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Abstract Hot deformation behavior of the Cu–Cr–Zr alloy was investigated using hot compressive tests in the tem-

perature range of 650–850 �C and strain rate range of 0.001–10 s-1. The constitutive equation of the alloy based on the

hyperbolic-sine equation was established to characterize the flow stress as a function of strain rate and deformation

temperature. The critical conditions for the occurrence of dynamic recrystallization were determined based on the alloy

strain hardening rate curves. Based on the dynamic material model, the processing maps at the strains of 0.3, 0.4 and 0.5

were obtained. When the true strain was 0.5, greater power dissipation efficiency was observed at 800–850 �C and under

0.001–0.1 s-1, with the peak efficiency of 47%. The evolution of DRX microstructure strongly depends on the deformation

temperature and the strain rate. Based on the processing maps and microstructure evolution, the optimal hot working

conditions for the Cu–Cr–Zr alloy are in the temperature range of 800–850 �C and the strain rate range of 0.001–0.1 s-1.

KEY WORDS: Cu–Cr–Zr alloy; Hot deformation behavior; Strain hardening rate; Constitutive equation;

Processing map

1 Introduction

Cu–Cr–Zr alloys are widely used as railway contact wires,

connectors and lead frame materials in integrated circuits

due to their excellent electrical conductivity and high

strength [1–4]. In recent years, many investigations have

been conducted to improve mechanical properties, thermal

stability and electrical conductivity of the Cu–Cr–Zr alloys

[5–7].

Hot workability of the Cu–Cr–Zr alloy, including strain

hardening, dynamic recovery (DRV) and the dynamic

recrystallization (DRX), is very important in industrial

practice. In addition, the DRX kinetic model has been used

to predict the DRX evolution during hot deformation pro-

cessing [8, 9]. The processing maps based on the dynamic

materials model (DMM) have been used to optimize the

hot workability of the Cu–Cr–Zr alloys. Many investiga-

tions of the alloys hot deformation processing have been

carried out. Zhang et al. [10] found that the addition of Ce

can improve the deformation activation energy of the Cu–

Available online at http://link.springer.com/journal/40195

& Yi Zhang

zhshgu436@163.com

& Alex A. Volinsky

volinsky@usf.edu

1 School of Materials Science and Engineering, Henan

University of Science and Technology, Luoyang 471003,

China

2 Department of Mechanical Engineering, University of South

Florida, Tampa, FL 33620, USA

3 School of Materials Science and Engineering, University of

Shanghai for Science and Technology, Shanghai 200093,

China

4 Collaborative Innovation Center of Nonferrous Metals,

Luoyang 471003, China

123

Acta Metall. Sin. (Engl. Lett.), 2016, 29(5), 422–430

DOI 10.1007/s40195-016-0404-3

http://link.springer.com/journal/40195
http://crossmark.crossref.org/dialog/?doi=10.1007/s40195-016-0404-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40195-016-0404-3&amp;domain=pdf


0.4Cr–0.1Zr alloy during hot deformation. Ji et al. [11]

found that the activation energy of the Cu–0.36Cr–0.03Zr

alloy was 432.6 kJ/mol under the tested conditions. Ding

et al. [12] studied the Cu–0.6Cr–0.03Zr alloy and found

that the dynamic recrystallization developed completely at

the hot deformation temperatures of 750 and 850 �C.

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. The constitutive equation to obtain hot

deformation activation energy for the flow behavior at

elevated temperature was developed. The strain hardening

rate for DRX of the alloy was determined to describe the

dynamic recrystallization behavior. The processing maps

based on the DMM model were derived to analyze the

instability region and optimize the hot working parameters.

Furthermore, the DRX nucleation mechanisms according

to the microstructure evolution during hot compression

process are also discussed.

2 Experimental

The chemical composition of the Cu–Cr–Zr alloy is: 0.4

wt% Cr, 0.1 wt% Zr and balanced of Cu. The alloy was

melted in a vacuum induction furnace in argon. The cast

ingot with diameter of 83 mm and length of 150 mm was

homogenized at 930 �C for 2 h. Subsequently, the ingot

was forged into 25-mm-diameter bars. Finally, the forged

bars were solid solution-treated at 900 �C for 1 h, followed

by water quenching.

