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Abstract—The effect of rotary swaging (RS) at various strains and subsequent aging at various temperatures
on the structure and the mechanical properties of a Cu–0.5% Cr–0.08% Zr alloy is studied. RS is shown to
form a microstructure with grains extended along the deformation axis. The grain size decreases with increas-
ing strain. Subgrains 300–400 nm in size and shear bands 200 nm in width are observed inside the elongated
grains formed upon RS at ε = 2.77. Microstructural refinement significantly increases the strength of the
alloy but decreases its plasticity. Subsequent aging further increases the strength and the electrical conductiv-
ity of the alloy due to the precipitation of fine chromium and Cu5Zr-phase particles. Quenching, RS at ε =
2.77, and subsequent aging at 500°C for 1 h result in the best combination of strength (557 ± 18 MPa), plas-
ticity (17.1 ± 2.6%), and electrical conductivity (83.4 ± 1.6% IACS) of the Cu–0.5%Cr–0.08%Zr alloy.
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INTRODUCTION
Low-alloy copper alloys can be used as electric

materials due to their high thermal and electrical con-
ductivities [1–3]. The Cu–Cr–Zr system is one of the
most popular systems of electrical copper alloys [3–5].
The alloys of this system, similarly to many low-alloy
copper alloys intended for electrical engineering, are
precipitation-hardening alloys. Fine chromium-phase
[6, 7] and Cu5Zr-phase [4, 7–9] particles precipitate
in them during aging. These particles are effective
hardeners, and their precipitation depletes a copper
solid solution and additionally increases the electrical
conductivity. For example, aging of a Cu–0.25% Cr–
0.1% Zr alloy at 490°C for 1 h was shown to increase
its yield strength from 32.5 to 230 MPa due to the pre-
cipitation of ultrafine phases [4]. Aging of a Cu–0.7%
Cr–0.07% Zr alloy at 475°C for 1 h increased its yield
strength from 40 to 240 MPa and its tensile strength
from 177 to 342 MPa and decreased the plasticity of
the alloy from 51 to 32%. The electrical conductivity of
the alloy increased from ~33 to ~58% IACS due to the
depletion of the supersaturated solid solution [10].

However, the precipitation hardening effect is
often insufficient for the successful application of low-
alloy copper alloys in the electrical industry. There-
fore, aging of these alloys is usually combined with
their strain hardening. The latter further increases the

mechanical properties of the copper alloys due to the
refinement of their microstructure, which, in turn,
often increases the fatigue strength and wear resis-
tance. As was shown for a Cu–0.7% Cr–0.9% Hf
alloy, equal-channel angular pressing (ECAP) and
subsequent aging can increase the wear resistance of
spot-welding electrodes. The relative broadening of
the working electrode surface decreased by 5.3 and
3.5 times after 2 × 103 and 4 × 103 welding cycles,
respectively, as compared to its initial state [11]. The
grain size in a Cu–0.1% Zr alloy decreased when the
number of ECAP passes was increased, which resulted
in a decrease in the friction coefficient of the alloy
and, as a consequence, an increase in its wear resis-
tance [12]. Consequently, the formation of an ultraf-
ine-grained (UFG) structure in copper alloys makes
their strength and functional properties better. An
UFG structure in metals and alloys is currently
formed mainly by severe plastic deformation (SPD)
techniques, including the above-mentioned ECAP.
SPD techniques are effective for improving the
strength and performance characteristics of materials,
but, unfortunately, they are poorly developed for com-
mercial applications. Therefore, the development of
traditional deformation techniques aimed at forming
an UFG structure in metals and alloys is a challenging
problem. Rotary swaging (RS), a deformation tech-



RUSSIAN METALLURGY (METALLY)  Vol. 2022  No. 5

EFFECT OF ROTARY SWAGING AND SUBSEQUENT AGING 513

nique based on all-round compression and producing
axially symmetric long billets, can be referred to prom-
ising techniques [13].

RS was shown to refine the microstructure of vari-
ous metals and alloys, including alloys of the Cu–Cr–
Zr system [14–18], up to an UFG state. RS and two-
stage aging of a Cu–0.3% Cr–0.1% Zr–0.05% Mg
alloy succeeded in increasing its ultimate tensile
strength to 612 MPa at a relative elongation of 5% and
an electrical conductivity of 84.7% IACS [18]. There-
fore, RS and subsequent aging led to a good combina-
tion of strength, plasticity, and electrical conductivity
of low-alloyed copper alloys. This work aims at inves-
tigating the effect of different degrees of RS deforma-
tion on the mechanical properties, the electrical con-
ductivity, and the aging behavior of a Cu–0.5% Cr–
0.08% Zr alloy.

