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Abstract: Samples of a commercial Cu−1Cr−0.1Zr (mass fraction, %) alloy were subjected to equal channel angular pressing  
(ECAP) up to 16 passes at room temperature following route Bc. Differential scanning calorimetry (DSC) was used to highlight the 
precipitation sequence and to calculate the stored energy, recrystallization temperature and activation energy after each ECAP pass. 
On another hand, electrical properties were correlated with the dislocation density. Results show that the stored energy increases 
upon increasing ECAP pass numbers, while the recrystallization temperature decreases significantly. 
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1 Introduction 
 

Cu−Cr−Zr alloys attracted growing interests in 
electric/microelectronics areas and nuclear fusion 
reactors [1]. These alloys are known to be strengthened 
by conventional cold working, as well as by precipitation 
of Cr and complex Cu−Zr phases [1−3]. As long as 
severe plastic deformation processing was capable of 
producing strong materials with good ductility, these 
techniques were also applied to Cu−Cr−Zr alloys [4]. 
Since the work of VINOGRADOV et al [5] associated 
with thermal stability after SPD processing of Cu−Cr−Zr, 
very little work was devoted to highlight the 
thermodynamic aspects associated with thermal energy 
(enthalpy changes) that may lead to the improved 
knowledge of the chemical and microstructural changes 
that occur during and/or after SPD processing [6]. 

The mechanical properties such as strength and 
ductility of Cu−Cr−Zr have been been considerably 
optimized by combining severe plastic deformation and 
precipitation [7]. 

Moreover, serious controversies still exist on the 
sequence and nature of precipitates that can appear 
during annealing after conventionally or severely 
deformed Cu−Cr−Zr alloy [5,7,8]. 

The present work aims to evaluate some 

thermodynamics (stored energy) and kinetics 
(temperature and activation enthalpy) of recrystallization 
as well as to clarify the sequence of precipitation after 
ECAP processing of a Cu−1Cr−0.1Zr alloy. 
 
2 Experimental 
 

The material considered in this work is a 
Cu−1Cr−0.1Zr alloy that was supplied in the form of rod 
bars by Goodfellow. Billets of 10 mm in diameter and  
60 mm in length were then machined for ECAP 
processing and solution heat-treated for 1 h at 1040 ºC in 
a protective inert gas atmosphere followed by a 
subsequent water quenching. The billets were processed 
by ECAP at room temperature up to 16 passes using 
route Bc (sample rotation of 90° along their longitudinal 
axis in the same direction after each pass). The ECAP die 
used in these experiments had an internal angle of Ф=90° 
and an outer arc of curvature of ψ=37°. The samples 
were coated with molykote spray and deformed at a 
constant cross head speed of 0.02 m/s. 

In order to clarify the precipitation sequence and 
estimate the stored energy and the recrystallization 
temperature, miniature specimens of 40−50 mg were cut 
near the axial centre of the as-pressed billets and 
subjected to DSC analysis using a Labsys Evo (1600 °C) 
facility under a constant heating rate of 10, 20, 30 and 
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40 °C/min in argon atmosphere. The DSC scanning 
temperature ranged from 30 to 700 °C and at least three 
specimens were probed for each heating rate. Standard 
Al2O3 samples were thermally scanned to calibrate the 
calorimeter prior to measurement and to obtain a 
baseline. 

The activation energy of precipitation and 
recrystallization was calculated for the material 
processed for 1, 8 and 16 passes based on DSC 
measurements at heating rates of 10, 20, 30 and      
40 °C/min. The dependence of the peak temperature on 
the heating rate was used to calculate the apparent 
activation energy for recrystallization based on the 
KISSINGER’s method [9] given by  
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where v is the heating rate, tp is the peak temperature, A 
is a constant, G is the apparent activation energy and R is 
the gas constant. 

An X-ray diffraction profile analysis for each 
sample was carried out from the flat and polished surface 
by Brukers D8 Advance X-ray diffractometer using   
Cu Kα radiation operated at 40 kV and 20 mA. The 2θ 
Bragg angle varied from 30° to 88°. The step scan was 
0.02° and the counting time per step was 7 s. Electrical 
conductivity measurements were performed ex situ using 
a four probe set-up (DFP-Research Model from 
SVSLabs). 

