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a b s t r a c t

Hot compression behavior of the CueCoeSi and CueCoeSieTi alloys was studied using the Gleeble-1500
simulator at 0.001e10 s�1 strain rate and 500e900 �C deformation temperature. Ti addition increased
the flow stress of the CueCoeSieTi alloy compared with the CueCoeSi alloy at the same deformation
conditions. With the deformation temperature increased from 700 �C to 900 �C, the CueCoeSi alloy
texture transformed from the copper texture to the R texture. Due to the addition of Ti, the copper
texture and R texture were substituted by the Goss texture and the copper texture, respectively. The
constitutive models of the CueCoeSi and CueCoeSieTi alloys hot deformation behavior were obtained.
The activation energy of the CueCoeSi alloy was 411.648 kJ/mol, and the activation energy of the CueCo
eSieTi alloy was 500.794 kJ/mol, which is 27% higher. The precipitated Co2Si phase was found in both Cu
eCoeSi and CueCoeSieTi alloys deformed at 700 �C and 0.001 s�1. In addition, the CoSi and Cu4Ti
phases were found in the CueCoeSi and CueCoeSieTi alloys, respectively. The strengthening mecha-
nisms, including dispersion strengthening, twinning and grain refinement strengthening, control the Cu
eCoeSieTi alloy hot deformation, and lead to increased flow stress and activation energy, and inhibit
dynamic recrystallization of the CueCoeSieTi alloy.

© 2019 Elsevier B.V. All rights reserved.
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Table 1
The nominal and analyzed composition of the alloys.

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

Co Si Ti Cu

Cue1Co-0.65Si 0.952 0.641 e Bal.
Cue1Co-0.65Si-0.1Ti 0.895 0.601 0.094 Bal.
1. Introduction

Copper and copper alloys are widely used in different applica-
tions due to their excellent electrical conductivity and mechanical
properties [1,2]. For example, they can be used in electronics,
contact wires, lead frame, etc. [3e5]. In recent years, with the
development of lead frame and contact wires, the performance
requirements for copper alloys have increased rapidly [6]. The
common strengthening method for copper alloys is adding alloying
elements, such as Be [7], Ag [8], Co [9], Ti [10], and so on. While the
addition of alloying elements slightly decreased the electrical
conductivity, the hot working and mechanical properties were
greatly improved. Chihiro et al. [11] analyzed the structure and
aging behaviors of the CueBe alloy. It was found that the ultra-high
hardness and ultra-fine grains of CueBe alloy were obtained after
aging treatment. Despite the obtained excellent properties, the
CueBe alloy has been replaced by other alloys, such as CueNieSi,
CueCreZr, and CueAg, due to the environmental hazards of Be [12].

Zhao et al. [13] investigated the effects of Co addition on the
microstructure and physical properties of CueNieSi alloys and
observed that the Co2Si precipitation phase can improve the con-
ductivity and mechanical properties of the alloy during aging. Zhou
et al. [14] proved that the phase transition sequence during aging
was g”- g’ -g for the Cu-0.23Be-0.84Co alloy. In addition, the con-
ductivity and hardness of the alloy obtained peak values due to the
occurrence of the g0 phase, which was coherent with the matrix.
Krishna et al. [15] found that the Co2Si precipitate during aging can
improve the conductivity and strength of the CueNieSieCoeZr
alloy. It can be found that the Co2Si precipitate can be formed due to
the strong bonding between Co and Si during the aging process,
which can significantly improve the mechanical properties of
copper. Although the addition of Co reduces the conductivity of the
alloy, it can greatly improve the strength, toughness and hot
working properties of copper. The addition of Si can improve the
mechanical properties, pressure processing properties and corro-
sion resistance of copper. Thus, a better performance alloy can be
obtained by adding Co and Si into pure copper based on the above
investigations.

Kim et al. [16] demonstrated that the addition of Ti improved
the conductivity and mechanical properties of the alloy by pro-
moting precipitation of fine d-Ni2Si and NieSieTi phases. Liu et al.
[17] analyzed the conductivity and mechanical properties of the
Cue3Tie3Ni alloy during aging and proved that the conductivity
and hardness increased due to the Ni3Ti precipitation and coherent
Cu4Ti. It is well known that Ti and Cu have relatively strong bonding
and form Cu4Ti, which can improve the conductivity and me-
chanical properties of copper. The addition of Ti can improve the
strength, impact toughness and hot working properties of copper.

