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a b s t r a c t

Hot deformation behavior of the Cu-Zr-Nd alloy was studied by using compressive tests in the tem-
perature range of 550e900 �C and the strain rate range of 0.001e10 s�1 on the Gleeble-1500D thermo-
mechanical simulator. The Cu-Zr-Nd alloy flow stress increased at higher strain rate and lower tem-
perature. Based on the processing maps and microstructure, the optimal processing parameters for the
Cu-Zr-Nd alloy are determined as 750-870 �C and 0.001e0.03 s�1. The addition of Nd can promote the
dynamic recrystallization. A new constitutive model, which compensates for the strain rate, is estab-
lished according to the Arrhenius-type equation. The Zener-Hollomon parameter was also modified to
compensate for the strain rate. The flow stress predicted by the constitutive equation is consistent with
the experimental flow stress.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Copper-based alloys have excellent electrical conductivity, fine
thermal conductivity, good corrosion resistance and high strength.
They are extensively used as aerial conductors in electronics engi-
neering and in automobiles [1,2]. In particular, a great number of
scholars agree that copper alloys are ideal materials for integrated
circuit (IC) lead frame [3], railway contacts [4] and first wall of the
reactor vacuum vessels [5]. With the rapid development of indus-
trial technology, higher performance is required of copper alloys.
Metallic elements can be added in the process of the alloy prepa-
ration to improve physical and mechanical properties. For example,
Zhou et al. [6] reported that the addition of Cr can increase the
strength of Cu alloys by pinning dislocations at the precipitates.
Some researches [7,8] showed that the addition of Zr has little effect
on Cu alloys due to low 0.15% solid solubility of Zr in Cu at 1239 K
(966 �C), which is rapidly reduced with temperature decrease.
What's more, the recrystallization temperature of the copper alloy
is increased significantly due to the addition of Zr. Cu-Zr alloy has
ce and Engineering, Henan
3, China.
ce and Engineering, Henan
3, China.
shllt0909@126.com (H. Sun).
good aging precipitation strengthening effect. Many researchers
show that small amounts of Zr can improve the strength of the alloy
significantly, but have a little effect on the alloy conductivity [9,10].
After heat treatment of the Cu-7wt.%Ag-0.05 wt%Zr alloy, Gaganov
et al. obtained a promising conductor with high strength. The re-
sults showed that the tensile strength is 1360MPa, while the tensile
strength of Cu-7wt.%Ag alloy is 1220 MPa, which is about 140 MPa
lower than the above-mentioned alloy. However, these studies
dealt with the aging behavior of the Cu-Zr alloy, and little analysis
of the hot deformation behavior of the Cu-Zr alloy was performed.
Rare earth elements (RE) have been described as “vitamins” for
metals [11]. A lot of researches indicate that RE can purify the alloy
matrix and the grain boundaries, ameliorating the conductivity and
softening temperature of the alloy, while improving its strength
[12e14]. Thus, the trace Re addition can improve the chemical and
mechanical properties significantly. In our previous study, Cu-Cr-
Zr-Nd alloy was investigated, and it was found that the addition
of Nd can improve dynamic recrystallization (DRX) during hot
deformation by refining the grains of the Cu-Cr-Zr alloy [15]. In this
study, a small amount of Nd was added into the Cu-Zr alloy to
research the effect of Nd on its properties.

The Cu-Cr-Zr alloy has been used in the International Thermo-
nuclear Experimental Reactor (ITER) as the first wall of the
reactor vacuum vessel. In order to improve the radiation resistance,
many processing methods were used, such as equal channel
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angular pressing, rolling and extrusion [16]. For the Cu-Cr-Zr alloy,
the processing methods are also very important to improve its
properties. In all of the methods, an accurate constitutive equation
can represent the relationships between the strain rate, tempera-
ture, and the flow stress. Thus, more attention has been paid to
developing an accurate constitutive equation [17]. However, the
effect of strain in the constitutive equation has been ignored. The
proper constitutive relationship for the Cu-0.2%Zr-0.15%Nd alloy
need to be further studied to represent the effects of strain
compensation.

In this paper, hot deformation behavior of the Cu-0.2%Zr-0.15%
Nd alloy was investigated under different deformation conditions
by hot compression tests on the Gleeble-1500 simulator. Through
the test data analysis, the effects of temperature and strain rate on
flow stress were studied. An accurate constitutive equation to
predict the flow stress for the studied alloy has been obtained.
Furthermore, based on the experimental results, the hot processing
maps based on the dynamic material model (DMM) were built, and
the optimal processing parameters for the Cu-Zr-Nd alloy were
determined.

