mixed, i.e., shear bands and cellular microstruc-
ture are observed (Figs. 3a, 3b). Low-angle boundar-
ies of fragments are formed by dislocation walls. In this
case, the average lateral size of fragments is 130 ± 7 nm.
Within the fragment body, developed dislocation net-
works are observed, at which fine chromium phase
particles 5 nm in size and large particles 12 ± 1 nm in
average size are pinned. Moreover, the presence of
grain–subgrain structure with an average size of 317 ±
SSIAN METALLURGY (METALLY)  Vol. 2021  No. 9
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Table 1. Microhardness (HV0.1) and electrical conductivity (IACS) of Cu–7% Cr and Cu–10% Fe alloys in different
microstructural states

Alloy: treatment HV0.1, GPa IACS, %

Cu–7%Cr: quenching 1.13 ± 0.07 39.7 ± 0.7

ECAP 1.53 ± 0.03 40.4 ± 0.7

quenching + aging at 500°C for 2 h 1.66 ± 0.06 76.6 ± 1.6

ECAP + aging at 425°C for 2 h 1.63 ± 0.01 81.0 ± 1.7

Cu–10%Fe: quenching 1.12 ± 0.09 27.8 ± 0.5

ECAP 1.57 ± 0.04 22.5 ± 0.4

quenching + aging at 500°C for 2 h 1.41 ± 0.07 56.2 ± 1.1

ECAP + aging at 500°C for 2 h 1.66 ± 0.16 49.1 ± 0.9

Table 2. Mechanical characteristics of Cu–7% Cr and Cu–10% Fe alloys in different microstructural states

Alloy: treatment
σ0.2 σu

δ, %
MPa

Cu–7% Cr: quenching 140 ± 13 288 ± 6 48.0 ± 4.3

ECAP 465 ± 13 480 ± 6 14.8 ± 1.3

quenching + aging at 500°C for 2 h 356 ± 12 430 ± 27 21.2 ± 4.9

ECAP + aging at 425°C for 2 h 435 ± 18 472 ± 12 18.1 ± 3.6

Cu–10% Fe: quenching 238 ± 15 355 ± 10 34.2 ± 2.6

ECAP 518 ± 5 524 ± 8 14.6 ± 1.1

quenching + aging at 500°C for 2 h 257 ± 6 391 ± 9 32.6 ± 2.5

ECAP + aging at 500°C for 2 h 379 ± 26 446 ± 21 21.0 ± 2.2
24 nm is noted. It should be also noted the presence of
coarse chromium-phase particles 370 ± 18 nm in aver-
age size, which have the regular oval shape (Fig. 3e).

The Cu–10% Fe alloy subjected to ECAP and
aging mainly is characterized by the band-type micro-
structure (Figs. 3c, 3d). In this case, both high-angle
boundaries of fragments and low-angle boundaries
consisting of dislocation walls are found. The average
lateral size of fragments is 220 ± 9 nm. Moreover, the
existence of grains and subgrains with an average size
of 357 ± 27 nm is found. Iron-phase particles with an
average size of 13 ± 1 nm are arranged mainly within
the grain body; they also can be observed along dislo-
cations within dislocation networks (Fig. 3f). It should
also be noted the existence of extinction contours
along boundaries of some grains, which indicate the
relaxation processes of stresses accumulated at bound-
aries.

Table 2 gives results of mechanical tests of the Cu–
7% Cr and Cu–10% Fe alloys subjected to quenching,
ECAP, and aging. It follows from these data that, as a
result of significant refining the microstructure of
both the ECAP-processed alloys, they are substan-
tially strengthened; however, the plasticity decreases
simultaneously. The ultimate tensile strength of the
Cu–7% Cr alloy increases from 288 ± 6 MPa (corre-
sponding to the quenched state) to 480 ± 6 MPa
RUSSIAN METALLURGY (METALLY)  Vol. 2021  No.
(observed after ECAP); in this case, the plasticity
decreases from 48.0 ± 4.3 to 14.8 ± 1.3%, respectively.
The ultimate tensile strength of the Cu–10% Fe alloy
increases from 355 ± 10 MPa (corresponding to the
quenched state) to 524 ± 8 MPa (observed after
ECAP); in this case, the plasticity decreases from
34.2 ± 2.6 to 14.6 ± 1.1%, respectively.

