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A B S T R A C T   

The Cu-1.0Co-0.65Si-0.1Ti alloy was obtained by vacuum melting, and then the hot deformation experiment was 
carried out by using the Gleeble-1500 simulator at 0.001–10 s� 1 strain rates and 500–900 �C deformation 
temperatures. The microstructure evolution of Cu-1.0Co-0.65Si-0.1Ti alloy was discussed. The micro texture of 
Cu-1.0Co-0.65Si-0.1Ti alloy was analyzed by EBSD. With the deformation temperature increasing from 700 to 
800 �C, the dynamic recrystallization was promoted and the texture of Cu-1.0Co-0.65Si-0.1Ti alloy transformed 
from the {011} <100> Goss texture to the {112} <111> copper texture. The HAGBs and geometrically 
necessary dislocation (GND) density were calculated, respectively, which can also indicate that the increasing of 
temperature promoted the dynamic recrystallization. The critical strain for the initiation of dynamic recrystal-
lization in Cu-Co-Si-Ti alloy deformed at 0.01 s� 1,800 �C and 0.001 s� 1,800 �C was 0.089 and 0.035, respec-
tively. And it can be inferred that the increasing of deformation temperature or decreasing of strain rate can 
reduce the critical strain and promote the dynamic recrystallization. Finally, the precipitate was determined to be 
Co2Si.   

1. Introduction 

Copper alloys are widely used as the lead frames, electrical and 
electronics industry, electric vacuum device and so on due to their 
combination of excellent conductivity and thermal conductivity, high 
corrosion resistance [1–8]. And electric vacuum device mainly includes 
high-frequency and ultra-high frequency emission tubes, waveguide 
tubes, magnetron tubes and so on, which need the high-purity oxygen 
free copper and dispersion strengthened oxygen free copper. Cu-Ni-Si, 
Cu-Cr, Cu-Ag and so on series alloys, which are mainly used as the 
lead frames and integrated circuits, have attracted the great interest of 
many researchers in recent years. However, with the fast development of 

equipment and technology, the higher performance requirements of 
copper alloys are required. Many researchers have investigated many 
methods to improve the comprehensive performance of copper alloys. 
But the most commonly methods to improve the properties of copper 
alloys is always the addition of trace alloy elements and rare earth ele-
ments in the copper matrix, such as Cr [9], Sn [10], Ag [11], Mg [6,12], 
Zr [13], Ti [14,15], Ce [12,16] and so on. Then according to the com-
bination of the heat treatment and deformation, the high strength of the 
copper alloys with the nanoscale precipitates, which can meet the per-
formance requirements of the industrial applications. 

Li et al. [17] reported the aging behavior of the quaternary 
Cu-Ni-Co-Si alloy, and found that the alloy exhibited a high performance 
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with the dispersion strengthened nanoscale δ-(Ni, Co)2Si precipitates. 
Huang et al. [18] obtained a high electrical conductivity and strength of 
Cu-Ni-Co-Si-Mg by the two-step heat treatment and found that the δ-(Co, 

Ni)2Si precipitate was promoted due to the addition of Co. Zhang et al. 
[19] revealed the influence of Ti addition on the microstructure and 
properties of graphite flake/Cu-Ti composites fabricated by vacuum hot 
pressing, and found that the Ti addition showed a significant effect on 
the microstructure, strength and electrical conductivity. Zhao et al. [20] 
investigated a Cu-Ni-Sn alloy with the high strength and ductility, and 
the results showed that the nucleation of dynamic recrystallization was 
promoted due to the addition of Si and Ti. Moreover, many researchers 
investigated the performance of Cu-Ni-Si alloys through heat treatment 
and deformation [21,22,23]. Because researchers have done a lot of 
researches on Cu-Ni-Si system alloys, we want to use the Co element 
instead of Ni element to obtain the Cu-Co-Si alloy with the nanoscale 

Table 1 
The nominal and analyzed composition of Cu-1.0Co-0.65Si-0.1Ti alloy.  

Alloy Alloy element (wt.%) 

Co Si Ti C H O N Cu 

Cu-1.0Co- 
0.65Si- 
0.1Ti 

0.895 0.601 0.094 0.09 0.03 0.05 0.12 Bal.  

Fig. 1. True stress-True strain of Cu-1.0Co-0.65Si-0.1Ti alloy deformed at 0.01 s� 1 (a) and 800 �C (b).  

