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Abstract: The effect of equal-channel angular pressing (ECAP) processing at room temperature and 300 °C on the
distribution of the second phase particles and its influence on hardness and electrical conductivity of the commercial
Cu—0.81Cr—0.07Zr alloy were investigated. Microstructural characterization indicated that the area fraction of coarse
Cr-rich particles decreased after ECAP processing. This reduction was attributed to the Cr dissolution induced by
plastic deformation. The electrical conductivity of the alloy decreased by 12% after 4 ECAP passes at room temperature
due to the increase of electrons scattering caused by higher Cr content in solid solution and higher density of defects in
the matrix. These results were supported by the reduction of the Cu lattice parameter and by the exothermic reactions,
during differential scanning calorimetry (DSC) analysis, observed only in the samples subjected to ECAP processing.
Aging heat treatment after ECAP processing promoted an additional hardening effect and the complete recuperation of
the electrical conductivity, caused by the re-precipitation of the partially dissolved particles. The better combination of
hardness (191 HV) and electrical conductivity (83.5%(IACS)) was obtained after 4 ECAP passes at room temperature
and subsequent aging at 380 °C for 1 h.
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intermetallic phases when zirconium is present in

1 Introduction

Cu—Cr and Cu—Cr—Zr alloys are of great
interest in the electric/microelectronics industry,
due to their excellent combination of mechanical
strength and electrical conductivity, which are
usually inverse properties. PURCEK et al [1]
described a wide range of industrial applications of
these alloys that comprise spot welding electrodes,
power transmission cables, heat exchangers and
thermonuclear reactor components. These alloys are
strengthened by cold work, the precipitation of
nanometric chromium particles, and Cu—Zr

the chemical composition [2,3]. Nevertheless, the
high electrical conductivity is attributed to the low
solid solubility of Cr in Cu [4].

SHANGINA et al [5] reported an increase in
the mechanical strength and thermal stability of
the Cu—Cr—Zr alloys, with different chemical
compositions, through aging heat treatment
performed after plastic deformation. This hardening
effect results from the dislocation—particle
interaction, described by Orowan mechanism,
besides the grain boundaries pinning effect.
However, the plastic deformation after aging is also
an efficient processing route to improve mechanical
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properties and can provide important information to
understand the interaction between deformation
structures and second phase particles.

Due to the low solid solubility of the alloying
elements in copper and to the inherent limitations of
conventional plastic deformation process, severe
plastic deformation (SPD) methods have been
considered by the scientific community as an
alternative route to increase the mechanical strength
of these alloys without significant reduction in
the electrical conductivity [6—10]. VINOGRADOV
et al [7] obtained hardness and electrical
conductivity superior to commercial alloys, in a
Cu—0.44Cr-0.2Zr alloy, aged after SPD processing,
and an excellent correlation between structure and
properties. However, to be a competitive method to
produce commercial alloys, the SPD processing
route should be attractive for use in industrial scale,
since these methods can be complex and present
limitation of geometry and size of products.

VALIEV and LANGDON [8] described that
among the SPD methods, the equal-channel angular
pressing (ECAP) is a promising method to be used
as an additional step in the production cycle, due to
the possibility of obtaining simple and constant
cross-section products. However, in order to reach
advanced properties, a wide range of micro-
structural parameters must be controlled. ECAP
processing usually results in ultra-fine grained
structure (UFG) and, according to FAIZOVA
et al [11], when applied in precipitation hardenable
alloys it can result in changes in the morphology,
size and distribution of second phase particles.
These results are important to demonstrate the
role of second phase particles in deformed
structures [11]. However, a detailed study of the
interaction between the second phase particles and
deformation structures must be accomplished to
optimize the process parameters in order to reach
mechanical and electrical properties desirable to
industrial applications.

The ECAP processing also affects the phase
transformation kinetics, since the high shear forces
imposed to the material during the process generate
a high density of dislocations and vacancies,
enhancing the atomic mobility and acting as
preferential sites for particles nucleation. FAIZOV
et al [12] discussed the role of morphology and
chemical composition of the second phase particles
in the phase transformation kinetics. Although there

is the excellent agreement between results and
hypothesis, the evolution of second phase particles
during SPD processing and the involved
mechanisms are very complex.

