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Abstract—The effect of the temperature of plastic deformation performed by equal channel angular pressing
on the structure and physical and mechanical properties of the age-hardenable Cu–Cr–Zr alloy has been
studied. Plastic deformation results in the formation of an ultrafine-grained structure in some regions with
an average grain size smaller than 1 μm, a supersaturated solid solution decomposition, and the precipitation
of disperse particles. The fraction of the supersaturated solid solution which is decomposed is shown to
increase with increasing deformation temperature. The density of microshear bands, the dislocation density,
and the fraction of high-angle boundaries and the ultrafine-grained structure increase with increasing vol-
ume fraction of disperse particles.
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INTRODUCTION
Promising materials for the electrical industry are

the heat-strengthened Cu–Cr–Zr alloys in which
high electrical conductivity and strength can be
achieved by forming an ultra-fine-grained (UFG)
structure stabilized by disperse particles [1–3]. Such a
microstructure can be formed by severe plastic defor-
mation in combination with heat treatment (HT) [4].
The role of one of the main hardening components in
Cu–Cr–Zr alloys is played by disperse particles. The
Guinier–Preston zones, Cr, Cu5Zr, Cu4Zr, and
Cu2CrZr particles precipitated in Cu–Cr–Zr alloys
are mentioned in the literature [5–7]. Their chemical
composition is difficult to determine precisely because
of the small volume fraction (less than 1%) and the
size of the second phase particles (2–4 nm). Disperse
particles precipitated in Cu–Cr–Zr alloys have been
established to improve the service properties of the
alloys [8]. On the one hand, disperse particles provide
precipitation hardening (100–150 MPa) [9], on the
other hand, depletion of the supersaturated solid solu-
tion (SSS) of the copper matrix with alloying elements
improves the conductive properties considerably [10].
Disperse particles are known to have a significant
influence on the evolution of the microstructure and
the physical and mechanical properties of alloys
during deformation [11]. However, the majority of
works devoted to the influence of severe plastic defor-
mations were carried out on the Cu–Cr–Zr alloys
after treatment aimed at obtaining a supersaturated

solid solution, and the deformation was carried out at
room temperature [1, 3, 4, 8]. Therefore, the effect of
disperse particles formed during preliminary HT and
deformation on the microstructure and properties of
the alloys has not yet been investigated.

The aim of this work is to investigate the influence
of disperse particles and the deformation temperature
on the formation of ultrafine-grained structure in the
Cu–Cr–Zr alloy, and to establish the influence of
microstructural changes on the physical and mechan-
ical properties of the alloy.

EXPERIMENTAL
A Cu–0.3% Cr–0.5% Zr (wt %) alloy was selected

as the material to be studied. The alloy was heated at
920°C for 0.5 hours and water cooled (quenching) to
achieve a supersaturated solid solution. After quench-
ing, the structure contained coarse Cr particles and
particles enriched with zirconium, which did not dis-
solve at 920°C. The grain size was 120 μm. Some sam-
ples were additionally aged at 450°C for one hour and
cooled in water. After aging, the structure exhibited
disperse Cr particles 2–4 nm in size. To learn more
about the initial microstructure, see [12]. Samples
14 × 14 × 900 mm in size after quenching or quench-
ing followed by aging were deformed by equal channel
angular pressing (ECAP) in a die with an angle of
90°C between the channels at temperatures of 473,
573, and 673 K. Four ECAP passes were carried out by
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a Вс route (a sample was rotated by 90° relative to the
strain axis after each pass).

Tensile tests were carried out at room temperature
and a tensile rate of 2 mm/min on an Instron 5882
testing machine. Flat samples with a length of the gage
part of 6 mm and a cross-section of 1.5 × 3 mm, for
mechanical tests, were cut out along the pressing
direction. The Vickers hardness was measured using a
WOLPERT 420 MVD tester at a load of 100 g and a
loading time of 15 s. The number of measurements was
at least 10 and the measurement error was in the range
of 3–7%. In contrast to previous works, the electrical
conductivity was measured by the eddy current tech-
nique using a Constant K-6 tool. The relative mea-
surement error was 1–3%. The number of measure-
ments was at least 10.