Fig. 2. EBSD images of Cu-1.0Co-0.65Si-0.1Ti alloy under different deformation conditions:(a) 700 �C and 0.01 s� 1;(b) grain size distributions of (a); (c) 800 �C and 
0.01 s� 1;(d) grain size distributions of (c). 
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Co2Si precipitate. Based on the above researches, the copper alloy 
(Cu-1.0Co-0.65Si-0.1Ti) was obtained by the addition of Co, Si and Ti. 
Thus, the hot deformation behavior of the Cu-1.0Co-0.65Si-0.1Ti alloy 
with hot compression test was investigated in this paper. 

2. Experimental materials and procedures 

The Cu-1.0Co-0.65Si-0.1Ti alloy used in this experiment was ob-
tained by the vacuum melting with the 99% standard electrolytic 
cathode copper, pure Co, Si and Cu-45% Ti master alloy in the ZG-0.01- 
40-4 vacuum medium frequency induction furnace. The nominal 
composition and actual composition of Cu-1.0Co-0.65Si-0.1Ti alloy are 
shown in Table .1. It can be seen that there is a certain difference be-
tween the nominal composition of the alloy and the actual tested 
composition, because the percent of Co, Si and Ti will cause partial loss 
in the melting process. In the melting process, a certain vacuum atmo-
sphere was needed, i.e. the argon was introduced to prevent the alloy 
oxidation. The pouring temperature of the experiment was set between 
1150 and 1250 �C, and the size of the crucible used for pouring is in-
ternal diameter of ~90 mm, ~20 mm thickness and ~190 mm height. 
After cooling to the room temperature and annealing at 960 �C for 1 h, 
the ingots were extruded into 30 mm diameter bars by the XJ-500 metal 
profile extrusion machine. Moreover, the samples also need the solution 
treatment at 960 �C for 1 h and then cut into Φ 8 mm � 12 mm cylinders 
by wire cutting before the hot compression tests, which were carried out 
at 500–900 �C temperature and 0.001–10 s� 1 strain rates ranges, 
respectively, by the Gleeble-1500D thermo-mechanical simulator. 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 500–900 �C. On the other hand, according to the Cu- 

Co phase diagram in our previous paper [15], the phases at room tem-
perature are Cu and ε-Co. Thus, the deformation temperature was 
selected as 500–900 �C and the strain rate was 0.001 s1 to 10 s1. It should 
be noted that the experiment conditions of high vacuum or sub vacuum 
are needed in the experiment in order to obtain the 
Cu-1.0Co-0.65Si-0.1Ti alloy. Firstly, from the beginning of alloy smelt-
ing, the furnace needs to be filled with argon all the time to ensure that 
oxygen will not enter the furnace to cause the alloy oxidation. Moreover, 
in the process of solid solution treatment of alloy in the heat treatment 
furnace, it is very important to inject the argon into the furnace to keep 
the vacuum state, because the alloy is easier to oxidize at high tem-
perature, resulting in the structure defects and decreasing the perfor-
mance of the alloy. 

The microstructure evolution after hot deformation for the Cu-1.0Co- 
0.65Si-0.1Ti alloy was observed by the JSM-7800F backscatter scanning 
electron microscope and JEM-2100 transmission electron microscope 
(TEM). The samples for EBSD (electron backscatter diffraction) obser-
vations were obtained by the mechanical polishing and electro- 
polishing, and then observed by the backscatter scanning electron mi-
croscope. The samples for TEM observations with a size of 3 mm 
diameter and 50 μm thickness were ion thinned by the Gatan 691 ion 
thinner. Especially, for the EBSD and TEM observations by the JSM- 
7800F backscatter scanning electron microscope and JEM-2100 trans-
mission electron microscope, a higher vacuum is required to prevent the 
contamination of the specimens. 

3. Results 

3.1. Flow stress 

Fig. 1 shows the true stress-true strain curves of Cu-1.0Co-0.65Si- 

Fig. 3. EBSD orientation maps and misorientation angles distributions of Cu-1.0Co-0.65Si-0.1Ti alloy deformed at 0.01 s� 1 and different temperatures: (a) and (b) 
deformed at 700 �C; (c) and (d) deformed at 800 �C. 
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0.1Ti alloy deformed at 0.01 s� 1 and 800 �C, respectively. It is well 
known that the work hardening, dynamic recovery and dynamic 
recrystallization are the three typical characteristics during the hot 
deformation [11,24,25]. In the early stage of hot deformation, the flow 
stress increased rapidly due to the work hardening. With the increase of 
the deformation degree, the effect of dynamic recovery begins to appear, 
and gradually tends to be balance with the effect of work hardening, that 
is, the true stress curve tends to level gradually. Moreover, the flow 
stress decreases at high deformation temperature or low strain rate, 
which represents the characteristic of the dynamic recovery and dy-
namic recrystallization. And it can be indicated that the values of the 
flow stress are mainly affected by the strain rates and deformation 