Based on the above experiments, CueCoeSi alloy was obtained
by adding Co and Si in a certain proportion to copper. The multi-
phase strengthened CueCoeSi alloy with Ti addition was also ob-
tained. There are several investigations of the aging behaviors of
CueCoeSi alloys. However, the hot deformation behavior of
CueCoeSi alloys has been rarely investigated. Moreover, there are
no detailed investigations of the effects of Ti addition on the
microstructure evolution and the flow stress during hot deforma-
tion tests. Thus, the effects of Ti addition on the hot compression
behavior of the CueCoeSi alloy by hot compression test were
investigated in this paper. The hot compression tests were carried
out using the Gleeble-1500 simulator at 0.001e10 s�1 strain rate
and 500e900 �C deformation temperature. The effects of Ti addi-
tion on the flow stress, microstructure evolution, electron back-
scatter diffraction (EBSD) images, and activation energy were
compared. The precipitates of the CueCoeSi and CueCoeSieTi
alloy were also analyzed.

2. Materials and experimental procedures

The Cue1Co-0.65Si and Cue1Co-0.65Si-0.1Ti (wt.%) alloys were
obtained by vacuum melting of pure Si, pure Co, standard cathode
copper with 99.9% mass fraction and Cu-45% Ti master alloy. The
ZG-0.01-40-4 vacuum medium frequency induction furnace was
used for vacuum smelting. In addition, the argonwas needed in the
process of melting as a protective atmosphere to prevent material
oxidation during vacuum smelting. The temperature of the furnace
was kept at 1150e1250 �C, and the alloy was poured into the cru-
cible with the internal diameter of ~90 mm, ~20 mm thickness and
~190 mm height. The nominal and analyzed composition for two
alloys is listed in Table 1. After cooling to the room temperature, the
ingots were homogenized at 960 �C for 1 h and then extruded into
20 mm diameter bars by the XJ-500 metal profile extrusion ma-
chine. In addition, the bars were treated by solid solution treatment
at 960 �C for 1 h and cut intof8 mm � 12 mm cylinders by wire
cutting before the hot compression tests using the Gleeble-1500D
thermo-mechanical simulator. According to the CueCo phase dia-
gram shown in Fig. 1(a), the room temperature phases are Cu and ε

-Co. The hot compression tests were carried out at 500e900 �C
temperature and 0.001e10 s�1 strain rates range. As shown in
Fig. 1(b), the specimens were heated to the experimental temper-
ature at 10 �C/s and then compressed to 55% total deformation after
holding for 3 min. Finally, water quenching was used to retain the
high-temperature structure. Fig. 1(d) shows the hot compression
loading. The hole with 0.5 mm diameter was used to insert
thermocouples.

In order to analyze the microstructure evolution of the
CueCoeSi and CueCoeSieTi alloys during hot deformation, the
specimens were cut along the longitudinal plane in Fig. 1(c). The
central parts of the samples were polished, etched, and then



Fig. 1. Schematic representation of (a) CueCo phase diagram [18,19]; (b) hot compression process; (c) the testing positions of OM, EBSD and TEM; (d) hot compression loading.
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observed by the Olympus PMG3 optical microscope (OM). The
etching solution used was 3.5 g FeCl3, 5 ml HCl and 95 ml anhy-
drous alcohol. In addition, the samples were electro-polished with
a magnetic stirrer and then used for EBSD (electron backscatter
diffraction) observations. And the polishing solution is made of
phosphoric acid and alcohol in a ratio of 1:1, which is the key step in
the preparation of EBSD samples. The EBSD images were obtained
using the JSM-7800F backscatter scanning electron microscope
(SEM). The samples with 3 mm diameter and 100 mm thickness
were ion thinned by the Gatan 691 ion thinner. After that, the
samples were observed by transmission electron microscopy using
the JEM-2100 transmission electron microscope (TEM).