The microstructure was examined using a Nova
NanoSem 450 FEI scanning electron microscope
(SEM) equipped with a diffraction detector of back-
scattered electrons and a Jeol Jem 2100 transmission
electron microscope (TEM) in the cross-section of
samples parallel to the pressing direction. Samples
were prepared by electrolytic polishing in 25% HNO3
and 75% CH3OH at temperature of –20°C and a volt-
age of 10 V, by means of a TenuPol-5 equipment. Aver-
age grain size D was determined from electron back-

scattered diffraction patterns by the equivalent diame-
ters method. Fraction of high-angle boundaries
(HABs) FHAB, value of microstresses θKAM (Kernel
Average Misorientation), and fraction of the UFG
structure (the fraction of grains with an average size of
smaller than 2 μm) FUFG were estimated using OIM
Analysis software (scanning step of 50). TEM data
were used to estimate subgrain size d by the intercept
method. Dislocation density ρ was determined by the
number of dislocation lines visible on the foil surface.
Volume fraction of particles fpart was found using TEM
images and the following ratio [13]:

(1)

where Ns is the number of particles per unit area and
r is the average particle radius.

RESULTS AND DISCUSSION
1. Microstructure of the Cu–Cr–Zr Alloy 

after ECAP at High Temperature
Figure 1 shows the microstructure of the Cu–Cr–

Zr alloy after ECAP at the temperatures under study.
Plastic deformation results in the formation of a dense
network of low-angle boundaries (LABs) of deforma-
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Fig. 1. Distribution of crystallite boundaries in the Cu–Cr–Zr alloy after quenching and aging followed by ECAP at temperatures
of 473, 573, and 673 K. Gray lines indicate low-angle boundaries (<15°) and black lines indicate high-angle boundaries (>15°).
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tion origin. Crystals 0.3–0.5 μm in size, which are sur-
rounded only by HABs, i.e., new ultrafine grains form.
The UFG structure forms mainly inside deformation
bands, the regions formed by long parallel HABs. This
process is less pronounced in preliminary quenched
samples. The thickness of deformation bands in Cu–
Cr–Zr alloy after aging increases with increasing
deformation temperature. The average grain size is
about 1 μm (Fig. 2). The average size of structural ele-
ments in the samples after aging is lower than that after
quenching. The fraction of HABs and the UFG struc-
ture is approximately 0.4 and 0.3, respectively. Prelim-
inary aging increases these parameters by ≈0.1 regard-
less of the deformation temperature.

A high density of dislocations was observed in the
samples after ECAP (Fig. 3). The dislocation number
density in the quenched alloy increases from 2 × 1014

to 9 × 1014 m–2 with increasing deformation tempera-
ture from 473 to 673 K, whereas it in the aged alloy
decreases slightly from 1 × 1015 to 7 × 1014 m–2

with increasing deformation temperature. Internal
microstresses regardless of the initial state grow
slightly within the range 0.70°–0.85° as the deforma-
tion temperature increases. Deformation at elevated
temperatures causes the decomposition of the SSS and
(additional) precipitation of disperse particles in the
alloy, regardless of the preliminary HT. The volume
fraction of the particles in the alloy after aging is 1.5–
3 times higher than that in the alloy after quenching.
This difference decreases as the deformation tempera-
ture increases.

2. Physical and Mechanical Properties 
of the Cu–Cr–Zr Alloy

After quenching, the alloy has a relatively low yield
strength and a large elongation. Aging increases the
yield strength by 100 MPa and decreases the relative
elongation by 25% (Fig. 4). Deformation at an ele-
vated temperature increases the yield strength, the
ultimate tensile strength, and decreases the relative
elongation. Preliminary quenching increases the yield
strength and the ultimate tensile strength of the alloys
with increasing strain temperature. They are 465–490
and 475–530 MPa, respectively. The yield strength of
the Cu–Cr–Zr alloy after aging does not change when
the deformation temperature increases. The ultimate
tensile strength after deformation at 473–573 K is
550 MPa. The highest ultimate tensile strength is
570 MPa after deformation at 673 K. The relative
elongation after deformation at temperatures of 473–
573 K is 7–9% irrespective of the preliminary HT.
Deformation at a temperature of 673 K increases the
plasticity to 20 and 22% for quenched and aged sam-
ples, respectively.

