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a b s t r a c t

Hot deformation behavior of the Cu-Cr-Zr-Y alloy was studied by hot compressive tests in the 650–850 °C
temperature and 0.001–10 s�1 strain rate ranges using the Gleeble-1500D thermo-mechanical simulator.
The flow stress behavior and microstructure evolution were observed during the hot deformation pro-
cess. The peak stress increases with decreasing temperature and increasing strain rate. The apparent
activation energy for hot deformation of the alloy is 336 kJ/mol. Based on the dynamic material model,
the processing maps for the alloy were obtained at 0.3, 0.4 and 0.5 strain. The evolution of dynamic
recrystallization microstructure strongly depends on the deformation temperature and strain rate. Dy-
namic recovery is the main softening mechanism at low temperature and high strain rate. Dynamic
recrystallization appears at high temperatures and low strain rates. The precipitates of chromium-rich
particles were observed during hot deformation. The addition of Y can refine the grain and effectively
improve the hot workability of the Cu-Cr-Zr alloy. According to the processing maps and microstructure
observations, the optimal hot working parameters for the Cu-Cr-Zr-Y alloy are 800–850 °C temperature
range and 0.01–1 s�1 strain rate range.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

The lead frame is one of the important parts of the integrated
circuit. Due to the excellent mechanical and physical properties,
copper alloys have been widely used as lead frame materials [1–4].
Typical copper alloys for the lead frame are Cu-Cr-Zr, Cu-Fe-P and
Cu-Ni-Si alloys. Multiple studies have focused on improving the
alloy strength and conductivity [5,6]. However, the hot workability
is also very important for the alloys. Many investigations of the hot
deformation processing for these alloys have been carried out. Li
et al. [7] studied the Cu-8.0Ni-1.8Si-0.15Mg alloy and found that
the work hardening, the dynamic recovery and recrystallization
play important roles in affecting the plastic deformation behavior
of the alloy in different temperature regions. Zhang et al. [8] found
that the addition of Ce can improve the Cu-Cr-Zr alloy deformation
activation energy during hot deformation. Zhang et al. [9] found
that the increase of deformation activation energy of the Cu-Fe-P
alloys is due to the existence of the Fe-rich particles, which act as
obstacles for the dislocations movement, and lead to an increase of
,

the flow stress. A good understanding of hot deformation behavior
and processing maps is very important for the copper alloys
forming processes [10–13].

In this paper, the hot deformation behavior of the Cu-Cr-Zr-Y
alloys has been investigated by hot compression tests. The con-
stitutive equations and hot deformation activation energy for the
alloy have been determined. The processing maps based on the
dynamic material model (DMM) were derived to analyze the in-
stability region and optimize the hot working parameters. The
effects of deformation temperature and strain rate on the micro-
structure evolution of the alloy are also discussed.
2. Experimental details

The chemical composition (wt%) of the Cu-Cr-Zr-Y alloy is as
follows: 0.4 Cr, 0.1 Zr, 0.05 Y and Cu balance. The alloy was melted
in a vacuum induction furnace in argon, and then cast into a low
carbon steel mold withΦ 83 mm�150 mm dimensions. The ingot
was homogenized at 930 °C for 2 h. 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.