3. Results

3.1. Flow stress

The thermal deformation process of materials consists of work
hardening, dynamic recovery and dynamic recrystallization
[20e22]. In the early stage of deformation, the flow stress increases
sharply, representing work hardening. The dislocation density in-
creases during the thermal deformation of the material and finally
leads to dislocation entanglement at deformation zones and work
hardening. Otherwise, the high lattice distortion energy can pro-
vide a driving force for dynamic recovery and dynamic recrystal-
lization. This is the reason why the flow stress tends to flatten or
decrease. Thus, the flow stress increases with the decrease in
temperature or the increase of the strain rate. In addition, the
values of the flow stress are affected by the strain rate and defor-
mation temperature [23,24].

Fig. 2 shows the true stress-true strain curves of the CueCoeSi
and CueCoeSieTi alloys deformed at 0.01 s�1, 0.1 s�1, 800 �C and
900 �C, respectively. The flow stress increases rapidly at the early
stage of hot deformation, representing the work hardening char-
acteristics. The flow stress curves tend to be flat or decrease at
higher deformation temperature or lower strain rate due to the
dynamic recovery and dynamic recrystallization. Fig. 2(a) and (b)
illustrate the flow stress of the two alloys deformed at 0.01 s�1 and
0.1 s�1, respectively. The peak flow stress values of CueCoeSi were
233 MPa and 210 MPa, deformed at the strain rate of 0.1 s�1 with
different temperature of 500 �C and 600 �C temperature, respec-
tively. The flow stress decreases with the increase of temperature.
However, the peak values of CueCoeSieTi alloy were 258 MPa and
219 MPa at the same conditions. Fig. 2(c) and (d) show the flow
stress of the two alloys deformed at 800 �C and 900 �C, respectively.
Similar to Fig. 2(a) and (b), dynamic recrystallization occurs at a
lower strain rate. In addition, the flow stress increases with the
increase of strain rate. For instance, the peak stress values of the
CueCoeSi alloy are 56 MPa and 70 MPa, respectively, which were
deformed at 800 �C with different strain rates of 0.01 s�1 and 0.1
s�1. Consequently, the flow stress decreases with the increased
temperature or the decreased strain rate, which can be explained
by easier dynamic recrystallization at higher temperature or lower
strain rate.

Compared to the true stress-true strain curves in Fig. 2, the
addition of Ti increases the flow stress of the alloy. The addition of
Ti promotes the precipitation, and the precipitated particles pin at
the grain boundaries and dislocations, which hinders the move-
ment of dislocations and grain boundaries. Eventually, the flow
stress of the CueCoeSieTi alloy increases. This was also verified by
some researchers’ results. For example, Qiu et al. [25] confirmed
that the addition of 0.008% Ti can promote the precipitation of
nano-sized carbides. The Y/YeTi inclusions pinned the austenite
grain boundaries. Zhou et al. [26] reported that the addition of Ti
produced fine YeTieO complex oxides, which can improve the
tensile strength of 9Cr ODS steels.

3.2. Microstructure evolution

Fig. 3(a) and (b) show the microstructure of the CueCoeSi and



Fig. 2. The true s tress-true strain of CueCoeSi and CueCoeSieTi alloys deformed at (a) 0.01 s�1, (b) 0.1 s�1, (c) 800 �C, (d) 900 �C.
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CueCoeSieTi alloys extruded at 960 �C, respectively. The structure
of the two alloys after solution treatment at 960 �C for 1 h is shown
in Fig. 3(c) and (d), respectively. The grain size of the two alloys
increased after the solid solution treatment.

According to Fig. 2, dynamic recrystallization occurs easier at
higher deformation temperature or lower strain rate. Microstruc-
ture evolution observation is a direct method for studying the
process of dynamic recrystallization. The microstructure evolution
of the CueCoeSi and CueCoeSieTi alloys deformed at 0.001 s�1

