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The hot deformation behavior of the Cu-Cr-Zr-Ag alloy has been investigated by hot compressive tests in
the 650-950 �C temperature and 0.001-10 s21 strain rate ranges using Gleeble-1500D thermo-mechanical
simulator. The microstructure evolution of the alloy during deformation was characterized using optical
and transmission electron microscopy. The flow stress decreases with the deformation temperature and
increases with the strain rate. The apparent activation energy for hot deformation of the alloy was
343.23 kJ/mol. The constitutive equation of the alloy based on the hyperbolic-sine equation was established
to characterize the flow stress as a function of the strain rate and the deformation temperature. The
processing maps were established based on the dynamic material model. The optimal processing param-
eters for hot deformation of the Cu-Cr-Zr-Ag alloy are 900-950 �C and 0.001-0.1 s21 strain rate. The
evolution of DRX microstructure strongly depends on the deformation temperature and the strain rate.
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1. Introduction

High strength and high conductivity copper alloys are very
important in the electronics industry. These materials are widely
used as electric railway and switch contacts, casting molds, high-
pulsed magnetic field conductors, electric vehicle motors, and
lead frames (Ref 1-3). The lead frame is the foundation of the
integrated circuits, which plays the main role of supporting the
chip, along with electrical signal transmission and heat dissipa-
tion in the integrated circuit. Initially, Kovar and Fe-Ni42 alloys
were used in the lead frame, followed by Cu-Fe, Cu-P, and Cu-
Fe-P alloys. Due to the high electrical conductivity, Cu-Cr-Zr
alloys are now widely used as the lead frame materials (Ref 4-6).

Previous reports have mainly focused on cold worked or
thermally treated alloys, dealing with properties, applications,

microstructure, and phases of the Cu-Cr-Zr alloy. For instance,
Bi et al. (Ref 7) studied the phases and the as-cast structure of
the Cu-15%Cr-0.24%Zr alloy. It was found that there were four
types of phases, namely, the Cu matrix, Cr dendrite, eutectic Cr,
and the coarse Zr-rich phase. Su et al. (Ref 8) studied the Cu-
Cr-Zr-Mg alloys aged at 470 �C. It was found that the alloy
aged at 470 �C had fine precipitation of CrCu2(Zr, Mg), Cr, and
Cu4Zr phases. Mu et al. (Ref 9) studied the Cu-Cr-Zr-Mg-RE
alloy, and three kinds of precipitates were observed: chromium-
rich, zirconium-rich, and the Heusler phases. Similar results
were obtained by Xia et al. (Ref 10). However, the hot
deformation behavior and precipitation transformation mecha-
nisms of the Cu-Cr-Zr alloy are uncertain. In order to optimize
the hot workability of the Cu-Cr-Zr alloy, hot deformation
behavior, strain-hardening rate, and processing maps of the Cu-
Cr-Zr alloys were investigated in this study.

This study aims to evaluate the flow behavior of the Cu-Cr-
Zr-Ag alloy by hot compression tests under various deforma-
tion conditions and to analyze the deformation mechanisms
using microstructure observations. The constitutive constants of
this alloy have been determined, and constitutive equations
relating the Z parameter and hot deformation activation energy,
Q, have been derived in this alloy. The optimal hot deformation
processing parameters of this alloy were established by the
processing maps. Furthermore, the DRX nucleation mecha-
nisms based on the microstructure evolution during hot
compression are also discussed.

2. Experimental Procedure

The experimental alloywasmelt in a vacuum induction furnace
under argon atmosphere and then cast into the U 839 150 mm2