The compression specimens were cut into a cylindrical shape
with a diameter of 8 mm and height of 12 mm. The specimens
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were compressed at a strain rate of 0.001–10 s�1 and deformation
temperature of 650–850 °C using the Gleeble-1500D thermo-me-
chanical simulator. The specimens were heated to the deformation
temperature at 5 °C/s heating rate. Before deformation all speci-
mens were held for 180 s to obtain uniform microstructure. All
specimens were compressed to a true strain of 0.6 and im-
mediately water-quenched from the test temperature. The de-
formed specimens were sectioned parallel to the compression
axis. All specimens were polished and then etched with a solution
of FeCl3 (5 g)þC2H5OH (85 mL)þHCl (10 mL). The microstructure
was observed using OLYMPUS PMG3 optical microscope. Trans-
mission electron microscopy (TEM) samples were prepared using
Gatan 691 ion beam thinner. The precipitated phase was char-
acterized using JEM-2100 (Joel, Japan) high resolution transmis-
sion 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. It can be seen that the flow stress is strongly
dependent on the deformation temperature and the strain rate.
The flow stress increases with the strain rate and decreases with
the deformation temperature. According to Fig. 1(a), the flow
stress increases to a maximum and then decreases to a steady
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Fig. 1. True stress-strain curves of the Cu-Cr-Zr-Y alloy under different deformation t
and (d) ε ̇¼10 s�1.
state value when the alloy was deformed at 850 °C. This phe-
nomenon is characteristic for hot working accompanied by dy-
namic recrystallization (DRX) [14]. Similar DRX behavior was ob-
served at the deformation temperatures of 850 °C under the strain
rates of 0.1 s�1 and 1 s�1, respectively. Typical continuous strain
hardening was observed at the deformation temperature of 650 °C
in Fig. 1. The flow stress curve shows typical dynamic recovery
(DRV) behavior at lower temperatures and higher strain rates. The
main reason for this behavior is that the work hardening effect is
stronger than the dynamic softening.

The variations in the peak stress (sp) at various temperatures
and strain rates are shown in Fig. 2. It can be seen that the peak
stress increases along with the strain rate at a given temperature.
The peak stress decreases with the deformation temperature at a
given strain rate.
3.2. Activation energy and constitutive equations

The constitutive equations are widely used to predict and
analyze the relationship between the flow stress, strain rate and
deformation temperature. The effects of temperature, strain rate
and activation energy during hot deformation can be represented
by the Zener-Hollomon Z parameter. All corresponding equations
can be expressed as follows [15–17]:
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Here, ε ̇ is the strain rate (s�1), Q is the activation energy of DRX
(kJ/mol), R is the universal gas constant (8.314 J mol�1 K�1), T is
the absolute temperature (K), s is the flow stress (MPa) for a given
stain, A (s�1), A1, A2, n1, n and α (MPa�1) are the materials con-
stants (α¼β/n1). Taking natural logarithms of both sides of (Eqs.
(1) and 2) yields:
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The values of n1 and β can be determined from the slope of the
linear regression lines in Fig. 3(a) and (b) (lnε-̇lns and lnε-̇s). The
corresponding values of n1 and β are: n1¼7.122, β¼0.0997. Thus,
the α value of the alloy is calculated as α¼β/n1¼0.014 MPa�1.

Taking natural logarithms of both sides of Eq. (3) yields:
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If ε ̇ is a constant, Eq. (7) can be expressed as:
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By plotting ln ε-̇ln[sinh(αs)] and ln[sinh(αs)]�1/T at different
temperatures, the value of n and S can be calculated from the slope
of the linear regression lines, as shown in Fig. 4(a) and (b). Con-
sequently, the value of Q for the experimental alloy is Q¼R
nS¼336 kJ/mol.

Taking natural logarithms of both sides of Eq. (4) yields:

ασ= + [ ( )] ( )Z A nln ln ln sinh 9
Fig. 5 illustrates the relationship between ln[sinh(αs)] and lnZ
for the Cu-Cr-Zr-Y alloy. The value of A can be obtained from the
slope of the ln[sinh(αs)]-lnZ, as shown in Fig. 5. The value of A is
1.723�1014. Thus, the constitutive equation of the Cu-Cr-Zr-Y alloy
in the hyperbolic-sine function can be expressed as:

ε σ̇ = × [ ( )] ( − ) ( )RT1.723 10 sinh 0.0143 exp 335.99/ 1014 7.122

The Q value of this alloy is a little lower than that of the Cu-
0.4Cr-0.1Zr alloy (392.5 kJ/mol), Cu-0.6Cr-0.03Zr alloy (572 kJ/mol)
and the Cu-0.36Cr-0.03Zr alloy (432.6 kJ/mol), compared with re-
ferences [8,18,19], respectively. The Q value reflects the level of an
energy barrier for atoms diffusion during hot deformation, and the
higher the activation energy Q, the harder the plastic deformation
is [20]. Compared with the Cu-0.4Cr-0.1Zr alloy, the grains of the
Cu-Cr-Zr alloy are also refined by the addition of Y, as shown in
Fig. 10. Due to the refinement effect of Y addition, the DRX nu-
cleation is improved by the increase of boundary area. Thus, more
energy is accumulated accompanied by higher dislocation density
with the Y addition. Therefore, the accumulated energy and higher
dislocation density provide additional driving force for re-
crystallized nucleation. This indicates that dislocation movement
and DRX are easier to occur for this experimental alloy, and the
addition of Y can refine the grains and improve the dynamic