Several studies focused on the microstructural
evolution during ECAP process and its influence
on functional properties of Cu—Cr—Zr alloys. LEON
et al [9] evaluated the effect of microstructural
evolution on strength and ductility,. PURCEK
et al [1] investigated the effects of grain refinement
on mechanical properties, correlating with the wear
behavior. MISHNEV et al [13] studied the
deformation microstructures and the strengthening
mechanisms. However, the influence of ECAP
process on the second phase particles is still poorly
discussed and not completely understood in the
literature. Therefore, this work aims to study the
evolution of the second phase particles during
ECAP processing and evaluate the effects of
changes in morphology, size and distribution on the
hardness and electrical conductivity of the
commercial Cu—Cr—Zr alloy.

2 Experimental

2.1 Materials and methods

Commercial cold worked (drawn) and aged
cylindrical bars of the Cu—Cr—Zr alloy, with
nominal composition of Cu—0.81Cr—0.07Zr (wt.%),
were used in this study. Billets having 10 mm in
diameter and 50 mm in length were machined from
the bars and subjected to ECAP processing up to 4
passes using the route B¢, in which the sample was
rotated 90° in the same direction around their
longitudinal axis between successive passes. The
ECAP processing was performed with 20 mm/min
pressing velocity, under two conditions of room
temperature (RT) and 300°C. Copper-based
lubricant paste was used in order to reduce the
friction between samples and die, improving the
surface finishing of the samples and reducing the
ECAP load. A die with circular cross-section and
channel intersection angle of 120°, and with a
curvature radius different of zero, was employed, as
shown in Fig. 1. This construction geometry results
in a true strain (¢) of 0.7 per pass, according to the
equation proposed by IWAHASHI et al [14]. The
friction factor was disregarded due to the use of the
lubricant.
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Fig. 1 Schematic illustration (a) and geometry (b) of
ECAP die
2.2 Microstructure, phase, hardness, and

electrical conductivity

In order to perform a complete microstructural
characterization of the bars subjected to ECAP,
samples were taken in both longitudinal and
transversal directions. Samples with 3 mm in
thickness and 10 mm in diameter were taken from
the cross-section of the billets and mechanically
ground in a fine sequence of grinding with SiC
paper up to 2500 grit, to perform X-ray diffraction,
hardness, and electrical conductivity measurements.
Figure 2 schematically shows the methodology

employed for the obtained samples for the
characterization.
Deformation direction
1. SEM
L 2. XRD
Longitudinal plane 3. Hardness
4. Electrical

1. SEM conductivity

Transversal plane

Fig. 2 Schematic illustration of sample geometry, planes,
and processing direction

The microstructural characterization was
carried out by scanning electron microscopy (SEM)
in an FEI INSPECT S50 microscope. The grain
boundaries were revealed by etching with a solution
of ferric chloride (5 g FeCl; + 10 mL HCI + 100 mL

H,0) for 15s at room temperature. The average
grain size was estimated using the line intercept
method, in 8 different regions of the samples,
randomly chosen. Backscattered electron detector
(BSD) was employed to better identify the Cr-rich
precipitates. Eight different regions of the samples
were randomly chosen, corresponding to 0.16 mm?
of sample area analyzed. Image] software was
employed to evaluate the evolution of morphology,
distribution and average size (Ferret diameter) of
the second phase particles after ECAP passes.

Mechanical properties were assessed by
Vickers hardness (HV) test under a load of 98 N
and a holding time of 20 s. Electrical conductivity
was evaluated in a ZAPPI DC—-11M eddy-current
conductivity instrument, with an accuracy of £1%.
The measurements were performed at room
temperature and the results were expressed as a
percentage of the International Annealed Copper
Standard (%(IACS)). The hardness and electrical
conductivity values correspond to the average of
five measurements.

Thermal analyses performed by
differential scanning calorimetry (DSC) in a
Netzsch DSC 204 F1 Phoenix. The phase transition
temperatures were determined under constant
heating rate of 10 °C/min. The phases present were
identified by X-ray diffractometry (XRD). A
Rigaku Ultima IV was used with Cu K, radiation,
and the samples were analyzed on their transversal
section. The lattice parameters were determined by
the Rietveld refinement method using the MAUD
software.