low-carbon steel mold. Its chemical composition is as follows
(wt.%): 0.8Cr, 0.3Zr, 0.2Ag, and balance Cu. The ingot was
homogenized at 930 �C for 2 h to remove the segregation of the
alloying elements. Subsequently, the ingot was forged into bars
with 25-mm diameter. Finally, the forged bars were solution-
treated at 900 �C for 1 h, followed by water quenching.
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The hot compression specimens were cut into a cylindrical
shape with a diameter of 8 mm and length of 12 mm. The hot
compression tests were carried out on the Gleeble-1500D
thermo-simulator at a strain rate of 0.001-10 s�1 and deforma-
tion temperature of 650-950 �C. The specimens were heated to
deformation temperature at the rate of 5 �C/s. Before defor-
mation, all specimens were kept at the deformation temperature
for 180 s in order to homogenize the temperature. The accuracy
of temperature control was ±0.5 �C. The yield stress standard
deviation for the performed measurements was ±3 MPa. The
standard deviation meets the ASTM-E8 standard and the error
bars for the yield stress are less than ±1.5%. All specimens
were compressed and immediately water-quenched from the
test temperature to maintain deformation microstructure. The
deformed specimens were sectioned through the longitudinal
axis. All specimens were polished and then etched with a
solution of FeCl3 (5 g) + C2H5OH (85 mL) + HCl (10 mL).

The microstructure was observed using OLYMPUS PMG3
optical microscope. 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 transmission electron microscope
(HRTEM).

3. Results and Discussion

3.1 Flow Stress Behavior

The flow stress curves of the Cu-Cr-Zr-Ag alloy at various
strain rates and deformation temperatures are shown in Fig. 1.
The flow stress of the Cu-Cr-Zr-Ag alloy is strongly affected by
the strain rate and deformation temperature. Under a certain
strain rate, the higher the deformation temperature, the lower
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Fig. 1 True stress-strain curves of the Cu-Cr-Zr-Ag alloy deformed at different temperatures and strain rates: (a) _e = 0.001 s�1; (b)
_e = 0.01 s�1; (c) _e = 0.1 s�1; (d) _e = 1 s�1; (e) _e = 10 s�1
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the flow stress. Under a certain deformation temperature, higher
strain rate leads to the larger flow stress. It can be seen from
Fig. 2(a) that during the compression test at 650 �C and
0.001 s�1, continuous strain hardening was observed over the
entire deformation range. However, most of the true stress-
strain curves exhibit a maximum stress, known as the peak
stress, followed by a decrease in the stress, finally reaching a
plateau. For example, the flow curve of the sample deformed at
950 �C and 0.001 s�1 belongs to this type. This means that
there is enough time for the softening or dislocation annihila-
tion at a low strain rate, while the atomic kinetic energy and the
atomic vibration amplitude of the Cu-Cr-Zr-Ag alloy increase
at high deformation temperature, which also improves the
coordination of the grains and eventually leads to the increase
in the plasticity and the decrease in the strength.

3.2 Constitutive Analysis

In hot working, the constitutive relationship between the
flow stress, strain rate and deformation temperature can be
expressed as (Ref 11-15):

_e ¼ A1r
n1 exp � Q

RT

� �
ðEq 1Þ

_e ¼ A2 expðbrÞ exp � Q

RT

� �
ðEq 2Þ

_e ¼ A½sinhðarÞ�n exp � Q

RT

� �
ðEq 3Þ

Z ¼ _e exp
Q

RT

� �
: ðEq 4Þ

Here, _e is the strain rate, Q is the activation energy of DRX,
R is the universal gas constant, T is the absolute temperature, r
is the flow stress for a given stain, and A, A1, A2, n1, n, and a
are the materials constants (a = b/n1). Taking natural loga-
rithms on both sides of Eq 1 and 2 yields

ln _e ¼ lnA1 þ n1 lnr� Q=RT ðEq 5Þ

ln _e ¼ lnA2 þ br� Q=RT ðEq 6Þ

A linear relationship exists between ln _e and lnr with linear
slope n1 shown in Fig. 2(a). A linear relationship exists
between ln _e and r with linear slope b shown in Fig. 2(b). The
values of n1 and b can be calculated from the average values of
the slopes: n = 7.715 and b = 0.0849. Thus, the a value of the
alloy is calculated as a = b/n = 0.011 MPa�1.

