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To study the workability and to optimize the hot deformation processing parameters of the Cu-Cr-Zr-Y
alloy, the strain hardening effect and dynamic softening behavior of the Cu-Cr-Zr-Yalloy were investigated.
The flow stress increases with the strain rate and stress decreases with deformation temperature. The
critical conditions, including the critical strain and stress for the occurrence of dynamic recrystallization,
were determined based on the alloy strain hardening rate. The critical stress related to the onset of dynamic
recrystallization decreases with temperature. The evolution of DRX microstructure strongly depends on the
deformation temperature and the strain rate. Dynamic recrystallization appears at high temperatures and
low strain rates. The addition of Y can refine the grain and effectively accelerate dynamic recrystallization.
Dislocation generation and multiplication are the main hot deformation mechanisms for the alloy. The
deformation temperature increase and the strain rate decrease can promote dynamic recrystallization of the
alloy.
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1. Introduction

Cu-Cr-Zr alloys have been widely used for many applica-
tions, such as railway contact wires, electrodes for resistance
welding, and integrated circuit lead-frame materials, due to
their high strength, outstanding electrical properties, thermal
conductivity, and excellent fatigue resistance. Multiple studies
have been carried out on the Cu-Cr-Zr alloys, and most of them
focused on improving physical and mechanical properties, such
as ductility, thermal stability, fatigue resistance, recrystalliza-
tion behavior after cold rolling, strength, and conductivity
[1–3]. The dynamic recovery (DRV) and dynamic recrystal-
lization (DRX) occurring during the hot deformation process-
ing are important for obtaining suitable microstructure, which
can influence mechanical and functional properties of the
material and hence its applicability. There are some investiga-
tions of hot deformation of the Cu-Cr-Zr alloys. Ding et al. [4]

studied the Cu-0.6Cr-0.03Zr alloy and found that the dynamic
recrystallization developed completely at 750 and 850 �C when
the grain dimensions increase with decreasing strain rate and
increasing deformation temperature. Ji et al. [5] found that
under the test conditions the deformation activation energy of
the Cu-0.36Cr-0.03Zr alloy was 432.6 KJ/mol, and an exper-
imentally based constitutive model was developed to predict
the flow stress of the alloy during high temperature deforma-
tion. Zhang et al. [6] found that the addition of Ce can improve
the Cu-Cr-Zr alloy deformation activation energy during hot
deformation. However, relations between the important points
of the flow curves and the critical conditions for DRX initiation
during hot working require further investigation.

In this paper, the effects of deformation parameters,
including temperature and strain rate, on the flow stress of
the Cu-Cr-Zr-Y alloy have been investigated by hot compres-
sion tests. The critical conditions for DRX of the alloy were
determined by changing the strain rate. The microstructure
evolution of this alloy was characterized under different hot
deformation conditions. The results and the related discussion
help optimize hot deformation processing parameters of the Cu-
Cr-Zr-Y alloy.

2. Experimental Details

The Cu-Cr-Zr-Y alloy was prepared using pure Cu, Cr, Zr,
and Y by melting in a vacuum induction furnace in argon, and
then cast into a low carbon steel mold with U 83 mm 9
150 mm dimensions. The chemical composition in wt.% of this
alloy is: 0.4 Cr, 0.15 Zr, 0.04 Y, and Cu balance. The ingot was
homogenized at 930 �C for 2 h to remove the alloying element
segregation. Subsequently, the ingot was forged into 25 mm
diameter bars. Finally, the forged bars were solution treated at
900 �C for 1 h, followed by water quenching.

Cylindrical compression specimens with 8 mm diameter and
12 mm high were machined from the solution-treated bars. Hot
compression tests were carried out using the Gleeble-1500D
thermomechanical simulator at a strain rate of 0.001-10 s�1 and
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deformation temperature of 650-850 �C. The specimens were heated
to the deformation temperature at 5 �C/s heating rate. Before
deformation all specimens were kept at the deformation temperature
for 180 s.All specimenswere compressed to a true strain of 0.6.After
compression testing, the specimens were immediately quenched in
water. The deformed specimens were sectioned parallel to the
compression axis. All specimens were polished and then etched with
a solution of FeCl3 (5 g) + C2H5OH (85 mL) + HCl (10 mL).
Transmission electron microscopy (TEM) samples were prepared
using Gatan 691 ion beam thinner. The precipitated phase was
characterized using JEM-2100 (Jeol, Japan) high-resolution trans-
mission electron microscope (HRTEM).

