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Abstract. In this paper the effect of severe plastic deformation (SPD) on the structure and crystallographic texture in the Cu-Cr-Ag copper alloy have been investigated. In ultrafine-grained (UFG)
samples processed by high pressure torsion (HPT), equal channel angular pressing (ECAP)
and ECAP-Conform (ECAP-C) the average size of grains and precipitates was determined.
Experimental pole figures (PF) have been obtained and the relevant crystallographic texture was
evaluated. The effect of dynamic aging in the Cu-Cr-Ag alloy leading to improvement of strength
and electrical conductivity was observed.

1. INTRODUCTION
It is known that the Cu-Cr-Ag alloy is an attractive
material for various electrical applications because
of enhanced strength and good electrical conductivity [1,2]. The enhanced strength in coarse-grained
Cu-Cr-Ag alloy is attributed to precipitation hardening whereas the good electrical conductivity is due
to low solubility of chromium in copper.
At the same time one can expect that grain refinement will lead to improving tensile strength at
room temperature without significant loss in electrical conductivity.
In recent years for grain refinement in metals
and alloys the various methods of severe plastic
deformation (SPD) have been developed [3-5].
The SPD treatment is based on the application
of large shear deformations at high pressures and
low homologous temperatures and it is accompanied by the active crystallographic slip leading to a
reorientation of the grains and the formation of crystallographic texture [6].

In particular, a strong preferential orientation of
the crystallites typical for simple shear texture has
been found in pure Cu subjected to initial stages of
SPD processing [6]. Therefore one can expect that
the increase of accumulated strain in SPD processing will lead to changes in the texture influencing on
strength of the UFG material.
An important role in hardening of the Cu-Cr-Ag
alloy plays also the dispersed particles precipitating after quenching and aging [1]. Aging of these
alloys is carried out at temperatures above the beginning of grain growth in the UFG pure copper.
Therefore precipitation of particles may promote not
only hardening, but also thermal stability of grains
during heating.
On the other hand, in addition to improving
strength in the copper alloy there is another important task, namely, to avoid loss of electrical conductivity.
It is known, that electrical resistance of metallic
materials increases in the presence of defects of
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crystal lattice (alloying elements, impurities, dislocations, particles, grain boundaries) [1,7-9].
For example, alloying of copper with chromium
to 0.4-1.0 wt.% leads to a decrease in electrical
conductivity at room temperature by 16% [10].
Whereas the formation of an average grain size of
150 nm by HPT enhances the electrical resistivity
Tg) r
9 Xffg
[Ta, Q
(
(R
%<beVb cTefba g
[X
contribution of dislocations to electrical resistivity
at a density of 1011 cm-2 is 2.3 10-10 Ohm m, i.e.
value of about 1.3% of the electrical resistivity of
pure copper [12].
From these estimates it follows that the contribution of alloying elements to electrical resistivity
at room temperature is significantly higher in comparison with the grain boundaries, dislocations and
vacancies. Therefore, reducing the content of alloying elements in the crystal lattice by their redistribution to the grain boundaries could contribute to
the improvement of electrical conductivity.
One possible way of improving the strength and
electrical conductivity is to provide UFG structure
in which atoms of the alloying elements will be located in the form of precipitates at grain boundaries
and triple junctions, wherein the dislocation density
would be low.
The formation of such structure is possible due
to an effect of dynamic aging observed in UFG materials [13] as a result of lowering the activation energy of the grain boundary diffusion in UFG materials [14].
Thus, the aim of this paper is to fabricate the
UFG structure in the Cu-Cr-Ag alloy using SPD processing to analyze structural factors leading to improving strength and electrical conductivity.