EXPERIMENTAL

We used the Cu–0.5% Cr–0.08% Zr alloy (hereaf-
ter, the content is given in wt %) melted using Cu–
5% Cr and Cu–10% Zr master alloys. They were
melted from high-purity metals (99.96% Cu, 99.95%
Cr, 99.8% Zr) in a pure argon atmosphere in a vacuum
arc furnace on a copper water-cooled base using a
nonconsumable tungsten electrode. The alloy was
melted in a vacuum induction furnace in an argon
atmosphere in a corundum crucible and cast into a
graphite mold 50 mm in diameter and 120 mm in
height also in the argon atmosphere. The alloy was
homogenized at 800°C for 1 h and then air cooled.
Before pressing, the alloy was additionally heated at
800°С (for ~40 min) in a furnace and the container
was heated to 400°С. The resulting rod 25 mm in
diameter was machined to a diameter of 20 mm
required for the subsequent deformation. After press-
ing, the rods were annealed at 1000°C for 2 h and water
quenched. RS was carried out on a RKM 2129.02

machine (at a maximum force of 8 kN) at room tem-
perature [15]. The degree of deformation was calcu-
lated by the formula

(1)

where A0 and Af are the initial and final cross-sectional
areas of the billet, respectively.

A rod of initial diameter D = 20 mm was used for
RS. The structure, mechanical properties, and aging
were investigated in the alloy deformed to total deforma-
tion degrees of 0.58, 1.39, and 2.77. For this investigation,
reference samples 10 cm long were cut from the rod
deformed to ε = 0.58 and 1.39 during swaging. The sche-
matic illustration of the setup and the technological sche-
matic of the RS process are shown in Fig. 1.

The microstructure of the alloy in the initial state
and after RS was examined using a Carl Zeiss Jena
Jenavert optical microscope in a longitudinal section
of deformed samples. In addition, the alloy micro-
structure after RS to ε = 2.77 was analyzed by trans-
mission electron microscopy (TEM) on a Jeol JEM
2100 microscope (Japan) at an accelerating voltage of
200 kV. The average size of structural constituents was
estimated by the random intercept method with the
Image ExpertPro 3 software.

Thermal stability (time τ = const) and aging kinet-
ics (temperature t = const) were estimated by studying
the temperature and heating time dependences of the
microhardness and the electrical conductivity of the
alloy. Vickers microhardness was measured using a
4402MVD Instron Wolpert Wilson Instruments auto-
matic tester at a load of 1 N (100 gf) and a holding time
of 10 s. The electrical resistance was measured on f lat
samples 15 × 4.5 × 1 mm (length × width × thickness)
in size with a BSZ-010-2 microhmmeter. The resul-
tant electrical resistivity was converted into electrical
conductivity and, then, the percentage of conductivity
of annealed copper according to the International
Annealed Copper Standard (% IACS). The tensile

ε = 0 fln( ),A A

Fig. 1. (a) Schematic of the RS machine: (1) fixed cage, (2) sliding ram, (3) roller, (4) billet, (5) rolling die, (6) spindle, and
(7) die. (b) Technological schematic of the RS process.
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properties of the alloy before and after RS were mea-
sured on an Instron 3382 testing machine at room
temperature. The tensile speed was 1 mm/min. Flat
samples with a cross-sectional area of 2 × 1 mm and a
gage length of 5.75 mm were used for the studies.

RESULTS AND DISCUSSION
Figure 2 shows the microstructure of the Cu–

0.5%Cr–0.08%Zr alloy in the quenched state and

after RS. The alloy structure in the quenched state
consists of equiaxed grains of the supersaturated solid
solution of chromium and zirconium in copper. The
average grain size is 154 ± 15 μm. In addition, the
structure contains annealing twins 5–10 μm wide
(Fig. 1a).

RS to ε = 0.58 refines the microstructure and
grains are elongated in the swaging direction (Fig. 2b).
The grains are ~135 ± 12 μm in length and 67 ± 4 μm

Fig. 2. Microstructure of the Cu–0.5% Cr–0.08% Zr alloy after (a) quenching and RS at (b) ε = 0.58, (c) 1.39, and (d, e) 2.77.
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in width. Similar to the quenched state, the structure
contains twins 5–10 μm wide. Further RS up to ε =
1.39 leads to greater grain elongation in the deforma-
tion direction. After RS to ε = 1.39, the structure con-
tains elongated grains with a length of several hundred
micrometers and a width of 29 ± 3 μm (Fig. 2c). After
RS to ε = 2.77, the alloy structure is completely
banded with an average grain width of 18 ± 2 (Fig. 2d).
In addition, the elongated grains exhibit an UFG
structure consisting of subgrains 300–400 nm in size
and bands ~200 nm in width (Fig. 2e).

