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Phase transformations induced by high pressure torsion (HPT) at room temperature in two samples of the Cu-
0.86 at.% Cr alloy, pre-annealed at 550 °C and 1000 °C, were studied in order to obtain two different initial states
for the HPT procedure. Observation of microstructure of the samples before HPT revealed that the sample
annealed at 550 °C contained two types of Cr precipitates in the Cu matrix: large particles (size about 500 nm)
and small ones (size about 70 nm). The sample annealed at 1000 °C showed only a little fraction of Cr precipitates
(size about 2 μm). The subsequent HPT process resulted in the partial dissolution of Cr precipitates in the first
sample and dissolution of Cr precipitates with simultaneous decomposition of the supersaturated solid solution
in another. However, the resulting microstructure of the samples after HPT was very similar from the standpoint
of grain size, phase composition, texture analysis and hardness measurements.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Cu\\Cr alloys are promising precipitation-hardening materials due
to the combination of high strength, high electrical and thermal conduc-
tivity and excellent fatigue resistance [1–3]. Generally, the alloys with
good electrical conductivity produced with conventional metallurgical
processes contain less than 1 at.% chromium [3,4]. The precipitation
hardening (solution treatment, quenching and aging) leads to good
electrical conductivity and high level of strength. However, even greater
strength of copper alloys is required due to the rapid development of
electronic industry, and this can be achieved by the application of severe
plastic deformation (SPD), which provides an intensive grain refine-
ment. Recently, there have been many works dedicated to the study of
influence of SPD (such as hot-rolling-quenching process [1], mechanical
alloying [5], or equal-channel angular pressing [6–8]) on the grain re-
finement, strength and electrical conductivity of Cu\\Cr alloys. The
SPD process not only induces strong grain refinement but frequently
leads to the phase transformations such as dissolution of phases
[9–11], formation [12,13] or the decomposition of supersaturated solid
solution [14–16], decomposition of amorphous phase with the forma-
tion of nanocrystals [17,18], allotropic phase transformation [19,20]
etc. The study of these phase transformations is an important aspect in
understanding the influence of SPD on the microstructure and proper-
ties of materials. Therefore, the aim of the present work has been to
examine the types and sequence of the phase transformations taking
place in the Cu-0.86 at.% Cr alloy subjected to the high pressure torsion
(HPT) deformation.

2. Experimental procedure

The Cu-0.86 at.% Cr alloy, in the form of cylindrical ingots, has been
prepared from a high-purity 5 N Cu and 5 N Cr by vacuum induction
melting. For the HPT processing, the 0.6 mm thick discs were cut from
the as-cast ingots, then grinded and chemically etched. They were sealed
into evacuated silica ampoules with a residual pressure of approximately
4×10–4 Pa at room temperature. The sampleswere annealed at twodiffer-
ent conditions: 550 °C for 2300 h and 1000 °C for 384 h in order to obtain
two different initial states, and then quenched in water. The annealed
samples were processed by the HPT at room temperature for five full ro-
tations at a constant rotation speed of one rotation perminute and a pres-
sure of 5 GPa using a computer controlled custom designed HPT device
(W. Klement GmbH, Lang, Austria). The samples for the microstructure
examination were cut from the HPT-processed discs at the distance of
3 mm from the sample center. For the metallographic investigations the
samples were ground with SiC grinding paper, and sequentially polished
with 6, 3, and 1 μmdiamond pastes. The prior inspection of the obtained
material was carried out on a Philips XL30 scanning electron microscope
(SEM) equipped with a LINK ISIS energy-dispersive X-ray spectrometer
(EDS) produced by Oxford Instruments. The crystallographic orientation
of deformed samples was determined by means of electron backscatter
diffraction (EBSD) analysis in the SEM, FEI Quanta 3D FEGSEM. The
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Fig. 1. SEM micrographs of the as cast Cu-0.86 at.% Cr alloy (a), annealed at 550 °C for 2300 h (b) and at 1000 °C for 384 h (c).

Table 1
Chromium content in the copper matrix and chromium precipitates measured by EDS on SEM or TEM in the samples before and after deformation, at.%.