2. EXPERIMENTAL
The Cu-Cr-Ag alloy manufactured by Wieland (Germany) was selected as initial material for investigations. The results of optical emission analysis performed by the spectrometer Bruker Q4 TASMAN
are shown in the Table 1.
In the first step the initial Cu-Cr-Ag alloy was
coated with liquid glass and solid solution treated
at 1050 r
C for 1 h with water quenching. Then the
disks with a diameter of 20 mm and a thickness of
1.5 mm were subjected to high pressure torsion

(HPT) at various temperatures through N=10 turns
at pressure 6 GPa using constrained anvils [5].
Processing by equal-channel angular pressing
(ECAP) was performed using 8 passes on the route
Bc with the angle of intersection of the channels
equal to 90 degrees at the temperatures of 20 r
C
and 300 r
C on samples of 10 mm diameter and 60
mm long [4].
ECAP-C was carried out at the temperatures of
20 r
C and 300 r
C using square cross-section of the
working channel 12x12 mm2 and the angle of intersection of the channels 120 degrees [15].
The microstructure of the alloy was characterized using JEM-2100 transmission electron microscope (200 kV TEM). TEM foils, discs with a diameter of 2.3 mm were punched from slices of the
ECAP-processed samples. Then they were mechanically ground to a thickness of 0.15 mm, and finally
double-jet electropolished to perforation using an
electrolyte consisting of 920 ml H2O, 70 ml H3PO4,
15 ml C3H5(OH)3.
The analysis of texture in the Cu-Cr-Ag alloy was
performed on the DRON-3M diffractometer equipped
with an automatic texture attachment using Cu Ka1
radiation in reflection geometry at the radial angles
from 0 to 75rTaWTm hg
[TTaZXY
e
b rg
b*- r
.
The diameter of the irradiated region corresponded
to 0.6 mm. In the case of ECAP and ECAP-C the
study was carried out in the geometric center of the
longitudinal section of the workpiece, as in the case
of HPT in the plane of the disk. Results of experimental studies were presented in the form of complete pole figures (PF) in the shear plane, calculated using the software package LaboTEX
(www.labosoft.com.pl).
The measurements of the Vickers microhardness
were made using a Micromet 5101 device with loads
of 100 g for 10 s along the diameter of the HPT
samples and cross-section of the ECAP samples.
The electrical conductivity of the alloy at the temperature of 20 r
C was measured using eddy current
method. At least 20 measurements were taken and
the average values and their standard deviation were
calculated. Tensile specimens with dimension
0.5 1 4 mm3 were machined from the processed
bars. Tensile tests were carried out using a specially designed testing machine [16]. Tensile specimens were deformed to failure at room temperature

Table 1. Chemical composition of the Cu-Cr-Ag alloy.
Element

Cr

Ag

Fe

P

Si

Cu

wt.%

0.5

0.12

0.06

0.06

0.05

balance
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3. RESULTS

Fig. 1. Dependence of microhardness (1) and electrical conductivity (2) on the HPT temperature; (3),
(4) - levels of microhardness and electrical conductivity in coarse-grained samples subjected to standard treatment.
with constant cross-head speed corresponding to
the initial strain rate of 10-3 s-1. Three tensile specimens with gage length of 4 mm and a cross-section of 1.0 mm 0.7 mm were tested and the results obtained were found to be reproducible.

It is known that the structure of metallic materials
depends strongly on the regimes of SPD processing. In particular, the SPD temperature plays an
important role because it could affect on the grain
refinement, recrystallization and phase transformations [17].
Therefore, to select the optimal SPD temperatures the dependence of structural sensitive parameters (microhardness, electrical conductivity) on the
HPT temperature has been investigated (Fig. 1).
Application of HPT at 20 r
C resulted in an increase in the microhardness and decrease in electrical conductivity as compared with the coarsegrained sample subjected to solid solution treatment
followed by quenching and aging at 500 r
C for 30
min (Fig. 1).
After HPT processing at 300 r
9we have observed
the combination of enhanced microhardness and
electrical conductivity in comparison with the
samples processed at 20 r
C (Fig. 1). It should be
noted that aging in coarse-grained samples starts

