
lable at ScienceDirect

Journal of Alloys and Compounds 842 (2020) 155666
Contents lists avai
Journal of Alloys and Compounds

journal homepage: http: / /www.elsevier .com/locate/ ja lcom
Review
Effect of Ce addition on microstructure evolution and precipitation in
Cu-Co-Si-Ti alloy during hot deformation

Yongfeng Geng a, b, c, d, Yi Zhang a, b, c, *, Kexing Song a, b, c, **, Yanlin Jia e, ***, Xu Li d,
Heinz-Rolf Stock a, b, c, Honglei Zhou f, Baohong Tian a, b, c, Yong Liu a, b, c, Alex A. Volinsky g,
Xiaohui Zhang a, b, c, Ping Liu f, Xiaohong Chen f

a School of Materials Science and Engineering, Henan University of Science and Technology, Luoyang, 471023, PR China
b Provincial and Ministerial Co-construction of Collaborative Innovation Center for Non-ferrous Metal New Materials and Advanced Processing Technology,
Henan Province, Luoyang, 471023, PR China
c Henan Province Key Laboratory of Nonferrous Materials Science and Processing Technology, Luoyang, 471023, PR China
d Center for Advanced Measurement Science, National Institute of Metrology, Beijing, 100029, PR China
e College of Materials Science and Engineering, Central South University, Changsha, 410083, China
f School of Materials Science and Engineering, Shanghai University of Technology, Shanghai 200000, PR China
g Department of Mechanical Engineering, University of South Florida, Tampa, 33620, USA
a r t i c l e i n f o

Article history:
Received 6 February 2020
Received in revised form
9 May 2020
Accepted 14 May 2020
Available online 28 May 2020

Keywords:
Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce alloys
Hot compression
Flow stress
Microstructure evolution
DRX mechanism
* Corresponding author. School of Materials Scien
University of Science and Technology, Luoyang, 47102
** Corresponding author. School of Materials Scien
University of Science and Technology, Luoyang, 47102
*** Corresponding author.

E-mail addresses: zhshgu436@163.com, yizhan
kxsong123@163.com (K. Song), jiayanlin@126.com (Y

https://doi.org/10.1016/j.jallcom.2020.155666
0925-8388/© 2020 Elsevier B.V. All rights reserved.
a b s t r a c t

Hot compression tests of the Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce alloys were carried out on the Gleeble-1500
simulator at 0.001e10 s�1 strain rates and 500e900 �C deformation temperatures. Compared with the
Cu-Co-Si-Ti alloy, the flow stress of the Cu-Co-Si-Ti-Ce alloy increased under the same deformation
conditions. The micro texture of the Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce alloys were analyzed by EBSD. In
addition, the texture of Cu-Co-Si-Ti alloy deformed at 700 and 800 �C is {011} <100> Goss texture and
{112} <111> copper texture, respectively. However, the {001} <100> cubic texture and {011} <100> Goss
texture in Cu-Co-Si-Ti-Ce alloy deformed at 700 and 800 �C were obtained, respectively. The constitutive
equations of Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce alloys were obtained. The activation energy of Cu-Co-Si-Ti
and Cu-Co-Si-Ti-Ce alloys is 500.79 kJ/mol and 539.94 kJ/mol, respectively. The Co2Si precipitate was
found in both the Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce alloys, while the Co2Si precipitate of Cu-Co-Si-Ti-Ce
alloy is smaller than that of the Cu-Co-Si-Ti alloy. Moreover, the dislocation density of Cu-Co-Si-Ti-Ce
alloy is higher than Cu-Co-Si-Ti alloy under the same conditions. Finally, Ce addition increased flow
stress and activation energy, and inhibited the dynamic recrystallization, which can be attributed to the
higher dislocation density and finer Co2Si precipitate. The CDRX and DDRX mechanisms are the two main
DRX mechanisms for Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce alloys during hot deformation.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

As well known, the copper alloys have high conductivity and
thermal conductivity, excellent corrosion resistance and good me-
chanical properties, which are widely used in the lead frames,
electrical and electronics industry and so on [1e7]. These excellent
properties of copper alloys also attracted a large number of re-
searchers’ interests to work in this issue. Lead frames play an
essential role in the integrated electrical connection. In recent
years, with the development of integrated electrical connection
towards to the smaller and better performance, which means the
lead frames must meet the performance requirements. In other
words, the performance requirements for copper alloys have been
increased rapidly. The most commonly methods to improve the
properties of copper alloys is the addition of trace alloy elements
and rare earth elements in the copper matrix, such as Co [8], Cr [9],
Zr [10], Sn [11], Ti [12,13], Ag [14], Ce [5,15] and so on. Through the
solution treatment, the alloy elements are melted into the copper
matrix to form the supersaturated solid solution. In addition, after
the thermal deformation or aging treatment, the alloy elements are
separated out in the form of compounds to strengthen the copper
matrix, which improves the mechanical properties of the alloy by
pinning the dislocations and grain boundaries, and finally meet the
performance requirements of lead frames.