Samples Before HPT After HPT

Matrix Large precipitates Small precipitates Matrix Large precipitates Small precipitates

After annealing at 550 °C 0.1 ± 0.1 (TEM) 85.1 ± 1.7 (TEM) 86.7 ± 1.7 (TEM) 0.3 ± 0.1 (TEM) 39.2 ± 0.8 (TEM) 40.9 ± 0.8 (TEM)
After annealing at 1000 °C 0.8 ± 0.4 (SEM) 79.9 ± 1.6 (SEM) – 0.7 ± 0.4 (SEM) 47.8 ± 1.0 (SEM) 45.8 ± 0.9 (TEM)
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measurement step was 50 nm. The details of the phases, especially in
nanoscale, were revealed using a TECNAI G2 FEG super TWIN (200 kV)
transmission electron microscope (TEM) equipped with EDS system
manufactured by EDAX. Thin foils for TEM observation were prepared
by a twin-jet polishing technique using electrolyte D2 manufactured by
Struers company. The X-ray diffraction patterns were obtained using
Bragg–Brentano geometry in a powder diffractometer (Philips X'Pert)
with Cu-Kα radiation. The hardness was measured with the Vickers
method at the load of 100 μN using the CSM Instrument. The texture of
the HPT deformed materials was measured with EBSD at the distance of
3 mm from the edge of the disc-shaped sample. The single orientation
files composed of more than 3000 grains were used to calculate the ori-
entation distribution function (ODF) and to ensure good grain statistics.
For the ODF calculation Labotex software was applied [21].

3. Results and discussion

The microstructure of the Cu-0.86 at.% Cr alloy after casting
contained crystals of a copper solid solution, on the boundaries of
which the eutectic mixture of the copper solid solution and chromium
Fig. 2. X-ray diffraction patterns of the Cu-0.86 at.% Cr alloy after
precipitates was located (Fig. 1a). The annealing of the as-cast alloy at
550 °C resulted in the partial dissolution of the eutectics, so chromium
precipitates of size about 500 nm were observed at the boundaries
of the former Cu solid solution crystals. Additionally, small Cr parti-
cles with a size about 70 nm uniformly distributed in the Cu matrix
were visible (Fig. 1b). The annealing of the as-cast alloy at 1000 °C
led to the dissolution and coalescence of the chromium precipitates.
Only a little fraction of Cr precipitates with size about 2 μm again
uniformly distributed in the Cu matrix was observed (Fig. 1c). The
grain size of Cu matrix in the both samples after annealing was
more than 500 μm.

The EDS chemical composition analysis of the annealed sampleswas
performed in the SEM in the case of large particles and in the TEM for
the small ones. The analysis showed that the precipitates were enriched
in chromiumup to about 86 at.% while thematrix was almost pure cop-
per (Table 1).

The X-ray diffraction patterns of the Cu-0.86 at.% Cr alloy after an-
nealing and after HPT process are shown in Fig. 2. A very small (110)
peak of Cr particles at the right side of the (111) Cu peak was visible
after annealing at 550 °C, due to small content of chromium in the
annealing at different temperatures and after HPT process.



Fig. 3. SEMmicrographs of Cu-0.86 at.% Cr alloy after annealing at 550 °C and HPT (a); after annealing at 1000 °C and HPT (b). Small Cr precipitates have a bright contrast in comparison
with dark Cu matrix in BSED mode.

153A. Korneva et al. / Materials Characterization 114 (2016) 151–156
alloy. The sample annealed at 1000 °C showed no peaks of Cr particles
because of larger dissolution of chromium in the Cu-matrix, but splitting
the Cu-peaks was observed in that sample. It indicated low internal
stresses and larger grain sizes than those in the sample annealed at
500 °C. The lattice parameters of the Cu-matrix were found to be
3.6179 ± 0.0001 and 3.6164 ± 0.0001 Å for the samples annealed at
500 and 1000 °C, respectively. According to the literature data [22,23],
the lattice parameter of Cu decreases as Cr content goes down. Since
the dissolution of chromium in the Cu-matrix of the sample annealed
at 1000 °C was larger, the lattice parameter was smaller than that in
the sample annealed at 500 °C.