temperatures [26,[27]28]. As shown in Fig. 1, the flow stress decreases 
with the increase of temperature or the decrease of the strain rate. For 
example, the peak stress of the Cu-1.0Co-0.65Si-0.1Ti alloy decreased 
from 188 MPa to 155 MPa when the temperature increased from 600 to 
700 �C at the strain rate of 0.01 s� 1. This is because the average kinetic 
energy of atoms increases with the increase of temperature, which re-
duces 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 [29]. In addition, the peak 
stress of the Cu-1.0Co-0.65Si-0.1Ti alloy decreased from 85 MPa to 60 
MPa with the strain rate decreased from 0.1 s� 1 to 0.01 s� 1, deformed at 

Fig. 4. Pole figures and inverse pole figures of Cu-1.0Co-0.65Si-0.1Ti alloy deformed at 0.01 s� 1 and different temperatures: (a) and (b) Cu-1.0Co-0.65Si-0.1Ti alloy 
deformed at 700 �C; (c) and (d) Cu-1.0Co-0.65Si-0.1Ti alloy deformed at 800 �C. 
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800 �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. 

3.2. Microstructure evolution 

The main applications of EBSD are the measurement of orientation 
and orientation difference, micro-texture analysis, real grain size and so 
on [30,31]. In order to investigate the microstructure evolution of 
Cu-1.0Co-0.65Si-0.1Ti alloy during hot deformation, the EBSD images 
and grain size distributions were shown in Fig. 2. Fig. 2(a) and (c) shows 
the EBSD images of Cu-1.0Co-0.65Si-0.1Ti alloy deformed at 700 �C, 
0.01 s� 1 and 800 �C, 0.01 s� 1, respectively. It can be seen that there are 
some DRX grains near the deformed grains, which is the characteristics 
of typical necklace structure [6,32], as shown in Fig. 2(a). And the 
corresponding grain size distributions are shown in Fig. 2(b). Moreover, 
the average grain size is 8.5 μm. With the increased of deformation 
temperature, the necklace structure disappeared gradually, and the 
deformed grains were replaced by recrystallized grains, i.e. mixed 
crystal structure appears, which can indicate that the dynamic recrys-
tallization is promoted by the increase of temperature. And the average 
grain size of Cu-1.0Co-0.65Si-0.1Ti alloy deformed at 800 �C is 14.3 μm, 
as shown in Fig. 2(d). 

Fig. 3 shows the EBSD orientation maps and misorientation angles 
distributions of Cu-1.0Co-0.65Si-0.1Ti alloy deformed at 700 �C, 0.01 
s� 1 and 800 �C, 0.01 s� 1, respectively. As shown in Fig. 3(b) and (d), the 

distribution of misorientation angles is generally consistent, showing a 
considerable concentration at the low misorientation angles, which is 
related to the stored dislocation [33]. There are a great deal of deformed 
grains and low angle grain boundaries (LAGBs, misorientation 
angle<15�) for the Cu-1.0Co-0.65Si-0.1Ti alloy deformed at low tem-
perature, which is illustrated in Fig. 3(a) and (b), resulting in the ag-
gregation of dislocations in the deformed grain boundaries and work 
hardening regions. With the increasing of deformation temperature, the 
dynamic recrystallization is promoted and the amount of DRX grains is 
increased, as illustrated in Fig. 3(b). Moreover, the percent of HAGBs 
increases from 31.4% to 37.0% with the deformation temperature 
increasing from 700 �C to 800 �C, which can indicate that the 
enhancement of the dynamic recrystallization and the increased of 
temperature can swallow up the stored dislocation [34,35]. Therefore, it 
can be inferred that the increasing of HAGBs means the decreasing of 
stored dislocation density and the enhancement of dynamic 
recrystallization. 