Sun et al. [16] investigated the effects of Co and Si additions and
cryogenic rolling on the structure and properties of Cu-Cr alloys.
The Cr15Co9Si6 and Co2Si phases were confirmed with the Co and Si
additions into the Cu-Cr alloy according to the microstructure
analysis, which can strengthen the matrix and improve the tensile
properties of the alloy. Xiao et al. [17] found that the d-Ni2Si and (Ni,
Co)2Si precipitates during aging, which the precipitations stimu-
lated by Co can lead to the much higher mechanical property and
electrical conductivity. Li et al. [18] investigated the microstructure
evolution and properties of a quaternary Cu-Ni-Co-Si alloy with
high strength and conductivity, and found that the Ni, Co and Si
atoms exhibited a substantial amount of co-segregation in the
peak-aged state. Huang et al. [19] obtained much smaller and
distributed more densely precipitates by the two-step thermo-
mechanical process. Lee et al. [20] investigated the tensile and
electrical properties of direct aged Cu-Ni-Si-x%Ti alloys, and found
that the tensile strength and electrical conductivity combination
with the Ti addition tended to be greater than that without Ti
addition. Zhao et al. [21] investigated the optimization of strength
and ductility in an as-extruded Cu-15Ni-8Sn alloy by the additions
of Si and Ti obtained a superior combination of strength-ductility
due to the additions of Si and Ti. Wei et al. [22] investigated ef-
fects of Ti content on corrosion behavior of Cu-Ti alloys in 3.5% NaCl
solution and the results showed that Ti dissolved in the Cu matrix
changes the corrosion process of the alloys. Adnan et al. [23]
revealed an increment in the hardness, the yield strength and the
maximum strain (e max%) occurred with the increase of the (Ce %)
in the Cu-14%Al-4.5%Ni base shape memory alloy. Wang et al. [24]
investigated the effects of Ce and Y addition on microstructure
evolution and precipitation of Cu-Mg alloy during the hot defor-
mation, and found that the Ce addition can significantly delay the
dynamic recrystallization and improve the flow stress and activa-
tion energy of Cu-Mg alloy.

Based on the above researches, the precipitation strengthening
alloys were obtained by the addition of Co, Si, Ti, and Ce element,
respectively. On one hand, there are several investigations on the
aging behaviors of Cu-Co-Si alloys, but the hot deformation
behavior of Cu-Co-Si alloys has been rarely investigated. On the
other hand, the effects of Ti addition on the hot compression
behavior of the Cu-Co-Si alloy have been investigated in our pre-
vious work [25]. Thus, the effects of Ce addition on the hot
compression behavior of the Cu-Co-Si-Ti alloy by hot compression
test have been investigated in this paper. The hot compression tests
were carried out by using the Gleeble-1500 simulator at 0.001e10
s�1 strain rates and 500e900 �C deformation temperatures,
respectively. The effects of Ce addition on the flow stress, micro-
structure evolution, electron backscatter diffraction (EBSD) images
and activation energy were compared, respectively, and the pre-
cipitates of the Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce alloys were also
analyzed.

2. Experimental materials and procedures

The Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce alloys used in this experi-
ment were made by vacuum melting with the 99% standard elec-
trolytic cathode copper, pure Co, Si, Cu-45% Ti master alloy and Cu-
19% Ce master alloy in the ZG-0.01-40-4 vacuum medium fre-
quency induction furnace. On one hand, the argon was needed to
prevent oxygen from entering and causing oxidation during
smelting. On the other hand, adding the deoxidizer was necessary
in melting process to make the deoxidizer react with impurity el-
ements and form oxides floating on liquid surface. In addition, the
crucible for melting is the graphite crucible with the size of internal
diameter of ~90 mm, ~20 mm thickness and ~190 mm height.
Firstly, put the copper metal block into the furnace, melt it into
liquid, and then add other master alloys. The pouring temperature
of the experiment was set between 1150 and 1250 �C. Finally, the
melted metal slurry was injected into the pre-heated mold (inter-
nal diameter of ~90 mm, ~20 mm thickness and ~190 mm height)
for cooling. After the ingots were cooled to room temperature, the
riser and skinwere cut off, and then the next heat treatment can be
carried out. The nominal and analyzed composition for the Cu-Co-
Si-Ti and Cu-Co-Si-Ti-Ce alloys was listed in Table 1. After solidifi-
cation, the ingots were annealed at 960 �C for 1 h, and then



Table 1
The nominal and analyzed composition of the alloys.

Nominal composition(wt.%) Analyzed composition(wt.%)

Co Si Ti Ce Cu

Cu-1Co-0.65Si-0.1Ti 0.895 0.601 0.094 ~ Bal.
Cu-1Co-0.65Si-0.1Ti-0.15Ce 0.909 0.596 0.089 0.135 Bal.
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extruded into 30 mm diameter bars by the XJ-500 metal profile
extrusion machine. In addition, the samples also need to be solu-
tion treated at 960 �C for 1 h and then cut into f 8 mm � 12 mm
cylinders by wire cutting. Finally, the hot compression tests were
carried out on the Gleeble-1500D thermo-mechanical simulator.
The hot compression tests were carried out at 500e900 �C tem-
peratures and 0.001e10 s�1 strain rates ranges. As for the selection
of hot deformation temperature, on one hand, the cracks tend to
occur below 500 �C with high strain rates on the basis of practical
production. And the hot deformation temperature of Cu-based
alloy usually selected as 500e900 �C. On the other hand, accord-
ing to the Cu-Co phase diagram in our previous paper [25], the
phases at room temperature are Cu and ε-Co. Thus, the deformation
temperature was selected as 500e900 �C and the strain rate was
0.001 s1 to 10 s1.