The subsequent aging under optimum conditions
leads to changing both the strength and plastic charac-
teristics (see Table 2). During aging of the quenched
Cu–7% Cr alloy, the increase in its ultimate strength
to 430 ± 27 MPa is observed; the plasticity decreases
to 21.2 ± 4.9%. The ultimate strength of the quenched
Cu–10% Fe alloy slightly increases after aging to
391 ± 9 MPa; however, the plasticity remains close to
that of the quenched alloy (32.6 ± 2.5%). Such a
behavior of the alloys after quenching is due to the
copper-based supersaturated solid solution decompo-
sition and precipitation of fine chromium and iron
particles. On the contrary, the aging of deformed
alloys does not lead to the increase in their strength but
slightly increases their plasticity. The ultimate strength
of the ECAP-processed Cu–7% Cr alloy is unchanged
after aging at 425°C relatively to the strength of the ini-
tially deformed state and is 472 ± 12 MPa; at the same
time, the plasticity increases to 18.1 ± 3.6%. The
deformed Cu–10% Fe alloy subjected to aging at
500°C exhibits the decrease in the ultimate strength to
 9
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Fig. 3. Microstructure of (a, b) Cu–7% Cr and (c, d) Cu–10% Fe alloys subjected to ECAP and subsequent aging and (e) chro-
mium and (f) iron phase particles precipitated in the alloys after aging.
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446 ± 21% and simultaneous increase in the plasticity
to 21.0 ± 2.2%.

The change in the strength after aging can be due to
the simultaneous effect of two factors; these are the
RU
grain growth caused by heating and the solid solution

decomposition. In this case, the first factor should

lead to a decrease in the strength, whereas the second

factor leads to its increase. In our case, two versions of
SSIAN METALLURGY (METALLY)  Vol. 2021  No. 9
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developments are observed. In the case of the Cu–
7% Cr alloy, both the occurred processes affect the
strength; however, the effects have opposite signs.
Because of this, after aging, neither increase nor
decrease in the strength is observed. The grains growth
in the Cu–10% Fe alloy is likely to play the predomi-
nant role over the precipitation strengthening, which,
in the end, leads to the decrease in the strength. How-
ever, in this case, the solid solution decomposition and
grain growth positively affect the plasticity of both
alloys.

When summarizing the data, we can conclude that
ECAP is the advanced method for the treatment of the
Cu–7% Cr and Cu–10% Fe alloys. The use of
quenching, ECAP, and subsequent aging allows us to
obtain, for the Cu–7% Cr alloy, the combination of
the high electrical conductivity (~81% IACS) and
strength (~470 MPa) at the sufficiently high level of
plasticity (~18%). The electrical conductivity,
strength, and plasticity of the Cu–10% Fe alloy are
~50% IACS, ~450 MPa, and ~21%, respectively. It
should be noted that the values of the electrical con-
ductivity of the Cu–7% Cr alloy are substantially
higher than those for the Cu–10% Fe alloy; this fact
makes the Cu–7% Cr alloy more promising for the
application in electrical industry.

CONCLUSIONS

(1) ECAP leads to the formation of an UFG mixed
structure. For both alloys, the formation of shear
bands ~100 nm wide is observed. Moreover, the for-
mation of a grain–subgrain structure with an average
size of structural components of 250 ± 13 and 155 ±
7 nm in the Cu–7% Cr and Cu–10% Fe alloys,
respectively.

(2) Aging of the quenched Cu–7% Cr and Cu–
10% Fe alloys was found to lead to a simultaneous
increase in the microhardness and the electrical con-
ductivity. At the same time, aging of the ECAP-pro-
cessed alloys leads to the decomposition of a copper-
based supersaturated solid solution, which favors an
increase in their electrical conductivity but negatively
affects the microhardness of the alloys.

(3) Aging of the ECAP-processed alloys leads to an
increase in the average size of structural components.
In particular, shear bands 130 ± 7 nm wide and grains
and subgrains with an average size of 317 ± 24 nm are
present in the Cu–7% Cr alloy after aging. The struc-
ture of the Cu–10% Fe alloy subjected to ECAP and
aging consists of shear bands 220 ± 9 nm wide and
grains and subgrains 357 ± 27 nm in average size. In
this case, the Cu–7% Cr alloy is characterized by the
presence of fine and coarse chromium phase particles
5–12 and ~370 nm in size, respectively. The presence
of iron-phase particles ~13 nm in size was found in the
Cu–10% Fe alloy.
RUSSIAN METALLURGY (METALLY)  Vol. 2021  No.
(4) The formation of an UFG structure leads to a
substantial increase in the strength of both alloys and
a simultaneous decrease in their plasticity. The subse-
quent aging increases the strength of the quenched
alloys and simultaneously decreases their plasticity. At
the same time, aging does not affect the strength of the
deformed Cu–7% Cr alloy but leads to softening the of
deformed Cu–10% Fe alloy. Aging of both ECAP-
processed alloys leads to an increase in their plasticity.

(5) The best combination of the strength (~470 MPa),
the plasticity (~18%), and the electrical conductivity
(~81% IACS) was reached for the Cu–7% Cr alloy
subjected to quenching, ECAP, and subsequent aging
at 425°C for 2 h.
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