The SEM microstructure observation of the samples after HPT
showed almost complete dissolution of the large Cr precipitates and
partial dissolution of small Cr precipitates in the sample pre-annealed
at 550 °C (Fig. 3a). On the other hand, the partial dissolution of large
Cr precipitates took place and very small Cr precipitates appeared in
the sample pre-annealed at 1000 °C (Fig. 3b). The presence of small pre-
cipitates of chromium in the second sample was attributed to the de-
composition of the Cu supersaturated solid solution induced by HPT
deformation. It should be noted that Cr content in the primary particles
was almost two times smaller after deformation then before HPT
(Table 1). The concentration of Cr in the small particles was formed
due to the decomposition of saturated solid solution was at the same
level as in the primary particles after HPT. The reduced content of
Fig. 4.Bright (a, d) and dark (b, e)field TEMmicrographswith corresponding electron diffraction
(a–c) and 1000 °C (d–f).
chromium in the particles after HPT indicated their partial dissolution
in the Cu matrix in both samples and a slight enrichment of the matrix
with Cr in the sample pre-annealed at 550 °C. Lack of changes in the
chemical composition of the matrix in the sample annealed at 1000 °C
probably resulted from the interaction of two processes: dissolution of
large particles and decomposition of the supersaturated solid solution.
The X-ray diffraction measurements of the lattice parameters after
HPT correlated well with those data: they reached 3.6151 ± 0.0001
and 3.6163 ± 0.0001 Å for the deformed samples pre-annealed at 550
and 1000 °C, respectively. In other words, the lattice parameter de-
creased after HPT in the sample pre-annealed at 550 °C (that indicates
an increase of Cr content in the Cu-matrix) and did not change in the
sample pre-annealed at 1000 °C. The broadening of the XRD pattern
peaks from the Cu-matrix was observed in both samples after deforma-
tion. It indicated strong grain refinement, which was expected for the
HPT, and the appearance of significant microdistortions of the crystal
lattice in the deformedmaterial. The TEM observation ofmicrostructure
after HPT confirmed the strong grain refinement of the Cu matrix in
both samples. Fig. 4 shows the typical bright and dark field TEMmicro-
graphs with corresponding selected-area electron diffraction (SAED) of
deformed samples. The high density of dislocationswas observed inside
the Cu phase grains. Some small Cr particles of size about 80 nm were
visible in the bright field images. The presence of small Cr particles was
also identified using SAED (Fig. 4c, f). The dark field TEM micrographs
patterns (c, f) of Cu-0.86 at.% Cr alloy afterHPTdeformation, previously annealed at 550 °C



Fig. 5. SEM/EBSD orientation topographies of the Cu-0.86 at.% Cr alloy after HPT deformation, previously annealed at 550 °C (a) and 1000 °C (b), togetherwith standard unit triangle for fcc
phase (c). High angle grain boundaries with the misorientation angle between 15 and 65° are marked by black lines.
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showed that the grains of Cu phase were characterized mainly by
equiaxed form of size about 300–500 nm. The SAED patterns of both
samples contained a number of spots which formed almost continuous
diffraction rings, which indicated the occurrence of large quantity of
small grains with different crystallographic orientation.

A detailed study of the deformed microstructure by the EBSD tech-
nique (Fig. 5) showed relatively small fraction of low angle grain bound-
aries (LAGB) of the copper matrix with the disorientation angle
between 4 and 15°: about 8 and 12% for the samples pre-annealed at
550 and 1000 °C, respectively. Their estimated grain sizes were found
to be 450 ± 200 and 350 ± 190 nm, respectively. The sample pre-
annealed at the higher temperature was characterized by a slightly
smaller grain size and a little bit higher fraction of LAGB (all within
the measurement error). The analysis of crystallographic texture of
the torsion deformed material showed a typical shear texture contain-
ing all the fcc shear components. Using the key figure and ODF sections,
Fig. 6. ODF sections at φ2 = 0° and 45° of the HPT deformed samples at shear strain of about 37
figure gives the ideal components of simple shear of fcc metal. Intensities are given in multiple
it can be seen, that the position and maxima of shear components are
practically identical for both samples (Fig. 6). Moreover, similar intensi-
ties of the components indicate that such an amount of shear (γ=370)
produces a very homogenous shear texture and does not depend on the
initial state. Note, that all the components are slightly deviated from the
ideal positions in positive φ1 direction.