The hot compression specimens were cut into cylinders

with 8 mm diameter and 12 mm length. The specimens

were compressed at a strain rate of 0.001–10 s-1 and

deformation temperature of 650–850 �C using the Gleeble-

1500D thermo-mechanical simulator. The cylindrical com-

pression specimens were heated to the deformation tem-

perature at 5 �C/s heating rate. Before deformation, all

specimens were held under thermocouple-feedback-con-

trolled AC current for 180 s to obtain uniform microstruc-

ture. All specimens were compressed to a true strain of 0.6

and immediately water-quenched from the test temperature

to maintain deformation microstructure. The deformed

specimens were sectioned parallel to the compression axis

along the centerline direction. All specimens were polished

and then etched with a solution of FeCl3 (5 g) ? C2H5OH

(85 mL) ? HCl (10 mL). The microstructure of the speci-

mens was observed using an OLYMPUS PMG3 optical

microscope and a JSM JEOL-5610LV scanning electron

microscope (SEM). The samples for transmission electron

microscopy (TEM) were prepared using Gatan 691 ion beam

thinner. The precipitated phase was characterized using a

JEM-2100 (Joel, Japan) high-resolution transmission elec-

tron microscope (HRTEM).

3 Results and Discussion

3.1 Flow Stress Behavior

The true stress–true strain curves of isothermal compres-

sion of the Cu–Cr–Zr alloy at various strain rates and

deformation temperatures are shown in Fig. 1. The flow

stress is strongly dependent on the deformation tempera-

ture and the strain rate. The flow stress increased sharply

with the strain at the early stage of deformation, and then

reached a peak value (rp) when the alloy was deformed at

850 �C. This phenomenon happens because of the strain

hardening caused by dislocation multiplication [13]. After

the peak flow stress, the flow stress decreased gradually

and then reached a steady state. With the increase of strain,

the DRX instead of DRV happened after the critical density

of dislocations was obtained. Subsequently, a balance

between strain hardening and flow softening was achieved.

Thus, the flow stress of the alloy exhibited steady state

characteristics. According to Fig. 1, typical continuous

strain hardening was observed at the deformation temper-

atures of 650 and 700 �C, respectively. It is a typical

dynamic recovery (DRV) behavior at lower temperatures

and higher strain rates. The reason is that there was not

enough time for energy accumulation and dislocation

annihilation at higher strain rates and lower temperatures

[14]. The effects of deformation temperature and strain rate

on the peak flow stress (rp) of the Cu–Cr–Zr alloy are

shown in Fig. 2. It can be seen that the peak flow stress

decreased with the deformation temperature at a given

strain rate and increased with the strain rate at a constant

deformation temperature. This indicates that the Cu–Cr–Zr

alloy has negative temperature sensitivity and positive

strain rate sensitivity [15].

3.2 Activation Energy and Constitutive Equations

During the process of hot deformation, the relationship

between the flow stress, the strain rate and the deformation

temperature can be represented by the Zener–Hollomon (Z)

parameter expressed as [16–18]:

Z ¼ _e exp
Q

RT

� �
: ð1Þ

At high and low stress, the strain rate could be expressed

by the following equations, respectively:
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_e ¼ A1r
n1 exp � Q

RT

� �
: ð2Þ

_e ¼ A2 expðbrÞ exp � Q

RT

� �
: ð3Þ

Over a wide range, the equation can be expressed as:

_e ¼ A½sinhðarÞ�n exp � Q

RT

� �
: ð4Þ

where _e 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),

r is the flow stress (MPa) for a given stain, A (s-1), A1, A2,

n1, n and a (MPa-1) are the materials constants (where

a = b/n1). Taking natural logarithms of both sides of

Eq. (2) and Eq. (3) yields:

ln _e ¼ lnA1 þ n1 ln r� Q

RT
: ð5Þ

ln _e ¼ lnA2 þ br� Q

RT
: ð6Þ

A linear relationship exists between ln _e and ln r with

the linear slope n1, as shown in Fig. 3a. A linear

relationship also exists between ln _e and r with the linear

slope b, as shown in Fig. 3b. The values of n1 and b can be

calculated from the average values of the slopes:

n1 = 7.558, b = 0.128. Thus, the a value of the alloy is

Fig. 1 True stress–true strain curves of the Cu–Cr–Zr alloy deformed at different strain rates: a _e = 0.001 s-1, b _e = 0.1 s-1, c _e = 1 s-1,

d _e = 10 s-1

Fig. 2 Relationship between the peak stress and deformation

temperature under different strain rates
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calculated as a = b/n1 = 0.017 MPa-1. Taking natural

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

ln _e ¼ lnAþ n ln sinh arð Þ½ � � Q

RT
: ð7Þ

Taking partial differentials of Eq. (7) into consideration

yields:

Q ¼ R
oðln _eÞ

o ln½sinhðarÞ�

� �
T

o ln½sinhðarÞ�
oð1=TÞ

� �
_e

¼ RnS: ð8Þ

According to Eq. (8), the plots of ln _e� ln

½sinhðarÞ� and ln½sinhðarÞ� � 1=T at different temperatures

are shown in Fig. 4a, b, respectively. Consequently, the

values of n and S can be calculated by means of linear

regression analysis, and then the value of Q can be

determined as Q = RnS = 392.48 kJ/mol.

The Q value of this alloy is a little lower than that of the

Cu–0.4Cr–0.15Zr–0.05Ce alloy (495.8 kJ/Mol), Cu–

0.36Cr–0.03Zr alloy (432.6 kJ/Mol) and the Cu–0.6Cr–

0.03Zr alloy (572.053 kJ/mol), based on Refs. [10–12].

Comparing the activation energy Q of the Cu–Cr–Zr with

that in Ref. [10], the Q increased by 21% with the addition

of Ce. The reason is that the Ce can fix dislocations at the

grain boundary and maintain high dislocation density.

Thus, the addition of Ce can increase the deformation

activation energy with more difficult dynamic recovery. A

higher strain rate (20 s-1) was applied in the previous

work [11]. If the strain rate is too high, there is not enough

time for DRX, so much greater activation energy Q is

needed. It was found that the alloying elements play an

important role in increasing the activation energy [19]. The

Cu–0.6Cr–0.03Zr alloy used in Ref. [12] has higher con-

tents of Cr and Zr alloying elements than the current Cu–

0.4Cr–0.1Zr alloy, and solution strengthening caused by

these alloying elements may give rise to higher activation

energy. The higher the activation energy Q, the harder the

hot deformation of the alloy [20]. Thus, the hot workability

is harder if the alloy has higher activation energy Q for hot

deformation. 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.

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

yields:

ln Z ¼ lnAþ n ln½sinhðarÞ�: ð9Þ

where ln A is the intercept of the ln½sinhðarÞ� and ln Z plot,

as shown in Fig. 5. The value of A is 4.929 9 1016. Thus,

the constitutive equation of the Cu–Cr–Zr alloy in the

hyperbolic-sine function can be expressed as:

_e ¼ 4:929 � 1016½sinhð0:017rÞ�7:558
expð�392:48=RTÞ:

ð10Þ

3.3 Strain Hardening Behavior

The strain hardening rate h (dr/de) has been widely used to

investigate the critical strain for the DRX onset. Three

typical stages of the flow curves for different strain hard-

ening features have been determined as: h[ 0 for the

strain hardening stage, h\ 0 for the continuously

decreasing stage and h = 0 for the steady state [21]. The

effects of temperature, strain rate and strain on the strain

hardening rate h (dr/de) are shown in Fig. 6. It can be seen

that the strain hardening rate has a sharp drop before

reaching a plateau. The slope of the strain hardening rate at

850 �C is much steeper than that at other temperatures.