The hardness increases insignificantly with
increasing deformation temperature, namely, from
161 to 169 HV for the preliminary hardened alloy and
from 189 to 195 HV for the aged alloy. We should note
that these values change within the hardness measure-
ment error. The electrical conductivity of the initial
alloy after quenching is 35% IACS (percentage of elec-
trical conductivity of pure annealed copper), and after
aging, 47% IACS. ECAP at a high temperature results
in increased conductive properties of the Cu–Cr–Zr
alloy, no matter what the HT is. A further increase in
the deformation temperature causes the conductive
properties to grow. The maximum conductivities of
Cu–Cr–Zr alloy are 51 and 65% IACS after quench-
ing and deformation and after aging and deformation,
respectively.

3. Effect of Deformation Aging on the Structure 
and Properties of the Cu–Cr–Zr Alloy

An increase in the electrical conductivity of the
Cu–Cr–Zr alloy indicates the decomposition of the
SSS during deformation and the precipitation of
disperse particles, i.e., deformation aging, which is

Fig. 2. Effect of ECAP temperature on the average size of
grains (D) and subgrains (d), dislocation density (ρ), frac-
tion of high-angle boundaries (FHAB) and ultrafine-
grained structure (FUFG), internal microstresses (θKAM),
and volume fraction of disperse particles fpart in the Cu–
Cr–Zr alloy. Solid symbols correspond to quenching and
open symbols correspond to aging.
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confirmed by TEM data. Fraction of SSS decomposi-
tion fdec can be expressed using electrical resistivity Ω
(the value that is opposite to the electrical conductiv-
ity) in the following way [14]:

(2)

where Ωmax and Ω0 are electrical resistivity before and
after the phase transformation, respectively. The elec-
trical resistivity is maximum Ωmax after quenching. Its
value is 4.92 × 10–8 Ω m. Electrical resistivity Ω0 was
measured after annealing at 550°C for 24 hours and
was 2.15 × 10–8 Ω m. Figure 5 shows a fraction of the
SSS decomposed as a function of the deformation
temperature. The decomposition rate of the SSS in the
preliminary quenched alloy is higher than that in the
aged alloy. The rate of the SSS decomposition is a
function of the preliminary HT due to a decrease in
the driving force of the phase transformation Δg,
because of the decrease in the content of alloying ele-
ments in the solid solution according to the Russell
approach [15]:

(3)

where k is the Boltzmann’s constant, Т is the tempera-
ture, νat is the atomic volume, С is the concentration
of alloying elements in the solid solution, and Сeq is the
equilibrium concentration of alloying element in the
solid solution.

Ω − Ω=
Ω − Ω

0
dec

max 0

,f

 Δ = −  ν  at eq

ln ,kT Cg
C

If the concentrations of Cr and Zr in the matrix
after quenching are 0.003 and 0.002 (the last corre-
sponds to the solubility limit of Zr in the copper matrix
[9]), respectively, and those of Cr and Zr after aging
are 0. 00093 and 0.00062 (according to calculation of
the fraction of SSS decomposed), the driving force of
the precipitation of disperse particles according to
Eq. (3) is 1.7 times greater than that in the preliminary
quenched alloy.