After the hot deformation, the specimens were cut along the
longitudinal plane in order to analyze the microstructure evolution
of the Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce alloys. The microstructure
evolution for the two alloys was observed by the Olympus PMG3
optical microscope (OM), JSM-7800F backscatter scanning electron
microscope and JEM-2100 transmission electron microscope
(TEM), respectively. The etching solution used for the optical mi-
croscope observationwas 3.5 g FeCl3, 5 ml HCl and 95ml anhydrous
alcohol. After the mechanical polishing and electro-polishing, the
samples were observed by the backscatter scanning electron mi-
croscope for electron backscatter diffraction (EBSD) observations.
The samples with 3 mm diameter and 50 mm thickness were ion
thinned by the Gatan 691 ion thinner. After that, the samples were
observed by the transmission electron microscope.
3. Results

3.1. Flow stress

The true stress-true strain curves of the Cu-Co-Si-Ti and Cu-Co-
Si-Ti-Ce alloys deformed at 0.001 s�1, 0.01 s�1, 0.1 s�1 and 1 s�1 and
the various deformation temperatures from 500 to 900 �C are
shown in Fig. 1. In general, there are three typical characteristics in
the hot deformation process of alloys: the work hardening, dy-
namic recovery and dynamic recrystallization [24,26,27]. The flow
stress of the alloys increases rapidly to the peak value at the
beginning of hot deformation, which represents the characteristic
of the work hardening. With the development of the thermal
deformation, the flow stress of the alloy decreases to a certain value
and remains the stable value or the flow stress still decreases until
the end of thermal deformation. The stable value indicates that the
work hardening and dynamic softening keep balance during the
hot deformation, and the continuous decrease of flow stress in-
dicates that the effect of dynamic recrystallization and dynamic
recovery is more obviously in the process of thermal deformation.
In addition, the values of the flow stress are mainly affected by the
strain rates and deformation temperatures [28e30]. Generally, the
flow stress decreases with the increasing of temperature or the
decreasing of the strain rate. For instance, the peak stress of the Cu-
Co-Si-Ti alloy decreased from 265 MPa to 170 MPa when the tem-
perature increased from500 to 700 �C at a strain rate of 1 s�1. This is
because the average kinetic energy of atoms increases with the
increasing of temperature, which reduces the critical slip shear
force of the deformed alloy, and makes dislocation movement and
thermal diffusion more active. Therefore, the increasing of the
deformation temperature promotes the nucleation and growth of
dynamic recrystallization grains [31]. Moreover, the peak stress of
the Cu-Co-Si-Ti alloy decreased from 220 MPa to 181 MPa with the
strain rate decreased from 0.1 s�1 to 0.01 s�1, deformed at 600 �C.
The reason is that the low strain rate provided sufficient time for
dynamic recrystallization, and the degree of dislocation increment
was relatively gentle at the low strain rate, so the flow stress of the
alloy at lower strain rate was lower.

Compared the flow stress between Cu-Co-Si-Ti alloy and Cu-Co-
Si-Ti-Ce alloy, it is obviously that the flow stress of Cu-Co-Si-Ti-Ce
alloy is higher than that of Cu-Co-Si-Ti alloy at the same deforma-
tion conditions. This may be the addition of Ce promotes the pre-
cipitation, refines the precipitated particles pinning at the grain
boundaries and dislocations, which hinders the movement of dis-
locations and grain boundaries. Eventually, the flow stress of the
Cu-Co-Si-Ti-Ce alloy increases. Wang et al. [5,24] also agrees with
this point.

3.2. Microstructure evolution

3.2.1. Initial microstructure
Fig. 2(a) and (b) show the extruded microstructure of Cu-Co-Si-

Ti and Cu-Co-Si-Ti-Ce alloys, respectively. In addition, Fig. 2(c) and
(d) show the microstructure of Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce al-
loys solution treated at 960 �C for 1 h. It can be seen that the grain
size of the Cu-Co-Si-Ti-Ce alloy is relatively smaller than Cu-Co-Si-
Ti alloy in the same state.