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Fig. 2. Typical microstructures: (a) HPT at 20 r
9; (b,c,d) HPT at 300 r
9; (e) ECAP at 20 r
9; (f,g) ECAP at
300 r
9; (h) ECAP-C at 300 r
9; (a, b, e, f, g, h) bright field image; (c) dark field image; (d) electron diffraction
pattern from particles observed in (c); (c, g) arrows indicate particles.
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Fig. 3. PF (111) for the Cu-Cr-Ag alloy: (a) initial quenched condition; (b) after HPT at 20 r
C; (c) after HPT
at 300 r
C.
usually at 400 r
C. However the peak of
microhardness in ultrafine-grained samples was
achieved at 300 r
C. It means that HPT leads not
only to grain refinement, but also to dynamic aging
at lower temperatures, because the temperature of
aging in ultrafine-grained (UFG) material was reducing by 100 r
C. Thus, the greatest interest for structural investigations are the UFG samples processed
by SPD at temperatures of 20 r
C and 300 r
C. As a
consequence, they were chosen for further analysis by transmission electron microscopy and X-ray
diffraction.
Careful TEM studies have shown that the alloys
processed by HPT at 20 r
C exhibit a very homogeneous UFG structure (Fig. 2a) with a mean grain
size of about 200 nm. No visible precipitates have
been detected after this treatment. At the same time
in addition to a grain size of 200 nm (Fig. 2b) we
observed the precipitation of the Cr particles with a
size of 10 nm directly after HPT processing at 300
r
C (Figs. 2c and 2d). It should be noted that precipitation of the Cr particles in the Cu-Cr-Ag alloy has
been observed also after standard treatment by
quenching and aging in [1,2].
For the formation of UFG structure in samples
of bigger size the method of equal-channel angular

pressing has been used. Taking into account the
experimental data on the dynamic aging observed
in the HPT samples (Fig. 1, Fig. 2c), the ECAP
was also carried out at temperatures of 20 r
C and
300 r
C. From TEM invesigations the average grain
size of these samples was 330 nm (Fig. 2e) and
400 nm (Fig. 2f), respectively. In addition the precipitates of Cr particles with a size of 5 nm have
been observed too (Fig. 2g).
The samples subjected to ECAP-C at a temperature of 300 r
C were characterized by a strong
grain refinement to an average grain size of 400 nm
(Fig. 2h). They exhibit also similar chromium particles with an average size of about 5 nm.
The initial quenched material has shown a random distribution of texture maxima (Fig. 3a). AppliVTg
babY>FJTg) r
9e
Xfhg
XW ag
[XY
be Tg
babY
texture components A1*, A2*, T, and C (Fig. 3b)
typical for simple shear texture (Fig. 4a) [6,18].
After HPT at 300 r
C the combination of cubic
texture component {001}<100> and the simple shear
texture was observed (Figs. 3c and 4b). The latter
indicates to activation of recrystallization during HPT
processing at enhanced temperature, because 300
r
C is substantially higher than 175 r
C from which
the grain growth in the HPT copper begins [20].

Fig. 4. (a) The ideal texture components in pure copper corresponding to simple shear; (b) texture after
recrystallization, replotted results from [6,19].
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Fig. 5. PF (111) for the Cu-Cr-Ag alloy after eight ECAP passes: (a) at T = 20 r
C; (b) at T = 300 r
C. (c) The
ideal orientations of simple shear texture after rotation at an angle of 45rcounterclockwise, replotted
results from [18].
Weakness of the texture components Tand after
increase in strain was observed also in [18,21] where
it is explained by development of dynamic recrystallization. In this case, component B was more
stable to grain growth than component A.
After eight ECAP passes at T = 20 r
C on the PF
(111) one can see 8 distinct maxima (Fig. 5a). Six
texture maxima are symmetrically located on the
periphery of the PF and the two near the center of
the PF. These maxima as in the case of HPT correspond to components A {111} <uvw>, B {hkl} <110>
and C{001}<110> typical for simple shear texture.
This crystallographic texture can be described by
the ideal orientations (Fig. 5c) with respect to rotation of ideal orientations of simple shear at an angle
of 45 degrees counterclockwise.
Crystallographic texture of the Cu-Cr-Ag alloy
subjected to ECAP at 300 r
C is identical and is
characterized by the dominant components of simple
shear texture {(
( o3(
(
(5 <Zf%
,pTaW,U%
7g
g
[X
same time there is some weakening of texture components A1*, A2*, T, , and C. In addition, a shift in
the orientation B in the fiber of (<110> // shear direction) from the ideal orientation A2* to the ideal