and 700e900 �C was observed. Fig. 4 and Fig. 5 show the micro-
structure of the CueCoeSi and CueCoeSieTi alloys deformed at
0.001 s�1 and 700e900 �C, respectively. In Fig. 4(a) partial recrys-
tallization grains exist in the fiber structure. Fig. 4(b) is a magnifi-
cation of the red area in Fig. 4(a). There are a large number of
dynamically recrystallized grains (DRX [27]) at grain boundaries in
the yellow rectangle, which represents dynamic recrystallization.
The reason is that dislocations tangles are caused by inhibiting the
movement of dislocations, leading to a large amount of stored en-
ergy at grain boundaries. The dislocation energy stored at grain
boundaries can provide the driving force for dynamic recrystalli-
zation. Thus, the dynamic recrystallization grains nucleate prefer-
entially at grain boundaries. Dynamic recrystallization grains
growth with deformation temperature was further increased in
Fig. 4(c) and (d). Fig. 4(d) shows that the grains completely grew
when deformed at 900 �C, representing the completion of dynamic
recrystallization. The similar phenomenon can be also observed in
the deformation process of the CueCoeSieTi alloy in Fig. 5(aed).
The difference is that the process of dynamic recrystallization was
slower compared with the CueCoeSi alloy due to the addition of Ti
when deformed at 0.001 s�1 and 700e800 �C. The effects of Ti
addition on the structure were not obvious with further tempera-
ture increase to 900 �C because dynamic recrystallization is more
efficient at higher deformation temperature.

EBSD can be used to analyze the microstructure and orientation
of solid crystal materials under various processing conditions. In
addition, the textures of face-centered cubic metals include the
{011} <100> Goss texture, {112} <111> copper texture, {111} <211>
R texture, {001} <100> cubic texture and {011} <211> brass texture
[28]. In order to investigate the texture and misorientation angle of
the CueCoeSi and CueCoeSieTi alloys during hot deformation, the
samples were observed by the JSM-7800F backscatter scanning
electron microscope.

Fig. 6 shows the orientation maps and {100}, {110}, and {111}
pole figures of the two alloys deformed at 0.001 s�1 and different
temperatures of 700 �C and 900 �C, respectively. As shown in
Fig. 6(a1-d1), there are three main colors in the orientation maps,
which are mainly caused by the different orientation of grains.
Corresponding to Fig. 4(a) and (d), in Fig. 6(a1) and (b1), there are



Fig. 3. Structure of specimens: extruded at 960 �C (a) CueCoeSi alloy, (b) CueCoeSieTi alloy; as solid solution state(c) CueCoeSi alloy,(d) CueCoeSieTi alloy.
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numerous dynamic recrystallization grains deformed at 700 �C and
0.001 s�1. Increasing the temperature to 900 �C caused grain
growth. Fig. 6(a2) shows {100}, {110}, and {111} pole figures, and the
{112} <111> copper texture was confirmed by referring to the
standard polar figures.With the deformation temperature increase,
the {111} <211> R texture appeared in Fig. 6(b2) due to further
dynamic recrystallization. In addition, the EBSD images in Fig. 6(c1)
and (d1) are consistent with Fig. 5(a) and (d), which have similar
phenomena with Fig. 6(a1) and (b1). However, the difference is that
the texture of the CueCoeSieTi alloy in Fig. 6(c2) and (d2) was
strengthened compared with Fig. 6(a2) and (b2). In other words, the
{112} <111> copper texture and {111} <211> R texture were
substituted by the {011} <100> Goss texture and the {112} <111>
copper texture, respectively. Generally, recrystallized particle-
induced nucleation energy and stacking fault energy [29] are the
main factors affecting the texture of materials. {112} <111> copper
texture usually appears in face-centered cubic metals with inter-
mediate and high stacking fault energy.

Fig. 7 shows the distribution of misorientation angles at
different deformation conditions of the two alloys, which are
related to dislocation density [30]. The misorientation angles of the
CueCoeSi and CueCoeSieTi alloys deformed at 0.001 s�1 and
different temperatures are mainly low angles. The percent of the
low misorientation angles distribution in the CueCoeSieTi alloy is
higher than in the CueCoeSi alloy under the same deformation
conditions. The misorientation angles distribution decreases with
temperature increasing from 700 �C to 900 �C for the same alloy.
The dislocation density at 700 �C is higher than at 900 �C for the
same alloy, which corresponds to the structural evolution in Figs. 4
and 5. Dynamic recrystallization proceeded and dislocation density
decreased with temperature. Other misorientation angles have
similar trends as the low angles in Fig. 7(a) and (b).
It is well known that the migration rate of grain boundaries is

related to the dislocation density near the grain boundary. And the
geometrically necessary dislocation (GND) density is related to the
Kernel Average Misorientation (KAM) as follows [31]:

rGND ¼ 2q
mb

(1)

where rGND is the geometrically necessary dislocation (GND) den-
sity (m�2), q is the average local misorientation (rad), m is the step
size of the experiment (5 mm), and b is the Burger’s vector (2.55 nm)
which can be calculated by b ¼ a