The formation enthalpy of Cu clusters, Cu5Zr and 
Cu51Zr14 precipitating phases were calculated within the 
framework of density functional theory (DFT) using 
pseudopotential method as implemented in the pseudo- 
potential plane wave self-consistent field package 
(Quantum Esspresso) [10]. The many-body problem of 
interacting electrons and nuclei was mapped to a series 
of one-electron equations in the so-called Kohn-Sham 
(KS) equations [11,12]. The generalized gradient 
approximation (GGA) of PERDEW et al (PBE) [13] of 
the local density approximation was considered to 
include the exchange-correlation energy and ultrasoft 
pseudopotentials of VANDERBILT [14] were used. A 
well converged value of the cut-off energy and the 
k-point mesh over the Brillouin zone were considered for 
both the structure of both compounds. All systems were 
allowed to fully relax using Broyden-Fletcher- 
Goldforb-Shanno (BFGS) scheme [15] until the total 
energy has converged to less than 10−5 eV/atom, the 
maximum force has converged to lower than 0.004 eV/Å 
and the maximum displacement was 0.002 Å. 
 
3 Results and discussion 
 

Figure 1 presents a compilation of DSC scans 

showing the enthalpy release during linear heating at  
20 °C/min of the ultra-fine grained Cu−1Cr−0.1Zr alloy 
subjected to 1, 4, 8 and 16 ECAP passes. Other scans 
(not shown here) corresponding to 10, 30 and 40 °C/min 
exhibit almost the same trends. 
 

 
Fig. 1 Enthalpy release rate during linear heating of ultra-fine 
grained Cu−1Cr−0.1Zr alloy subjected to 1, 4, 8 and 16 ECAP 
passes 
 

From Fig. 1, the third DSC peak near 600 °C and 
corresponding to recrystallization is more resolved for 
scans after 8 passes than for 1, 4 and 16 passes. The 
preceding peaks around (1st and 2nd peaks) confirm the 
complex precipitation sequence already mentioned in 
Ref. [5]. The first two peaks can be associated with Cr 
clustering and Cu3Zr (replaced by Cu51Zr14 [16]) 
precipitation, respectively. All the peaks are however 
slightly shifted towards higher temperatures upon 
straining. It is worth mentioning that some DSC scans 
associated with recrystallization exhibit more than one 
peak (at least two, as shown in Fig. 1 after 1 ECAP pass). 
The occurrence of multiple peaks, within the 
recrystallization one, has already been observed in 
Al−Mg alloy after ECAP processing where the two 
present peaks are associated with the advent (recovery 
process) and the completion of the recrystallization 
process, while only one single peak appears in the 
cold-rolled alloy and that is related to the completion of 
the recrystallization [17]. However, the microstructures 
existing in the two alloys are somewhat different. The 
Al−Mg alloy after ECAP processing and dynamic aging 
exhibits a duplex microstructure divisible into areas of 
unrecrystallized grains and areas where recrystallization 
is essentially complete [17]. In the present work, the 
Cu−1Cr−0.1Zr alloy may exhibit a quite different 
microstructure consisting of not only duplex 
microstructure as observed above but also fine Cr and 
Cr51Zr14 precipitations [5,16], which interact with 
recrystallization, resulting in a rather very complex DSC 
signal. 
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An attempt has been made to characterize the 
precipitated phases through X-ray diffraction (XRD) 
analysis. Several XRD patterns are recorded for 
Cu−1Cr−0.1Zr alloy samples after full DSC scans. 
Unfortunately, as shown in Fig. 2, for a sample alloy 
after DSC scan at 20 °C/min after ECAP processing up 
to 8 passes, no trace of definite peak associated with any 
precipitated phase could be depicted from the pattern and 
only Cu (matrix) peak is presented. The fine Cr and 
Cr51Zr14 precipitates result in DRX peak signals that are 
fully masqued by the background and then only an in situ 
high energy synchrotron diffraction analysis should 
substantially reveal these peaks as shown in a recent 
study [18]. Resulting DSC scans may be interpreted in 
terms of interactions between precipitation and 
recrystallization. During dynamic annealing (DSC), the 
ECAPed alloy samples manifest a delayed process of 
recrystallization until the whole complex panel of 
precipitation occurs. Similar observations are reported in 
Al−Mg−Si alloy where a small addition of Sc suppresses 
the recrystallization and retains the ultrafine grained 
structure to temperatures exceeding 450 °C [19,20]. 
However, the shift of the recrystallization peak towards 
lower temperatures as observed by these authors [19,20] 
is not observed in the presently studied Cu−1Cr−0.1Zr  
alloy. Their interpretation based on the fact that SPD 
processing may induce changes in the precipitation 
kinetics through the modification of the effective 
diffusivity and the density of nucleation sites for 
precipitation could not be applied in the present case 
because of the so complex modes of precipitation. 
 