3.3. Microstructure evolution after hot deformation

The main applications of EBSD are the measurement of orien-
tation and orientation difference, micro-texture analysis, real grain
size and so on [32,33]. In order to investigate the texture, grain size,
and misorientation angle of the Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce
alloys after the hot deformation, the EBSD datas were obtained
from the JSM-7800F backscatter scanning electron microscope.
Fig. 3 shows the EBSD images under different deformation condi-
tions of the Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce alloys. As shown in
Fig. 3(a) and (c), there are different amount of the recrystallized
grains near the deformed grains, which is the characteristics of
typical necklace structure [24,34]. With the increased of deforma-
tion temperature (Fig. 3(b) and (d)), the necklace structure dis-
appeared gradually, and the deformed grains were replaced by
recrystallized grains, i.e. mixed crystal structure appears, which can
indicate that the dynamic recrystallization is promoted by the in-
crease of temperature. Moreover, the average grain size decreased
with the temperature increased from 700 to 800 �C for Cu-Co-Si-Ti
and Cu-Co-Si-Ti-Ce alloys, respectively, which was illustrated in
Fig. 4. It can be attributed that the dynamic recrystallization was
more sufficient at the higher temperature, as a result, the deformed
grains were gradually replaced by recrystallized grains, and the
average grain size decreased. For example, the average grain size of
Cu-Co-Si-Ti alloy decreased from 16.3 mm to 14.3 mm with the
temperature increased from 700 to 800 �C. Meanwhile, the average
grain size of Cu-Co-Si-Ti-Ce alloy decreased from 21.1 mm to
20.6 mm under the same condition. For a same deformation tem-
perature, it can be seen that the average grain size of the Cu-Co-Si-
Ti-Ce alloy was larger than Cu-Co-Si-Ti alloy. It may be that the
amount of fine dynamic recrystallized grains in Cu-Co-Si-Ti-Ce
alloy was significantly less than that in Cu-Co-Si-Ti alloy, so the
average grain size of the Cu-Co-Si-Ti-Ce alloy increased slightly.



Fig. 1. True stress-True strain curves of Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce alloys deformed at strain rates of: (a) 0.001 s�1, (b) 0.01 s�1, (c) 0.1 s�1, (d) 1 s�1.

Fig. 2. Microstructure of specimens: extruded at 960 �C (a) Cu-Co-Si-Ti alloy, (b) Cu-Co-Si-Ti-Ce alloy; as solid solution state(c) Cu-Co-Si-Ti alloy, (d) Cu-Co-Si-Ti-Ce alloy.
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Therefore, it can be concluded that the addition of Ce delays the
dynamic recrystallization of Cu-Co-Si-Ti-Ce alloy.

Fig. 5 shows the EBSD orientation maps and misorientation
angles distributions of Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce alloys
deformed at 0.01 s�1 and different temperatures. As shown in
Fig. 5(a2-d2), it can be seen that the distribution of misorientation
angles is generally consistent, showing a considerable concentra-
tion at the lowmisorientation angles, which is related to the stored
dislocation [35]. There are a great deal of deformed grains and low
angle grain boundaries (LAGBs, misorientation angle<15�) for the
Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce alloys deformed at low tempera-
ture, as illustrated in Fig. 5(a2) and (c2), resulting in the aggregation
of dislocations in the deformed grain boundaries and work hard-
ening regions. Generally speaking, the high temperature promotes
the dynamic recrystallization. For the same alloy, such as Cu-Co-Si-
Ti alloy, the percent of high angle grain boundaries (HAGBs)



Fig. 3. EBSD images under different deformation conditions: (a) Cu-Co-Si-Ti alloy deformed at 700 �C and 0.01 s�1;(b) Cu-Co-Si-Ti alloy deformed at 800 �C and 0.01 s�1; (c) Cu-Co-
Si-Ti-Ce alloy deformed at 700 �C and 0.01 s�1; (d) Cu-Co-Si-Ti-Ce alloy deformed at 800 �C and 0.01 s�1.

Fig. 4. Grain size distributions under different deformation conditions:(a)Cu-Co-Si-Ti alloy deformed at 700 �C and 0.01 s�1;(b)Cu-Co-Si-Ti alloy deformed at 800 �C and 0.01 s�1;(c)
Cu-Co-Si-Ti-Ce alloy deformed at 700 �C and 0.01 s�1;(d)Cu-Co-Si-Ti-Ce alloy deformed at 800 �C and 0.01 s�1.
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Fig. 5. EBSD orientation maps and misorientation angles distributions of Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce alloys deformed at 0.01 s�1 and different temperatures: (a1) and (a2) Cu-Co-
Si-Ti alloy deformed at 700 �C; (b1) and (b2) Cu-Co-Si-Ti alloy deformed at 800 �C; (c1) and (c2) Cu-Co-Si-Ti-Ce alloy deformed at 700 �C; (d1) and (d2) Cu-Co-Si-Ti-Ce alloy deformed
at 800 �C.
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increased from 31.3% to 32.2% with the increased of temperature,
which indicated that the enhancement of the dynamic recrystalli-
zation due to the increased of temperature can swallow up the
stored dislocation [36,37]. The same phenomenon can be observed
in Fig. 5(c2) and (d2). Therefore, it can be inferred that the
increasing of HAGBs means the decreasing of stored dislocation
density and the strengthening of dynamic recrystallization. How-
ever, it can be seen that the HAGBs of Cu-Co-Si-Ti-Ce alloy are lower
than that of the Cu-Co-Si-Ti alloy at the same condition, which can
be attributed that there are more deformed grains and higher
dislocation density in Cu-Co-Si-Ti-Ce alloy compared with the Cu-
Co-Si-Ti alloy. In other words, this phenomenon can be under-
stood as the addition of Ce can enhance the dislocation accumu-
lation which delays the occurrence of DRX.