WEre

3 Results and discussion

3.1 Effect of ECAP processing on microstructure

Figure 3(a) shows the microstructure of the
alloy in the as-received condition. Typical metals
that crystallize in face-centered cubic (FCC)
structure, annealing and deformation twins, some
indicated by arrows in Detail A, are present due to
standard industrial thermo-mechanical processing.
Figure 3(b) shows a higher magnification image
along with the elemental microanalysis X-ray
spectrum (EDS) of one of the second phase
particles, which are Cr-enriched, and un-dissolved
during the solution treatment, as also reported
by LEON et al [9]. As the Cr content in the alloy
formulation exceeds the maximum equilibrium
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Fig. 3 Microstructural aspect of Cu—0.81Cr—0.07Zr (transverse plane) in as-received condition: (a) General aspect of

microstructure with detail area expanded (Image obtained by SEM with SE detector); (b) EDS spectrum of coarse

second phase particle in microstructure (Image obtained by SEM with BSE detector)

solid solubility of Cr in Cu, which is near to
0.71 wt.% at 1076 °C [4], the presence of coarse
second phase particles is expected in the
microstructure. These particles do not contribute to
a relevant improvement on mechanical strength,
since they are incoherent with the matrix and
widely spaced from each other, being unlikely
to interact with dislocations by the Orowan
mechanism [9]. The presence of Cu and Si
(impurity) refers to the contribution of the elements
from the matrix.

Figure 4 shows the evolution of the micro-
structure after 1 (Figs. 4(a, c)) and 4 (Figs. 4(b, d))
ECAP passes at room temperature. After the first
pass, the grains retain their elongated form resulting
from the drawing process (see Fig. 4(a)). According
to VALIEV and LANGDON [8], after the first
ECAP pass, the first deformation bands, which are
in regions of high density of low-angle grain
boundaries, are formed. After 4 ECAP passes, the

microstructure  presents a high density of
deformation bands and the average grain size
decreases (see Fig.4(b)). The microstructural
changes during ECAP processing can be discussed
in terms of the evolution of the low-angle
dislocation cells formed inside the original grains,
to a high-angle recrystallized structure, agreeing
results reported by with MOROZOVA et al [15],
during warm deformation, and SUN et al [16],
during deformation at room temperature.

Similar behavior is observed after ECAP
processing at 300 °C (Fig. 5). However, the grain
refinement in this case is not so pronounced as in
the case of room temperature processing. These
results agree with MISHNEV et al [13], since the
thermal energy favors recovering mechanisms, and
reducing the stored energy for recrystallization.

The microstructures observed in longitudinal
planes (Figs. 4(a,b) and Figs. 5(a, b)) show a
tendency for the formation of elongated grains
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Fig. 4 Microstructures of Cu—0.81Cr—0.07Zr alloy after ECAP processing at room temperature (Images obtained by

SEM with SE detector): (a) 1 ECAP pass, longitudinal plane; (b) 4 ECAP passes, longitudinal plane; (¢c) 1 ECAP pass,
transversal plane; (d) 4 ECAP passes, transversal plane

Fig. 5 Microstructures of Cu—0.81Cr—0.07Zr alloy after ECAP processing at 300 °C (Images obtained by SEM with SE
detector): (a) 1 ECAP pass, longitudinal plane; (b) 4 ECAP passes, longitudinal plane; (¢c) 1 ECAP pass, transversal
plane; (d) 4 ECAP passes, transversal plane
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aligned with the ECAP direction, while fragmented
grains are seen in the transversal plane (Figs. 4(c, d)
and Figs. 5(c, d)). During ECAP processing by the
route B¢, due to the sample rotation between each
pass through the ECAP die, different slip systems
are activated, which will influence the formation of
microstructure. Its influence is better seen in the
transversal plane, presenting refined grains.

It is important to mention the heat generated
during the ECAP processing, resulting from the
shearing of the crystallographic planes, with a
consequent increase in the sample temperature. It
has been reported that the temperature increase
occurs more expressively in samples deformed at
high pressing speeds [17,18]. The increase in
temperature during the ECAP processing can be
disregarded in this work considering the low
pressing speed (20 mm/min) that was used. Another
factor to be considered is the resistance of the
material to pass through the shearing zone.
Materials with higher values of mechanical strength
tend to present a considerable increase in the
sample temperature during plastic deformation [17].
The analysis of the influence of heat generated
during deformation by ECAP on microstructural
evolution is beyond the scope of this work, but it is
worth emphasizing its importance in the formation
of the microstructure.

The average grain sizes of the samples
subjected to ECAP, as well as of the as-received
sample, were correlated to the Vickers hardness
values in Table 1. It is important to note that the
average grain size measurements in the longitudinal
plane were performed regarding to the width of the
elongated grains. It is clearly seen that the reduction
in grain size is more pronounced when the sample
is processed at room temperature. On the
longitudinal section, the grains width decreases,
although a slight elongation has been observed in
the ECAP direction as shown in Figs. 4(a, b) and
Figs. 5(a, b). Estimation of the average grain size
after 4 ECAP passes, in both processing conditions,
was not performed by SEM images. In this case, the
complexity of the microstructure, which is caused
by high density of deformation bands coexisting
with the pre-existing grains (grains from the
as-received condition), makes the conventional
SEM/line intercept method useless for this purpose.

