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The paper studies the decomposition of a supersaturated solid solution with a precipitate of particles of the copper-zirconium 
phase in the Cu-0.06  wt.% Zr and Cu-0.21  wt.% Cr-0.20  wt.% Zr alloys in two initial states, i. e. after solid-solution quenching 
and after high strain rate deformation (105  s−1) by the method of dynamic channel-angular pressing (DCAP). It has been 
shown that the decomposition of the supersaturated solid-solution of zirconium in copper in the quenched micro-alloyed 
Cu-Zr and low-alloyed Cu-Cr-Zr alloys occurs in two stages. At the first stage, nanoparticles of a metastable copper-zirconium 
phase are formed. The crystal structure of the nanoparticles is close to the structure of the copper matrix. At the second stage, 
particles of the equilibrium Cu5Zr phase are formed in the form of rods. Annealing (aging) of the alloys deformed by DCAP 
is characterized by the predominance of heterogeneous precipitation of Cu5Zr nanoparticles at sub-grain boundaries and 
dislocations, and the decomposition begins at a lower temperature. The particle size is less by an order of magnitude than 
that in the quenched state. The precipitation of nanoparticles at dislocations retards the formation of recrystallization centers.  
It has been shown that the treatment including DCAP and annealing at 450°C for 1 h substantially increases microhardness 
of the micro-alloyed Cu-0.06 %Zr alloy by a factor of 2.7 as compared to the initial quenched state. This behavior is related to 
substantial structure refinement during DCAP and decomposition of the supersaturated α-solid solution of copper.
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1. Introduction

Copper alloys with small additions of chromium and 
zirconium belong to the group of precipitation-hardenable 
micro- and low-alloyed alloys, characterized by a good 
combination of strength and electrical conductivity [1– 5]. 
They are widely used in the electrical and atomic-energy 
industry. To obtain a submicrocrystalline (SMC) structure 
in copper alloys, methods of severe plastic deformation 
(SPD), such as high-pressure torsion, equal-channel angular 
pressing (ECAP), multidirectional forging have been used 
[5 – 9]. In this investigation, we used a new method of SPD, 
namely, the dynamic channel-angular pressing (DCAP) 
[10 –12], which is a high-strain-rate (with strain rates of 
104 – 105  s−1) variant of ECAP. The advantage of the DCAP 
method is in the use of the energy of gunpowder gases 
instead of the energy-consuming pressing equipment, the 
short duration (5 ·10−4  s) of one pressing cycle, and the 
opportunity of obtaining bulk SMC metals and alloys using 
only two to four cycles [10 –14].

It is important to emphasize that, in the case of DCAP, 
the simple shear deformation, which produces the structure 
upon ECAP, is a high-strain-rate process; moreover, upon 
DCAP, a high-speed shock-wave compressive strain takes 
place, which creates an additional source of deformation-
induced work hardening. It was previously established 
that the strength of precipitation-hardenable copper alloys 
with 0.2 – 0.5 wt.% Cr and Zr can be additionally increased 

by optimizing the temperature-time parameters of post-
deformation annealing [1– 5,13,14]. The process of solid 
solution decomposition in Cu-Cr-Zr alloys has been 
investigated repeatedly [1– 4,13 –16]. The morphology and 
microstructure of precipitating chromium particles has 
been studied in much detail; however, information about 
the morphology of copper-zirconium phase precipitation is 
scarce. The decomposition of a solid solution in Cu-Zr alloys 
has been studied in less detail than the ternary alloys. It was 
established that the strengthening phase in Cu-Zr alloys is 
the intermetallide phase Cu5Zr, which participates in the 
eutectic reaction with an α-solid solution copper-based at 
967°C [1, 4,15].