3. Results and Discussion

3.1 Flow Stress Behavior

The true stress-true strain curves obtained for the Cu-Cr-Zr-Y
alloy at various strain rates and deformation temperatures are
shown in Fig. 1. The flow stress increases with the strain rate and
stress decreases with the deformation temperature. Thus, the
deformation strain rate and temperature have great effects on the

alloy during hot deformation process. The flow stress rapidly
increases to a peak value, and then gradually decreases to a
relatively steady value at higher temperatures and lower strain
rates. Typical dynamic recrystallization (DRX) behavior was
observed at the deformation temperatures of 750, 800, and
850 �C, respectively in Fig. 1(a). Similar results were obtained at
850 �C deformation temperature in Fig. 1(b). It is well known
that the hot deformation is a competition process between the
strain hardening and the dynamic softening [7]. During the initial
hot deformation stage it is due to the rapid multiplication of
dislocations leading to the strain hardening exceeding dynamic
softening. After this the flow stress increases rapidly. With the
increasing strain, the dynamic recovery and dynamic recrystal-
lization play dominant roles. The flow stress increases accompa-
nied by a decreasing hardening rate at higher strain, until the peak
stress is reached. When the dynamic softening rate is higher than
the strain hardening rate, the stress gradually reduces until a new
balance between the softening and the hardening is achieved.

It can be seen that continuous strain hardening was observed
at the deformation temperature of 650 �C in Fig. 1. The main
reason for such phenomenon is lack of time for energy
accumulation and lower grain boundaries mobility at higher
strain rate or lower temperature. The reduction of deformation
time restrains the growth of DRX grains and increases the strain
hardening effect [8].

3.2 Strain Hardening Behavior

The critical strain ec of the material in Fig. 2(a) determines
the DRX onset. This is an effective method to determine the
critical strain based on the flow stress curves. The strain
hardening rate h (dr/de) derived from the true stress-strain
curve is one of the most important factors for hot deformation
evaluation [9]. The effects of temperature, strain rate, and strain
on the strain hardening rate h (dr/de) are shown in Fig. 2. The
strain hardening rate has a sharp drop until reaching a plateau.
A negative value of the strain hardening rate was observed in
Fig. 2, except for the 650 �C. The strain hardening values of
the alloy deformed at 650 �C are much higher than the other
specimens deformed at higher temperatures. A negative value
of the strain hardening rate is associated with the flow softening
due to the occurrence of DRX [10]. Thus, DRX did not occur at
the 650 �C deformation temperature. The inflection point is
marked by an arrow in Fig. 2(a) and is clear for the critical
strain ec of the alloy deformed at 850 �C with the strain rate of
0.001 s�1. A minimum value of h was observed in Fig. 2(a) at
850 �C and reflects the maximum softening rate at es.

3.3 Critical Conditions for DRX

It is generally considered that DRX begins at the peak stress
of the flow stress-strain curves. However, in this case DRX starts
at the critical stress before the peak stress occurs [11]. In
previous research, several mathematical models were established
to predict the critical conditions for DRX, i.e., the dislocation
hardening model [12], nucleation mechanism of static recrystal-
lization model [13], and so on. Najafizadeh et al. [14] fitted the
third-order polynomial to the h-r curves to determine the critical
conditions for DRX. This method was applied in this study as
well. In this model, the maximum local stored energy and the
minimum dissipation rate values must be satisfied for the onset
of dynamic recrystallization. The corresponding location for the
DRX onset in the flow curves is defined by the inflection point of
the strain hardening rate vs. stress (h-r) plot. The associated
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Fig. 1 True stress-strain curves of the Cu-Cr-Zr-Y alloy under dif-
ferent deformation conditions
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point corresponds to the minimum value on the �(dh/dr) versus
r curve [15]. The corresponding �(dh/dr) versus r plots for the
Cu-Cr-Zr-Y alloy deformed at the 0.001 s�1 strain rate and
varying temperature are shown in Fig. 3. It can be seen that all
the curves have clear inflection points in Fig. 3(a) and the critical
stress in Fig. 3(b). This indicates that DRX occurred at high
temperatures and low strain rates. The critical stress related to the
onset of DRX increases with decreasing temperature. This is
because DRX is a thermally activated process, which cannot
accumulate enough energy for the nucleation and growth of the
DRX grains at lower temperature. Due to the increased severity
of dislocation pileup, accumulated stress cannot be easily relaxed
at low temperature. Thus, higher strain hardening rates and stress
levels can be reached at lower deformation temperature. The
higher the deformation temperature, the faster is the DRX
kinetics. Similar effects were observed by Zhang et al. [16] in the
Cu-Al alloys and by Ji et al. [17] in the Cu-Mg alloys.