 
Fig. 2 XRD pattern of Cu−1Cr−0.1Zr alloy after DSC scan at 
20 °C/min after ECAP processing up to 8 passes 
 

Similar delay of the recrystallization temperature 
was also observed in a Cu−Cr−Zr alloy after 
conventional deformation by rolling [21,22]. These 
authors discussed the overall effect of the Cr particle 
clusters retarding the recrystallization with a special 
emphasis to their size distribution. They have estimated 

the pinning force that the particles may produce per unit 
area from the Zener equation [23] given by 
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where fv is the volume fraction of particles, σgb is the 
interface energy per unit area and r is the particle radius. 
The calculated values associated with the presence of 
fine Cr particles (average diameter of 15 nm and 
interparticle spacing of 80 nm) confirm the strong 
pinning force (four times larger than that for large 
particles with average diameter of 0.85 µm and 
interparticle spacing of 2.8 µm) exerted on moving 
boundaries. Nanoscale precipitation of Cu5Zr was 
evidenced by SUN et al [24] while larger Cu51Zr14 
precipitates (up to 100 nm) were observed by HUANG et 
al [2] in Cu−Cr−Zr alloys. Cu51Zr14 precipitates did not 
contribute to the overall hardening of the alloy as the tiny 
Cr precipitates ones did. Their effect on recrystallization 
should also not be significative since the critical particle 
size to promote recrystallization within the deformation 
zone around particles was 2.5−3 µm [22]. 

A controversial estimation of the formation enthalpy 
of Cu5Zr and Cu51Zr14 phases using a CALPHAD 
(−10.3/−12.9 kJ/mol) and ab initio approaches 
(−12.5/−8.6 kJ/mol) [25] and present work (−12.23/ 
−5.484 kJ/mol) exists. It is difficult to draw any 
definitive conclusion about their relative stability. The 
Cu51Zr14 phase could be more stable because ab initio 
estimations are performed at 0 K and the consideration of 
a probable temperature effect should correct the obtained 
values. GOSH et al [25] reported from experimental 
observations [26,27] that both phases were known to be 
stable down to at least 773 K. 

The activate energy of Cr clustering and the nano 
precipitation of Cu51Zr14 phase estimated from Kissinger 
plots for samples processed up to 1, 8 and 16 ECAP 
passes ranged between 121−142 and 131−181 kJ/mol, 
respectively. These values fall quite good within 
tabulated ranges of data for Cu-based alloys [28,29]. The 
activation energy associated with the different phases 
involved is lower than the activation energy for Cr and 
Zr diffusion in copper. The complex precipitation process 
is governed by diffusion that can only proceed via a 
vacancy mechanism and, quiet rightly, considerable 
amounts of excess vacancies are evidenced in severely 
deformed alloys [6,30]. 

The stored energy has been estimated by integrating 
the peaks associated with recrystallization in the DSC 
scans. Figure 3 shows the evolution of the stored energy 
for recrystallization upon increasing ECAP pass number. 
It is obvious that it increases upon increasing strain as 
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already reported in the literature for copper and its  
alloys [31−33] and saturates 0.7−0.8 J/g. 
 

 
Fig. 3 Evolution of stored energy of Cu−1Cr−0.1Zr alloy 
versus ECAP pass number 
 

Our findings are in good agreement with those of 
HIGUERA-COBOS and CABRERA [33] who found that 
the stored energy depended on the heating rate and at the 
higher rates (20 and 40 °C/min), the differences between 
the curves were very weak. HIGUERA-COBOS and 
CABRERA[33] and SCHAFLER et al [34] considered 
that individual defects components may contribute to the 
total signal. Dislocations and vacancies are the most 
probable defects that can be detected during calorimetry 
measurements. SETMAN et al [35] evidenced the 
contribution of both defects with the presence of not only 
single/double vacancies but also vacancy agglomerates 
as well in pure Ni, while in SPD-processed Cu, only 
vacancy agglomerates were presented with dislocations. 
The specific single/double vacancy peak was not 
evidenced in the present work for any DSC scan for all 
the heating rates, demonstrating that Cu−1Cr−0.1Zr alloy 
subjected to 1, 4, 8 and 16 ECAP passes behaved like 
pure Cu. 