2. Experimental details

The deformable material used in this study was Cu-Zr-Nd alloy.
The chemical composition is given in Table 1. The alloy was cast at
1200-1250 �C in a vacuum induction furnace. During the whole
process, argon was used as a protective gas. Before the experiment,
the ingotwas homogenized by solution heat treatment at 900 �C for
1 h and water quenched. The microstructure after the heat treat-
ment is shown in Fig. 1. Then the specimens with Ф8 mm � 12 mm
dimensions were machined.

The hot compression tests were conducted directly on the
Gleeble-1500D thermo-mechanical simulator with the total
deformation of 55%. The deformation temperature was 550e900 �C
with the strain rate of 0.001e1 s�1. The specimens were heated to
900 �C at 20 �C/s heating rate, and then held for 6 min to achieve
uniform temperature distribution before compression testing. In
order to improve the accuracy, graphite tantalum sheets were
placed at the ends of the cylinder sample to reduce friction. As soon
as the compression tests were completed, the specimens were
immediately water cooled to retain the hot deformation micro-
structure, which was examined by the OLYMPUS PMG3 optical
microscope. For optical microscopy, the specimens were mechan-
ically polished and etched with a solution containing
HCl þ C2H5OH þ FeCl3.

3. Results and discussion

3.1. Flow stress behavior analysis

The true strain-stress curves of the Cu-Zr-Nd alloy under
different deformation conditions are shown in Fig. 1. It can be seen
that the deformation temperature and initial strain rate really affect
the flow stress during the hot deformation. It is well known that the
hot deformation is a competing process between the work hard-
ening and the dynamic softening. The flow stress increases with
temperature decrease, and increases with higher strain rate. In its
infancy, the flow stress increases with the strain due to work
hardening. It can be generalized into two mechanisms according to
Table 1
Chemical composition of the studied alloy in wt.%.

Element Zr Nd Cu
Wt.% 0.2 0.15 Bal.
its subsequent variation characteristics [18,19]. One kind is dynamic
recovery (DRV), as shown at the deformation temperature of 650 �C
in Fig. 1(a) and (b). In the final stage, the work hardening and dy-
namic softening reach a balance and the flow stress remains con-
stant. This generally occurs at lower temperature. Another kind is
dynamic recrystallization (DRX). The flow curves reach to a peak
value first, and then decrease until a relatively steady constant
value is achieved in the end. This can be seen at the deformation
temperatures of 850 �C and 900 �C in Fig. 1.

3.2. Microstructure evolution

3.2.1. Hot workability and optical micrographs of the Cu-Zr-Nd
alloy

The processing maps in this paper are plotted based on the
dynamic material model [20], which takes the flow stress, hot
deformation temperature, strain and strain rate into account. The
principles for producing the processing maps have been clearly
described by Prasad [21].

During hot deformation, the input energy (P) can be roughly
divided into two major parts: some of the energy (G) is used for
plastic deformation, while another fraction is emitted as micro-
structure evolution (J). The corresponding relationship between
them can be described as:

P ¼ Gþ J (1)

The energy for the microstructure evolution is defined as h,
which can be expressed as:

h ¼ J
Jmax

¼ 2m
mþ 1

� 100% (2)

Where m is the strain rate sensitivity index, defined as:

m ¼ _εds
sd_ε

¼
�
vðln sÞ
vðln _εÞ

�
ε;T

y
d ln s

dln _ε
(3)

According to the dynamic material model, the instability crite-
rion can be described as:

xð_εÞ ¼ vln½m=ðmþ 1Þ�
vln_ε

þm<0 (4)

Fig. 2 shows the processing maps of the Cu-Zr-Nd alloy under
different strain. It can be clearly seen that there are two different
parts of the maps e a part of flow instabilities, which is shadowed,
and a part of flow stability where ideal microstructure can be
observed.