The Cu5Zr phase has a complex face-centered cubic 
lattice of the Be5Au type with a lattice parameter of 
0.687  nm [1, 4,14]. According to [1, 4,16], the limited 
solubility of zirconium in copper at 967°С  is 0.15  wt.%; 
850°С  is 0.073 wt.% and at 600°С — 0.01 wt.%. Structural 
investigations of the precipitation of the Cu5Zr phase in 
Cu-Zr and Cu-Cr-Zr alloys are not numerous. Electron-
microscopic observations of structural changes upon aging 
in the Cu-1.07  wt.%  Zr alloy subjected to solid-solution 
quenching and plastic deformation were performed 
in [17]. The authors of [5, 7 – 9] judged the processes of the 
dissolution of the Cu5Zr phase in Cu-Cr-Zr and Cu-Zr alloys 
upon severe plastic deformation (SPD) and precipitation of 
this phase in the course of annealing (aging) by changing 
the properties: microhardness, strength characteristics, 
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electrical conductivity and others, however, the observations 
of the microstructure of this phase are absent. The aim of 
the present study is to investigate the effect of the initial 
structural state on the morphology and microstructure 
of Cu5Zr particles precipitated during decomposition of 
a supersaturated solid solution in Cu-0.06  wt.% Zr and  
Cu-0.21  wt.% Cr-0.20  wt.% Zr alloys.

2. Materials and experimental methods

The materials used in this work are micro-alloyed  
Cu-0.06% Zr and low-alloyed Cu-0.21% Cr-0.20% Zr (wt.%) 
alloys melted out of pure components in a vacuum induction 
furnace. 0.5 –1 kg ingots were forged into rods with a diameter 
of 18 mm. The rods were solid solution treated at 1000°C for 
30 min and quenched in 5 % water solution of NaCl. Then a 
part of the rods was used as DCAP samples with a diameter of 
16 mm and a length of 65 mm. The samples were accelerated 
in a special gun and entered the die with two channels (16 and 
14  mm diameters) intersecting at an angle of 90°  [10 –14]. 
As the energy source for accelerating the samples, the 
combustion products of gun powder were used [11]. Being 
accelerated to speeds of 230 – 250  m / s, the samples passed 
30  mm along the first (inlet) channel almost without 
resistance; further, they were pressed through the second 
channel under the effect of inertia forces due to the kinetic 
energy stored upon the acceleration. The pressure of the gun-
powder gases and the rate of the acceleration of the samples 
were regulated by changing the charge and the grade of the 
gun powder. To guarantee the pass of the sample through the 
zone of intersection of the die channels, the powder charge 
was taken so that the pressure onto the front butt end of the 
sample would substantially exceed the dynamic yield stress 
of the material [12]. The strain rate of the material amounted 
to 105  s−1, the single pass time was 5 ·10−4  s, the pressure in 
the region of the channels’ intersection was 1.5 – 2 GPa, and 
the number of passes totaled n = 3 – 4. Samples were analyzed 
in the as-quenched and DCAP states and after annealing 
at 300 – 700°C for 1 or 4 hours. Vickers microhardness was 
determined using PMT-3M equipment with an indentation 
load of 0.49 N. The structure was studied using transmission 
electron-microscopy, micro-X-ray spectral and local energy-
dispersive analyses. The investigations were conducted using 
JEM  200CX (at a voltage of 160  kV), TECNAI G230  Twin 
(at a voltage of 300  kV) with a scanning system of an 
EDAX energy-dispersive spectrometer (resolution of the 
spectrometer EDAX 160  eV), and a Quanta-200 scanning 
electron microscope with an energy-dispersive X-ray 
spectrometer.