2<110> . It is defined that the
critical value of the average local misorientation as 3�. Any
misorientation larger than this value is excluded in the local
misorientation calculation since it is caused by the grain boundary,
not by the GND accumulation.

Fig. 8 shows the Kernel Average Misorientation (KAM) of the
two alloys deformed at 0.001 s�1 and different temperatures of
700 �C and 900 �C, respectively. And the geometrically necessary
dislocation (GND) density is 4.3 � 1013 m�2, 3.4 � 1013 m�2,
4.8� 1013 m�2 and 3.9� 1013m�2, respectively in Fig. 8(aed). It can
be seen that the addition of Ti increases the geometrically neces-
sary dislocation (GND) density of the alloy, and the increase of
temperature decreases the geometrically necessary dislocation
(GND) density, which indicates that the dislocation density rises
with the decrease of temperature or the increase of strain rate. The
effect of the Ti addition on the dislocation density is similar to that
on flow stress as displayed in Fig. 2.



Fig. 4. Structure of CueCoeSi alloy deformed at 0.001 s�1 and different temperatures (a) 700 �C; (b) magnification of red circle in (a); (c) 800 �C; (d) 900 �C. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.3. Constitutive equation

Activation energy is the energy “threshold” that metal atoms
need to cross when plastic deformation occurs and is important for
evaluating metals hot workability. The constitutive equation can be
used to describe the relationships between the flow stress, thermal
deformation temperature, and strain rate. Based on the experi-
mental data of hot deformation, the activation energy is calculated,
and the constitutive equations are established for the two alloys in
this section.

According to the model proposed by Sellars and McTegart [32],
the relationship between the peak stress, strain rate, and defor-
mation temperature can be obtained as follows:

_ε¼A
�
sinhðasÞnexp

�
�Q
RT

��
(2)

Eq. (2) can be expressed by using the following equations according
to the strain magnitude:

_ε¼A1s
n1exp

�
�Q
RT

�
ðas<0:8Þ (3)

_ε¼A2expðbsÞexp
�
�Q
RT

�
ðas>1:2Þ (4)

Here, _ε is the strain rate, s is the peak stress, Q is the activation
energy, A, A1, A2,a, b, n1, n, and R are constants, and T is the defor-
mation temperature in K.

Taking the natural logarithms of Eqs. (2)e(4), respectively, gives:
ln_ε¼n ln½sinhðasÞ�� Q
RT

þ ln A (5)

ln_ε¼n1 ln sþ lnA1 �
Q
RT

(6)

ln_ε¼ bsþ lnA2 �
Q
RT

(7)

Taking partial derivatives of Eq. (2) yields:

Q ¼R
�

vðln _εÞ
vln½sin as�

�
T

2
64vln½sinh as�

v

�
1 =

T

�
3
75¼RnS (8)

Lattice self-diffusion energy due to the dislocation slip and climb
can be expressed in the Zenner parameter, Z [33,34]:

Z¼ _εexp
�
Q
RT

�
(9)

Using it in Eq. (2) and taking natural logarithms of both sides
gives:

ln Z¼ ln Aþ n½lnsinhðasÞ� (10)

The CueCoeSi alloy was used as an example to calculate the
activation energy. Fig. 9 shows the relationship between the peak
stress, strain rate and deformation temperature of the CueCoeSi
alloy. Fig. 9(aed) show the relationships between ln (strain rate)