In order to investigate the texture evolution of Cu-Co-Si-Ti and
Cu-Co-Si-Ti-Ce alloys during the hot deformation, the pole figures
and inverse pole figures are observed in Fig. 6 and Fig. 7, respec-
tively. For convenience, the pole figures and inverse pole figures are
usually represented by the low crystal index, such as {001}, {011}
and {111}. In addition, the common recrystallization textures in fcc



Fig. 6. Pole figures and inverse pole figures of Cu-Co-Si-Ti alloy deformed at 0.01 s�1 and different temperatures: (a1) and (a2) Cu-Co-Si-Ti alloy deformed at 700 �C; (b1) and (b2)
Cu-Co-Si-Ti alloy deformed at 800 �C.
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metals are the {011} <100> Goss texture, {112} <111> copper
texture, {111} <211> R texture, {001} <100> cubic texture and {011}
<211> brass texture [38,39]. Fig. 6 shows the pole figures and in-
verse pole figures of Cu-Co-Si-Ti alloy deformed at 0.01 s�1 with the
different temperature of 700 �C and 800 �C. The {011} <100> Goss
texture was confirmed according to Fig. 6(a1-a2). With the
increased of temperature to 800 �C, the dynamic recrystallization
continued and the {011} <100> Goss texture was gradually
substituted by the {112} <111> copper texture, as given in Fig. 6(b1-
b2). However, the texture of the Cu-Co-Si-Ti-Ce alloy was {001}
<100> cubic texture and {011} <100> Goss texture, respectively,
compared with the Cu-Co-Si-Ti alloy at the same condition, which
can be indicated that the addition of Ce delays the process of dy-
namic recrystallization. According to the analysis of true-stress and
true-strain curves and microstructure evolution, the addition of Ce
can inhibit the dynamic recrystallization of the Cu-Co-Si-Ti-Ce
alloy, which can be also proved by the texture evolution in Figs. 6
and 7.
3.4. Constitutive equation

It is a process of thermal activation as the metal deforms. In this
process, the metal atoms have violent thermal movement, which
requires the atoms to cross an energy “threshold” and the energy
required is called the deformation activation energy. Meanwhile,
the deformation activation energy is an important parameter for
evaluating the hot workability of metals. Based on the data of the
flow stress curves, the constitutive models of Cu-Co-Si-Ti and Cu-
Co-Si-Ti-Ce alloys were established.

According to the model proposed by Sellars and McTegart [40],
the relationship between the peak stress, strain rate, and defor-
mation temperature can be described as follows:

_ε¼A
�
sinhðasÞnexp

�
�Q
RT

��
(1)

Eq. (1) can be expressed by using the following equations ac-
cording to the strain magnitude:



Fig. 7. Pole figures and inverse pole figures of Cu-Co-Si-Ti-Ce alloy deformed at 0.01 s�1 and different temperatures: (a1) and (a2) Cu-Co-Si-Ti-Ce alloy deformed at 700 �C; (b1) and
(b2) Cu-Co-Si-Ti-Ce alloy deformed at 800 �C.

Y. Geng et al. / Journal of Alloys and Compounds 842 (2020) 1556668
_ε ¼ A1s
n1exp

�
�Q
RT

�
ðas<0:8Þ (2)

_ε ¼ A2expðbsÞexp
�
�Q
RT

�
ðas<1:2Þ (3)

Where is the strain rate, s is the peak stress (MPa), Q is the acti-
vation energy (J ▪mol�1), A, A1, A2, a, b, n1, n, and R are constants, and
T is the deformation temperature (K).

Taking the natural logarithms of Eqs. (1)e(3):

ln_ε¼n ln½sinhðasÞ�� Q
RT

þ ln A (4)
ln_ε¼n1 ln sþ ln A1 �
Q
RT

(5)

ln_ε¼ bsþ ln A2 �
Q
RT

(6)

Taking partial derivatives of Eq. (1) yields

Q ¼R
�

vðln _εÞ
vln½sin as�

�
T

2
64vln½sinh as�

v

�
1
=T

�
3
75¼RnS (7)

Lattice self-diffusion energy due to the dislocation slip and
climb can be expressed in the Zenner parameter [41,42]:

Z¼ _εexp
�
Q
RT

�
(8)
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Using it in Eq. (1) and taking natural logarithms of both sides
gives:

ln Z¼ ln Aþ n½lnsinhðasÞ� (9)

Fig. 8(aee) show the relationships between ln(strain rate) and
lns, ln(strain rate) and s, ln(strain rate) and ln[sinh(as)], ln[sinh(as)]
and T�1 * 103 K�1 and ln Z and ln[sinh(as)] of Cu-Co-Si-Ti alloy.
Meanwhile, n1, b, n, and S is the average slope of Fig. 8(aed), which
can be determined as n1 ¼ 19.39; b ¼ 0.17; n ¼ 12.89; S ¼ 4.67,
respectively. Therefore, the activation energy of Cu-Co-Si-Ti alloy is
Q¼R*n*S¼ 500.79 kJ/mol, and the activation energy of Cu-Co-Si-Ti-
Ce alloy is 539.94 kJ/mol by the sameway. Fig. 8(d) was obtained by
combining Eq. (8) and Eq. (9). The lnA is the intercept of Fig. 8(e),
which can be determined as 57.37. Finally, the constitutive equa-
tions of the Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce alloys can be given as
follows:

For the Cu-Co-Si-Ti alloy:

_ε¼ e57:372½sinhð0:009sÞ�12:89exp
�
�500790
8:314T

�

For the Cu-Co-Si-Ti-Ce alloy:

_ε¼ e64:240½sinhð0:008sÞ�13:64exp
�
�539940
8:314T

�

The activation energy of Cu-Co-Si alloy was determined as
411.65 kJ/mol on the basis of our previous work [25]. Fig. 8(g) shows
the activation energy of pure copper, Cu-Co-Si, Cu-Co-Si-Ti and Cu-
Co-Si-Ti-Ce alloys. It can be seen that the activation energy of the
three alloys is much higher than that of pure copper. Moreover, the
activation energy of Cu-Co-Si-Ti-Ce alloy is 23.9% and 7.4% higher
than that of Cu-Co-Si and Cu-Co-Si-Ti alloy, respectively, which
indicates that the addition of Ti and Ce improve the high temper-
ature stability of Cu-Co-Si alloy. The reason may be that the addi-
tion of Ti and Ce promote the precipitation, which can prohibit the
movement of dislocations. The specific reasons are discussed as
below.
4. Discussion

4.1. Dislocation density

It is well known that the migration of grain boundaries plays an
important role in DRX during the hot deformation [43]. The
migration of grain boundaries is associated with the dislocations
near the grain boundaries. Therefore, it is significant to investigate
the dislocation density near the grain boundaries of Cu-Co-Si-Ti
and Cu-Co-Si-Ti-Ce alloys. The geometrically necessary disloca-
tion (GND) density is related to the local misorientation, which can
be represented as [44,45]:

rGND ¼2q
.
mb (10)

Here, rGND is the geometrically necessary dislocation (m�2); q is
the average local misorientation (rad), which is defined the critical
value of the average local misorientation as 3�. The misorientation
angle larger than this value is excluded in the local misorientation
calculation since it is caused by the grain boundaries, not by the
GND accumulation. m is the step size in the scanning and b is the
Burger’s vector (2.55 nm) [25].

Fig. 9 shows the Kernel Average Misorientation (KAM) of Cu-Co-
Si-Ti and Cu-Co-Si-Ti-Ce alloys deformed at 0.01 s�1 with the
temperature of 700 and 800 �C. It can be seen that the geometri-
cally necessary dislocation (GND) of Cu-Co-Si-Ti is 1.0 � 1015 m�2
and 3.1 � 1014 m�2, respectively. And the GND decreased with the
increased of temperature, which can prove that the occurrence of
DRX sacrifices the dislocation. In addition, the GND of Cu-Co-Si-Ti-
Ce alloy is higher than Cu-Co-Si-Ti alloy at the same condition,
which can explain why the addition of Ce can improve the stress,
activation energy and inhibit the dynamic recrystallization of the
Cu-Co-Si-Ti-Ce alloy.

4.2. Precipitates

Fig. 10 shows the microstructure of Cu-Co-Si-Ti alloy deformed
at 0.01 s�1 and 700 �C. It can be seen that the precipitates have a
plate-like shape which have an average size of 12 nm in length and
8 nm in width, as shown in Fig. 10(a) and (b). Fig. 10(c) and (d)
shows the Fast Fourier Transform (FFT) pattern and inverse Fast
Fourier Transform (IFFT) pattern corresponding to the HRTEM in
Fig. 10(b), respectively. The precipitate can be determined to Co2Si,
which has an orthorhombic structure with the lattice parameters of
a¼ 7.109 nm, b¼ 4.918 nm, c¼ 3.737 nm, and a ¼ b ¼ g¼ 90�. And
the zone axis of copper matrix and Co2Si is ½011� and ½113�,
respectively. In addition, it can be seen that the HRTEM image of
Co2Si is clear, and then the diffractive spots after the Fast Fourier
Transform (FFT) are even. However, the HRTEM image of copper
matrix has only one crystal lattice image in one direction, and only
one pair is clear after the Fast Fourier Transform (FFT). The reason is
that the observation direction of the precipitate is strictly <113>,
but the observation direction of copper matrix is not strictly <110>.
As illustrated in Fig. 10(c), the ð111Þ plane of copper is not parallel
to the ð301Þ plane of Co2Si, but has an angle difference of 1.45�,
which is similar with the calculation result in Yi and Jia [46]. The
lattice arrangement directions of ð301ÞCo2Si, ð220ÞCo2Si, ð121ÞCo2Si
and ð111ÞCu are shown in Fig. 10(d). Fig. 10(e) and (f) also is the
HRTEM image and FFT of Co2Si, respectively. The only difference is
that the Co2Si rotates at a certain angle.