3.4 Microstructure Evolution

Optical images of the Cu-Cr-Zr-Y alloy microstructure
deformed at strain rate of 0.001 s�1 and different temperatures

are shown in Fig. 4. It can be seen that the original grains were
elongated along the deformation direction in Fig. 4(a). There
are no obvious recrystallized grains observed except the
occasional deformation bands. The main softening mechanism
is dynamic recovery [18, 19]. With increasing the deformation
temperature, the initial grain boundaries transformed to normal
high-angle grain boundaries marked by arrows in Fig. 4(b). At
the same time, some new DRX grains nucleated at the high-
angle grain boundaries in Fig. 4(b) and (c). This demonstrates
that the dynamic recrystallization occurred. According to
Fig. 4(b) and (c), there is a large amount of refined recrystal-
lized grains, which is much smaller than the starting grains
observed. However, some elongated grains are still present in
the deformed microstructure. This means that the dynamic
recrystallization was not completed. When the sample was
deformed at 800 �C and 0.001 s�1, the original grains are
replaced by the new DRX grains, indicating that the almost full
dynamic recrystallization process is complete, as seen in
Fig. 4(d). Finally, when the deformation temperature reached
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850 �C, the size of the DRX grains obviously increased and
some coarsened DRX grains were observed. This indicates that
the evolution of DRX microstructure strongly depends on the
deformation conditions of temperature and strain rate. Dynamic
recrystallization appears at high temperatures and low strain
rates.

Zhang et al. [6] found that the addition of Ce can improve
DRX of the Cu-Cr-Zr alloy during hot deformation. In this
paper, the addition of Yalso has important effects on the Cu-Cr-
Zr alloy DRX. Figs. 5(a) and (b) show the microstructure of the

Cu-Cr-Zr and Cu-Cr-Zr-Ce alloys after solution treatment,
where Y addition can evidently refine the grain.

The microstructure of the Cu-Cr-Zr alloy deformed at
750 �C with the strain rate of 0.1 s�1 is shown in Fig. 6(a). It
can be seen that some DRX grains were nucleated at the initial
grain boundaries and deformation bands. Research results show
that some low stacking fault energy materials, such as nickel
base superalloy and austenitic stainless steel, have a typical
‘‘necklace-type’’ structure deformed at lower temperatures in
hot working [20, 21]. This structure is the main mechanism of

Fig. 4 Optical micrographs of the hot compressed specimen microstructure deformed at the strain rate of 0.001 s�1 and different temperatures:
(a) 650 �C; (b) 700 �C; (c) 750 �C; (d) 800 �C; and (e) 850 �C
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recrystallization nucleation [22]. This is also observed in this
study [marked by arrows in Fig. 6(a)]. Many more DRX grains
along with a few elongated initial grains were observed when
the temperature increased to 850 �C, as seen in Fig. 6(b), which
also indicates that the DRX is not complete. Compared with the
Cu-Cr-Zr-Y alloy deformed at the same conditions, the shear
bands have become unclear, and a large number of smaller and

uniform DRX grains were found in Fig. 6(c). A number of
equiaxial DRX grains are seen in Fig. 6(d), where full DRX
was obtained. This indicates that the addition of Y can refine
the grain and improve dynamic recrystallization. The reason for
this is that the DRX nucleation is improved by the increase of
boundary areas, refined by the Y addition. These fine recrys-
tallized grains can promote boundary movement and grain