Negative values of the strain hardening rate are observed in

Fig. 6, except for the 650 �C. A negative value of the strain

hardening rate is associated with the flow softening due to

the occurrence of DRX. Thus, the minimum value of h
corresponds with the maximum softening rate [22]. The

inflection point is marked by an arrow in Fig. 6 and is clear

for the critical strain ec of the alloy deformed at 850 �C

Fig. 3 Relationships between ln _e and ln r a, ln _e and r b
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with the strain rate of 0.001 s-1. A minimum value of h
was observed in Fig. 6 at 850 �C and reflects the maximum

softening rate at es.

3.4 Processing Maps

The processing map based on dynamic materials model

(DMM) developed by Prasad et al. [23] has been used to

optimize hot workability. In the DMM model, the hot

deformation process was considered as a power system and

the workpiece was a power dissipater under hot deforma-

tion [24]. The instantaneous power dissipated (P) may be

separated into two complementary parts during plastic

deformation: dissipative quantity (G) and dissipation of

association (J), mathematically defined as:

P ¼ J þ G ¼ r _e ¼
Zr

0

_edrþ
Z _e

0

rd _e: ð11Þ

In this model, G and J can be determined from the

parameter m, which represents the strain rate sensitivity

coefficient of the material. It can be expressed as:

m ¼ oJ

oG

� �
e;T

¼ oðln rÞ
oðln _eÞ

� �
e;T

: ð12Þ

For an ideal linear dissipation process, m = 1 and

J ¼ Jmax ¼ r _e=2 ¼ P=2, and the value of J can be

obtained from a dimensionless parameter, called the

efficiency of power dissipation, defined as:

g ¼ J

Jmax

¼ 2m

mþ 1
: ð13Þ

A continuum instability criterion is developed based on

the extremum principles of irreversible thermodynamics,

which can be expressed as [25]:

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

Fig. 6 Strain hardening rate variation of the Cu–Cr–Zr alloy under

different deformation temperature at the true strain of 0.001 s-1

Fig. 4 Relationship between ln½sinhðarÞ� and ln _e a, ln½sinhðarÞ� and 1000/T b
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nð _eÞ ¼
o ln m

mþ1

� �
o ln _e

þ m\0: ð14Þ

The variation of the instability parameter nð _eÞ as a

function of temperature and strain rate can be expressed by

the instability map.

The processing maps of the Cu–Cr–Zr alloy deformed

at the strain of 0.3, 0.4 and 0.5 are shown in Fig. 7a–c,

respectively. The contours represent the efficiency of

power dissipation marked as percent, while the shaded

areas indicate the flow unstable domains. It can be seen

that the distribution characteristics of the power dissipa-

tion are similar, but the shaded domains area increased

with strain. In all figures, similar shaded domains were

observed at the deformation temperature of 830–850 �C.

When the strain is 0.4, the flow instability regions consist

of four parts: One is in the high temperature regions, and

other three are in the high strain rate regions. At the strain

of 0.5 domain A has a stable region with a peak effi-

ciency of power dissipation shown in Fig. 7c, which

corresponds to the samples deformed at higher tempera-

tures 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 0.001–0.1 s-1,

with a peak efficiency of 47% at 840 �C and 0.01 s-1.

The value g 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]. At the

strain of 0.5, two instability domains were observed in the

processing map: domain B occurs in the temperature

range of 650–850 �C and the strain rate range of

1–10 s-1. Domain C occurs in the temperature range of

830–850 �C and strain rate range of 10-4–10-6 s-1. Hot

working in these regions is considered to be unsafe.

According to the processing maps of the Cu–Cr–Zr alloy,

the optimal hot working conditions are in the temperature

range of 800–850 �C and strain rate range of

0.001–0.1 s-1.