Processing by ECAP at room temperature is
the most effective for increasing hardness, as well

as for grain refinement, as previously shown. This
behavior can be attributed to the increase in the
grain boundary area and dislocation density,
according to the Hall-Petch and Taylor relations,
respectively, as reported and well discussed by
MOROZOVA and KAIBYSHEV [19].

Table 1 Average grain sizes with respective hardness of
Cu—0.81Cr—0.07Zr alloy in as-received condition and

after ECAP processing
Average grain size/Um  Hardness
Condition
Longitudinal Transversal (HV)
As-received 19.8 14.9 170£5
1 ECAP pass
+
At RT 10.7 10.8 178+3
4 ECAP passes
- - +
At RT 188+4
1 ECAP pass
+
at 300 °C 12.5 14.5 169+5
4 ECAP passes
- - +
at 300 °C 1764

3.2 Effect of ECAP processing on coarse second
phase particles

The effect of ECAP processing on the
morphology, average size, and distribution of coarse
second phase particles in the copper matrix was
also analyzed by SEM. In this case, no chemical
etching was performed. Instead, images were
obtained using backscattered electrons detector that
allows atomic number contrast to better identify the
second phase particles. In the as-received condition,
these particles have morphology near to spherical
with an average size of a few micrometers and are
randomly dispersed in the microstructure, as can be
seen in Fig. 6(a). Figure 6(b) refers to the same
figure, after the conversion to a binary image by
saturation of pixels intensity at different levels. It
allows to easily obtain a satisfactory contrast of the
bright phase (second phase particles in the upper
half of the image) and their edges (lower half of the
image), being essential to obtain the average Ferret
diameter and the number and fraction of the
particles. Table 2 shows the compilation of the data
obtained from the quantitative image analysis of the
samples in all processing conditions.

From Table 2, it can be observed that the area
fraction of the second phase particles decreases
after ECAP, mainly in the samples processed at
room temperature. This is more evident in the cross-
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(2)

Fig. 6 Phase contrast of Cu matrix and Cr-rich second phase particles of Cu—0.81Cr—0.07Zr alloy (Typical images used

for the quantitative second phase particles analysis): (a) Image obtained by SEM using BSE detector; (b) Same image

after threshold (upper) and phase edges (lower) treatments

Table 2 Area fraction, average number and average Ferret diameter of coarse second phase particles of Cu—0.81Cr—

0.07Zr alloy in as-received condition and after ECAP processing

Area fraction of

Average number of Average Ferret

Condition second phase particles second phase particles diameter/pum
Longitudinal Transversal Longitudinal Transversal Longitudinal Transversal
As-received 0.86 0.79 319 374 1.45 1.85
1 ECAP pass at RT 0.74 0.49 174 196 1.87 1.43
4 ECAP passes at RT 0.57 0.42 151 150 1.52 1.26
1 ECAP pass at 300 °C 0.92 0.56 318 375 1.68 1.06
4 ECAP passes at 300 °C 0.62 0.51 142 90 1.63 2.49

section of the samples, presenting the lowest values
after 4 passes of ECAP. The same trend is observed
for the average number of particles, which can be
attributed to the interactions between these particles
and structural defects, as reported by LIU et al [20].
They proposed that the non-equilibrium grain
boundaries, developed during the formation of the
UFG structure, presenting a high density of
dislocations formed through the sliding bands,
interact with the second phase particles. This
interaction changes their morphology and
dimensions. In Fig. 7, in addition to the dimensional
changes, it can be observed that, after ECAP
processing, the particles are preferentially located at
the grain boundaries (single arrows), and assuming
an elongated morphology aligned to the ECAP
direction (double arrows). The overall result is a
homogenous distribution of the second phase
particles in the copper matrix, resulting from their
interaction with dislocations and new grain
boundaries generated by the fragmentation of the
pre-existing grains.