Fig. 5. Structure of CueCoeSieTi alloy deformed at 0.001 s�1 and different temperatures (a) 700 �C; (b) magnification of red circle in (a); (c) 800 �C; (d) 900 �C. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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and lns, ln (strain rate) and s, ln (strain rate) and ln [sinh (as)], and
ln [sinh (as)] and T�1 * 103 K�1, respectively. Here, n1, b, n, and S are
the average slopes of (a-d). Thus, the values of n1, b are 15.333,
0.172, and then a ¼ b/n1 ¼ 0.011, n ¼ 10.773, S ¼ 4.596. Finally,
Q ¼ RnS ¼ 411.648 kJ/mol. The corresponding activation energy of
the CueCoeSieTi alloy is 500.794 kJ/mol. The intercept of
CueCoeSi alloy is 47.41, calculated according to Fig. 9(d), and the
corresponding intercept for the CueCoeSieTi alloy is 57.372. Thus,
the constitutive equations of the CueCoeSi and CueCoeSieTi al-
loys are:

For the CueCoeSi alloy:

_ε¼ e47:410½sinhð0:011sÞ�10:773exp
�
�411648
8:314T

�

For the CueCoeSieTi alloy:

_ε¼ e57:372½sinhð0:009sÞ�12:89exp
�
�500794
8:314T

�

Fig. 9(f) shows the activation energy of pure copper, CueCoeSi
and CueCoeSieTi alloys. The activation energy of the CueCoeSi
and CueCoeSieTi alloys is much higher than pure copper. The
activation energy of the CueCoeSi alloy increased by 27% due to the
addition of Ti.

Shukla et al. [35] confirmed that the activation energy of the
CueCreNb alloy is expected to be higher due to the presence of
Cr2Nb precipitates, which can interact with dislocations, nail dis-
locations and hinder their movement. Wang et al. [36] observed
that Ce addition increased the activation energy of CueMg alloy.
The reason is that the addition of Ce promotes the precipitation of
phases, such as CeO2, which nails dislocations and grain
boundaries, and prohibits the movement of dislocations. Finally,
the activation energy increased. The reason may be that the addi-
tion of Ti promotes precipitation, which can prohibit themovement
of dislocations. The specific reasons are discussed below.

4. Discussion

4.1. Effects of Ti addition on precipitates

Many researchers have shown that the addition of rare earth
alloying elements can promote secondary phases precipitation. For
instance, Zhao et al. [37] investigated the conductivity and me-
chanical properties of the CueNieSieCoeCr alloy during aging. It
has been proven that the addition of Co can promote precipitation
of Cr, Ni and Si, forming (Cr, Co)2Si, (Ni, Co)2Si and Cr precipitates.
Xiao et al. [38] demonstrated that d-Ni2Si and (Ni, Co)2Si were
formed during aging at 400e600 �C. Liu et al. [39] investigated the
hot deformation behavior of the Cue3Tie3Ni-0.5Si alloy, and the
Ni2Si and Ni3Ti phases were determined by TEM.

In order to clarify the effects of Ti addition on precipitates during
hot deformation of the CueCoeSi and CueCoeSieTi alloys, the
structure of the two alloys deformed at 700 �C and 0.001 s�1 was
analyzed by TEM, shown in Fig. 10 and Fig. 11. Fig. 10(a and b) shows
the bright field and dark field images of CueCoeSi alloy deformed
at 700 �C and 0.001 s�1, respectively. The precipitates are mainly
distributed in the grain interior. Entangled dislocations were
formed during thermal deformation due to the existence of pre-
cipitates and grain boundaries, which hindered the dislocation
movement. Furthermore, Fig. 10(c) is the magnification of the red
rectangular area in Fig. 10(b), and the average precipitate size is
about 40 nm. Fig. 10(d) is the small area diffraction pattern (SADP)
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of the precipitate in Fig. 10(c). It can be determined that the pre-
cipitate is Co2Si, which has an orthorhombic structure, and the
lattice parameters are a ¼ 7.109 nm, b ¼ 4.918 nm, c ¼ 3.737 nm,
and a ¼ b ¼ g ¼ 90�. Fig. 10(e) shows the TEM image of another
Fig. 6. EBSD orientation maps and {100},{110}, {111}pole fgures of (a)CueCoeSi alloy defor
alloy deformed 700 �C,0.001 s�1;(d)CueCoeSieTi alloy deformed 900 �C,0.001 s�1.
precipitate with the 28 nm size, and it can be determined from
Fig.10(f) that the precipitate is CoSi, which has a cubic structure and
the lattice parameters are a ¼ b ¼ c ¼ 4.4463 and a ¼ b ¼ g ¼ 90�.