-0.6 0.0 0.6 1.2 1.8
-8

-4

0

4
ln

(s
tr

ai
n 

ra
te

 /s
-1

)

650 °C
700 °C
750 °C
800 °C
850 °C

ln[sinh(ασ)]

0.90 0.95 1.00 1.05 1.10
-0.6

0.0

0.6

1.2

1.8

ln
[s

in
h (
α
σ)
]

1000/T (K-1)

0.001 s-1

0.1 s-1

1 s-1

10 s-1

Fig. 4. Relationship between: (a) ln[sinh(αs)] and lnε ;̇ (b) ln[sinh(αs)] and 1000/T.

-0.6 0.0 0.6 1.2 1.8

30

36

42

48

ln[sinh(ασ)]

ln
Z

Fig. 5. The Zener-Hollomon parameter, Z, as a function of the flow stress.

Y. Zhang et al. / Materials Science & Engineering A 662 (2016) 320–329 323
recrystallization of the Cu-Cr-Zr alloy. The alloying element plays
an important role in increasing the activation energy. Higher Cr
and Zr alloying elements content in the Cu-0.6Cr-0.03Zr alloy
compared with the Cu-0.4Cr-0.1Zr-0.05Y alloy in reference [18],
gives rise to much higher activation energy, possibly due to solu-
tion strengthening caused by these alloying elements. A higher
strain rate (20 s�1) was studied in reference [19]. If the strain rate
is too high, there is not enough time for DRX, so a much higher
activation energy Q is required. Finally, this indicates that the Cu-
Cr-Zr-Y alloy has good hot workability.

3.3. Processing maps

The processing maps have been widely used to optimize the
hot deformation processes. The dynamic material mode developed
by Prasad et al. [20] was established based on the continuum
mechanics and irreversible thermodynamics theories. In this
model, the hot deformation process was considered to be an en-
ergy system and the workpiece was an energy dissipater under hot
deformation [21,22]. The energy input in the workpiece was dis-
sipated through the following two complementary parts during
plastic deformation: G and J, defined as:

∫ ∫σε ε σ σ ε= + = ̇ = ̇ + ̇ ( )
σ ε ̇

P J G d d 110 0

In this model, G and J can be determined by the parameter m
(the strain rate sensitivity index). The parameter m can be ex-
pressed as [23]:
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For an ideal linear dissipation process m¼1 and
J¼ Jmax¼ σε/̇2¼P/2, and the efficiency of energy dissipation, η,
which is defined as [24]:
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The instability map is developed based on the extremum
principles of irreversible thermodynamics applied for large plastic
flow body [25]. Thus, the flow instabilities can be defined by the
instability parameter:
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The variation of the instability parameter ξ ε( )̇ as a function of
temperature and strain rate can be expressed by the instability
map.