FAIZOV et al [12] evidenced that coarse Cr
particles can be dissolved during severe plastic
deformation of Cu—Cr—Zr alloys. The increased
diffusivity, resulting from the higher density of
defects, favors the diffusion-controlled phase
transformations, like particles dissolution, enhanced
by the mechanical fragmentation process. In the
present work, this fragmentation is not evident from
the average Ferret diameter shown in Table 2.
Although the fraction area of the second phase has
been reduced after ECAP on both longitudinal and
transversal sections, their average Ferret diameter
did not change significantly, remaining mostly in
the range of 0.5—-1.5 um (see Fig. 8). However,
when analyzing the particle size distribution
histograms in Fig. 8, interesting aspects can be
observed. Comparing the particle size distribution
in the as-received bar with those in samples
deformed by ECAP, it is evident that the number of
the submicrometric particles decreases significantly
after ECAP, suggesting that they may have been
fragmented, or even have dissolved. Furthermore,
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the number of particles of a few micrometers in size
also decreases, suggesting that they are fragmented
during the high deformation process. These results
agree with FAIZOVA et al [21], mentioning that the
SPD processing results in a significant decrease in
the number of second phase particles, which is
related to the deformation-induced dissolution of
these particles, where the mechanical fragmentation
has an important role. In addition to fragmentation
and dissolution, the particle morphology also
changes from spherical to irregular shape; this
can be seen by comparing the particles in the
as-received condition (Fig. 6) and after ECAP
processing (Fig. 7). Some particles are even
elongated in the processing direction, assuming the
form of thin ribbons. This morphology on the
transversal section after 4 ECAP passes is
uncommon, as the adopted processing route (route
Bc) imposes perpendicular shear pattern planes,
fragmenting particles, and grains along their lengths
in subsequent ECAP passes.

Nevertheless, it is important to mention that,
in addition to coarse second phase particles,
nanometric Cr-rich particles, generated during
aging step in the standard industrial thermo-
mechanical processing, are present in the micro-
structure in all processing conditions. These particles
are responsible for increasing the mechanical
strength of the alloy by increasing the dislocations
and grain boundaries pin effects [13,22,23]. LIU
et al [22] studied the dynamic interactions between
precipitates and dislocations in a Cu—0.55Cr—
0.05Zr alloy during deformation. It was observed
by the authors that the dislocations were pinned by
Cr-rich second phase particles, and when they
overcame the barrier imposed by precipitates and
continued to slide, they were pinned again by other
Cr particles, in an intermittent sliding process. This
phenomenon could hamper the formation of
dislocation arrangements. As the microstructural
evolution during ECAP can be defined in terms of
dynamic recrystallization [15,19,24], in which the
arrangement and accumulation of dislocations in
structure of cells are fundamental for the grain
refinement, the large amount of nanometric Cr-rich
second phase particles precipitated in the Cu matrix
act as barriers and make this process difficult.
However, the dislocations generated during ECAP
processing can shear the Cr precipitates [22] and
redistribute them on the Cu matrix.

3.3 Phases evolution

Figure 9 shows the X-ray diffraction patterns
of the alloy in the as-received condition and after
the ECAP processing. In all samples, the structure
is shown mainly by the FCC-Cu phase (matrix) and
some discrete diffraction peaks attributed to the
BCC-Cr phase (coarse particles). The relative
intensity of the diffraction peaks decreases after the
deformation by ECAP processing, due to the
reduction of coherent domain size and the increase
in microstrain.
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3010)
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°(220)
«(211)
« (311),

0 (222)
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+—Cr
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1 ECAP pass
at300°C |

4 ECAP passes
at RT A A A

4 ECAP passes
at300°C |
)

30 40 50 60 70 80 90 100
200(°)
Fig. 9 XRD patterns of Cu—0.81Cr-0.07Zr in as-
received condition and after ECAP processing at room
temperature and 300 °C

Comparing the diffraction patterns of the
samples subjected to ECAP process, it was
observed that the relative intensities of the Cu(111)
peaks are abruptly decreased while the relative
intensities of the Cu(220) peaks tend to increase.
After 4 ECAP passes at room temperature, the
relative intensities of both peaks are very close each
other, although the Cu(111) peak intensity remains
the most intense. During the ECAP processing,
several slip planes are activated in the
microstructure under shear stresses, which may
develop a preferential orientation [25,26], besides,
changes in crystallographic texture can also be
induced by dynamic recrystallization process [27].

Figure 10 shows in detail the region of the
diffractogram between the Cu(111) and Cr(110)
diffraction peaks. The relative intensity of the
Cr(110) peak decreases with the increase of
deformation, agreeing with GUO et al [28].
Consequently, the identification of Cr precipitates
using XRD analysis becomes complex, as also
evidenced by SHEIBANI et al [29], since the
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amount of Cr-rich second phase particles decreases
with the increasing deformation (see Table 2 and
Fig. 8).

