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Abstract: A Cu−1.3Ni−1.2Co−0.7Si−0.3Cr−0.1Mg alloy with high strength and medium conductivity was designed 
and prepared. The effects of multistage thermomechanical treatment on the microstructure and properties of the alloy 
and its strengthening mechanism were studied. The results showed that a large number of nanoscale β-Ni3Si, 
δ-(Ni,Co)2Si and Cr phase particles precipitated in the high-density dislocation region and sub-grain boundaries during 
aging, and submicron Cr3Si phase particles formed during solidification of the alloy. The tensile strength, yield strength 
and electrical conductivity of the alloy were 882 MPa, 857 MPa and 46.7% (IACS), respectively. The main strengthening 
mechanisms of the alloy were precipitation strengthening, strain strengthening and sub-structure strengthening through 
the strengthening model calculation and measured strength. 
Key words: multicomponent alloying; microstructure evolution; precipitated phase; properties; strengthening 
mechanism 
                                                                                                             

 
 
1 Introduction 
 

Cu−Ni−Si alloys have a wide application 
prospects in aerospace, transportation tracks, 
electronic information and other fields because they 
combine high strength, high elasticity and excellent 
electrical conductivity, thermal conductivity, and 
stress relaxation resistance [1−4]. The Cu−Ni−Si 
alloy represented by C70250 has a strength of 
600−800 MPa and an electrical conductivity of 
30%−40% (IACS) [5,6], which is mainly used in 
elastic components, integrated circuit lead frames 
and patch electronic devices [7−9]. With the 
development of electronic information and other 
high-tech industries, increasing requirements for the 
strength and electrical conductivity of copper alloys 
have been proposed [10,11]. It is difficult to meet 

the requirements of the existing Cu−Ni−Si alloys. 
Cu−Ni−Si alloy is a kind of precipitation 

strengthening copper alloy, and its strengthening 
phases are mainly Ni2Si and Ni3Si phases [12,13]. 
Addition of Co can hinder spinodal decomposition 
and DO22 ordering in the Cu−Ni−Si alloy during 
phase transformation [14]. XIAO et al [15] found 
that Co atoms in Cu−Ni−Co−Si alloy nucleate 
preferentially in the vacancy at the initial stage of 
aging, which is beneficial to reducing the content of 
Si in the Cu matrix and restrain the slip of movable 
dislocations. MONZEN and WATANABE [16] found 
that Mg element can accelerate the nucleation rate 
of the precipitates. Furthermore, the large difference 
of atomic radius between Mg and Cu elements 
helps to increase the recrystallization temperature  
of the alloy and improve its high-temperature 
softening resistance [17]. WANG et al [18] indicated  
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that adding Cr element can significantly refine the 
microstructure of Cu−Ni−Si alloys, and Cr phase 
and stable Cr3Si phase particles formed. Therefore, 
appropriate amounts of Co, Cr and Mg elements are 
added to the Cu−Ni−Si alloy. These alloying 
elements are dissolved in the matrix and 
precipitated in the form of different nanoscale 
second phases through subsequent multistage 
thermomechanical treatment to realize precipitation 
strengthening. Meanwhile, after the precipitation of 
solid solution elements, the electron scattering of 
copper matrix is weakened, and good electrical 
conductivity is achieved on the basis of greatly 
improving the strength of alloy, so as to play the 
synergistic effect of multicomponent alloying. 

Heat treatment is an effective mean to improve 
the strength and electrical conductivity of copper 
alloy [19]. DONG et al [20] found that excessive 
deformation not only decreases the electrical 
conductivity but also causes the alloy to over-aging 
state. ZHAO et al [21] thought that after cold 
deformation of a supersaturated Cu−Ni−Si alloy, 
interaction between the phase transformation of 
precipitation and the Cu matrix recrystallization 
occurs during aging. Fine precipitates can hinder 
recrystallization, while the coarsening precipitation 
phase promotes recrystallization. LEI et al [22] 
indicated that with increasing deformation, 
dislocation loops near the precipitated phase 
gradually accumulate, resulting in an increase in the 
dislocation density near the precipitated phase, 
which easily induces the nucleation of the 
precipitated phase in the high-density dislocation. 
Through repeated cold rolling and aging, 
dislocations and sub-grains increase in the matrix 
and more nucleation sites are provided for the 
second phase particles. On the one hand, it is 
helpful to promoting the fully dispersed 
precipitation of the second phases, making the 
forming second phases effectively pin up 
dislocations and hindering grain boundary 
migration to improve the strength and electrical 
conductivity of the copper alloy. On the other hand, 
due to the poor precipitation kinetics of Ni, Co, Si, 
Cr and other elements, they cannot be precipitated 
in large quantities during one-time aging. Therefore, 
multistage thermomechanical treatment was used. 