Fig. 5 Microstructure of (a) Cu-Cr-Zr and (b) Cu-Cr-Zr-Y alloys after solution treatment at 900 �C for 1 h

Fig. 6 Microstructure of (a-b) Cu-Cr-Zr and (c-d) Cu-Cr-Zr-Y alloys hot deformed at different conditions: (a) 750 �C and 0.1 s�1; (b) 850 �C
and 0.1 s�1; (c) 750 �C and 0.1 s�1; (d) 850 �C and 0.1 s�1
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rotation during the hot deformation [23]. During hot deforma-
tion many dislocations pile up and the addition of Y can
increase accumulated energy and dislocation density. There-
fore, the existence of accumulated energy and dislocations
improves the driving force of recrystallized nucleation.

Fig. 7 shows TEM micrographs of the Cu-Cr-Zr-Y alloy
deformed at the strain rates of 0.1 and 0.001 s�1 at 700, 800,
and 850 �C, respectively. The grains are elongated in Fig. 7(a).
Figure 7(b) shows that the dislocations are tangled and stored
in the grain interior of the Cu-Cr-Zr-Y alloy deformed at
700 �C with the 0.001 s�1 strain rate. The dislocation climb
and cross-slip in low stacking fault energy alloys are difficult at
low deformation temperature. Thus, the high density disloca-
tions are intersected and tangled, forming the network structure,
which makes dislocation slip more difficult [24]. Due to the
dislocation strengthening, the flow stress and strain hardening
rate increase with the decrease of the deformation temperature.
The rapid increase of the number of dislocations easily induces
dynamic recrystallization once the dislocation density exceeds a
critical value. Fig. 7(c) shows typical microstructure of the
Cu-Cr-Zr-Y alloy, indicating the DRX occurrence. Fig. 7(c)
indicates that the dislocation density is much lower compared
with Fig. 7(b). The dislocations are piled up in the vicinity of
grain boundaries. The dynamically recrystallized grains appear

at the grain boundaries with dislocation tangles. The dislocation
movement is a thermally activated process. High deformation
temperature and low strain rate can provide sufficient energy
for dislocation movement. Therefore, the nucleation of dynam-
ically recrystallized grains appears at the high-angle grain
boundaries marked by dashed lines in Fig. 7(c). The disloca-
tion movement is enhanced with the deformation temperature
increase, which can promote dynamic recrystallization. It can
be seen that the dislocation density is greatly decreased in
Fig. 7(d) compared with Fig. 7(c). The activation of dislocation
movement accelerates the dislocation annihilation rate when the
alloy is deformed at higher temperature. Once the critical strain
is exceeded, dynamic recrystallization takes place and dynamic
softening occurs [25–27]. When the deformation temperature is
increased from 800 to 850 �C, some new dynamically recrys-
tallized grains, marked by dashed line, can be found in
Fig. 7(d).

4. Conclusions

It can be concluded that the dislocation generation and
multiplication are the main hot deformation mechanisms for the

Fig. 7 TEM micrographs of the Cu-Cr-Zr-Y alloy deformed at different deformation temperatures and strain rates: (a) 700 �C and 0.1 s�1; (b)
700 �C and 0.001 s�1; (c) 800 �C and 0.001 s�1; (d) 850 �C and 0.001 s�1
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Cu-Cr-Zr-Y alloy. The increase of deformation temperature and
the decrease of the strain rate can promote dynamic recrystal-
lization of the alloy. In summary, the critical conditions for
DRX were determined using the strain hardening rate. The
deformation temperature and strain rate can strongly affect the
deformed microstructure. Dynamic recrystallization appears at
high temperature and low strain rate. The addition of Y can
improve the dynamic recrystallization of Cu-Cr-Zr. Dislocation
generation and multiplication are the main hot deformation
mechanisms in this study. This information can be used for
optimizing hot deformation processing parameters of the
Cu-Cr-Zr-Y alloy.
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