Comparing the four processing maps, the instability domains
mainly exist at high strain rates. At high strain rate, shear bands are
found. Typical optical microstructure is shown in Fig. 4 (b) for the
alloy deformed at 650 �C and 10 s�1. The average grain size is about
70 mm. However, this may be primarily because the time is too short
for microstructure evolution. Many researches [15] show that the
optimal processing areas are located at stable regions with high
power efficiency. However, the analysis of the power efficiency was
comparatively rare. In this paper, a 3D power efficiency map for the
Cu-Zr-Nd alloy at different strain is shown in Fig. 3. In Fig. 3, a lower
value of h was found at lower strain of 0.1 and 0.2. At higher strain,
the change of h is comparatively uniform. This may be because
elastic deformation is the major deformation mechanism at the
early stages of compression deformation [22]. Generally, the power
efficiency has the same varying tendency under different strain
conditions; it changes with the temperature and the strain rate. The
value of the power efficiency increases dramatically at higher
temperature and lower strain rate. The higher the strain, the larger



Fig. 1. True stress-strain curves of the Cu-Zr-Nd alloy under different deformation conditions: (a) 0.001 s�1; (b) 0.01 s�1; (c) 0.1 s�1; (d) 1 s�1; (e) 10 s�1.
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the average power efficiency value is. High value of power dissi-
pation means that more energy was available for microstructure
evolution. However, high power efficiency does not automatically
mean good workability. Deformation twins or micro cracks may
cause high power efficiency [23]. Thus, proper microstructure is
necessary to determine the optimal working conditions. Fig. 4(b)
illustrates microstructure obtained at low strain rate and temper-
ature (650 �C and 0.001 s�1), where many typical microstructure
necklaces can be clearly observed. Many DRX grains can be clearly
observed in Fig. 4(c) with temperature increase, with an average
grain size of 39 mm. The corresponding power efficiency ranges
from 26% to 36%. This means that the alloys under these conditions
exhibit good processing performance. The value of the power effi-
ciency decreases if the hot deformation temperature is too high.
The same results are obtained by Cheng [24]. Fig. 4(d) shows the
microstructure at 900 �C and 0.1 s�1, corresponding to the domain
marked with M in Fig. 3. Many larger grains are present in the
microstructure. The reason for that is the smaller grains along with
the more boundaries can offer more nucleation sites for the dy-
namic recrystallization. Dehghan-Manshadi et al. [25] draw the
conclusion that the dynamic recrystallization starts more rapidly
with the smaller grains, which can offer higher kinetics.
Based on the above analyses, the optimal processing parameters

for the Cu-Zr-Nd alloy are determined as the temperature range of
750e870 �C and the strain rate range of 0.001e0.03 s�1, and the
efficiency of power dissipation of 26e36%. The processing region
for the Cu-Zr-Nd alloy is wider than for the Cu-Cr-Zr-Nd alloy (900-
950 �C, 0.1e1 s�1), which means that the hot workability of the Cu-
Zr-Nd alloy is better than the Cu-Cr-Zr-Nd alloy. This may be
because the addition of Cr is deleterious to the ductility of the
studied alloy [26].

3.2.2. Transmission electron micrographs of the Cu-Zr-Nd alloy
Transmission electron micrographs (TEM) of the Cu-Zr-Nd alloy

deformed at different conditions are shown in Fig. 5. According to
Fig. 5 (a), deformation grains of the deformed alloy exist in a
obviously flat structure. A mass of dislocations are observed, along
with the dislocation walls formed through annihilation, propaga-
tion and slip. The deformation conditions in Fig. 5(a) are 650 �C and
0.001 s�1. Along with the continuously increment of temperature,
dynamic recrystallization occurs in the microstructure. High
dislocation density and many twins are present in Fig. 5 (b) for the



Fig. 2. Processing maps of the Cu-Zr-Nd alloy under different strain: (a) ε ¼ 0.1; (b) ε ¼ 0.2; (c) ε ¼ 0.5; (d) ε ¼ 0.7.

Fig. 3. Power efficiency of the Cu-Zr-Nd alloy.
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alloy deformed at 850 �C and 10 s�1. With the strain rate decreasing
to 1 s�1, there are a lot of dynamic recrystallization grains in
Fig. 5(c). This means that DRX occurred at these conditions. Ac-
cording to Fig. 5(d), at 850 �C and 0.01 s�1, the big grains have
swallowed up the small grains, and the angle boundaries of the
grain expand from small to large.
3.3. Establishing Arrhenius-type constitutive equations

There are many constitutive models to interpret the plastic
deformation behavior and to predict the flow stress during hot
deformation [27,28]. Arrhenius type equation is an accurate
approach to describe the relationships between the flow stress,
strain rate and deformation temperature. These can be described
with the following equations [29,30].