Since the Cu–0.5%Cr–0.08% Zr alloy is a precip-
itation-hardening one, the first stage of investigation
was to study its behavior during aging and to choose
the optimum heat-treatment parameters (tempera-
ture, time). Therefore, we studied the thermal stability
of hardening and the kinetics of aging of the alloy after
quenching and the swaged initially quenched alloy.
Figure 3 shows the microhardness and the electrical
conductivity of the Cu–0.5% Cr–0.08% Zr alloy before
and after RS as a function of the aging temperature.

RS of the alloy at room temperature was found to
increase the microhardness of the alloy considerably.
The greater the deformation degree, the greater the
microhardness growth. The microhardness of the ini-
tial quenched alloy is 0.9 ± 0.04 GPa, whereas after
RS it is 1.2 ± 0.05 GPa at ε = 0.58, 1.3 ± 0.02 GPa at
ε = 1.39, and 1.4 ± 0.04 GPa at ε = 2.77. Heating in the
temperature range 20–350°C for 0.5 h weakly changes
the microhardness achieved after different alloy treat-
ment processes. However, an increase in the tempera-
ture above 350°C hardens the alloy of all the studied
states due to particle precipitation. The microhardness
grows up to 500°C and reaches a maximum of 1.7 ±
0.05 GPa in the quenched alloy, 1.7 ± 0.07 GPa in the
alloy after swaging to ε = 0.58, 1.8 ± 0.07 GPa in the
alloy after swaging to ε = 1.39, and 1.9 ± 0.06 GPa in
the alloy after swaging at ε = 2.77. A further increase in
the temperature to 600°C softens the alloy in all states
(Fig. 3a). As mentioned above, two types of particles

precipitate in copper alloys containing chromium and
zirconium during aging, namely, chromium particles
and Cu5Zr phase particles. The precipitation of these
particles is most likely to be responsible for the alloy
hardening upon aging. In addition, these particles pre-
cipitate mainly at grain boundaries, which also
restrains grain growth on heating and increases the
thermal stability of the alloy.

Impurity atoms (including alloying elements) are
known to make the greatest contribution to the electri-
cal resistivity, while the decomposition of a supersatu-
rated solid solution increases the electrical conductiv-
ity of an alloy. In our case, the electrical conductivity
is one of the most important service properties; there-
fore, we studied the electrical conductivity during
aging in addition to hardening (Fig. 3b). The room-
temperature studies showed a low electrical conduc-
tivity of the alloy before aging: it is 36 ± 0.6% for the
quenched alloy, 39 ± 0.7% for the alloy after swaging
to ε = 0.58, 39 ± 0.7% for the alloy after swaging to ε =
1.39, and 41 ± 0.7% for the alloy after swaging to ε =
2.77. Note that the electrical conductivity of the
quenched alloy is slightly lower than that of the alloy
after RS. This behavior can be caused by partial
decomposition of a supersaturated solid solution,
which occurs during swaging due to dynamic aging
and results in a slight decrease in the concentration of
chromium and zirconium dissolved in copper. The
further behavior of the alloy on heating is in a good
agreement with the results of the microhardness study.
For example, the electrical conductivity of the alloy in
the temperature range 20–350°C remains almost the
same, which can indicate a weakly pronounced
decomposition of a solid solution. A further increase
in the aging temperature up to 600°C increases the
electrical conductivity of the alloy mainly due to the
decomposition of the supersaturated solid solution.
The electrical conductivity at 500°C (microhardness
maximum) is quite high and is 81 ± 1.7% for the
quenched alloy, 87 ± 1.8% for the alloy after swaging

Fig. 3. Thermal stability of the Cu–0.5% Cr–0.08% Zr alloy before and after RS: (a) microhardness and (b) electrical conductivity.
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to ε = 0.58, 90 ± 1.9% for the alloy after swaging to ε =
1.39, and 84 ± 1.7% for the alloy after swaging to
ε = 2.77.

The results of the thermal stability study were used
to choose an optimal aging temperature of 500°C, at
which we found the optimum combination of micro-
hardness and electrical conductivity. The further stage
of research was to study the kinetics of alloy aging in
order to select the optimum aging time (Figs. 4a, 4b).

