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Hot compressive deformation behavior of the Cu-Zr-Ce alloy has been investigated according to the hot
deformation tests in the 550-900 °C temperature range and 0.001-10 s~! strain rate range. Based on the
true stress—true strain curves, the flow stress behavior of the Cu-Zr-Ce alloy was investigated.
Microstructure evolution was observed by optical microscopy. Based on the experimental results, a con-
stitutive equation, which reflects the relationships between the stress, strain, strain rate and temperature,
has been established. Material constants n, a, Q and In A were calculated as functions of strain. The
equation predicting the flow stress combined with these materials constants has been proposed. The pre-
dicted stress is consistent with experimental stress, indicating that developed constitutive equation can
adequately predict the flow stress of the Cu-Zr-Ce alloy. Dynamic recrystallization critical strain was
determined using the work hardening rate method. According to the dynamic material model, the pro-
cessing maps for the Cu-Zr and Cu-Zr-Ce alloy were obtained at 0.4 and 0.5 strain. Based on the processing
maps and microstructure observations, the optimal processing parameters for the two alloys were deter-
mined, and it was found that the addition of Ce can promote the hot workability of the Cu-Zr alloy.
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1. Introduction

Copper alloys have superior electrical and thermal conduc-
tivity, good corrosion resistance and high strength. They are
widely used in many applications (Ref 1), such as railway
contact wires (Ref 2), diverter target materials (Ref 3) and
electronic components (Ref 4). Many research results have
been shown where aging strengthening of copper alloys can be
achieved, based on optimized required performance (Ref 5, 6).
Several precipitation-strengthened copper alloys, which have
good strength and conductivity, have been reported, including
Cu-Fe-P (Ref 7), Cu-Cr-Zr (Ref 6) and Cu-Ni-Si (Ref 8) alloys.

Due to the addition of small Zr amounts, Cu-Zr alloy has
good strength and conductivity (Ref 3, 9). Some recent reports
(Ref 10, 11) have studied aging characteristics of the Cu-Zr
alloy. For the Cu-0.5%Zr-0.065%B alloy, Ye et al. (Ref 10)
found that the tensile strength can reach 575.4 MPa after two
steps of deformation aging process, and conductivity can
achieve 79.37% IACS (International Annealed Copper Stan-
dard). According to the research results, Ye et al. also reported
that the high strength and conductivity were attributed to the
CusZr aging precipitate phase with face-centered cubic struc-
ture. Peng et al. (Ref 9) also found that the precipitation in the
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Cu-0.12Zr alloy aged at 450 °C is coherent face-centered cubic
CusZr phase, determined by indexing the selected area electron
diffraction pattern. Phillips (Ref 12) studied the Cu-1.07%Zr
alloy, which was treated with plastic deformation and aging
treatment at 850 °C, and concluded that the CusZr was the
precipitating phase, which was the reason for the high hardness.
The strengthening mechanism of the Cu-Cr-Zr alloy aged at
450 °C for 4 h was investigated by Wang et al. (Ref 13), and
the results showed that the precipitates (CuyZr and CusZr) can
increase the hardness.

Many researchers showed that the hot rolling treatment
affects the final product quality through microstructure evolu-
tion (Ref 14). However, little research on studying hot
compressive behavior of Cu-Zr alloy was found (Ref 13).
Thus, obtaining the relationships between the thermo-mechan-
ical processing parameters, such as strain rate, deformation
temperature and strain, and their effects on hot compressive
characteristics is beneficial for production of the Cu-Zr alloy.
Various constitutive equations, predicting the relationships
between the hot working parameters, have been proposed to
describe the relationships between temperature, strain and strain
rate. These constitutive equations included physically based
models, artificial neural network and phenomenological models
(Ref 15-17). Famous phenomenological model was put forward
by McTegart and Sellars (Ref 18), which is the relationship
between the strain rate, flow stress and temperature described
by the Arrhenius type equation, an approach which was
expressed by the hyperbolic sine function. In recent years, some
researchers found that the strain has an effect on the coefficients
of the Arrhenius equation, and tried to modify this equation
(Ref 19, 20).