_ε ¼ A1s
n exp

�
�Q
RT

�
ðas<0:8Þ (5)

_ε ¼ A2 expðbsÞexp
�
�Q
RT

�
ðas>1:2Þ (6)

_ε ¼ A½sinhðasÞ�n1 exp
�
�Q
RT

�
ðallÞ (7)

Where, _ε-the strain rate, s�1; s-the flow stress, MPa; R-the universal
gas constant, 8.314 J mol�1 K�1; T-the thermodynamic temperature,
K; Q-the activation energy of hot deformation, KJ mol�1; A1, A2, A, n
and n1 are all the correlative materials constants; a is stress
multiplier, defined as a ¼ b/n1.

In the meantime, the common influence of the strain rate and
high temperature on the hot deformation behavior can be repre-
sented by an exponent-type equation, which was proposed by
Sellars and McTegart [31,32]. It can be adequately expressed by the
Zener-Hollomon parameter (Z) [33], which is a function of tem-
perature and stress:

Z ¼ _εexp
�
Q
RT

�
¼ A½sinhðasÞ�n1 (8)



Fig. 4. Optical images of the Cu-Zr-Nd alloy microstructure deformed at: (a) 923 K (650 �C) and 10 s�1; (b) 923 K (650 �C), 0.001 s�1; (c) 1123 K (850 �C); 0.1 s�1; (d) 1173 K (900 �C),
0.1 s�1.

Fig. 5. TEM images of the Cu-Zr-Nd alloy deformed at: (a) 923 K (650 �C) and 0.1 s�1; (b) 1123 K (850 �C), 10 s�1; (c) 1123 K (850 �C); 0.01 s�1; (d) 1123 K (850 �C), 1 s�1.
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Taking natural logarithms of the two sides of Eqs. (1), (2) and (4),
yields:

ln _ε ¼ ln A1 �
�
Q
RT

�
þ n ln s (9)
ln_ε ¼ ln A2 �
Q
RT

þ bs (10)

ln Z ¼ ln Aþ n1 ln½sinhðasÞ� (11)

In this paper, to calculate the material constants, we take the
deformation strain of 0.1 as an example. Fig. 6(a) shows the
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relationship between ln _ε and lns. By using a combination of Eq. (9)
and Fig. 6(a), one can get the value of n, which takes the mean value
among the slopes of the straight lines in Fig. 6(a). In the same
respect, one can easily work out the value of b. Therefore, the mean
values of n ¼ 20.359 and b ¼ 0.292 MPa�1 can be obtained by
calculation. Subsequently, one can get the value of a ¼ b/
n ¼ 0.014 MPa�1.

Fig. 7 shows scatter diagrams. The correlations between ln _ε and
ln[sinh(as)], T�1 and ln[sinh(as)] are shown in Fig. 7(a) and (b). The
data were treated with the regression analysis. The results show
that the function depends linearly on ln and ln[sinh(as)], T�1 and ln
[sinh(as)]. The average of five straight slopes in Fig. 7 are S and n’.
The values of s and n’ are 14.5 and 4.59, respectively.

Taking the logarithm of the two sides of Eq. (7), and differenti-
ating yields:

Q ¼ R
vln½sinhðasÞ�

vð1=TÞ
����
_ε

���� vln_ε
vln½sinhðasÞ�

����
T
¼ Rn0S (12)

The value of Q at 0.1 strain can be calculated as 553.338 kJ mol�1.
The relationship between ln[sinh(as)] and lnZ is shown in Fig. 8.

The slope and the intercept of the fitting straight line are the value
of n1 and lnA, respectively. In summary, lnA ¼ 59.319, n1 ¼ 14.119,
and the constitutive equation for the alloy is:

_ε ¼ 5:777� 1025½sinhð0:014sÞ�14:119 exp
�
�553338
8:314T

�
(13)

3.4. Compensation for strain

Many analyses considered that the above material constants are
not important and usually ignore their effects on the flow stress
[34]. Through the above analysis, the solution procedure of the
material constants can impact the flow stress during the hot
deformation process. It is not difficult to understand that the above
material constants are crucial for the whole hot deformation. Many
studies have shown that the material constants are strongly
affected by the strain [35,36]. In this paper, the values of material
constants were computed in diverse strain range between 0.1 and
0.7 in 0.05 increments. In order to represent the influence of strain
on the material constants visually, the values obtained were fitted
by the 6th order polynomials, as shown in Fig. 9. The relationship
can be expressed as:

ln A ¼ A0 þ A1εþ :::þ Anε ðn ¼ 5;6;7Þ

n ¼ n0 þ n1εþ :::nnε ðn ¼ 5;6;7Þ
Q ¼ Q0 þ Q1εþ :::þ Qnε ðn ¼ 5;6;7Þ

a ¼ a0 þ a1εþ :::þ anε ðn ¼ 5;6;7Þ (14)

The 6th order polynomial fitting results are listed in Table 2.

