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The mechanical and thermo-physical properties of Cu�Cr�Zr alloys in dependence on processing conditions
were studied. The processing conditions consisted of solution annealing at temperature of 1020 ◦C for 60 min
followed by water quenching. This was followed by one equal channel angular pressing pass carried out at
ambient temperature, ageing treatment (TAT ∈ (20; 480〉 ◦C, tAT ∈ 〈30; 150〉 min) and cooling in water. The
maximal strengthening e�ect coming from dislocations & grain size re�nement & precipitation strengthening of
∆HV0.1 = 130 was achieved at TAT = 480 ◦C and for tAT = 120 min. From di�erential scanning calorimetry
analysis, two partial exothermal peaks were recognized and classi�ed as major and minor, these peaks are used to
determination the stored energy coming from recrystallization and precipitation (∆HR and ∆HP ). The maximal
value in stored energy of H1×ECAP = 2.923 J/g was obtained after 1st ECAP pass.
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1. Introduction

The Cu�Cr�Zr alloy is classi�ed as a precipitation-
hardened (PH) material processed by heat treatment.
Typical heat treatment is based on solution annealing
at high temperatures followed by water quenching (WQ)
in order to create a supersaturated solid solution and
ageing. The ageing process produces �ne precipitates of
the second phase with a precipitation hardening e�ect.
Such alloy provides high mechanical properties, high heat
resistance, high electrical and thermal conductivity [1].
The mechanical properties of PH alloys depend strongly
on the following strengthening mechanisms: grain re�ne-
ment (up to a nanoscale level), precipitation hardening
through the presence of second phase particles, disloca-
tion hardening, solid solution and the Peierls�Nabarro
hardening. Nowadays, equal-channel angular pressing
(ECAP) is a method based on severe plastic deformation
(SPD) which has been successfully used for reducing the
grain size diameter and to increase the dislocation den-
sity resulting in greater mechanical properties [2�4]. The
post-processing after ECAP through the ageing process
(temperature vs. time conditions) has an impact on �-
nal mechanical properties by the e�ect of precipitation
hardening [5, 6].
To obtain the precipitation hardening e�ect there is

necessary to apply the solution annealing (SA) followed
by WQ in order to dissolve the second phase particles in
the solid solution. Further ECAP processing leads to the
structural re�nement and together with combination of
the post ECAP ageing to the precipitation strengthening
which �nally has an impact on the mechanical properties
increase. The e�ect of precipitation strengthening de-
pends on the amount of Cr and Zr content that can be in
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the range of Cr∈ 〈0.4; 1.5〉 wt% and Zr∈ 〈0.03; 0.5〉 wt%.
Authors [7] have mentioned that the Zr content can also
be reduced to 0.1 wt% or less. According to the au-
thors [8], an average solubility of the concentration for
chromium is Crsolubility ≈0.4 wt% at 1000 ◦C on the other
hand when temperature falls down at 400 ◦C, an average
solubility of the concentration is dramatically changed to
Crsolubility ≈0.03 wt%. Since low content of Cr provides
the coarse Cr precipitates forming, tendency is to obtain
the Cr content below upper limit. Considering precipita-
tion processes, in literature there are a lot experimental
studies mostly carried out under the following conditions:
TSA ∈ (950; 970〉 ◦C, tSA ∈ 〈0.3; 3〉 h & WQ followed
by cold rolling or tensile testing with subsequent ageing
treatment at TAT ∈ 〈400; 525〉 ◦C, tAT ∈ 〈0; 20〉 h [9�14].
In these studies, there have been not documented pres-
ence of any intermetallic chromium or zirconium phases
in the microstructure, only presence of Cr precipitates
together with coarse Cu5Zr or Cu3Zr in its surround-
ing embedded into a pure Cu matrix. The precipita-
tion temperature was determined at T ≈ 370 ◦C and Cr
T ≈ 425 ◦C for Cu5Zr or Cu3Zr and Cr (with a diameter
of 1�50 nm), respectively. Hence, according to the liter-
ature overview, there is necessary to perform additional
experimental studies.
In the present work, experimental �ndings involving

mechanical properties in the Cu�Cr�Zr alloy processed
by ECAP and post ECAP annealing are presented. Spe-
cial attention is focused on the study of thermal changes
in materials processed under di�erent ageing conditions.