(a) As-received

(b) 1 ECAP pass at RT
(c) 1 ECAP pass at 300 °C
(d) 4 ECAP passes at 300 °C
(e) 4 ECAP passes at RT

Cu(111)

43;,0 43I.5 44.0 44I.5
200(°)
Fig. 10 Cu(111) and Cr(110) diffraction peaks of
Cu—0.81Cr—0.07Zr alloy in as-received condition and
after ECAP processing at room temperature and 300 °C

Complementing the diffraction patterns shown
in Fig. 10, Fig. 11 and Table 3 show, respectively,
the diffraction patterns and the structural parameters
obtained after Rietveld refining method. The
atomic radius of Cr (1.249 A) is significantly
smaller than that of Cu (1.278 A) [30], which
causes a great distortion of the crystalline lattice
when in solution in the copper matrix. Consequently,
large stress fields arise in the vicinity of the solute
atoms. This is one of the reasons for the low solid
solubility of chromium in copper. Based on the
reduction of the matrix lattice parameter as a
function of the number ECAP passes in Table 3, it
can be supposed that the deformation leads to the
dissolution of Cr in the Cu matrix.

In order to support the hypothesis that the
reduction in the lattice parameter of the Cu matrix
is associated with the increase of Cr in solid
solution, the lattice parameter of the alloy after
solution heat treatment at 1020 °C for 1 h is also
shown in Table 3. As in this condition, the effect
of deformation can be disregarded, since the
dislocation density is considerably lower compared
to the samples subjected to ECAP, the solute atoms
are the main factor affecting the lattice parameter.
After the heat treatment, most of the Cr is in solid
solution and the matrix lattice parameter is the
smallest among all conditions. Besides, in Fig. 10
it is possible to observe the significant reduction
of the relative intensity of the Cr(110) peak after 4
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Fig. 11 X-ray diffractograms of samples after refinement
by Rietveld method showing details of Cu(l1l) and
Cr(110) diffraction peaks of samples in different
conditions: (a) As-received; (b) 4 ECAP passes at room
temperature; (c) 4 ECAP passes at 300 °C

ECAP passes in both processing temperatures,
which reinforces the hypothesis of the dissolution
induced by deformation. These results agree with
the results presented by KORNEVA et al [31], but
disagree with the results obtained by GUO et al [28]
and BACHMAIER et al [30], who reported the
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Table 3 Structural parameters of Cu—0.81Cr—0.07Zr
alloy in several conditions, obtained after refinement of
X-ray diffraction patterns by Rietveld method

Lattice parameter/A

Condition

Cr(110) Cu(111) Cu(220)

As-received 2.8838 3.6156 3.6225

| ECAP pass at RT ~ 2.8836 3.6120 3.6168

4 ECAP passes at RT ~ 2.8821 3.6103 3.6111

| ECAP pass at 300 °C  2.8829  3.6135 3.6159
4 ECAP passes at 300 °C 2.8838  3.6133  3.6196
Solution treated at ) ga33 35959 36019

1020 °C for 1 h

increase of the Cu lattice parameter when Cr

dissolution is induced by severe plastic deformation.

However, in their case, the deformation levels were
very high (¢>200, in comparison to &=2.8 in the
present work), leading to the formation of a
nanostructure with a high area fraction of
disordered grain boundaries. £ BACHMAIER
et al [30] concluded that the excess of vacancies in
grain boundaries can lead to the increase in the
matrix volume, as it induces larger interatomic
spacing and lattice strain.

Figure 12 shows graphically the evolution of
the Cu matrix lattice parameter with the number of
ECAP passes, evidencing that its reduction starts
at the first ECAP pass for both processing
temperatures. As the deformation level further
increases, the lattice parameter obtained from the
Cu(111) peak analysis decreases, being more
evident when ECAP is performed at room
temperature. The Cu matrix lattice parameter
obtained from the analysis of the Cu(220)
diffraction peak shows the same trend after the
first ECAP pass. After the fourth pass of ECAP at
300 °C, the matrix lattice parameter starts to
grow again. This is an indication that the
deformation-induced dissolution of Cr particles is
more pronounced when the ECAP process is
performed at room temperature. It is supposed that
the partial dissolution of chromium atoms competes
with the decomposition of the supersaturated solid
solution when the processing temperature is
increased. The high shear stress occurring during
severe plastic deformation favors the dissolution of
Cr atoms in the Cu matrix, agreeing with
BACHMAIER et al [30], whereas the thermal
energy associated with the excess of structural

defects favors the dynamic precipitation of the
second phase particles [32]. Consequently,
dissolved Cr atoms are removed from the
supersaturated matrix, thus increasing its lattice
parameter.