In this paper, the aim is to study the flow behavior of the Cu-
0.2Zr-0.15Ce alloy under various hot compression conditions.
According to the experimental data, a constitutive equation
reflecting the effects of the strain rate, temperature and strain
has been developed to reflect the flow stress of the alloy. The
dynamic recrystallization (DRX) critical strain for this alloy
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was determined. Processing maps at 0.4 and 0.5 strain, based
on the dynamic material model (DMM) for the Cu-0.2%Zr-
0.15%Ce and Cu-0.2%Zr alloys were developed to determine
the optimal hot working process parameters.

2. Experimental Details

The Cu-0.2%Zr and Cu-0.2%Zr-0.15%Ce alloys were
obtained by melting in a vacuum induction furnace in argon.
The chemical components were 0.2Zr, 0.15Ce and Cu balance
in wt.%. In order to avoid the alloying microsegregation, the
ingot was treated at 920 °C for 2 h. To preserve the supersat-
urated solid solution structure of the Cu-0.2%Zr(-0.15%Ce)
alloy, solution heat treatment was performed at 900 °C for 1 h,
and then it was water-quenched. Specimens with ®12 mm x
8 mm dimensions were machined from the ingot with the
cylinder axis parallel to the rolling direction for the hot
compression tests.

With the Gleeble-1500D thermo-mechanical simulator, the
thermal deformation simulation tests were performed. The test
temperature was 550-900 °C, and the strain rate was 0.001-
10 s™'. The specimens were heated up to 1000 °C, with a
heating rate of 20 °C/s and kept for 6 min to obtain uniformly
distributed temperature throughout the sample before compres-
sion. Then, the temperature reached the set value. In order to
minimize the friction effects, graphite tantalum sheets were
placed at the ends of the cylindrical sample. All specimens were
compressed to a total true strain of 0.7. After deformation, the
high-temperature deformation microstructure was immediately
preserved by water quenching. Then, the microscopic test
samples were prepared by sectioning the compressed speci-
mens along the compression axis. All compressed specimens
were polished and then etched with corrosive liquid of 5 g
FeCl; + 85 mL alcohol + 10 mL HCI. The microstructure was
observed with the Olympus PMG3 optical microscope. Gatan
691 ion beam thinner was used to prepare the TEM samples.
The JEM-2100 high-resolution transmission electron micro-
scope (HRTEM) was utilized to observe the transmission
electron micrographs (TEM).

3. Results and Discussion

3.1 Flow Stress Behavior Analysis

The true stress—true strain curves of the Cu-0.2%Zr-
0.15%Ce alloy at different compressive deformation conditions
are shown in Fig. 1. The flow stress can be strongly affected by
the test temperature and the strain rate during hot deformation.
It can be seen from Fig. 1 that the flow stress value is escalating
with the strain rate increase and moving down with the
deformation temperature increase. During hot deformation, the
hot compressive deformation mechanisms can be classified as
work hardening, dynamic recovery (DRV) and dynamic
recrystallization (DRX). The hot deformation test temperature
and strain rate have a great influence on the microstructure and
performance of the studied alloy.

According to Fig. 1, the true flow stress increases sharply at
the initial deformation stage, which indicates that the effect of
work hardening on the flow stress is stronger than dynamic
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softening. With continued deformation, the key compressive
mechanism for hot compression is dynamic recovery at lower
temperatures. At 550 °C and 0.01 s, smooth flow stress
curves can be observed with the increasing strain. These
stable curves represent the balance between the dynamic
softening and work hardening, which is the characteristic of the
dynamic recovery. Zhang et al. (Ref 21) have observed the
same DRV phenomenon at lower temperatures by studying the
Cu-Cr-Zr-Y alloy. Another kind of phenomenon is dynamic
recrystallization, which was observed at high temperature,
because higher temperature can improve the atomic kinetic
energy and atomic vibration amplitude (Ref 22). For example,
at 900 °C, the flow stress reaches a maximum value and then
reduces to a relatively stable value. However, at the same
temperature, compared with the high strain rate of 10 s, the
stress value is smaller for the low strain rate of 0.1 s—'. The
reason is because there is enough time for softening and
dislocations annihilation to eliminate the stress at low strain
rate.