2. Experimental conditions

As an experimental material, Cu�Cr�Zr alloy in a
cylindrical bar (D × L = 10 × 100 mm2) with chemical
composition of 98.54 wt% Cu, 1.1 wt% Cr, 0.043 wt% Zr
and 0.317 wt% impurities was used. Before ECAP, sam-
ples were heat treated under the following conditions:
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TSA = 1020 ◦C, tSA = 1 h & WQ. The samples were
processed once through an ECAP die (channel angle
Φ = 90◦, Ψ = 32◦ and the diameter of 10 mm) at ambi-
ent temperature, with route Bc.
After ECAP and heat treatment processing, samples

were subjected to thermal DSC measurements carried
out by STA 449 F1 Jupiter apparatus in the tempera-
ture range of TDSC ∈ 〈40; 700〉 ◦C with a heating rate
30 ◦C/min. From DSC analysis, stored energy as the
area below �nal DSC curves was calculated. Each sam-
ple was subjected to two measurements, the curve from
the second one was used as a baseline to obtain the
higher precision. The samples after one ECAP pass were
aged under the following conditions: TAT ∈ (20; 480〉 ◦C,
tAT ∈ 〈30; 150〉 min followed by cooling in water. Micro-
hardness measurements HV0.1 (after ageing) were done
using the Struers apparatus.

3. Results and discussion

3.1. Microhardness

The results from microhardness measurements are
given in Fig. 1. The microhardness after SA& WQ was
HV0.1SA = 50. Figure 1a, b shows changes in microhard-
ness in the experimental material as a function of ageing
temperature and ageing time. According to Fig. 1a, mi-
crohardness was growing with the temperature increase.
Moreover, there is seen that up to 200 ◦C microhardness
was growing slightly, but then the rapid increase was rec-
ognized. Ageing time plays also a signi�cant role in the
microhardness increase, even ageing time and ageing tem-
perature are in�uenced by each other strongly.

Fig. 1. Microhardness in dependence on: a) ageing
temperature and b) ageing time.

Maximum microhardness HV0.11×ECAP+AT of 180 was
obtained after the following ageing treatment processing:
TAT = 480 ◦C and tAT = 120 min. Moreover, under
TAT = 400 ◦C and tAT = 120 min processing, there was
also achieved high microhardness: HV0.11×ECAP+AT =
178. According to the analysis, there is highly expected
that a maximal strengthening e�ect was from the in-
crement in a dislocations portion and grain re�nement:
∆HV0.1 = HV0.11×ECAP+AT − HV0.1SA = 180 − 50 =
130. According to the previous literature overview fo-
cused on studies of the precipitation, it is possible to
suppose that post ECAP ageing leads to the formation of
�ne Cr precipitates together with coarse Cu5Zr or Cu3Zr
in its surrounding embedded into a pure Cu matrix.

3.2. DSC calorimetry

Figure 2 provides the example of heat �ux during DSC
measurements and Fig. 3 provides DSC �ndings which
are schematically illustrated. From the graphical de-
pendences, there was recognized an endothermal peak
followed by two local exothermal peaks on DSC curves
for both states (without ECAP and 1xECAP). Accord-
ing to the authors [15], endothermal peaks can be at-
tributed to the dissolution of solute clusters which are
being formed in dislocation walls at low temperatures.
First peak of the exothermal reaction is recognized in
the interval of Tpeak_1 ∈ 〈282; 284〉 ◦C and Tonset_1 ∈
〈258; 267〉 ◦C, second one is recognized in the interval
Tpeak_2 ∈ 〈494; 530.3〉 ◦C and Tonset_2 ∈ 〈435; 449〉 ◦C.
Next emerging exothermal peaks can be associated to
the annihilation of defects and the precipitation of sec-
ondary particles during a recovery process [16]. The �rst
exothermal peak is associated to Cu3Zr or Cu5Zr pre-
cipitates and second exothermal peak is associated to Cr
particles [14]. As was mentioned above, Fig. 3 schemat-
ically illustrates �ndings from DSC measurements, val-
ues of the �rst peak are slightly a�ected by ECAP true
strain. Next, with the ECAP true strain rising, values
of the second exothermal peak are shifting to the low