The microhardness maximum after heating at
500°C was found to be achieved in the quenched alloy
after aging for 2 h and in the alloy after RS at ε = 0.58.
The microhardness is 1.73 ± 0.07 and 1.76 ± 0.03 GPa
for the quenched and swaged states, respectively. The
microhardness of the alloy deformed by the RS at ε =
1.39 and 2.77 reaches its maximum after heating for
1 h; its values are 1.91 ± 0.08 and 2.03 ± 0.04 GPa,
respectively (Fig. 4a). The time is takes for the micro-
hardness maximum to be reached decreases with
increasing strain due to the accumulation of a high
density of lattice defects. These defects provide ener-
getically favorable conditions for particle nucleation at
them, increasing their number and reducing their size,
which positively affects the strength. The electrical
conductivity increases over the entire heating time
range. However, a significant increase was observed

only upon aging for 1 h, after which the increase
slowed down. The electrical conductivity is 81.2 ± 1.6
and 86.7 ± 1.8% for the quenched alloy and the alloy
after RS at ε = 0.58 and subsequent annealing for 2 h,
respectively, which corresponds to the microhardness
maximum. The conductivity of the alloy after RS at
ε = 1.39 and 2.77 and aging for 1 h is 86.1 ± 1.8 and
83.4 ± 1.6%, respectively (Fig. 4b). The summary data
on the microhardness and the electrical conductivity
of the Cu–0.5% Cr–0.08% Zr alloy before and after
RS are given in Table 1.

Figure 5 shows the microstructure of the Cu–
0.5%Cr–0.08% Zr alloy after RS and subsequent
aging. Similarly to the structure formed by RS, the
alloy structure consists of grains elongated in the
deformation direction. Additional heating increased
the average grain width in the alloy deformed at ε = 0.58
and 1.39. After aging at 500°C for 2 h, the average grain
width in the alloy swaged to ε = 0.58 was 79 ± 7 μm
(Fig. 5a). After aging at 500°C for 1 h, the average
grain width in the alloy swaged to ε = 1.39 was 42 ±
2 μm (Fig. 5b). Aging of the alloy swaged at ε = 2.77
did not change the size of elongated grains. After aging
at 500°C for 1 h, the average width of elongated grains
in the alloy swaged to ε = 2.77 was 20 ± 1 μm (Fig. 5c).
The size of the subgrains formed inside these elon-
gated grains was 400–500 nm (Fig. 5d). Furthermore,

Fig. 4. Aging kinetics of the Cu–0.5% Cr–0.08% Zr alloy before and after RS: (a) microhardness and (b) electrical conductivity.
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Table 1. Microhardness and electrical conductivity (%IACS) of the Cu–0.5% Cr–0.08% Zr alloy in different states

* Aging at 500°C for 2 h of the quenched alloy and the alloy swaged at ε = 0.58 and aging at 500°C for 1 h of the alloy swaged at ε = 1.39
and 2.77.

State of alloy
Microhardness, GPa Electrical conductivity, %IACS

before aging after aging* before aging after aging*

Quenching 0.91 ± 0.04 1.73 ± 0.07 36.2 ± 0.7 81.2 ± 1.6
RS at ε = 0.58 1.23 ± 0.05 1.76 ± 0.03 39.0 ± 0.7 86.7 ± 1.8
RS at ε = 1.39 1.32 ± 0.02 1.91 ± 0.08 39.2 ± 0.7 86.1 ± 1.8
RS at ε = 2.77 1.42 ± 0.04 2.0 ± 0.04 40.9 ± 0.7 83.4 ± 1.6
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aging at 500°C for 1 h resulted in the precipitation of
fine particles several nanometers in size in the alloy
swaged at ε = 2.77 (Fig. 5e). As mentioned above,
these particles are most likely to be chromium [6, 7]
and Cu5Zr-phase [4, 7–9] particles.

Table 2 presents the resultant mechanical proper-
ties of the Cu–0.5% Cr–0.08% Zr alloy in the
quenched state and the RS-deformed and aged states.
This work shows that RS significantly increases the
strength properties of the quenched alloy due to

Fig. 5. Microstructure of the Cu–0.5% Cr–0.08% Zr alloy after (a) RS at ε = 0.58 and subsequent aging at 500°C for 2 h, (b) RS
at ε = 1.39 and subsequent aging at 500°C for 2 h, and (c–e) RS at ε = 2.77 and subsequent aging at 500°C for 1 h.
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microstructure refinement and an increase in the lat-
tice defect density. For example, the deformation of
the quenched alloy to a degree of 0.58 increases the
yield strength of the alloy from 72 ± 4 to 335 ± 2 MPa
and the tensile strength from 227 ± 9 to 341 ± 2 MPa.
However, the plasticity of the alloy decreases signifi-
cantly from 61.0 ± 1.5% (quenched state) to 20.4 ±
1.4% (state after RS to a strain of 0.58). A further
increase in the strain to 1.39 causes additional harden-
ing of the alloy and a decrease in its plasticity. The
yield strength of the alloy after RS at ε = 1.39 is 377 ±
5 MPa, and the ultimate tensile strength is 380 ±
7 MPa at a relative elongation of 18.1 ± 1.0%. The
strength continues to grow in the case of RS to ε =
2.77: σ0.2 increases to 426 ± 5 MPa and σu increases to
433 ± 5 MPa at the plasticity decreased to 16.2 ± 0.6%.