3.2 Constitutive Modeling Analysis

Arrhenius equation is widely used to interpret the connec-
tions between the flow stress, deformation temperature and
strain rate. For the hot compression test, the relationship
between the flow stress (o), strain rate (¢) and temperature (7)
can be expressed as (Ref 23):

S} e
-~ moiporen( 2). e
S e
2 sen(2). -

Here, & is the strain rate (s™'), o—flow stress (MPa), R—uni-
versal gas constant (8.314 ] mol ! K™Y, (Q—activation en-
ergy for hot deformation (kJ mol "), T—absolute temperature
(K), A 7Y, Ay, Ay, ny, n and « (MPa~')—materials con-
stants, and o = fi/n;, which can be calculated by linear regres-
sion analysis.

By calculating natural logarithms of the two sides of Eq 1
and 2, the following equations can be obtained:

Iné InA; (0]

Inc=———— s
n ni anT

(Eq 5)

i Ay 0
" F BRT

According to Eq 5 and 6, a linear relationship exists between
In ¢ and Ino, and even between In ¢ and ¢. The relationships
of In é-Ing (with the linear slope n;) and In é-0 (with the lin-
ear slope f) under test temperatures are shown in Fig. 2(a)
and (b). It can be seen that some straight lines are almost par-
allel to each other in Fig. 2. By calculating the average values
of the slopes, the values of n; and f are 19.493 and
0.278 MPa™ !, respectively. Thus, o = fi/n; = 0.0143 MPa™".

(Eq 6)
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Fig. 1 True stress—strain curves of the Cu-Zr-Ce alloy obtained under different strain rates: (a) 0.001 sh 1) 001sh(@01sh@1s!

and (e) 10 s7!

Calculating natural logarithms of the two sides of Eq 3
yields:

. 1.0/l 1
In[sinh(ao)] = nlne + R (T) — nlnA. (Eq 7)
If ¢ is a constant, Eq 7 can be expressed as:
O(In¢) 0 In[sinh(ao)]
=R = RnS. E
0= K gmisihisayl | oy |- (Ba®)

By plotting In & — In[sinh(xo)] and In[sinh(ao)] — I/T at dif-
ferent temperatures, as shown in Fig. 2(c) and (d), and by
calculating the slope of the linear regression lines value, the
value of n is 14.499 and S is 4.551, respectively. Thus, the
value of Q = RnS = 548.658 kJ/mol.

Almost no research results were found on hot compressive
deformation behavior of the Cu-0.2%Zr alloy. However, many
researchers investigated the Cu-Cr-Zr alloy and calculated the
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value of thermal activation energy Q for the Cu-0.4%Cr-
0.1%Zr alloy (Ref 24), Cu-0.6%Cr-0.03%Zr alloy (Ref 25),
Cu-0.4%Cr-0.15%Zr-0.05%Ce alloy (Ref 26) and Cu-
0.36%Cr-0.03%Zr alloy (Ref 27) as 392.5, 572, 495.8 and
432.6 kJ/mol, respectively. The Q value of the Cu-0.2%Zr-
0.15%Ce alloy is larger than the alloys without Ce. The
addition of Ce may be the main reason for increasing Q. The
addition of Ce can fix dislocations at the grain boundaries, and
high dislocation density was obtained, a direct result of the
deformation activation energy with more difficult dynamic
recovery.

Calculating natural logarithms of the two sides of Eq 4
yields:

InZ = InA + n2 In[sinh(ao)]. (Eq9)

The relationship between InZ and In[sinh(ao)] for the Cu-
0.2%7r-0.15%Ce alloy is shown in Fig. 2(e). The value of n,
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and its intercept represent the value of InA and can be evalu-
ated by the slope of the straight line. Thus, the values of n,
and A are 14.193 and 3.934 x 10>, respectively.