Fig. 11 shows the TEM image of the CueCoeSieTi alloy
med 700 �C,0.001 s�1;(b)CueCoeSi alloy deformed 900 �C,0.001 s�1;(c)CueCoeSieTi



Fig. 7. Misorientation angle of CueCoeSi and CueCoeSieTi alloys deformed at 0.001 s�1 with different temperatures: (a) 700 �C; (b) 900 �C.
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deformed at 700 �C and 0.001 s�1. It can be determined from
Fig. 11(b) that the precipitate in Fig. 11(a) is Co2Si, which has an
orthorhombic structure. The average size of Co2Si is about 12 nm.
Fig. 11(c and d) shows the bright and dark field images of the two
precipitated phases, respectively. One precipitated phase is Co2Si,
and the other is petal-like precipitate. The high-resolution image
and SADP of the petal-like shape precipitation phase are shown in
Fig. 11(e) and (f), respectively. It is determined from Fig. 11(f) that
the petal-like shape precipitation phase is Cu4Ti, which also has
orthorhombic structure and the lattice parameters are a¼ 4.53 nm,
b¼ 4.342 nm, c¼ 12.93 nm, and a¼ b¼ g¼ 90�. The average size of
Cu4Ti is about 17 nm.

Ti plays an important role in promoting precipitation and
reducing the precipitate size. Humphreys et al. [40] found that
mechanical behavior, structure, and texture depend on the pre-
cipitates size. When the size of the precipitated phase is in the
Fig. 8. The Kernel Average Misorientation (KAM) of (a)CueCoeSi alloy deformed 700 �C,0.0
700 �C,0.001 s�1;(d)CueCoeSieTi alloy deformed 900 �C,0.001 s�1.
0.5e2 mm range, dynamic recrystallization is more likely to occur.
In other words, it can promote dynamic recrystallization. However,
when the size of the precipitated phase is less than 0.5 mm, dynamic
recrystallization is inhibited by pinning dislocationsmovement and
hindering the grain boundaries migration. compared with the
precipitates of CueCoeSi and CueCoeSieTi alloys in Figs.10 and 11,
it can be seen that the precipitation size of the CueCoeSieTi alloy is
smaller and its distribution is more uniform than the CueCoeSi
alloy. In this experiment, the precipitates in the CueCoeSi alloy are
mainly inside the grain, and dislocations tangle near the secondary
phases and grain boundaries during thermal deformation due to
precipitates and grain boundaries, which hinder the movement of
dislocations. Many fine precipitates dispersed in the CueCoeSieTi
alloy pin dislocations and hinder the migration of grain boundaries,
which increase the flow stress, activation energy for thermal
deformation and inhibit dynamic recrystallization. In addition to
01 s�1;(b)CueCoeSi alloy deformed 900 �C,0.001 s�1;(c)CueCoeSieTi alloy deformed



Fig. 9. 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, CueCoeSi and CueCoeSieTi alloys.
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the uniform distribution of precipitated phases in the grain interior,
there are several discontinuous precipitates distributed at the grain
boundaries, shown in Fig. 12(a). It is determined to be Co2Si. Finally,
the precipitation phases are finer and more uniform due to the
addition of Ti during hot deformation of the CueCoeSi and
CueCoeSieTi alloys, which is defined as dispersion strengthening.
In addition, many fine and uniformly distributed precipitates pin
grain boundaries and dislocations due to the addition of Ti, which
hinders the migration of grain boundaries and movement of dis-
locations, thus increasing the flow stress, activation energy and
inhibiting dynamic recrystallization.
4.2. Twinning mechanism

The formation of twins is closely related to the stacking faults.
According to the different reasons for the formation of twins, it can
be divided into deformation, growth, and annealing twins. It is
noteworthy that annealing twins can be formed in copper alloy
with low stacking fault energy during dynamic recrystallization. It
is well known that plastic deformation of metals is controlled by