Taking natural logarithms on both sides of Eq 3 yields

ln sinh arð Þ½ � ¼ 1

n
ln _eþ Q

nR

1

T

� �
� 1

n
lnA ðEq 7Þ

If _e is a constant, the Eq 7 can be written as follows:

Q ¼ R
@ðln _eÞ

@ ln½sinhðarÞ�

� �
T

@ ln½sinhðarÞ�
@ð1=TÞ

� �
_e

¼ RnS ðEq 8Þ

where n and S are the slopes of the plots of ln _e versus ln[sin-
h(ar)] at constant temperature and ln[sinh(ar)] versus 1000/
T at constant strain rate, respectively. It can be found that
there exists a good linear relationship between ln _e and ln[sin-
h(ar)] when T remains constant, and ln[sinh(ar)] is linear
with (1000/T) when _e remains constant, as shown in Fig. 3(a)

and (b), respectively. Then the values of n and S can be
determined as 7.715 and 5.472 by means of linear regression
analysis. Consequently, the value of Q for the experimental
alloy is 343.23 kJ/mol.
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Fig. 2 Relationships between: (a) ln _e and lnr; (b) ln _e and r
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The high Q value of 343.23 kJ/mol indicates that the flow
stress in this alloy is highly temperature dependent. According
to Eq 4, the relationship between ln[sinh(ar)] and lnZ for the
Cu-Cr-Zr-Ag is

ln Z ¼ lnAþ n ln½sinhðarÞ�: ðEq 9Þ

Figure 4 illustrates that the experimental data of the flow
stress at different hot deformation conditions are well fitted
with the hyperbolic-sine function. Thus, the constitutive
equation of the Cu-Cr-Zr-Ag alloy in the hyperbolic-sine
function can be expressed as follows:

_e ¼ e35:82 sinhð0:011rÞ½ �7:72expð�343:23=RTÞ ðEq 10Þ

The Q value of this alloy is a little lower than of the Cu-0.4Cr-
0.15Zr-0.05Ce alloy (495.8 kJ/mol) (Ref 16), the Cu-0.36Cr-

0.03Zr alloy (432.6 kJ/mol) (Ref 17), and the Cu-0.6Cr-0.03Zr
alloy (572.053 kJ/mol) (Ref 18). The reason is because Ag has
similar crystal structure and electronegativity as Cu. Compared
with the above references, the addition of Ag can refine the grain
of the Cu-Cr-Zr alloy. Due to the refinement effect of Ag addition,
the DRX nucleation is improved by increasing the grain boundary
area. The addition of Ag can also increase the accumulated energy
and the formation of high dislocation density. Therefore, the
existence of accumulated energy and dislocations improves the
driving force for recrystallized nucleation. The higher the
activation energy Q, the harder is the alloy hot deformation (Ref
19). This indicates that dislocation movement and DRX are easier
to occur for this experimental alloy. It also means that this
experimental alloy has good hot workability.

3.3 Characterization of the Processing Maps

The processing map technique has been used earlier to study
the hot deformation mechanisms in Mg and its alloys by Prasad
and Srinivasan (Ref 20). In this model, it is considered that the
work piece undergoing hot deformation is the dissipater of
power, and the instantaneous power dissipated can be separated
into two complementary parts: the G content (temperature rise)
and the J content (microstructure mechanisms). The total
dissipated power, therefore, can be written as in (Ref 21, 22):

P ¼ r_e ¼
Zr

0

_edrþ
Z _e

0

rd_e ðEq 11Þ

where G¼
R _e
0 rd_e, J¼

R r
0
_edr , and P ¼ Gþ J . Here, _e is

the strain rate and r is the flow stress.
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Fig. 5 Processing maps of the Cu-Cr-Zr-Ag alloy at a true strain of: (a) 0.3, (b) 0.4, (c) 0.5, and (d) 0.6
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The power dissipation capacity of the material can be
evaluated by the efficiency of power dissipation, g, which is
given by the strain rate sensitivity parameter, m (Ref 23, 24):

g ¼ J

Jmax
¼ 2m

mþ 1
ðEq 12Þ

where m is the strain rate sensitivity of the flow stress, de-
scribed as follows:

m ¼ dJ

dG
¼ @ðlnrÞ

@ðln _eÞ

� �
e;T

ðEq 13Þ

which is a function of the deformation temperature and the
strain rate.