Note that the volume fraction of the precipitated
particles observed by TEM is in good agreement with
the fraction of SSS decomposed (approximation con-
fidence ratio R2 = 0.96). Deformation tends to localize
within deformation bands (Fig. 1), the dislocation
density and microstress level tend to grow, and the
average grain size tends to decrease (Fig. 5) in the
Cu‒Cr‒Zr alloy with increasing fraction of
the decomposed SSS. Precipitation of disperse parti-
cles from SSS during deformation can retard dynamic
recovery and increase the dislocation density, and,
therefore, increase microstresses in the alloy. Parti-
cles, as additional obstacles, can pin dislocations and
reduce their mobility, thus, favoring the bending of
dislocations and the formation of new dislocation
loops. An increase in the dislocation density and the
corresponding growth of microstresses lead to the
microstructural fragmentation, i.e., the formation of
deformation-induced grain boundaries. However,
dynamic recovery processes are activated, as the
deformation temperature increases. These processes,

Fig. 3. Microstructure of the Cu–Cr–Zr alloy after quenching and aging followed by ECAP at temperatures of 473, 573, and 673 K.
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on the one hand, reduce the density of dislocations
and, on the other hand, facilitate continuous dynamic
recrystallization. Precipitation hardening and
dynamic recovery, as two competing processes, con-
trol the dynamic recrystallization rate, grain size, and
dislocation density, resulting in a different behavior of
the dislocation density as a deformation temperature
in the preliminary quenched and aged alloy. The grain
size and dislocation density influence the strength
properties of the alloy in accordance with the well-
known Hall–Petch and Taylor relations, respectively
[8]. The precipitation of disperse particles during
deformation ensures high strength properties of the
copper alloys due to both precipitation hardening and
dislocation and grain boundary hardening.

Deformation-induced aging increases the number
of structural defects, such as particles, dislocations,
grain boundaries, by which electrons can be scattered
during their motion under the application of the
potential difference. However, the electrical conduc-
tivity during the experiment increases with increasing
SSS decomposition fraction, dislocation density, and
grain boundaries (inverse to the grain size value).
These experimental data can be explained by a differ-
ent degree of influence of dislocations, crystallite
boundaries, and substitution atoms on the conductiv-
ity of metallic materials. It is substitution atoms that
have a major effect on the conductive properties of
copper alloys [1, 9]. A rise in conductivity due to a
decreasing concentration of alloying elements in solid
solution to a great extent exceeds a decrease in con-

Fig. 4. (а) Stress-strain curve of the Cu–Cr–Zr alloy after
quenching and aging followed by ECAP at 473, 573, and
673 K. (b) Effect of the ECAP temperature on (d, s) hard-
ness and (n, m) electrical resistivity of the Cu–Cr–Zr
alloy. Solid symbols correspond to quenching and open
symbols correspond to aging.
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ductive properties due to electrons scattering by other
structural defects. Therefore, precipitation of disperse
particles before or during deformation is crucial for the
formation of the optimal structure that ensures the
high strength and electrical conductivity of the Cu–
Cr–Zr alloys.

These results have been used to develop a graphical
model of deformation temperature influence on the
Cu–Cr–Zr alloy structure, which is illustrated in
Fig. 6. An increase in the deformation temperature
causes the decomposition of the supersaturated solid
solution and the precipitation of disperse particles.
These particles enable the localization of deformation
in the bands and facilitate the accumulation of a high
dislocation density, resulting in the formation of a
structure with smaller crystallite sizes, larger fractions
of HABs and the UFG structure.

CONCLUSIONS
ECAP of the Cu–0.3% Cr–0.5% Zr alloy at an ele-

vated temperature forms a dense network of LABs of
deformation origin and a UFG structure in some
regions, which enhances the strength properties sig-
nificantly.

Deformation at elevated temperatures leads to the
decomposition of the SSS and the precipitation of
disperse particles. The fraction of the SSS decom-
posed increases with increasing deformation tem-
perature.

The deformation-induced precipitation of disperse
particles results in the formation of localized deforma-

tion bands, decrease in the grain size, increase in the
dislocation density, and the fraction of HABs and
UFG structure.

Preliminary aging of the alloy increases the effi-
ciency of the ECAP with respect to the improvement
of strength and electrical conductivity. The strength of
the alloy after aging and ECAP at 673 K is 570 MPa
and its electrical conductivity is 65% IACS.
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