Fig. 10. The TEM graphs of CueCoeSi alloy deformed at 700 �C,0.001 s�1:(a),(e)bright-field images; (b)dark-field image of (a); (c)magnification of red rectangle area in(b); (d)SADP
of the precipitate in (c); (f)SADP of the large precipitation phase in (e). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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both slip and twins. When dislocations are pinned by precipitated
phases and grain boundaries, dislocations tangle and dislocation
density increases, resulting in slip hindrance, where twins will play
an important role. The formation of twins alters the orientation of
crystals, which shifts the unfavorable slip system of some atoms to
the position favorable to slip and stimulates further slip and crystal
deformation. Fig. 12(b) shows the TEM image of the CueCoeSieTi
alloy. There are several annealing twins in the structure. The exis-
tence of twin boundaries results in more grain boundaries, which
can pin the movement of dislocations and hinder the migration of
grain boundaries. Simultaneously, it increases the flow stress,
activation energy for thermal deformation and inhibits dynamic
recrystallization.
4.3. Grain refinement strengthening

There will be lots of subgrains in the matrix during hot defor-
mation. The influence of the grain size on the yield stress can be
described by the Hall-Petch equation [37]:
Fig. 11. The TEM graphs of CueCoeSieTi alloy deformed at 700 �C,0.001 s�1:(a), (c)bright-
olution image; (f)SADP of the petaloid precipitation phase in (c).
Dsgrain ¼
Kffiffiffiffiffiffiffiffiffiffiffiffi
dgrain

q (12)

Here, k is the constant for copper alloys; dgrain is the average size,
measured from TEM images in Fig. 12(c and d) by the Image J. The
values of grain refinement strengthening are listed in Table 2.

In summary, the addition of Ti can make the precipitated phases
finer and more uniform during hot deformation of the CueCoeSi
and CueCoeSieTi alloys, which can be defined as dispersion
strengthening. In addition, the movement of dislocations and
migration of grain boundaries are hindered due to the existence of
fine precipitated phases and annealing twins, which increases the
flow stress and activation energy for thermal deformation. Higher
deformation energy is required for dynamic recrystallization of the
CueCoeSieTi alloy than the CueCoeSi alloy, which indicates that
the CueCoeSieTi alloy has better high-temperature stability. The
addition of Ti inhibits dynamic recrystallization of the
CueCoeSieTi alloy.
field images; (b)SADP of the precipitate in (a); (d)dark-field image of (c); (e)high res-



Fig. 12. TEM micrographs of: (a), (b), (d) CueCoeSieTi alloy; (c) CueCoeSi alloy.

Table 2
The values of the grain refinement strengthening.

parameter CueCoeSi CueCoeSieTi units

k 0.14 0.14 MPa�m1/2

dgrain 0.86 0.68 um
Dsgrain 151 170 MPa
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5. Conclusions

The hot compression test of the CueCoeSi and CueCoeSieTi
alloys were carried out using the Gleeble-1500 simulator at
0.001e10 s�1 strain rates and 500e900 �C deformation tempera-
tures. The effects of Ti addition on the CueCoeSi alloy were dis-
cussed. Several conclusions are as follows:

(1) The flow stress increases with the decrease of temperature or
the increase of strain rate. The addition of Ti increases the
flow stress of the CueCoeSieTi alloy.

(2) With the deformation temperature increasing from 700 �C to
900 �C, the texture of the CueCoeSi alloy transformed from
{112} <111> copper texture to {111} <211> R texture. How-
ever, {112} <111> copper texture and {111} <211> R texture
was substituted by the {011} <100> Goss texture and {112}
<111> copper texture, respectively, due to the addition of Ti.

(3) By establishing the constitutive model, the activation energy
of the CueCoeSi alloy was 411.648 kJ/mol, and the activation
energy of CueCoeSieTi alloy increased by 27% with the
addition of Ti.

(4) The CoSi and Co2Si precipitates were found in the CueCoeSi
alloy during hot deformation, while fine and dispersed Co2Si
and Cu4Ti precipitates were found in the CueCoeSieTi alloy.

(5) Dispersion strengthening, twinning mechanism and grain
refinement strengthening control the hot deformation pro-
cess of the CueCoeSieTi alloy, which increases the flow
stress, activation energy for thermal deformation and in-
hibits dynamic recrystallization of the CueCoeSieTi alloy.
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