According to the above analysis results, the deduced
constitutive equation for the Cu-0.2%Zr-0.15%Ce alloy can
be expressed as:

& = 3.934 x 10%[sinh(0.0143¢)]"*'** exp(—548.658 /RT).
(Eq 10)

3.3 GCompensation for Strain

Many researchers considered that the effects of strain on
flow stress during high-temperature deformation were not
important and usually ignored (Ref 28). However, many recent
reports have indicated that the strain can strongly affect the
material constants o, n, Q and A (Ref 29, 30). During the
established constitutive model, the compensation for strain
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would be taken into consideration to improve the accuracy of
the flow stress prediction. In this paper, variations of material
constants with increasing strain were calculated. The values of
the material constants were obtained at each strain in the 0.1-
0.7 range with 0.05 interval. In order to visually represent the
influence of strain on the materials constants, the obtained
values were fitted by the fifth-order polynomials, as shown in
Fig. 3. Then, the constitutive model of the alloy can be
obtained as:

o =0y +oe+ 06282 + oc383 + 06484 + oc5£5,

n=ng+ne+ n232 + n383 + n4£4 + 115857

Q=00+ Qi+ 0,6 + 038" + Qus’ + 0s¢,
InA =Ag+Aje + Are® + Ase® + Age* + Ase’.

(Eq 11)

The fifth-order polynomial fitting results are given in Table 1.
Once the materials constants are determined, the flow stress
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will be predicted at a certain strain. Based on Eq 4, the con-
stitutive equation including the flow stress and the Zener—
Holloman parameter for the Cu-0.2%Zr-0.15%Ce alloy can
be expressed as:

o= m{ @[] ")

Z = ¢exp (R—QT)

N

(Eq 12)

3.4 Constitutive Equation Verification

According to the determined materials constants in Eq 11,
predicted stress was obtained for all experimental conditions.
The comparisons between the predicted value and experimental
stress value at a given strain rate are shown in Fig. 4(a-e). The
calculated results are consistent with the experimental results,
indicating that the established constitutive model for the Cu-Zr-
Ce alloy is predicting the flow stress fairly accurately.

Statistical parameters, such as correlation coefficient (R),
mean squared error (RMSE) and average relative error (AARE),
were used to evaluate the credibility of the established
constitutive model. These are expressed as:

Z?lzl (0, — 5'6)(0{) — 0p)

) \/vazl (o — 66)2\/2?1:1 (Gé - 6p)2

1 A4
RMSE = \/ﬁle (61 — ab)?,

R

, (Eq 13)

(Eq 14)
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Fig. 3 Variation of: (a) o; (b) n; (c) Q, and (d) InA with true strain
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Here, o, is the experimental flow stress, o,—predicted flow
stress, 6. and 6,—mean values of o, and 7, respectively. N
is the total number of experimental data points. The correla-
tion coefficient R is used to reflect the strength of the linear
relationship between the predicted and experimental values.
RMSE is the standard error, and AARE can be considered an
unbiased statistic for evaluating the performance of the devel-
oped model. The relationship between the experimental and
predicted flow stress results is shown in Fig. 4(f). Corre-
sponding statistic values of R, RMSE and AARE were calcu-
lated to be 0.982, 4.142 and 4.87%, respectively. Very low
values of AARE and RMSE indicate that the established con-
stitutive model could give better prediction of the flow stress
for the Cu-0.2%Zr-0.15%Ce alloy and can be used for the
study of the hot compressive deformation process of the al-
loy.

3.5 Critical Strain for the Dynamic Recrystallization

At present, the initiation of DRX, called the critical strain, is
before the peak strain in the stress—strain curve, which is
accepted by many researchers (Ref 31). The critical strain for
the initiation of DRX is important to describe DRX kinetics
(Ref 32). Some researchers obtained the critical strain for DRX
by observing the microstructure. While this method is accurate,
it needs a heavy workload (Ref 33). Many researches (Ref 21,
34) show that using work hardening rate to confirm the critical
strain of the onset for DRX is another available method, which
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Table 1 Fifth-order polynomial fitting results