In order to investigate the texture evolution of Cu-1.0Co-0.65Si-0.1Ti 
alloy during the hot deformation, the pole figures and inverse pole fig-
ures are illustrated in Fig. 4. The common recrystallization textures in 
fcc metals are the {011} <100> Goss texture, {112} <111> copper 
texture, {111} <211> R texture, {001} <100> cubic texture and {011} 
<211> brass texture [36,37]. Fig. 4 shows the pole figures and inverse 
pole figures of Cu-1.0Co-0.65Si-0.1Ti alloy deformed at 700 �C, 0.01 s� 1 

and 800 �C, 0.01 s� 1, respectively. The {011} <100> Goss texture was 
confirmed, as illustrated in Fig. 4(a) and (b). Moreover, the texture 
strength of pole figure and inverse pole figure was 2.5 and 1.7, respec-
tively, deformed at 700 �C, 0.01 s� 1. With the increasing of deformation 
temperature, the dynamic recrystallization is promoted. And the {011} 
<100> Goss texture was gradually substituted by the {112} <111>
copper texture, which was shown in Fig. 4(c) and (d). And the corre-
sponding the texture strength of pole figure and inverse pole figure was 
2.3 and 1.3, respectively. It can be seen that the texture strength is 
decreased and the dynamic recrystallization is promoted with the 
increasing of deformation temperature. The reason is that the process of 
dynamic recrystallization eliminates the preferred orientation of some 
deformed grains. In other words, it can infer whether the dynamic 
recrystallization is promoted or not from the change of texture strength. 
In addition, the decrease of texture strength corresponds to the decrease 
of stress-strain curve with the temperature increasing from 700 �C to 
800 �C. As illustrated in Wang et al. [12], it investigated that the 
micro-hardness of Cu-Mg alloys were decreased with the increasing of 
deformation temperature. Zhao et al. [38] investigated the hot defor-
mation behavior and microstructure evolution of Ti-5Al-5V-5Mo-3Cr 
alloys prepared by powder metallurgy and ingot metallurgy ap-
proaches, and found that the decrease of texture strength corresponds to 
the decrease of temperature region suitable for hot working. Heidarza-
deh et al. [39] analyzed that the yield strength of the copper alloy was 
decreased with the decrease of texture strength, which can be also 

Fig. 5. The Kernel Average Misorientation (KAM) of Cu-1.0Co-0.65Si-0.1Ti alloy: (a) deformed at 700 �C and 0.01 s� 1; (b) deformed at 800 �C and 0.01 s� 1.  

Fig. 6. Strain hardening rate -∂(lnθ)/∂ε-ε curve of the Cu-Co-Si-Ti alloy 
deformed at 800 �C. 
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obtained by Haase et al. [36]. On the above analysis, the texture evo-
lution and texture strength are also the parameters to reflect the hot 
working properties of alloys during hot deformation. 

3.3. Dislocation density 

The migration of grain boundaries plays an important role in the hot 
deformation and the migration of grain boundaries is associated with the 
dislocations near the grain boundaries [40]. Therefore, it is significant to 
investigate the dislocation density near the grain boundaries of 
Cu-1.0Co-0.65Si-0.1Ti alloy. The geometrically necessary dislocation 
(GND) density is related to the local misorientation, which can be rep-
resented as [41,42]: 

ρGND¼ 2θ
�

μb (1)  

Where, ρGND is the geometrically necessary dislocation (m� 2); θ 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. μ is the 

step size in the scanning and b is the Burger’s vector (2.55 nm) [15]. 
Fig. 5 shows the Kernel Average Misorientation (KAM) of Cu-1.0Co- 

0.65Si-0.1Ti alloy deformed at 700 �C, 0.01 s� 1 and 800 �C, 0.01 s� 1, 
respectively. It can be seen that the geometrically necessary dislocation 
(GND) of Cu-1.0Co-0.65Si-0.1Ti alloy is 1.0 � 1015 m� 2 and 3.1 � 1014 

m� 2, respectively. In addition, the GND decreased with the increased of 
temperature, which indicate that the enhancement of dynamic recrys-
tallization can sacrifice the dislocation. 

4. Discussion 

4.1. Critical strain 

As the name suggesting, the critical strain is the strain at the 
beginning of dynamic recrystallization. Moreover, the dynamic recovery 
and dynamic recrystallization are related to the critical strain. H. Mir-
zadeh et al. [43] investigated that it was inadequate to just judge the 
dynamic recovery and dynamic recrystallization according to the shape 
of flow stress curve during the hot deformation of 17-4 PH stainless steel. 
The analysis of critical strain can accurately determine the initiation 

Fig. 7. Microstructure of Cu-1.0Co-0.65Si-0.1Ti alloy deformed at 0.01 s� 1 and 700 �C: (a) bright field TEM image; (b) HRTEM; (c) FFT of (b); (d) IFFT of (c).  