Figure 4 presents the Kissinger plots for 
recrystallization peaks measured by DSC for 
Cu−1Cr−0.1Zr alloy after ECAP processing. The 
deduced activation enthalpy values are −135.8, −137.4 
and 117.12 kJ/mol respectively for 1, 8 and 16 ECAP 
passes. For 1 and 16 passes, the curves linear fits to the 
experimental points are very close to one another, while 
that for 8 passes slightly separates from them. Almost all 
values of activation enthalpy are a little higher than those 
tabulated in the literature for existing data for Cu 
[33,34,36,37]. As discussed by HIGUERA-COBOS and 
CABRERA [33], the higher value of activation energy 
for the first pass may be caused by the large proportion 
of subgrains, while for the higher pass numbers, the 
trends are reversed and the processes of recovery of the 

microstructure may be generated with a considerable 
fraction of high angle grain bounadries. Usually, for pure 
Cu, the activation enthalpy values range between 0.67 to 
1.3 Ev, indicating that recrystallization takes place by a 
mechanism of migration of high angle grain boundaries 
[33,34,36,37]. In the present work, a strong influence of 
the complex precipitation process should delay the 
recrystallization, and the precipitating particles influence 
both the rearrangement of dislocations to form 
recrystallization fronts and the migration of the latter as 
discussed by HORNBOGEN and KÖSTER [38]. 

Figure 5 presents the the dislocation density for 
Cu−1Cr−0.1Zr alloy as a function of number of ECAP 
passes deduced from stored energy measured by DSC 
and using Eq. (3) given by [32,39] 
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where G is the shear modulus and b is the absolute value 
 

 

Fig. 4 Kissinger plots for recrystallization peaks measured by 
DSC for Cu−1Cr−0.1Zr alloy (Experimental points data are 
fitted by full lines) 
 

 
Fig. 5 Dislocation density as a function of number of ECAP 
passes deduced from stored energy measured by DSC for 
Cu−1Cr−0.1Zr alloy 
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of Burgers vector, k is an arithmeatic average of 1 and 
(1−υ) with υ=0.343 being the Poisson ratio for Cu. Quasi 
parabolic evolution of the dislocation density versus the 
ECAP number pass is noticed however without any 
saturation as observed for pure Cu [33]. HIGUERA- 
COBOS and CABRERA [33] demonstrated that 
dislocation density versus the ECAP number passes was 
in good correlation with electrical conductivity, and one 
can conlude from Fig. 6 that the addition of Cr and Zr 
does not significantly affect this correlation. Furthermore, 
our results are in line with several investigations that 
have shown that the electrical conductivity of Cu-based 
materials decreased upon increasing strain [40,41]. 
 

 

Fig. 6 Correlation of dislocation density with electrical 
conductivity of Cu−1Cr−0.12Zr alloy as a function of heating 
rate 
 
4 Conclusions 
 

1) Samples of commercial Cu−1Cr−0.1Zr alloy 
(CRZ copper) are subjected to equal channel angular 
pressing (ECAP) up to 16 passes at room temperature 
following route Bc. 

2) The sequence of precipitation consists firstly on 
the Cr clustering followed by the nano precipitation of 
Cu51Zr14 phase with activation energy in the ranges of 
121−142 and 131−181 kJ/mol, respectively. The deduced 
activation enthalpy of recrystallization is in the range of 
from −117 to −137 kJ/mol. 

3) The recrystallization temperatures decrease while 
the stored energy increases with increasing strain. A 
saturation of the stored energy of 0.7−0.8 J/g is noticed. 
The deduced dislocation density from the stored energy 
versus the ECAP number passes is in good correlation 
with electrical conductivity. 
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摘  要：对 Cu−1Cr−0.1Zr 合金在室温下进行 16 道次等径转角挤压(ECAP)，挤压路径为 Bc。利用差热分析研究

合金中沉淀相的析出序列，计算每道次 ECAP 后合金储能、再结晶温度以及激活能。此外，对位错密度与电学性

能之间的关系进行研究。结果表明：随着 ECAP 挤压道次的增加，合金中的储能增加，而再结晶温度则大幅度降

低。 
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