InA n [0} o
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has been more widely adopted. In this method, the inflection
point of the In0-¢ curve determines the critical strain for the
onset of DRX, where 0 is the work hardening rate (Ref 35). The
In0-¢ curves for the Cu-0.2%Zr-0.15%Ce alloy compressed at
the strain rates of 0.001 and 10 s~ ' under different temperatures
are shown in Fig. 5(a) and (b), respectively. Zhang et al. (Ref
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26) researched the Cu-Cr-Zr-Y alloy and drew similar curves
using the same method. The third-order polynomials of the In0-
¢ curve (—0(In 0) /0e — ¢ versus ¢ curve) are shown in Fig. 5(c)
and (d). The inflection points of the Inf-¢ curves and
—0(In0)/0¢ — ¢ versus ¢ curve are marked by arrows. From
the two figures, the critical strain for the onset of DRX
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increases with the temperature drop. This indicates that higher
temperature promotes DRX because the nucleation ratio of
recrystallization and the growth rate increase. Sun et al. (Ref
32) came up with the same conclusion in the research of DRX
of the Cu-Ni-Si-Ag alloy by the work hardening rate method. In
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Fig. 5, the minimum point stands for the critical strain (&.) for
DRX onset. Optical microstructure obtained under different
critical strain is shown in Fig. 5(e-h). At low temperature of
650 °C, elongated grains were observed. With the temperature
increase, some DRX grains were found at the grain boundaries
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in Fig. 5(h), marked by an arrow. At high temperature of
900 °C, the uniform grains can be clearly observed. Comparing
Fig. 5(e) and (f), the DRX behavior is more pronounced at
lower strain rate. The critical strain-related microstructure
means that the accumulated energy for nucleation and DRX
grains growth at lower temperature and higher strain rate is
insufficient.

4. Discussion

4.1 Ce Addition Effects on Processing Maps

Processing maps are plotted based on the DMM, an analysis
method, which regards the studied material as a nonlinear
power system (Ref 36). According to Prasad, the energy input
in the system during hot deformation was dissipated and the
total power (P) can fall into dissipative quantity (G) and
dissipation by association (J), defined as:
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P:J+G=o’é=/édo+/odis.
0 0

(Eq 16)

In this model, J and G can be confirmed with the strain rate
sensitivity parameter m, which can be expressed as (Ref 37):

aoJ OPdJ odé [O(Ino)

R = = = =m

0G),r 0GoP ido  [O(Iné)],;
For the ideal linear dissipation process, m =1 and

J = Jmax = 0&/2 = P/2, and the efficiency of energy dissipa-
tion (#) is defined as (Ref 38):
J 2m

n:Jmax:m_.‘l'

(Eq 17)

(Eq 18)

Applying the irreversible maximum principle to the severe
plastic deformation, the flow instability criteria based on
DMM can be defined as follows (Ref 39):
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The variation of the instability parameter £(&) with the test
temperature and strain rate can be presented with the instabil-
ity map. Figure 6 shows 3D instability parameter £(&) map
for the Cu-0.2%Zr-0.15%Ce alloy. The flow instability occurs
when the value of &(¢) becomes negative. It can be seen that
the instability parameter £(&) decreased, while the strain in-
creased from Fig. 6(a) and (c) or Fig. 6(b) and (d). Compar-
ing Fig. 6(a) and (b), negative values of the instability
parameter £(&) for the Cu-0.2%Zr-0.15%Ce alloy are less
than for the Cu-0.2%Zr alloy. The same result can be ob-
tained from Fig. 6(c) and (d). This means that the hot worka-
bility of the Cu-0.2%Zr alloy has been optimized by the
addition of Ce.

The processing maps for the Cu-0.2%Zr and Cu-0.2%Zr-
0.15%Ce alloys deformed at the strain of 0.4 are shown in
Fig. 7(a) and (b), respectively. A stable domain in the 800-
900 °C temperature and 0.001-0.01 s~ strain rate ranges can
be found in the processing map of the Cu-0.2%Zr alloy, with a
peak efficiency of about 25% at about 850 °C and 0.001 s in
the domain A marked by the red rectangle in Fig. 7(a). A similar
stable domain B marked by the red rectangle was observed for the
Cu-Zr-Ce alloy in Fig. 7(b), and it is in the 750-870 °C
deformation temperature range and 0.001-0.1 s™' strain rate

+m<0. (Eq 19)
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range, with the peak efficiency of about 37% at about 850 °C and
0.001 s~'. Comparing the domains A and B, the dissipation
factor increased by 32.4% because the Ce addition can effectively
promote microstructure evolution. Much higher peak efficiency
represents the excellent hot workability of the Cu-0.2%Zr-
0.155Ce alloy. It also represents that the addition of Ce can
optimize the performance of hot workability of the Cu-0.2%Zr
alloy. The unstable domains are demonstrated with the shaded
regions and contour lines in the hot processing map represent the
efficiency of energy dissipation in Fig. 7. Similar unstable regions
were observed at low deformation temperatures and high strain
rates for the two alloys. Many research results report that the
instability microstructure can be found in the unstable regions
(Ref 37). Thus, the conditions for hot processing, which
are located in flow instability regions, should be avoided.