Fig. 11 shows the microstructure of Cu-Co-Si-Ti-Ce alloy
deformed at 0.01 s�1 and 700 �C. It can be seen that the precipitates
have a smaller average size of 9 nm in length and 5 nm in width. In
addition, a certain number of dislocations are also distributed
around the precipitates. The precipitate also has a structure of Co2Si
according to the diffraction spot after the Fast Fourier Transform
(FFT), as illustrated in Fig. 11(c). And the zone axis of Cu and Co2Si is
½011�Cu and ½123�Co2Si, respectively. It is worth mention that ð111ÞCu
and ð121ÞCo2Si have a 0.86� deviation rather than parallel. The lat-
tice arrangement directions of ð111ÞCu and ð121ÞCo2Si are illustrated
in Fig. 11(d).

Compared with the precipitates of Cu-Co-Si-Ti and Cu-Co-Si-Ti-
Ce alloys, as shown in Figs. 10 and 11, respectively. On the one hand,
the precipitates size of Cu-Co-Si-Ti-Ce alloy are smaller than that of
Cu-Co-Si-Ti alloy. On the other hand, a certain number of disloca-
tions are distributed around the precipitates in Cu-Co-Si-Ti-Ce
alloy. According to the above analysis, the interactions between
dislocations and precipitates, such as precipitates pinning the dis-
locations, can explain why the addition of Ce can improve the
stress, activation energy and inhibit the dynamic recrystallization
of Cu-Co-Si-Ti-Ce alloy.

4.3. Effect of Ce addition on activation energy of hot deformation

Recently, Mirzadeh et al. [47e49] proposed a method that
considers the theoretical values of n and Q based on the deforma-
tion mechanisms in the constitutive analysis in order to directly
deal with the atomic mechanisms. The constant exponent (n) of 13
and self-diffusion activation energy (193 kJ/mol [50]) can be used to
describe the appropriate stress, if the deformation mechanism is
controlled by the glide and climb of dislocations, which has been



Fig. 8. Relations between: (a) ln(strain rate) and ln s; (b) ln(strain rate) and s; (c) ln(strain rate) and ln[sinh(as)]; (d) ln[sinh(as)] and T�1 * 103 K�1;(e) ln Z and ln[sinh(as)]; (f)
activation energy of the Cu, Cu-Co-Si, Cu-Co-Si-Ti and Cu-Co-Si-Ti alloys.
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Fig. 9. The Kernel Average Misorientation (KAM) of: (a) Cu-Co-Si-Ti alloy deformed at 700 �C and 0.01 s�1; (b) Cu-Co-Si-Ti alloy deformed at 800 �C and 0.01 s�1; (c) Cu-Co-Si-Ti-Ce
alloy deformed at 700 �C and 0.01 s�1; (d) Cu-Co-Si-Ti-Ce alloy deformed at 800 �C and 0.01 s�1.

Fig. 10. Microstructure of Cu-Co-Si-Ti alloy deformed at 0.01 s�1 and 700 �C:(a) bright field TEM image; (b) and (e) HRTEM; (c) FFT of (b); (d) IFFT of (c); (f) FFT of (e).
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proved in Mirzadeh et al. [51] and Wang et al. [5] Therefore, the
physically based approach can also describe the effect of rare earth
addition on the hot strength in this work. The apparent activation
energy of Cu-Co-Si-Ti-Ce alloy is 539.94 kJ/mol due to the Ce
addition, moreover, the apparent value of n was 12.89 and 13.64,
which are close to the theoretical value of 13. Therefore, it was
investigated whether it is possible to consider the values of Q
(193 kJ/mol) with n (13) for Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce alloys
and hence elucidating the effect of Ce from the value of the hy-
perbolic sine constant (A). Based on the hyperbolic sine law and Z ¼
_εexpðQ =RTÞ ¼ A½sinhðasÞ�n [41], the intercept of the plot of ln Z
(using Q ¼ 193 kJ/mol) against ln[sinh(as)] by setting the slope of
n ¼ 13 can be used for obtaining the values of A. It is still the case of
Cu-Co-Si-Ti alloy, and Fig. 8(f) shows the ln Z and ln[sinh(as)] of Cu-
Co-Si-Ti alloy by Q ¼ 193 kJ/mol and n ¼ 13. Therefore, the hyper-
bolic sine constant (A) can be determined as e15.94 according to the
hyperbolic sine law. The hyperbolic sine constant (A) of Cu-Co-Si-
Ti-Ce alloy obtained by the same method is e11.43. Finally, the
linear regression of the data results for Cu-Co-Si-Ti and Cu-Co-Si-Ti-
Ce alloys are as follows:



Fig. 11. Microstructure of Cu-Co-Si-Ti-Ce alloy deformed at 0.01 s�1 and 700:(a) bright field image; (b) HRTEM; (c) FFT of (b); (d) IFFT of (c).
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For the Cu-Co-Si-Ti alloy

Z¼ _εexp
�
193000
8:314T

�
¼ e15:94½sinhð0:009sÞ�13

For the Cu-Co-Si-Ti-Ce alloy

Z¼ _εexp
�
193000
8:314T

�
¼ e11:43½sinhð0:008sÞ�13

It can be seen that the value of the hyperbolic sine constant A
(obtained by Fig. 8(f)) is significantly smaller than A (obtained by
Fig. 8(e)) for Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce alloys. In addition,
according to the hyperbolic sine law, the flow stress of the material
can be expressed as s ¼ ð1 =aÞ½sinh�1ðZ=AÞ1=n�, which can indicate
that it is clear that by decreasing the value of A at a given value of Z,
the flow stress increases. Therefore, it shows the magnificent effect
of Ce addition on the activation energy of thermal deformation.