3.5. Verification of the developed constitutive equation

The relationship between a given strain and the materials con-
stants is evaluated, and the flow stress can be predicted. Based on
Eq. (8), the flow stress can be calculated by the following equation,
which is a function of the Zener-Hollomon parameter:

s ¼ 1
a
ln

(�
Z
A

�1=n
þ
"�

Z
A

�2=n
þ 1

#1=2)
(15)

With the obtained materials constants, the flow stress at arbi-
trary experimental conditions can be predicted. Fig. 10 shows the
comparison between the experimental and predicted flow stress at
a given strain rate. The results show that the calculated data agree
with the experimental results, indicating that the established
constitutive model is fairly accurate for predicting the flow stress
during hot deformation.

In order to assess the credibility of the model, the following
statistical parameters were used: correlation coefficient (R), mean
squared error (RMSE), and average relative error (AARE) tomeasure
the forecasting ability. They are represented with the following
equations:

R ¼
PN

i¼1
�
sie � se

�	
sip � sp



ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1
�
sie � se

�2q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1

	
sip � sp


2r (16)

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

�
sie � siP

�2vuut (17)

AAREð%Þ ¼ 1
N

XN
i¼1

�����s
i
e � siP
sie

������ 100 (18)

Where, se-the experimental flow stress, MPa; sp-the predicted flow
stress, MPa; se, sp is the average values of se, sp, respectively. N is
the number of experimental data points.

Fig. 11 shows the experimental data and the predicted flow
stress. From these result, one can find the values of R ¼ 0.983,
AARE ¼ 8.11% and RMSE ¼ 7.49. Therefore, the values of AARE and
RMSE are low, which demonstrates that the established model has
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Table 2
The 6th order polynomial fitting results.

lnA n Q a

A0 ¼ 76.71 n0 ¼ 21.53 Q0 ¼ 771.41 a0 ¼ 0.02
A1 ¼ -154.90 n1 ¼ -106.06 Q1 ¼ -3041.03 a1 ¼ -0.11
A2 ¼ -786.14 n2 ¼ 357.26 Q2 ¼ 7370.96 a2 ¼ 0.74
A3 ¼ 10101.29 n3 ¼ -205.53 Q3 ¼ 29749.91 a3 ¼ -2.73
A4 ¼ -31676.35 n4 ¼ -1242.93 Q4 ¼ -154184.40 a4 ¼ 5.34
A5 ¼ 40454.28 n5 ¼ 2397.19 Q5 ¼ 228216.92 a5 ¼ -5.26
A6 ¼ -18521.92 n6 ¼ -1242.99 Q6 ¼ -112272.83 a6 ¼ 2.05
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good predictability of the flow stress for the Cu-Zr-Nd alloy.

4. Conclusions

Higher temperature compression tests of the Cu-Zr-Nd alloy
were conducted by using a thermo-mechanical simulator under
different deformation conditions. The following conclusions can be
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Fig. 10. Comparison between the predicted and experimental flow stress at the strain rate of: (a) 0.001 s�1; (b) 0.01 s�1; (c) 0.1 s�1; (d) 1 s�1 and (d) 10 s�1.
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drawn:

(1) The flow stress of the Cu-Zr-Nd alloy is sensitive to temper-
ature and the strain rate. It increases with the strain rate, and
reduces with decreasing deformation temperature.
(2) The optimal processing parameters for the Cu-Zr-Nd alloy are
determined at the temperature range of 750e870 �C and the
strain rate range of 0.001e0.03 s�1, with 26e36% power
dissipation efficiency.

(3) The established constitutive model adequately predicts the
flow stress with the corresponding values of R, AARE and
RMSE of 0.983, 8.11% and 7.49, respectively. The Zener-
Hollomon parameter considering the compensation for the
strain rate is proposed.
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