The hardness measurements showed that the hardness of the Cu
matrix in the sample annealed at 1000 °C was about 63 HV0.02, while
the hardness of the Cu matrix with smaller and larger Cr precipitates
in the sample annealed at 550 °C was a little bit higher and reached
about 70 HV0.02. The hardness of the deformed samples measured
along the radius is presented in Fig. 7. The hardness value did not
change from the center of the samples to their half of radius, and then
slightly increased from 142 to 159 and from 159 to 170 for the samples
pre-annealed at 550 and 1000 °C, respectively. That indicated that the
deformation and thus the microstructure along the radius were almost
0 and at room temperatures for two pre-annealing temperatures 550 °C and 1000 °C. Key
s of random distribution (mrd).



Fig. 7. Changes of hardness measured along radius of the deformed samples.
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homogeneous in both samples. The hardness of the deformed sample
pre-annealed at 1000 °C was slightly higher than that of the sample
pre-annealed at 550 °C. Probably, this was caused by smaller grain
sizes and a higher fraction of LAGB. A significant increase of hardness
in both deformed samples in comparison with their annealed states
was most likely the result of strong grain refinement and increase of
dislocation density.

Analyzing the obtained results it can be stated thatmicrostructure of
the deformed samples was very similar from the standpoint of grain
size, phase composition, texture analysis and hardness measurements.
Therefore, it can be concluded that 5 rotations of HPT led to the forma-
tion of almost the same structural and phase state in both samples being
independent of the initial state.

It is interesting that the severe plastic deformation resulted in the
ejection of chromium from the Сu unit cells in the case of supersaturat-
ed solid solution (due to the decomposition of this solid solution) and
the enrichment of the Cu unit cells with chromium in the case of two
phase states due to the dissolution of the second phase (Cr particles).
The similar situationwas observed in the other copper based alloys sub-
jected to HPT process. For example, the process of decomposition of a
supersaturated solid solution after HPT was observed also in the Cu-
4.9 wt.% Co alloy pre-annealed at 1060 °C [24] and Cu-77 wt.% Ni alloy
pre-annealed at 850 °C [16,25]. The HPT also resulted in a partial disso-
lution of Co precipitates in the Cu-4.9 wt.% Co alloy pre-annealed at
570 °C. It should be noted that the alloys belonging to Cu\\Co, Cu\\Ni
and Cu\\Cr systems are characterized by the positive mixing enthalpy
(+10 [26], +11.5 [27] and +12 [28] kJ/mol, respectively), while in
the case of alloys with negative mixing enthalpy, for example Cu\\In
(−5 kJ/mol [29]) the processes of decomposition of saturated solid so-
lution or dissolution of the second phase caused byHPTwere veryweak
[30].

4. Conclusions

High pressure torsion (HPT) of Cu-0.86 at.% Cr alloy resulted in the
strong grain refinement of the Cu matrix to go down to about 400 nm
in two samples with different initial microstructures. The HPT also re-
sulted in the phase transformations: partial dissolution of Cr precipi-
tates in the sample pre-annealed at 550 °C; dissolution of residual Cr
precipitates and weak decomposition of the supersaturated solid solu-
tion in the sample pre-annealed at 1000 °C. The crystallographic texture
analysis of the deformed samples showed practically identical shear
texture for both samples. Similar intensities of the components indicat-
ed that the shear texture did not depend on the initial state. The hard-
ness of the deformed sample pre-annealed at 1000 °C was slightly
higher than that for the sample pre-annealed at 550 °C, which
corresponded to slightly lower grain size in that sample. Finally, it can
be concluded that 5 rotations of the HPT led to the formation of almost
the same structural and phase state in both samples being independent
of the initial state.
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