3. Results and discussion

3.1. Evolution of the microstructure of alloys under 
quenching and annealing

The grain size of the Cu-0.06 % Zr and Cu-0.21 % Cr-0.20 % Zr 
alloys in the initial quenched state was 300 – 400  μm.  
The process of precipitation of particles upon annealing 
(aging) was investigated by the methods of electron 
microscopy. The particles precipitated in the initial 

quenched state of the alloys are only observed after 
annealing at temperatures 500 – 550°С.  The precipitation 
of Cu5Zr particles occurs homogeneously, as was found 
previously in [1– 3]. After annealing at 550°С  for 1  h, the 
precipitation of particles of the copper-zirconium phase 
of four orientations in the Cu-0.06 % Zr alloy is observed. 
Fig.  1a demonstrates a dark-field image of particles of the 
copper-zirconium phase with one orientation. The particles 
have the shape of thin disks with a diameter of up to 
100 –150  nm and thicknesses  — 10 – 20  nm. This shape of 
particles minimizes the energy of elastic-stress fields created 
by the particle [18]. Dark-field image and diffraction analysis 
showed that the disk plane is parallel to the {111} planes of 
the copper matrix. The precipitation of such disk-shaped 
Cu5Zr particles were observed in the quenched Cu-0.30 % Zr 
alloy [2]. The morphology of the precipitates resembles 
Widmanstatten precipitates revealed in the quenched 
Cu-1.07 % Zr alloy after annealing (aging) at 500°С  [17].  
The oriented arrangement of the particles indicates the 
existence of an orientation relation between the crystal 
lattices of the particles and the matrix. It is important to 
note that the point reflections from particles in the electron-
diffraction patterns almost coincide with the diffuse 
reflections from the matrix (Fig.  1a). This means that zone 
axes (011) for the matrix and the particles nearly coincide 
and the corresponding planes of the {111} and {002} types of 
the crystal lattices of the copper matrix and the particles also 
almost coincide. The similarity of the crystal structures of 
the particles and the matrix and their orientation connection 
at this aging stage provide the minimum surface energy of 
the particle / matrix interfaces. Consequently, the disk-
shaped particles present particles of the metastable phase, 
the structure and the strength properties of which are close 
to the structure and the properties of the copper matrix.  
These particles must have a higher copper concentration than 
the equilibrium phase.

An increase in the aging temperature up to 700°C results 
in a more complete decomposition of the α-solid solution 
of copper in Cu-0.06 % Zr and Cu-0.21 % Cr-0.20 % Zr alloys 
the initial quenched state. Coarse Cu5Zr particles in the 
shape of rods with a length to 2 – 3 μm and a thickness of 
about 0.2 – 0.3  μm are formed in alloys. Figs.  1b and 2 a 
demonstrates photographs of rod-shaped Cu5Zr particles 
formed in Cu-0.06 % Zr and Cu-0.21 % Cr-0.20 % Zr 
alloys. The particles consist of thin twin-like layers with a 
thickness of 6 – 7  nm. The electron-diffraction patterns of 
such particles (Figs.  1b, 2 a) substantially differ from the 
electron-diffraction patterns obtained from the structures 
with the disk-shaped particles (Fig.  1a). The reflections 
become elongated in the direction perpendicular to the 
layers; i. e., the elongated shape of the reflections is caused by 
the lamellar structure of the particles. The size of the coarse 
particles made it possible to carry out the local chemical 
analysis of the energy-dispersion and estimate the ratio of 
the concentrations of copper and zirconium in the particles. 
Figs. 1c and 2 b show the energy-dispersion spectrum from 
the coarse rod-shaped particles.

The ratio of atomic concentrations of copper and 
zirconium in this particle was 5.6 : 1 and 6 :1 that is close to 
the stoichiometry of the equilibrium Cu5Zr phase.
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3.2. Evolution of the microstructure of alloys under 
DCAP and annealing