Fig. 2. Heat �ux after post ECAP heating.
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Fig. 3. DSC analysis.

temperatures. The onset temperature for these exother-
mal reactions including all ECAP true strains can be
described by the following formula:

Tonset_1 = 0.24Tmelting, Tonset_2 = 0.4Tmelting. (1)

It is well known that stored energy from the atoms ac-
cumulation could be de�ned as the enthalpy and hence
there is possible to express the storage energy through
enthalpy. The dislocation's forming and moving pro-
cess throughout the samples subjected to cold ECAP
led to the increase in stored energy and subsequent
strengthening (greater microhardness). The maximal in-
crement in microhardness coming from the 1st ECAP was
56HV0.1/ϕ = 1. Figure 3 also presents the changes in
stored energy in dependence on true ECAP strains. The
1st exothermal peaks had not such signi�cant in�uence
on stored energy (∆Hmax = 0.069 J/g). On the other
hand, for the 2nd peaks (∆Hmax = 1.65 J/g), strong
exothermal reactions were observed. Every 2nd exother-
mal reaction is described by two partial peaks (major and
minor) which are used to determine the stored energy for
major and minor peaks (∆HR and ∆HP ), respectively.
Total stored energy is given as a sum of partial stored
energies

H = HR + HP (J/g). (2)

According to the previous evaluation in strengthening in-
crement, partial stored energies can be de�ned as follows:
HR � stored energy from work hardening or the releasing
process given as a recovery or recrystallization and HP

� stored energy from precipitation. Based on Fig. 3,
stored energy was maximal at the value of H1×ECAP =
2.923 J/g after 1st ECAP pass (ϕ = 1.2). The 1st ECAP
pass causes the following increment in stored energy:
Tpeak_2,1xECAP = 484.3 ◦C: ∆H0−1xECAP = H1×ECAP−
H0×ECAP = 2.923−2.409 = 0.514 J/g which is attributed
to the work hardening increment as follows: ∆H0−1,R =
HR,1×ECAP −HR,0×ECAP = 2.44− 2.27 = 0.17 J/g and
to the precipitation strengthening increment as follows:
∆H0−1,P = HP,1×ECAP −HP,0×ECAP = 0.483−0.139 =

0.344 J/g (∆H0−1×ECAP = ∆H0−1,R + ∆H0−1,P =
0.17 + 0.344 = 0.514 J/g).
From calculations, the di�erence in contributions com-

ing from recrystallization and precipitation could be de-
scribed as follows: ∆H0−1,R < ∆H0−1,P which implies
greater strengthening contribution coming from precip-
itation than from work hardening. The increment in
stored energy after 1st ECAP pass at Tpeak_2,1×ECAP =
484.3 ◦C was con�rmed by the previous experiment which
was aimed to the study of strength properties a�ected by
di�erent ageing conditions, where the maximal value of
hardness was obtained at TAT = 480 ◦C. What is con-
cerning of the main mechanisms and behavior of metals
and alloys during processing by ECAP was discussed by
authors [17].

4. Conclusions

In the present study, there is used the ECAP method
and heat treatment to enhance the strength properties
in Cu�Cr�Zr with subsequent analysis through DSC and
microhardness measurements.
According to this study, the following conclusions can

be made:

� maximal microhardness value HV0.11×ECAP+AT =
180 is obtained under the following conditions:
TAT = 480 ◦C and tAT = 120 min;

� according to the DSC analysis, one initial endother-
mal peak followed by two local exothermal peaks
were recognized;

� each 2nd exothermal reaction is described by two
partial peaks (major and minor) which are used to
determine the stored energy for major and minor
peaks (∆HR and ∆HP ), respectively;

� stored energy was maximal at the value of
H1×ECAP = 2.923 J/g after 1st ECAP pass
(ϕ = 1.2).
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