The processing maps of the Cu-Cr-Zr-Y alloy deformed at the
strain of 0.3 and 0.5 are shown in Fig. 6(a) and (b), respectively.
According to Fig. 6, the unstable region is represented by the
shaded domains and the contour lines express the efficiency of
energy dissipation. It can be seen that the distribution character-
istics of the energy dissipation are similar, but the shaded domains
increase with the strain. In all figures, a similar shaded domain
was observed at the deformation temperature of 820–850 °C when
the strain was 0.3. As seen in Fig. 6(a), the flow instability regions
mostly consist of the three parts, one is in the low temperature-
low strain rate region, and the other two are in the high tem-
perature regions. According to Fig. 6(b), it can be seen that the
flow domains were obtained over the entire testing temperature
range at the strain rate below 0.1 s�1. The value of η increased
slightly with the strain for the same conditions. At the tempera-
ture range of 800–850 °C and the strain rate range of 0.001–
0.1 s�1, the spacing between the contour lines becomes closer.
This shows that the η value strongly depends on the temperature
and the strain rate. Meanwhile, the maximum η was obtained at
the temperature range of 800–850 °C and the strain rate range of
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0.001–0.1 s�1, which represent the optimal processing window. At
the strain of 0.5, the maps exhibit three domains. Domain A in
Fig. 6(b) represents a stable region with a peak efficiency of power
dissipation, corresponding to the samples deformed at higher
temperatures and lower strain rates. It revealed a greater effi-
ciency of power dissipation in the temperature range of 800–
850 °C and the strain rate range of 0.01–1 s�1, with a peak effi-
ciency of about 47% at 840 °C and 0.01 s�1. The η value is higher
and the workability is better in this deformation domain. This
demonstrates that the material deformed at these conditions with
high efficiency of power dissipation shows good workability [26].
Domain B occurs in the temperature range of 650–850 °C and the
strain rate range of 1–10 s�1. This region is at the lower tem-
perature and higher strain rate conditions. Some very low values
of power dissipation efficiency were observed, often considered as
an instability region. Surrounding solute atoms easily form high
density dislocations areas when deformed at high strain rate [27].
At the same time, the lattices distort near interfaces, creating
stress concentration. When the stress value exceeds the alloy
strength, there are lots of cracks along the grain boundaries,
causing fracture. For practical applications it is necessary to stay
away from this domain and corresponding processing parameters.
The domain C occurs at high temperature and very low strain rate.
In this instability region many research results indicate that the
DRX grains are coarsened and the hot workability of the alloy in
this region is inferior [28]. Hot working in this region is also
considered to be unsafe. Therefore, by means of the modified
processing map developed in Fig. 6, the optimized conditions for
hot deformation of the Cu-Cr-Zr-Y alloy can be proposed at the
temperature range of 800–850 °C and the strain rate range of
0.01–1 s�1.

3.4. Microstructure evolution

Optical images of the Cu-Cr-Zr-Y alloy microstructure deformed
at 0.5 strain and different deformation conditions are shown in
Fig. 7. The original grains are elongated vertically with respect to
the compression direction when deformed at 650 °C and 0.1 s�1

strain rate, as seen in Fig. 7(a). There are no obvious recrystallized
grains observed, except for the shear zone in Fig. 7(b). As the de-
formation temperature increased, the incomplete recrystallized
structure formed along the grain boundaries in Fig. 7(c). The ser-
rated grain boundaries marked by the arrows and some small DRX
grains were observed in Fig. 7(d). This indicated the occurrence of
initial recrystallized grains [29]. This microstructure has similar
characteristics with the mixed-grain microstructure. Under these
deformation conditions, corresponding with the processing maps
in Fig. 6, the alloy is unstable. This means that the instability
mechanisms are associated with cracking, localized plastic flow or
adiabatic shear bands at low temperature and high strain rate in
the domain B [30]. Therefore, the alloy can easily fracture during
deformation processing. Thus, these deformation conditions and
corresponding microstructure should be avoided in industrial
practice. With the increasing temperature, the specimen deformed
in the domain A exhibits completed DRX structure in Fig. 7(e).
According to Fig. 7(e), the original grains were replaced entirely by
the new DRX grains when the alloy was deformed at 850 °C and
0.1 s�1. Typical recrystallization with uniform and fine grains was
observed in Fig. 7(e). This means that the full DRX has been
achieved. Subsequently, the recrystallized grains enlarged, as seen
in Fig. 7(f). Comparing Fig. 7(e) and (f), the DRX grains deformed at
850 °C and 0.001 s�1 obviously grow in size, but the DRX grains
are still fine and homogeneous. Deformed at high temperature and
low strain rate, the DRX grains have larger driving force for nu-
cleation and growth [31]. Therefore, it can be concluded that the
deformation temperature and strain rate can strongly affect the
deformed microstructure. The optimal processing parameters for
hot deformation of the Cu-Cr-Zr-Y alloy are: temperature range of
800–850 °C and strain rate range of 0.01–1 s�1.