As shown in Fig. 8(g), the activation energy of Cu-Co-Si-Ti and
Cu-Co-Si-Ti-Ce alloys are higher than Cu-Co-Si alloy due to the
addition of Ti and Ce. And the effect of Ti addition on activation
energy has been discussed in our previous work [25]. It can be seen
that the GND of Cu-Co-Si-Ti-Ce alloy is higher than Cu-Co-Si-Ti
alloy at the same condition, as illustrated in Section 4.1. More-
over, it can be also inferred that the precipitates size of Cu-Co-Si-Ti-
Ce alloy are smaller than that of Cu-Co-Si-Ti alloy, as illustrated in
Section 4.2. And the precipitates are more widely distributed in Cu-
Co-Si-Ti-Ce alloy. The effects of hindering grain boundarymigration
are more significant for Cu-Co-Si-Ti-Ce alloy with the higher GND
and smaller precipitates, and makes the process of plastic defor-
mation more difficult, which can explain the reason of higher flow
stress and activation energy of thermal deformation for Cu-Co-Si-
Ti-Ce alloy than Cu-Co-Si-Ti alloy.
4.4. DRX mechanism

Fig. 12 shows the schematic illustration of the True Stress-True
Strain curves and the corresponding microstructure for copper
alloy. Generally speaking, there are three stages (work hardening,
DRV and DRX) during hot deformation. As given in Fig. 12(a), the
dislocation cells were formed due to the increase of deformation
degree in the early stage of deformation. With the further hot
deformation, the dislocation cells gradually turned into the sub
grains. Finally, new DRX grains with HAGBs were formed by pro-
gressing sub grains rotation in order to reduce the surface energy of
copper alloy, which is consistent with the characteristics of the
continuous dynamic recrystallization (CDRX) [30,52]. It can be seen
that the dislocations rearrange near the grain boundaries in order
to reduce the stress concentration under the early stage of defor-
mation, as shown in Fig. 12(b). And then some original grain
boundaries were bulging due to the difference of dislocations near
the grain boundaries. Sub grains were formed near the grain
boundaries with the further deformation. Finally, the DRX grains
can be observed in the stage III with low dislocation density. As
stated above and noted that the emergence of such grain boundary
morphology confirms that the dynamic recrystallization mecha-
nism of copper alloy is discontinuous dynamic recrystallization



Fig. 12. Schematic illustration of the True Stress-True Strain curves and the corresponding. DRX mechanisms for copper alloy: (a) CDRX; (b) DDRX.

Fig. 13. Schematic diagram of the CDRX (a) and DDRX (b) mechanism.
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(DDRX) [53]. From above the analysis, the DRX mechanisms of
copper alloy are dominated by CDRX and DDRX. The schematic
diagrams of the CDRX mechanism and DDRX mechanism are
illustrated in Fig. 13 (a) and (b), respectively.

5. Conclusions

The hot compression test of the Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce
alloys were carried out by using the Gleeble-1500 simulator at
0.001e10 s�1 strain rates and 500e900 �C deformation tempera-
tures. The effects of Ce addition on the microstructure evolution
were discussed. Several conclusions can be drawn as follows:

(1) The addition of Ce can increase the flow stress of the Cu-Co-
Si-Ti-Ce alloy.

(2) The micro texture of the Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce al-
loys were analyzed by EBSD. The texture of Cu-Co-Si-Ti alloy
deformed at 700 �C and 800 �C is {011} <100> Goss texture
and {112} <111> copper texture, respectively. However, there
are {001} <100> cubic texture and {011} <100> Goss texture
in Cu-Co-Si-Ti-Ce alloy deformed at 700 �C and 800 �C.

(3) The constitutive equations of Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce
alloys were obtained. And the activation energy of Cu-Co-SieTi and
Cu-Co-Si-Ti-Ce alloys is 500.79 kJ/mol and 539.94 kJ/mol,
respectively.

(4) The Co2Si precipitate was found in both the Cu-Co-Si-Ti and
Cu-Co-Si-Ti-Ce alloys, while the Co2Si precipitate of Cu-Co-Si-Ti-Ce
alloy is finer than the Cu-Co-Si-Ti alloy. Moreover, the dislocation
density of Cu-Co-Si-Ti-Ce alloy is higher than the Cu-Co-Si-Ti alloy
under the same condition.

(5) The DRX mechanisms of Cu-Co-Si-Ti and Cu-Co-Si-Ti-Ce al-
loys were discussed. And the CDRX and DDRX mechanisms are the
two dominated DRX mechanisms.
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