Subsequent aging of the alloy results in its addi-
tional hardening due to phase precipitation. For
example, aging of the quenched alloy at 500°C for 2 h
increases the ultimate tensile strength from 227 ± 9 to
442 ± 19 MPa and the yield strength from 72 ± 4 to
348 ± 2 MPa. However, the precipitation of fine
phases negatively affects the plasticity: it decreases the
relative elongation from 61.0 ± 1.5% in the initial state
to 24.3 ± 3.2% after aging. Aging of the swaged alloy
increases its strength. For example, 2-h aging of the
swaged alloy (ε = 0.58) at 500°C increases its tensile
strength to 467 ± 10 MPa and its yield strength to
404 ± 7 MPa and improves its plasticity (relative elon-
gation of 25.4 ± 0.9%). Aging at 500°C for 1 h
increases the ultimate tensile strength and the yield
strength of the RS-deformed alloy (ε = 1.39) to 476 ±
10 and 432 ± 10 MPa, respectively, and increases plas-
ticity from 18.1 ± 1.0 to 23.4 ± 3.5%. However, aging
of the deformed alloy (ε = 2.77) at 500°C for 1 h
increases its ultimate tensile strength and yield
strength to 557 ± 18 and 516 ± 20 MPa, respectively,
but weakly changes the plasticity of the alloy ( relative
elongation increases to 17.1 ± 2.6% within the limits of
experimental error). The increase in the plasticity of
the swaged alloy after aging can be caused by both the
decomposition of the supersaturated solid solution

and the heating-induced recovery processes, which
decrease the density of free dislocations due to their
annihilation and sinking to grain boundaries.

CONCLUSIONS

RS significantly refines the structure of the Cu–
0.5% Cr–0.08% Zr alloy and forms elongated grains
with an UFG submicrostructure inside them. Subse-
quent aging induces grain size growth and the precip-
itation of chromium and Cu5Zr-phase particles.

(2) Heating of the alloy causes the decomposition
of the supersaturated copper-based solid solution,
increasing the strength and electrical conductivity of
the alloy. The following optimum alloy aging parame-
ters were selected based on the results of studying the
decomposition: heating at 500°C for 2 h for the alloy
after quenching and RS at ε = 0.58 and for 1 h for the
alloy after RS at ε = 1.39 and 2.77.

(3) RS of the Cu–0.5% Cr–0.08% Zr alloy
increases its strength significantly. RS at ε = 2.77
increases the ultimate tensile strength of the alloy from
227 ± 9 to 433 ± 5 MPa and the yield strength from
72 ± 4 to 426 ± 5 MPa but decreases its plasticity δ
from 61.0 ± 1.5 to 16.2 ± 0.6%. Heating of the alloy at
500°C (1 h) brings about an additional increase in the
strength of both the quenched alloy and the
RS-deformed alloy due to the precipitation of fine
particles.

(4) The best combination of the strength, ductility,
and electrical conductivity was achieved by combined
treatment of the Cu–0.5% Cr–0.08% Zr alloy (RS at
ε = 2.77, aging at 500°C for 1 h). This treatment
resulted in a tensile strength of 557 ± 18 MPa, a rela-
tive elongation of 17.1 ± 2.6%, and an electrical con-
ductivity of 83.4 ± 1.6% IACS.
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Table 2. Mechanical properties of the Cu–0.5% Cr–0.08% Zr alloy in different states

State of alloy
σ0.2 σu

δ, %
MPa

Quenching: before aging 72 ± 4 227 ± 9 61.0 ± 1.5
after aging 348 ± 2 442 ± 19 24.3 ± 3.2

RS at ε = 0.58: before aging 335 ± 2 341 ± 2 20.4 ± 1.4
after aging 404 ± 7 467 ± 10 25.4 ± 0.9

RS at ε = 1.39: before aging 377 ± 5 380 ± 7 18.1 ± 1.0
after aging 432 ± 10 476 ± 10 23.4 ± 3.5

RS at ε = 2.77: before aging 426 ± 5 433 ± 5 16.2 ± 0.6
after aging 516 ± 20 557 ± 18 17.1 ± 2.6
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