Table 2 
Zone axis of the precipitate for beam direction of [110]Cu, [111]Cu, [112]Cu[49].   

Variant [110]Cu [111]Cu [112]Cu 

P4 [101]Cu||[100]δ, (111)Cu||(021)δ ½0:362 0:494 0:988�δ  ½0:724 0:018 0:971�δ  ½1:086 0:530 0:954�δ   
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dynamic recovery or dynamic recrystallization [44]. Therefore, it is very 
important to determine the starting point of dynamic recrystallization of 
the alloy under various deformation conditions. However, the critical 
strain cannot be directly determined by the flow stress curve, which can 
be calculated by the equation of work hardening rate defined by Poliak 
et al. [4547[46]]. Fig. 6 shows the strain hardening rate -∂(lnθ)/∂ε-ε 
curves of the Cu-Co-Si-Ti alloy deformed at 0.01 s� 1, 800 �C and 0.001 
s� 1, 800 �C. The inflection point of the curves is the starting point of 
dynamic recrystallization and the inflection point is 0.089 and 0.035 
(critical strain), respectively. It can be seen that the decreasing of strain 
rate reduces the critical strain value, which means that the decreasing of 
strain rate promotes dynamic recrystallization. Therefore, it can be 
inferred that the increasing of deformation temperature or decreasing of 
strain rate can reduce the critical strain and promote the dynamic 
recrystallization. The same conclusion can be obtained by H. Mirzadeh 
et al. [48], which investigated the hot deformation behavior of a me-
dium carbon microalloyed steel. 

4.2. Precipitates 

Fig. 7 shows the TEM micrographs of Cu-1.0Co-0.65Si-0.1Ti alloy 
deformed at 0.01 s� 1 and 700 �C. It can be seen that there are a lot of 
dislocation lines and precipitates in the grains. And the precipitates have 
a plate-like shape, which have an average size of 12 nm in length and 9 
nm in width. Fig. 7(c) and (d) shows the Fast Fourier Transform (FFT) 
pattern and inverse Fast Fourier Transform (IFFT) pattern corresponding 
to the HRTEM in Fig. 7(b), respectively. And the precipitate was 
determined to Co2Si according the diffraction spot. In addition, the zone 
axis of Cu and Co2Si is ½011�Cu and ½113�Co2Si, respectively. It is worth 
noting that the ð111ÞCu is not parallel to the ð301ÞCo2Si, but has an angle 
difference of 1.45�, which is similar with the calculation result (P4) of 
Table 2 in Yi and Jia et al. [49]. From the definition of diffraction spots, 
the diffractive spots of Co2Si after the Fast Fourier Transform (FFT) are 
clear. However, the diffractive spots of Cu after the Fast Fourier 
Transform (FFT) are not clear. The reason is that the observation di-
rection of the precipitate is strictly <113>, but the observation direction 
of copper matrix is not strictly <110>. As illustrated in Fig. 7(d), there 
are the lattice arrangement directions of ð220ÞCo2Si, ð121ÞCo2Si and 
ð301ÞCo2Si. 

5. Conclusions 

The Cu-1.0Co-0.65Si-0.1Ti alloy was obtained by vacuum melting, 
and then the hot deformation experiment was carried out by using the 
Gleeble-1500 simulator at 0.001–10 s� 1 strain rates and 500–900 �C 
deformation temperatures, respectively. The microstructure evolution 
of Cu-1.0Co-0.65Si-0.1Ti alloy was discussed. Several conclusions can 
be drawn as follows:  

(1) With the increasing of deformation temperature, the dynamic 
recrystallization is promoted and the texture of Cu-1.0Co-0.65Si- 
0.1Ti alloy transformed from {011} <100> Goss texture to {112} 
<111> copper texture. Moreover, the precipitate was determined 
to Co2Si. 

(2) The geometrically necessary dislocation (GND) density was ob-
tained by the Kernel Average Misorientation (KAM). And the 
GND density decreased with the increased of temperature.  

(3) The critical strain of Cu-Co-Si-Ti alloy deformed at 0.01 s� 1,800 
�C and 0.001 s� 1,800 �C was 0.089 and 0.035, respectively. And it 
can be inferred that the increasing of deformation temperature or 
decreasing of strain rate can reduce the critical strain and pro-
mote the dynamic recrystallization. 
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