3.5 Microstructure Evolution

Optical images of the Cu–Cr–Zr alloy microstructure

deformed at different deformation conditions are shown in

Fig. 8. According to Fig. 8a, the original grains were

elongated. There are no obvious recrystallized grains

observed, except for the shear zone when deformed at the

temperature of 700 �C and the strain rate of 0.1 s-1, as

seen in Fig. 8b. The main softening mechanism is dynamic

recovery. The microstructure of the alloy deformed at

750 �C and 0.001 s-1 is shown in Fig. 8c. It can be seen

that there is a large amount of refined recrystallized grains

around original grain boundaries. Meanwhile, the serrated

grain boundaries marked by the arrows are observed in

Fig. 8c. The inset shows the corresponding magnified

serrated grain boundary. It indicates that the dynamic

recrystallization occurred. However, some elongated grains

are still present at the deformed microstructure. This means

that the dynamic recrystallization was not completed. Here,

all microstructure consists of mixed grains. The number of

dynamic recrystallization grains increases with the tem-

perature, as seen in Fig. 8d. Figure 8e shows the

microstructure of the sample deformed at 800 �C and

0.001 s-1. All the original grains are replaced by the new

DRX grains, indicating that the dynamic recrystallization

process is complete. Subsequently, the recrystallized grains

grew in size, as seen in Fig. 8f. It can be seen that the

recrystallized grains are still fine and homogenized

distribution.

SEM images of the alloy deformed at the strain rate of

10 s-1 and 650 �C, 700 �C temperatures are shown in

Fig. 9a, b, respectively. It can be seen that the cracks

marked by the arrows appeared in the alloy at these

deformation conditions. The instability mechanisms are

associated with cracking at low temperature and high strain

rate [27]. This is in good agreement with the processing

maps results. Therefore, the alloy can easily fracture during

deformation processing. These deformation conditions and

corresponding microstructure should be avoided in

Fig. 7 Processing maps for the Cu–Cr–Zr alloy deformed at the true strain of 0.3 a, 0.4 b, 0.5 c
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industrial practice. Thus, the optimal processing parame-

ters for hot deformation of the Cu–Cr–Zr alloy are: tem-

perature range of 800–850 �C and strain rate range of

0.001–0.1 s-1.

TEM micrographs of the Cu–Cr–Zr alloy deformed at

various deformation conditions are shown in Fig. 10.

The banded structures were observed at low temperature

and high strain rate in Fig. 10a, b, respectively. It can be

seen that the dislocations are tangled and stored in the

grains interior of the alloy at 700 �C and 0.001 s-1

strain rate in Fig. 10c. According to this microstructure,

no dynamic recrystallization grains were observed. This

is because that there is not enough energy for dislocation

annihilation at low deformation temperature and high

strain rate [28]. Therefore, the dynamic recovery is the

main softening mechanism. The nucleation of dynami-

cally recrystallized grains appears at the high-angle grain

boundaries marked by the dashed lines in Fig. 10d,

indicating DRX occurrence at high temperature and low

strain rate. Selected-area diffraction patterns obtained

from the precipitates are shown in Fig. 10e. Therefore, it

can be concluded that the deformation temperature and

strain rate can strongly affect the deformed

microstructure.

Fig. 8 Optical micrographs of the microstructure of the hot compressed specimens deformed at different temperatures and strain rates: a 650 �C,

0.1 s-1; b 700 �C, 0.1 s-1; c 750 �C, 0.001 s-1; d 800 �C, 0.01 s-1; e 800 �C, 0.001 s-1; f 850 �C, 0.001 s-1

Fig. 9 SEM images showing cracks in the compressed specimen at different temperatures and strain rates: a 650 �C, 10 s-1; b 700 �C, 10 s-1
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4 Conclusions

1. The apparent activation energy for hot deformation of

the Cu–Cr–Zr alloy is 392.48 kJ/mol. The constitutive

equation for the flow stress can be expressed as: _e ¼
4:929 � 1016½sinhð0:017rÞ�7:558

expð�392:48=RTÞ.
2. The critical strains ec and es of the alloy deformed at

850 �C with the strain rate of 0.001 s-1 were obtained

from the strain hardening rate h.

3. The processing maps at 0.3, 0.4 and 0.5 strain were

established based on the DMM model principles. The

peak efficiency is about 49%, and the Cu–Cr–Zr alloy

optimal hot working conditions are in the temperature

range of 800–850 �C and the strain rate range of

0.001–0.1 s-1.

4. The deformation temperature and strain rate can

strongly affect the deformed microstructure. Dynamic

recrystallization appears at high temperature and low

strain rate. Cracks were observed at low deformation

temperature and high strain rate.
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