As it has been established earlier, after DCAP with 
n = 3 – 4, a fragmented structure consisting of grains and 
sub-grains with a size of 0.2 – 0.4  μm with the internal 
dislocation structure is formed in the alloys. Nanoparticles 
of the second-phase with a diameter from 2 to 5  nm are 
precipitated on the boundaries and inside individual 
crystallites, which suggests that a partial decomposition of 
the supersaturated α-solid solution of copper occurs in the 
process of DCAP [13,14]. Fig. 3 a represents the sub-grained 
SMC structure obtained after DCAP and annealing (aging) 
at 400°С for 4 h in the Cu-0.06 % Zr alloy. The heterogeneous 
precipitation of particles at the boundaries of sub-grains 
and at dislocations is indicated by arrows. A similar 
heterogeneous precipitation of nanoparticles was observed 
in the Cu-0.21 % Cr- 0.20 % Zr alloy. The electron-diffraction 
pattern contains reflections of the Cu5Zr phase (Fig.  3 a). 
Often around heterogeneous precipitated nanoparticles, a 
deformation contrast was visible. Observation of this contrast 
indicates the existence of a coherent (or partially coherent) 

connection between the lattices. Apparently, these particles 
are metastable phases, just as the disk-shaped particles 
formed during aging in the quenched state (Fig. 1a).

The recrystallization and growth of particles occur as the 
aging temperature increases to 500 – 600°С in the Cu-0.06 % Zr 
and Cu-0.21 % Cr-0.20 % Zr alloys. In the recrystallized grains, 
globular Cu5Zr particles with a size from 0.05 to 0.2  μm 
were observed. Fig. 3 b demonstrates the dark-field image of 
three particles obtained in the reflection (311)Cu5Zr in the 
Cu- 0.06 % Zr alloy after DCAP and aging at 550°С for 1 h. With 
a further increase in the aging temperature to 700°С globular 
and elongated particles with a size from 0.1 to 0.5 μm were 
observed. Apparently, the elongated particles are similar to the 
rod-shaped particles formed at high temperatures of aging in 
the initially quenched alloy. Fig. 4 a shows the microstructure 
obtained in the Cu-0.21 % Cr-0.20 % Zr alloy after DCAP and 
annealing at 700°С  for 1 h. Micro-X- ray spectral analysis 
showed that the globular particles are particles of the copper-
zirconium phase (Fig. 4 b).

Thus, after DCAP, the decomposition of the solid solution 
begins by 100 –150°C earlier than in the quenched state.  
In the quenched state, the precipitation of particles of the 
Cu5Zr phase occurs mainly homogeneously; in the deformed 
state, heterogeneous precipitation at sub-boundaries 
and dislocations prevails, although the homogeneous 
precipitation is also observed in the bulk of the sub-grains. 
The size of particles precipitated in alloys after DCAP is less 
by an order of magnitude than that in the quenched state.

3.3. Effect of annealing temperature on the microhardness 
of alloys subjected to quenching and DCAP

The microstructural changes affected the properties of the 
alloys. The microhardness of the micro-alloyed Cu- 0.06 % Zr 

       a

       
b

      c
Fig. 1. Microstructures of Cu-0.06 % Zr alloy after quenching and 
annealing at 550°C, 1 h (a); 700°C, 1 h (b) and energy-dispersion 
spectrum obtained from the rod-shaped particle (c).