3.624

@ sems
SO cICu(111)
ot 3620 B3 Cu(220)
3 3.618}
g 3.6168
£ 3616} 3.6156
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(]
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Fig. 12 Evolution of Cu matrix lattice parameters as
function of number of ECAP passes calculated from
Cu(111) and Cu(220) diffraction peaks: (a) ECAP at
room temperature; (b) ECAP at 300 °C

The amount of solute in the Cu matrix can
also be assessed indirectly through electrical
conductivity measurements, since the electron
movement is severely affected by distortions in the
crystalline lattice caused by the differences between
atomic radii of Cu and Cr. The electrical
conductivity is much less affected by structural
defects induced by SPD processing, as evidenced
by MOROZOVA and KAIBYSHEV [19]. PURCEK
et al [33] proposed that the reduction in the
electrical conductivity during SPD processing can
be associated with deformation-induced dissolution
of second phase particles. Table 4 shows the results
of the electrical conductivity measurements
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performed on the samples, in the as-received
condition and after deformation by ECAP
processing at both temperatures. The -electrical
conductivity continuously decreases with the
number of ECAP passes at room temperature.
ECAP at 300 °C, on the other hand, decreases the
electrical conductivity after the first pass, remaining
unchanged after the three subsequent passes. As
already mentioned in the discussion of the matrix
lattice parameter evolution, both Cr dissolution and
re-precipitation compete each other during SPD at
elevated temperature. Thus, it is supposed that, after
the first pass at 300 °C, the flux of Cr atoms
entering or leaving the Cu matrix reaches a steady
state.

Table 4 Electrical conductivity of Cu—0.81Cr—0.07Zr
alloy in as-received condition and after ECAP processing

Condition E.le.ctrical
conductivity/%(IACS)

As-received 83.6+0.2

1 ECAP pass at RT 76.2+0.7

4 ECAP passes at RT 71.7£1.3

1 ECAP pass at 300 °C 77.2+0.8

4 ECAP passes at 300 °C 77.9+0.7

As far as the hardness is concerned, the effect
of ECAP temperature is also very important. The
grain refinement is more effective when the plastic
deformation is performed at room temperature,
resulting in higher mechanical strength as
observed from the average grain size and hardness
values shown in Table 1. ECAP performed at
300 °C enables the occurrence of recovery and
recrystallization processes, as these mechanisms are
thermally activated. As a result, there is a reduction
in the dislocation density, decreasing the
strengthening effect.

In order to further investigate the behavior
of Cr precipitates during ECAP at different
temperatures, DSC analysis was performed, and the
results are shown in Fig. 13. As no peak of
exothermic reaction is observed in the as-received
sample during heating at a constant rate, it is
assumed that, under such conditions, the alloy is
near to the thermodynamic equilibrium, with all
excessive Cr in the form of second phase particles.
Differently, the samples subjected to ECAP show a
very well-defined exothermic peak between 360

and 380°C, regardless of the processing
temperature. The exothermic peak in this
temperature range is related to the precipitation of
second phase particles in the copper matrix of the
Cu—Cr—Zr alloy [7]. Thus, the enthalpy release
from exothermic reactions observed only in the
samples subjected to ECAP processing, associated
to the decrease of the Cu lattice parameter and to
the reduction of electrical conductivity, supports the
hypothesis that, during ECAP processing, a partial
dissolution of chromium particles, induced by the
severe deformation, occurs beyond the mechanical
fragmentation.

In Fig. 13, it is also possible to see that the
decomposition temperature of the supersaturated
solid solution occurs at lower temperatures than the
typical aging temperature of these alloys (near to
450 °C) [3,9,34,35]. This fact may be associated
with the history of plastic deformation of the
material. The materials processed by SPD have their
precipitation kinetics accelerated, when compared
to the same materials conventionally processed, as
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Fig. 13 Thermal analysis of Cu—0.81Cr—0.07Zr during
constant heating at 10 °C/min in as-received condition
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and after ECAP processing: (a) At room temperature;
(b) At 300 °C



Filipe CALDATTO DALAN, et al/Trans. Nonferrous Met. Soc. China 32(2022) 217-232 229

reported by PURCEK et al [6] and LEON et al [9].
AKSENOV et al [10] reported that a high density of
defects generated during SPD act as preferential
sites for particles nucleation, contributing to the
phase transformation that occurs through diffusion
process.