orientation of C was observed. All this points to the
activation of recrystallization processes [19,22].
PF (111) after eight passes ECAP-K at T = 300
r
C was characterized by two main maxima positioned at the periphery of the PF at angles approximately equal to 60rwith respect to the axis of RD
(Fig. 6a). Location of maxima is similar to what is
observed in conventional ECAP with the angle of
ag
Xe
fXVg
babYg
[XV[TaaXf() r
%ag
[fVTfX g
[X
texture can be characterized by the ideal orientations A {111} <uvw>, B {hkl} <110> and C{001}<110>
corresponding to simple shear texture (Fig. 6b).
Maxima indicate to the activity of dislocation glide
on the {111} and {001} slip planes. At the same time
the observed shift of orientations A and A to orientation B and B indicates to development of recrystallization processes.

3. DISCUSSION
TEM investigations (Fig. 2) testify that the application of HPT, ECAP, and ECAP-K to the Cu-Cr-Ag
alloy leads to the formation of UFG structure with
an average grain size of less than 400 nm. The dif-

Fig. 6. (a) PF (111) for the Cu-Cr-Ag alloy after eight ECAP-C passes at T = 300 r
C. (b) The ideal orientations of simple shear texture after rotation at an angle of 60rcounterclockwise.
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Table 2. Parameters of the Cu-Cr-Ag alloy after various treatments.
Treatment

Grain
size, nm

Size of
precipitates,
nm

Microhardness,
MPa

Electrical
conductivity,
%IACS

UTS,
MPa

Ductility,
%

HPT 20
HPT 300
ECAP 20
ECAP 300
ECAP-C 300

200
200
330
400
400

10
5
5

1740
2020
1470
1450
1470

34
93
25
30
25

530
590
440
390
480

13
12
12
12
18

ference in a grain size observed between HPT, ECAP
and ECAP-K samples can be explained by variation in the level of shear deformation imposed on
the samples.
According to the Cu-Cr phase diagram [22] the
chromium particles precipitate in the coarse-grained
samples after quenching and aging at a temperature of 450-500 r
C [1,2]. However, a decrease in the
temperature of the particles precipitation to 300 r
C
in the UFG samples has been observed as a result
of dynamic aging during SPD (Fig. 2c) [23]. This
effect is associated with reduced activation energy
of the grain boundary diffusion [14] and a large volume fraction of grain boundaries in the UFG samples.
In this case, the smaller particle size (5 nm) in the
ECAP samples compared to the size of the particles (10 nm) in the HPT samples processed at the
same temperature of 300 r
C, can be due to a lower
degree of shear deformation and lower pressures
used in the ECAP.
Although it is known that the application of SPD
leads to an increase in the microhardness in various metals and alloys as a result of strong grain
refinement [24] nevertheless, in the present work a
maximum microhardness has been observed after
HPT at temperatures of 250-300 r
C (Fig.1). This is
caused by the additional contribution of the dispersion hardening due to precipitation of particles as a
result of dynamic aging (Fig. 2c). Decrease in
microhardness at higher temperatures HPT (Fig. 1)
is caused by a decay of supersaturated solid solution and coarsening of precipitates.
Experimental data show that the highest values
of microhardness of 1740 MPa and tensile strength
of 590 MPa exhibit the samples processed by HPT
at 300 r
C (Table 2). Higher strength is the result of a
small grain size of 200 nm and the contribution of
dispersion hardening due to the presence of the
chromium precipitates with a size of 10 nm. The
other samples show lower strength because of the
larger grain size (ECAP 20, ECAP 300, ECAP-K
300) or the lack of visible dispersed particles of chromium (HPT 20, ECAP 20).