       a

       b
Fig. 2. Rod-shaped particle of Cu5Zr formed in Cu-0.21 %Cr-0.20 % Zr 
alloy after quenching and annealing at 700°C, 1  h (a) and energy 
dispersion spectrum obtained from the rod-shaped particle (b). 
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and low-alloyed Cu-0.21 % Cr-0.20 % Zr alloys in the initial 
quenched coarse-grained state was 600 and 720  MPa, 
respectively (Fig. 5, curves 1). Annealing at temperatures of 
250 – 300°C for 1 h almost does not change the microhardness 
of the investigated alloys. Annealing at 400 and 500°C 
increases its value up to 850 and 900  MPa (Cu-0.06 % Zr) 
and up to 870 and 1000  MPa (Cu-0.21 % Cr-0.20 % Zr) i. e., 
by 1.3 and 1.5 times as compared to the initial values, which 
is associated with the process of decomposition of the 
supersaturated α-solid solution of copper. DCAP of the alloys 
increases its microhardness up to 1400 and 1600 MPa, that 
is 2.3-fold as against the initial one (Fig. 5, curves 1 and 2), 
which is associated with a significant (from 300 – 400 to 
0.2 – 0.4  μm) structure refinement and partial deformation 
aging in the process of DCAP [13,14]. Annealing of the 
deformed Cu-0.21 % Cr-0.20 % Zr alloy at temperatures of 
300°C for 1 h (at 400°C for 1 h for the Cu- 0.06 % Zr alloy) 
did not change their microhardness (Fig. 5, curves 2). After 
annealing (aging) at 400 and 450°C, the microhardness of 
the Cu-0.21 % Cr-0.20 % Zr alloy increased up to 1720  MPa 
(and up to 1630  MPa in Cu-0.06 % Zr  alloy) in contrast 
to the deformed state (Fig.  5, curves 2). This behavior is 
related to the decomposition of the supersaturated α-solid 
solution of copper [13,14]. An increase in the annealing 
(aging) temperature to 500 – 600°C led to a decrease in the 
microhardness, which is explained by the development of 
recrystallization. Annealing (aging) at 650 – 700°C did not 
cause further softening of the investigated alloys because 
appreciable grain growth did not occur. The microhardness of 
the micro-alloyed Cu-0.06 % Zr alloy (as well as low-alloyed 
Cu-0.21 % Cr-0.20 % Zr) can be substantially increased by the 
treatment including DCAP and annealing at 450°C for 1 h by 
a factor of 2.7 as compared to the initial quenched state.

       a

       b
Fig. 3. Microstructures of Cu-0.06 % Zr alloy after DCAP and 
annealing at 400°C, 4 h (a); 550°C, 1 h (b).

         a

            b
Fig. 4. Microstructures of Cu-0.21 % Cr-0.20 % Zr alloy after DCAP 
and annealing at 700°C, 1 h (a) and micro-X-ray spectral analysis of 
the particle of Cu5Zr (b). 

        a

        b

Fig. 5. Effect of annealing temperature on the microhardness of alloys 
Cu-0.06 %Zr (a), and Cu-0.21 % Cr-0.20 % Zr (b) in the quenched 
state (1) and after DCAP (2).
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4. Conclusions

Decomposition of the supersaturated solid solution 
of zirconium in copper in the quenched Cu-0.06 % Zr 
and Cu- 0.21 % Cr-0.20 % Zr alloys occurs in two stages.  
The first stage is the precipitation of particles of the metastable 
copper-zirconium phase in the shape of thin disks. This shape 
of particles minimizes the energy of the elastic-stress fields 
created by the particle. The crystal structure of the particles 
is close to the structure of the copper matrix. The similarity 
of the crystal structures of the particles and of the matrix and 
their orientation connection at this aging stage provide the 
minimum surface energy of the particle / matrix interfaces. 
At the second stage, particles of the equilibrium Cu5Zr phase 
are formed in the shape of rods. The preliminary high strain 
rate deformation by the DCAP method results in a change 
from homogeneous nucleation of particles of the Cu5Zr 
phase to mainly heterogeneous nucleation and substantially 
accelerates the decomposition of the supersaturated solid 
solution. The precipitation of nanoparticles of the Cu5Zr 
phase in the deformed alloys occurs at lower temperatures 
than in the quenched alloys. Thus, the heterogeneous 
nucleation, the number of Cu5Zr phase of nucleation centers 
are increasing at low temperatures, which results in an 
increase in the amount of particles and a decrease in their 
sizes. The precipitation of nanoparticles Cu5Zr at dislocations 
decelerates the formation of recrystallization centers.  
The microhardness of the micro-alloyed Cu-0.06 % Zr alloy 
(as well as low-alloyed Cu-0.21 % Cr-0.20 % Zr) can be 
substantially increased by the treatment including DCAP 
and annealing at 450°C for 1 h by a factor of 2.7 as compared 
to the initial quenched state.
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