Further, the extremum principles of irreversible thermody-
namics as applied to continuum mechanics of large plastic flow
are explored to define a criterion for the onset of flow instability
using the instability parameter (Ref 25):

nð_eÞ ¼
@ ln m

mþ1

� �
@ ln _e

þ m< 0: ðEq 14Þ

The variation of nð_eÞ with temperature and the strain rate
constitutes the instability map, which can be superimposed on
the processing map to delineate instability regimes of the
negative nð_eÞ values.

The processing map of the Cu-Cr-Zr-Ag alloy deformed at
the strain of 0.3, 0.4, 0.5, and 0.6 is obtained in Fig. 5, where

Fig. 6 Microstructure of the Cu-Cr-Zr-Ag alloy hot deformed to 0.3 strain and different conditions: (a) 650 �C and 10 s�1, (b) 750 �C and
0.1 s�1, (c) 850 �C and 0.001 s�1, (d) 900 �C and 0.1 s�1, (e) 950 �C and 0.001 s�1, and (f) 950 �C and 10 s�1
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the unstable region is represented by the shaded domains and
the contour lines express the efficiency of power dissipation.
With the increase of deformation temperature or the decrease of
strain rate, efficiency of power dissipation increases. At the
strain of 0.3, the maps exhibit three domains. Domain A
represents a stable region with a peak efficiency of power
dissipation shown in Fig. 5(a). It revealed a greater efficiency
of power dissipation in the temperature range of 900-950 �C
and the strain rate range of 0.1-1 s�1, with a peak efficiency of
about 27.3% at 930 �C and 0.1 s�1. This indicates that domains
with a higher efficiency of power dissipation commonly
represent optimal processing conditions (Ref 26). Domain B
occurs in the temperature range of 650-870 �C and the strain
rate range of 0.1-10 s�1. It can be seen that this region is at the
lower temperature and higher strain rate conditions. Some very
low values of power dissipation efficiency were observed. It is
often considered to be the instability region. The domain C
occurs in the temperature range of 940-950 �C and the strain
rate range of 5-10 s�1, which is also in the high strain rate
region. In this instability region, many research results indicate
that the hot workability of the alloy in the high strain rate region
becomes inferior (Ref 27). It is generally accepted that the flow
instability is associated with localized shear initiated by high
strain rates (Ref 28). Thus, hot working in these regions is also
considered to be unsafe. When the strain is 0.4, the processing
maps exhibited two unstable domains in the following temper-
ature and strain rate ranges: one in the 650-800 �C deformation

temperature and 0.01-10 s�1 strain rate ranges, and another is
in the 850-950 �C deformation temperature and 1-10 s�1 strain
rate ranges, as shown in Fig. 5(b). When the strain is 0.5 and
0.6, similar shaded domains were observed at the strain rate of
1-10 s�1, as shown in Fig. 5(c) and (d). It can be seen that these
two domains occur at low temperature and high strain rate.
High dislocation density areas easily form around solute atoms
at high strain rate (Ref 29). At the same time, the lattice distorts
near the interface, creating a stresses concentration. When the
local stress exceeds the alloy strength, many cracks form along
the grain boundaries, causing fracture. During practical appli-
cations, it is necessary to stay away from this domain and the
corresponding processing parameters. By means of the mod-
ified processing map developed in Fig. 5, the optimized
conditions for hot deformation of the studied Cu-Cr-Zr-Ag
alloy can be proposed as 900-950 �C temperature range and
0.001-0.1 s�1 strain rate.

3.4 Microstructure Observations

The microstructure evolution during hot deformation was
characterized by optical microscopy to validate the regions of
stable and unstable flow, and to find a practical relation between
the final microstructure and processing variables. Figure 6
shows typical microstructure of the Cu-Cr-Zr-Ag alloy
deformed at 0.3 strain and different deformation conditions.
The optical image of the Cu-Cr-Zr-Ag alloy microstructure