The phase transformation in Cu—Cr—Zr alloys
subjected to ECAP processing is rather complex,
agreeing with ABIB et al [36]. The formation of an
UFG structure is accompanied by a high density of
dislocations and non-equilibrium grain boundaries.
The interaction of these structural defects with the
second phase particles affects the decomposition of
supersaturated solid solution. As the Cr particles
re-precipitate, they can delay the recovery and
recrystallization processes due to the pinning effect,
as reported by SHANGINA et al [5]. In the present
study, no exothermic reaction is associated to
recovery and recrystallization processes. However,
according to the Refs. [7,36,37], these processes
occur above 500 °C.

Samples processed by ECAP in all processing
conditions were submitted to a subsequent aging
treatment for 1h at the temperatures of the
exothermic reactions, in order to explore the
additional hardening potential observed by thermal
analysis, since the decomposition of solid solution
during aging results in the precipitation of fine
second phase particles in the matrix, increasing the
hardness due to their interaction with dislocations
movements. Samples submitted to 1 ECAP pass at
room temperature and 4 ECAP passes at 300 °C
were aged at 360 °C. Samples submitted to 4 ECAP
passes at room temperature and 1 ECAP pass at
300 °C were aged at 380 °C. Table 5 brings together
the values of electrical conductivity and hardness
after these aging treatments. It can be observed that
after aging, the electrical conductivity of all

samples was totally restored to values above 83%
(IACS). Furthermore, the hardness values also
increase, surpassing the hardness of the as-received
alloy (170 HV in the initial condition). In this case,
the alloy aged after 4 passes of ECAP stands out,
whose hardness increased from the initial 170 HV
to 191 HV. The simultaneous increase in hardness
and electrical conductivity values after aging
reinforces the hypothesis of partial dissolution of
the Cr particles, induced by deformation during
ECAP. The subsequent aging results in the
re-precipitation of particles, reducing the matrix
distortion and restoring the electrical conductivity.
Furthermore, the re-precipitated particles stabilize
the microstructure formed during ECAP, promoting
an additional hardening effect. The overall result
is the increase of strength of the as-received
material, maintaining the same level of electrical
conductivity.

4 Conclusions

(1) After 4 ECAP passes both at room
temperature and 300 °C, the area fraction of coarse
Crrich particles in microstructure presented a
significant decrease.

(2) Grain refinement was also obtained after
ECAP, particularly on samples processed at room
temperature, increasing the hardness from initial
170 HV to 188 HV.

(3) The ECAP processing leads to the
reduction of the electrical conductivity, from the
initial 83.6%(IACS) to 71.7%(IACS) after 4 ECAP
passes at room temperature. This reduction was
associated with the partial deformation-induced
dissolution of second phase particles in Cu lattice.

(4) The partial dissolution of Cr-rich
precipitates in Cu lattice induced by the deformation

Table 5 Hardness and electrical conductivity of Cu—0.81Cr—0.07Zr after ECAP processing and aging at 360 and 380 °C

forlh
Aging After ECAP processing After ECAP processing and aging
Condition temperature/ - Ejectrical conductivity/  Hardness Electrical conductivity/  Hardness
°C %(IACS) (HV) %(IACS) (HV)
1 ECAP pass at RT 360 76.2+0.7 17843 83.1+0.1 179+4
4 ECAP passes at RT 380 71.7£1.3 188+4 83.5+0.2 191+3
1 ECAP pass at 300 °C 380 77.2+0.8 169+5 83.94+0.1 17543
4 ECAP passes at 360 77.90.7 176+4 83.3+0.1 1794

300 °C
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by ECAP was supported by the decrease in the Cu
matrix lattice parameter, by the exothermic
reactions observed during subsequent heating and
by the decrease in the electrical conductivity.

(5) There is evidence that during the
deformation by ECAP at 300 °C, dissolution and
re-precipitation of second phase particles occur
simultaneously, since the electrical conductivity
remains practically constant, between 77.2%(IACS)
and 77.9%(IACS), with a slight increase in
hardness with the increase of deformation.

(6) During subsequent aging, samples
subjected to ECAP exhibited an additional
hardening effect caused by the re-precipitation of
the partially dissolved particles, keeping the grain
refinement obtained by severe plastic deformation.
The better combination of hardness (191 HV) and
electrical conductivity (83.5%(IACS)) was obtained
in the sample aged after 4 ECAP passes at room
temperature.
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