There was also a significant difference in tensile
strength between the samples processed by ECAP
and ECAP-C at the same temperature of 300 r
C
(Table 2). Both of these samples have same grain
size and a size of particles but, nevertheless, the
tensile strength in the ECAP-C samples was noticeably higher. This can be explained by the difference in the crystallographic texture of the samples.
In particular, the texture maxima deviations of 45
and 60 degrees relative to the axis of the RD, observed on the pole figures (Fig. 5b, Fig. 6a). In turn,
these deviations of 45 and 60 degrees can be
caused by application of the installations with different angles of intersection of the channels 90 and
120 degrees, respectively. It should be noted that
the effect of texture on strength of ECAP samples
is already known in the literature [25].
The highest electrical conductivity of 93% IACS
was observed in the HPT samples processed at 300
r
C. This was facilitated by a decrease in the content of alloying element chromium in the crystal lattice inside the grains by their redistribution to the
grain boundaries during dynamic aging at 300 r
C
under conditions of shear deformation and high pressure. In addition, there is a recovery of the defect
structure at elevated temperatures, which is accompanied by a decrease of the density of dislocations
and the reduction of internal stresses. Both of these
factors, namely, the redistribution of the alloying
elements and the recovery of the defect structure
contribute to the increase of electrical conductivity.
Whereas a supersaturated solid solution and the
defect structure in the HPT samples processed at
20 r
C resulted in significantly lower electrical conductivity of 34% IACS.
Another interesting feature is the significant difference in electrical conductivity between the
samples processed by ECAP and ECAP-C at the
same temperature of 300 r
C (Table 2), although they
exhibit similar structures with the same size of grains
and particles. This effect can be explained by the
difference in the location of the main texture maxima

Structure and crystallographic texture in the Cu-Cr-Ag alloy subjected to severe plastic deformation

67

Table 3. Parameters of the UFG samples of the Cu-Cr-Ag alloy after additional annealing.
Treatment

Grain
size, nm

Size of
precipitates,
nm

Microhardness,
MPa

Electrical
conductivity,
%IACS

UTS,
MPa

Ductility,
%

HPT 20 +
+, r
9*
HPT 300 +
+, r
9*
ECAP 20 +
, r
9 ()
ECAP 300 +
, r
9 ()

300

10

2170

81

845

9

300

10

1820

92

600

13

500

10

2010

85

660

11

500

10

1950

85

570

11

a
a
a
a

in the pole figures. Note that the effect of the crystallographic texture on electrical conductivity of pure
copper is already known in the literature [26].
Experimental data presented above in Fig. 1,
shows that the strength of the UFG samples can
be improved by heat treatment in the temperature
range 450-500 r
C leading to additional precipitation
of chromium particles. In this paper, the greatest
effect of additional heat treatment was observed in
the UFG samples processed by HPT at 20 r
C and
annealed at 450 r
C for 30 min (Table 3). In these
samples the enhanced strength up to 845 MPa with
ductility of 9% and electrical conductivity of 81%
IACS was achieved (Table 3) due to a small grain
size of 300 nm and additional precipitation of chromium particles.

4. CONCLUSIONS
Thus from the results obtained one can make the
following conclusions.
1. Application of various SPD treatments (HPT,
ECAP, ECAP-C) to the Cu-Cr-Ag alloy leads to the
formation of the UFG structure with an average grain
size less than 400 nm, depending on the used
scheme and temperature of processing.
2. The effect of dynamic aging in the Cu-Cr-Ag alloy
leading to improvement of strength and electrical
conductivity has been observed.
3. Crystallographic texture in the UFG samples of
the Cu-Cr-Ag alloy processed by various SPD treatments (HPT, ECAP, ECAP-C) has similarities and
differences. Common feature is the formation of
simple shear texture described by components A1*,
A2*, A, A , B, B , and C associated with the implementation of the shear deformation. In this case,
the slip system <110> {111} are active in all three of
the above schemes SPD. The difference in texture
is caused by variation in temperature, strain and

pressure applied in the used SPD schemes resulting in a change of the slip systems activity (change
pole density in the PF).
4. Formation of the UFG structure and dispersed
chromium particles contributes to enhanced ultimate
tensile strength of 845 MPa with electrical conductivity of 81% IACS, which much higher in comparison with coarse-grained Cu-Cr-Ag alloy demonstrated after standard treatment 430 MPa and 68%
IACS, respectively.
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