4.2 Effects of Ce Addition on Microstructure Evolution

The evolution of microstructure for the two alloys is
presented in Fig. 7(c) and (d). In Fig. 7(c), the original
elongated grains were found and the recrystallized grains
cannot be observed when the Cu-0.2%Zr alloy was deformed at
640 °C and 1 s~' strain rate. However, many smaller DRX
structures appear when the Cu-0.2%Zr-0.15%Ce alloy was
compressed at 870 °C and 0.001 s~ ! strain rate, as shown in
Fig. 7(d). This also indicates that the addition of Ce can
effectively refine the grains and promote DRX.
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Fig. 8 TEM micrographs of: (a, ¢) Cu-Zr and (b, d) Cu-Zr-Ce alloys deformed at different conditions: (a) 650 °C and 0.1 s~ (b) 650 °C and

0.1 s7% (c) 850 °C and 0.001 s™%; (d) 850 °C and 0.001 s~

Figure 8 shows transmission electron micrographs (TEM)
of the Cu-0.2%Zr and Cu-0.2%Zr-0.15%Ce alloys com-
pressed at different conditions. Comparing the diffraction
patterns in Fig. 8, a larger interplanar spacing can be found
in the Cu-0.2%Zr alloy, which means that the dislocation
density of the Cu-0.2%Zr-0.15%Ce alloy is much higher than
that of the Cu-Zr alloy (Ref 40). Thus, it can be concluded
that the addition of Ce can accelerate the formation of
dislocations at the same compressive conditions in Fig. 8(a)
and (b). The same phenomenon is observed in Fig. 8(c) and
(d). With increasing dislocation density, the accumulated
energy increased with the Ce addition. Thus, the existence of
accumulated energy and dislocations can improve the driving
force of recrystallized nucleation. This means that the
addition of Ce is beneficial for the hot working of the Cu-
Zr alloy.

5. Conclusions

Hot compressive behavior of Cu-0.2%Zr-0.15%Ce alloy
was studied using hot compression tests over a wide range of
compressive strain rates and temperatures. The following
conclusions can be drawn:

1. The flow stress of Cu-0.2%Zr-0.15%Ce alloy is sensitive
to strain rate and temperature. The flow stress increases
with decreasing deformation temperature and increasing
strain rate.

2. The effect of the strain on material constants o, n, Q and
In A was considered, and constitutive equation for the

Journal of Materials Engineering and Performance

Cu-0.2%Zr-0.15%Ce alloy has been developed according
to the Arrhenius equation. The effect of the strain on
material constants was expressed with the fifth-order
polynomial equations with good fitting correlation.

3. The performance of developed constitutive model for the
Cu-0.2%Zr-0.15%Ce alloy was evaluated by the average
absolute relative error (AARE), the root-mean-square error
(RMSE) and the correlation coefficient (R). The values of
R, RMSE and AARE were 0.982, 4.142 and 4.87%,
respectively, indicating that the developed constitutive
model has good prediction capability.

4. The critical strain conditions for DRX were confirmed
using the method of strain hardening rate. Microstructure
was observed under critical conditions. Deformation
strain rate and temperature can strongly affect deformed
microstructure. The processing maps of the Cu-0.2%Zr
and Cu-0.2%Zr-0.15%Ce alloys at the strain of 0.4 and
0.5 were established. Optimal processing parameters for
the two alloys are in the 800-900 °C temperature range
and 0.001-0.01 s~ strain rate range for the Cu-0.2%Zr
alloy, and in the 750-870 °C temperature range and
0.001-0.1 s~' strain rate range for the Cu-0.2%Zr-
0.15%Ce alloy. The addition of Ce can optimize the hot
workability of the Cu-0.2%Zr alloy.
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