Fig. 8 shows TEM micrographs of the Cu-Cr-Zr-Y alloy deformed
at various deformation conditions. Elongated narrow structures
were observed at low temperature and high strain rate, as seen in
Fig. 8(a). The tangled dislocation walls and tiny dislocation sliding
bands can be found. Dislocations are tangled and stored in the
grains interior of the Cu-Cr-Zr-Y alloy deformed at 750 °C with the
0.1 s�1 strain rate, shown in Fig. 8(b). Due to relatively low stored
energy by plastic deformation, there are no dynamic re-
crystallization grains observed at low deformation temperature
and high strain rate. Therefore, dynamic recovery is the main
softening mechanism. Dynamic recrystallization often appears at
high temperature and low strain rate [32] because there is enough
time to store energy. When the stored energy reaches a critical
value, dynamic recrystallization occurs. Precipitation of the sec-
ondary phases also influences dynamic recrystallization char-
acteristics [33]. TEM images of the precipitates are shown in Fig. 8
(c). The selected area electron diffraction (SAED) pattern is shown
in Fig. 8(d). It indicates that the precipitates are chromium-rich
particles. The nucleation of dynamically recrystallized grains ap-
pears at the high-angle grain boundaries marked by an arrow in
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Fig. 8(e). It can be seen that the DRX grains grew up when the alloy
was deformed at high temperature and low strain rate.
4. Discussion

4.1. Y effects on processing maps

Processing maps constructed for the Cu-Cr-Zr and Cu-Cr-Zr-Y
alloys at a true strain of 0.4 are shown in Fig. 9(a) and (b), re-
spectively. The processing map for the base Cu-Cr-Zr alloy in Fig. 9
(a) exhibits a stable domain in the 800–850 °C temperature and
0.01–1 s�1 strain rate ranges with a peak efficiency of about 47% at
850 °C and 0.1 s�1 in the domain A marked by the red circle. The
processing map for the Cu-Cr-Zr-Y alloy from Fig. 9(b) has a similar
stable domain as the base Cu-Cr-Zr alloy in Fig. 9(a) with a peak
efficiency of about 48% at 850 °C and 0.1 s�1 in the domain A
marked by the red circle. Comparing the two domains, the peak
efficiency increased by 2% because of the Y addition. According to
Fig. 9(b), it also can be seen that the spacing between the contour
lines becomes much closer in the domain A. This means that the
Cu-Cr-Zr-Y alloy has much higher efficiency of energy dissipation
(η) at the same deformation conditions. The η increased by 9%
because of the Y addition, while the two alloys deformed at 800 °C
and 0.1 s�1 in the domain A marked by red square. Much higher η
value means better hot workability of Cu-Cr-Zr-Y alloy. It also
means that the addition of Y can improve the hot workability of
the Cu-Cr-Zr alloy. The processing maps of both Cu-Cr-Zr and Cu-
Cr-Zr-Y alloys have similar instability regimes at high temperature
and very low strain rate (domain B), while coarsen DRX grains are
often found at these regimes. The processing maps of both Cu-Cr-
Zr and Cu-Cr-Zr-Y alloys show wide instability regimes at high
strain rates, marked as domains C and D in the maps, which are
also similar to each other. Many research results show that flow
instability leads to adiabatic shear band formation at high strain
rates [34]. Thus, these flow instability regimes should be avoided
during hot processing. The domains of the maps are interpreted
based on the efficiency variation associated with microstructure
changes [35]. Corresponding microstructure in different domains
of the processing maps will be compared next for the two alloys.
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4.2. Y effects on microstructure