Fig. 7 Transmission electron micrographs of the Cu-Cr-Zr-Ag alloy deformed at (a) 650 �C and 10 s�1, (b) 750 �C and 0.1 s�1, (c) 900 �C
and 0.1 s�1, and (d) SAED pattern for (c)
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deformed at 650 and 750 �C with the strain rate of 10 and
0.1 s�1 is shown in Fig. 6(a) and (b), respectively. There is
only the shear zone present with no dynamic recrystallization
grains found. This means that the main softening mechanism is
dynamic recovery in the domain B. The alloy produced local
temperature rise by local plastic deformation at high strain rate
and low temperature, so it can easily fracture during deforma-
tion processing (Ref 25, 30). Thus, these conditions should be
avoided in industrial practice. The microstructure of the Cu-Cr-
Zr-Ag alloy deformed at 850 �C with the strain rate of
0.001 s�1 is shown in Fig. 6(c). It can be seen that the
microstructure has mixed small dynamic recrystallized and
elongated grains. Under these deformation conditions, the alloy
is unstable. For practical applications, it is also necessary to
stay away from this microstructure. With the increasing
temperature, the specimen deformed in the domain A exhibits
complete DRX structure as shown in Fig. 6(d). The microstruc-
ture of the deformed alloy shows complete recrystallization
with uniform and fine grains. Comparing Fig. 6(d) and (e), the
DRX grains deformed at 950 �C and 0.001 s�1 obviously grow
in size, but the DRX grains are still fine and homogenized.
When deformed at high temperature and low strain rate, the
DRX grains have larger driving force for nucleation and growth
(Ref 31). The microstructure of the specimen deformed at the
strain rate of 10 s�1 and 950 �C (domain C) is shown in
Fig. 6(f). Some recrystallized grains around original grain
boundaries and some elongated grains are observed. This
microstructure is often called mixed-grain microstructure (Ref
32), and is unstable during hot deformation. Finally, it can be
concluded that the optimal processing parameters for hot
deformation of the Cu-Cr-Zr-Ag alloy are 900-950 �C and
0.001-0.1 s�1 strain rate.

Figure 7 shows the TEM microstructure of the Cu-Cr-Zr-Ag
alloy deformed at various deformation conditions. It can be
seen that the grains are elongated in Fig. 7(a). Figure 7(b)
shows that the dislocations are tangled and stored in the grain
interiors with the Cu-Cr-Zr-Ag alloy deformed at 750 �C with
the strain rate of 0.1 s�1. Due to the dislocation strengthening,
the flow stress and work-hardening rate increase with the
decrease of deformation temperature. The rapid increase of the
number of dislocations easily induces dynamic recrystallization
once the dislocation density exceeds a critical value (Ref 33).
Figure 7(c) shows typical microstructure of the Cu-Cr-Zr-Ag
alloy, indicating the occurrence of DRX. Figure 7(d) shows the
selected area electron diffraction (SAED) pattern. It indicated
that the precipitates are chromium-rich particles. The fine
chromium-rich particles are distributed in the matrix. Many
dislocations pile up and jam around the chromium-rich
particles, increasing the amount of accumulated energy in the
regions. After that, it can effectively increase the dislocation
density and the nucleation of DRX. Finally, the dispersed
secondary phase of Cr particles produces great resistance to the
shift of boundaries, and growth of recrystallized grains is
suppressed.

4. Conclusions

Hot compression tests of the Cu-Cr-Zr-Ag alloy were
performed using the Gleeble-1500D system in the 650-950 �C
temperature and 0.001-10 s�1 strain rate ranges. Based on the
results, the following conclusions can be drawn:

(1) The flow stress of the Cu-Cr-Zr-Ag alloy increases with
the increasing strain rate and decreasing deformation
temperature. The constitutive relationship between the
peak stress, strain rate, and deformation temperature can
be described by the Z parameter in the hyperbolic-sine
function with the hot deformation activation energy of
Q = 343.23 kJ/mol. The constitutive equation of the
Cu-Cr-Zr-Ag alloy can be expressed as follows: _e ¼
e35:82 sinhð0:011rÞ½ �7:72expð�343:23=RTÞ.

(2) Through processing map, the optimized conditions for
hot deformation of the Cu-Cr-Zr-Ag alloy can be pro-
posed at the 900-950 �C temperature and 0.001-0.1 s�1

and strain rate ranges.
(3) The deformation temperature and strain rate can strongly

affect the deformed microstructure. Dynamic recrystal-
lization appears at high temperature and low strain rate.
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