Fig. 10 (a) and (b) show the microstructure of the Cu-Cr-Zr and
Cu-Cr-Zr-Y alloys after solution treatment, where Y addition evi-
dently refined the grain. Domain C is common in the processing
maps of the two alloys. Microstructure of the specimens deformed
at 650 °C and 10 s�1 (marked by the diamond in Fig. 9) is shown in
Fig. 11 (a) and (c), respectively. It can be seen that there is only
shear zone present with no dynamic recrystallization grains found.
This means that the main softening mechanism is dynamic re-
covery in the domain C. Comparing Fig. 11 (a) and (c), much
smaller grains are observed for the Cu-Cr-Zr-Y alloy. According to
Fig. 11 (b), the DRX grains nucleated at the initial grain boundaries
with deformation bands. This structure is often called typical
necklace-type structure by some researchers [36]. Such observa-
tions suggest that DRX occurs in this domain. From Fig. 11 (d), the
Cu-Cr-Zr-Y alloy deformed at the same conditions compared with
the Cu-Cr-Zr alloy, the shear bands has become unclear and a large
number of smaller DRX grains were obtained. This means that the
addition of Y can effectively refine the grain and improve dynamic
recrystalization. However, the microstructure at these deformation
conditions has mixed small dynamic recrystallized and elongated
grains. In practical applications, these deformation conditions are
recognized as unstable and unsafe, and should be avoided.

The Cu-Cr-Zr and Cu-Cr-Zr-Y alloys deformed in the domain A
exhibit DRX structure in Fig. 12. The domain A occurs at lower
strain rates and higher temperatures, and has the highest effi-
ciency. Microstructure in Fig. 12(b) and (d) corresponds to the peak
efficiency conditions in the domain A for the two alloys, respec-
tively. According to Fig. 12(a), some elongated initial grains are still
observed in the Cu-Cr-Zr alloy. This also means that hot de-
formation at these conditions is unsafe. With the increasing
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temperature, small coarsened DRX grains are obtained in Fig. 12
(b). The coarsening of the DRX grains also means instability during
hot deformation. Complete recrystallization with uniform and fine
grains is observed in Fig. 12(c) and (d). Comparing the two alloys,
the DRX grain size of the Cu-Cr-Zr-Y alloy is smaller and more
uniform than the Cu-Cr-Zr alloy deformed at the same conditions.
It shows again that the addition of Y can refine the grain and
improve dynamic recrystalization. The reason for this is because
the DRX nucleation is improved by the increases boundaries area,
since the grain size is refined by the addition of Y. The boundary
movement and grain rotation can be promoted because of the fine
recrystallized grains during hot deformation [37]. Thus, a mass of
dislocations pile up during hot deformation. The microstructure
the Cu-Cr-Zr and Cu-Cr-Zr-Y alloys deformed at 800 °C and 1 s�1 is
shown in Fig. 13(a) and (b), respectively. Comparing the two alloys,
the addition of Y can increase the formation of dislocation density
at the same deformation conditions. The amount of accumulated
energy was increased with the increasing dislocation density due
to Y addition. Finally, the driving force for recrystallized nucleation
was improved with the existence of accumulated energy and
dislocations.
5. Conclusions

Hot deformation behavior of Cu-Cr-Zr-Y alloy has been in-
vestigated in the 650–850 °C temperature range and 0.001–10 s�1

strain rate range. Based on the obtained experimental and mod-
eling results, the following conclusions can be drawn:

(1) The flow stress increases with the strain rate and stress de-
creases with the deformation temperature.

(2) The apparent activation energy for hot deformation
of Cu-Cr-Zr-Y alloy is 336 kJ/mol. The constitutive equation
for the flow stress can be expressed as: ε ̇ = ×1.723 1014

σ[ ( )] ( − )RTsinh 0.0143 exp 335.99/7.122 .
(3) The processing maps at 0.3, 0.4 and 0.5 strain were established

based on the DMM principles. The optimal processing para-
meters for hot deformation of the Cu-Cr-Zr-Y alloy were ob-
tained through the processing maps: 800–850 °C temperature
range and 0.01–1 s�1 strain rate range.

(4) The evolution of DRX microstructure strongly depends on the
deformation conditions (temperature and strain rate). The
dynamic recovery is the main softening mechanism at low
temperature and high strain rate. Dynamic recrystallization
appears at high temperature and low strain rate. The pre-
cipitates of chromium-rich particles were observed during hot
deformation. The addition of Y can refine the grain and ef-
fectively accelerate dynamic recrystalization.
110000 μμmm

-Y alloys after solution treatment at 900 °C for 1 h.
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