In this work, Cu−1.3Ni−1.2Co−0.7Si−0.3Cr− 
0.1Mg alloy with high strength and medium 
conductivity was designed and prepared by the 

synergistic effects of multicomponent alloying and 
thermomechanical treatment. The effects of 
different heat treatments on the microstructure and 
properties were studied. The precipitation behavior 
of the strengthening phases and the strengthening 
mechanisms during multistage thermomechanical 
treatment were revealed, which provided a guidance 
for the optimization of composition and synergistic 
improvement of properties on high strength and 
medium electrical conductivity of Cu−Ni−Co−Si 
alloys. 
 
2 Experimental 
 

Cu−1.3wt.%Ni−1.2wt.%Co−0.7wt.%Si−0.3wt.% 
Cr−0.1wt.%Mg alloy (hereinafter referred to as 
Cu−1.3Ni−1.2Co−0.7Si−0.3Cr−0.1Mg) ingot with 
sizes of 45 mm × 90 mm × 100 mm was prepared 
by medium frequency induction furnace using 
electrolytic copper (99.95 wt.%), pure nickel 
(99.95 wt.%), pure cobalt (99.95 wt.%), pure 
chromium (99.95 wt.%), Cu−30wt.%Si master alloy, 
and Cu−20wt.%Mg master alloy as raw materials. 
The melting temperature was 1250 °C, the casting 
temperature was 1150 °C, and the casting method 
was iron mold casting. The chemical composition 
of the alloy was measured by inductively coupled 
plasma atomic emission spectrometry (ICP-AES), 
and the results are listed in Table 1. The ingot was 
homogenized at 950 °C for 4 h and then hot rolled 
to a strip with a thickness of 8 mm, the hot rolling 
temperature was 920 °C, and the deformation was 
80%. The hot rolled strip was solid-solution treated 
at 940 °C for 1.5 h and then quenched by water 
cooling. The strip after solid-solution treatment was 
subjected to multistage thermomechanical treatment, 
and the treatment parameters are shown in Fig. 1 
and Table 2. 
 
Table 1 Chemical composition of Cu−1.3Ni−1.2Co− 
0.7Si−0.3Cr−0.1Mg alloy (wt.%) 

Element Design composition ICP-AES 

Cu 96.4 Bal. 

Ni 1.3 1.29 

Co 1.2 1.18 

Si 0.7 0.66 

Cr 0.3 0.26 

Mg 0.1 0.1 
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Fig. 1 Technical route diagram 
 

Tensile tests were carried out by an MTS 
material test machine at room temperature, with a 
constant velocity of 1 mm/min. Three samples of 
each condition were tested and the average value of 
the properties was taken as the test result. The 
hardness of the alloy was tested by an HV5 micro- 
hardness tester with a load of 1 kg and a holding 

time of 15 s. Five points of each sample were 
measured, and the average value of the properties 
was taken as the test result. Samples with sizes of 
50 mm × 3 mm were cut from the alloy, and the 
resistance of the alloy was measured by a QJ36s 
DC resistance tester. Three samples of each 
condition were tested, and the electrical 
conductivity was taken and calculated from the 
average value. 

For the transmission electron microscope 
(TEM) samples, the disk with a diameter of 3 mm 
and thickness of 120 μm was cut and then milled to 
50−70 μm. The TEM samples were prepared by a 
RL-4 electrolytic instrument with a voltage of 10 V 
at −35 °C. The microstructures of the samples were 
observed by a Titan G2 60−300 TEM equipment. 

 
3 Results 
 
3.1 Mechanical and electrical properties of Cu− 

1.3Ni−1.2Co−0.7Si−0.3Cr−0.1Mg alloy 
3.1.1 Effect of DAT on properties of alloy 

Figures 2(a) and (b) show the hardness and 
electrical conductivity change curves of the Cu− 
1.3Ni−1.2Co−0.7Si−0.3Cr−0.1Mg alloy with aging 

 
Table 2 Multistage thermomechanical treatment processes for studied alloy 

Heat treatment Process 

Direct aging treatment (DAT) Solution treated + aged at 400/450/500 °C for different time (0−480 min) 

First-stage thermomechanical 
 treatment (FTMT) 

Solution treated + cold rolled by 60% +  
aged at 400/450/500 °C for different time (0−480 min) 

Second-stage thermomechanical 
 treatment (STMT) 

Solution treated + cold rolled by 60% + aged at 450 °C for 1.5 h +  
cold rolled by 70% + aged at 350/400/450 °C for different time (0−240 min) 

Third-stage thermomechanical 
 treatment (TTMT) 

Solution treated + cold rolled by 60% + aged at 450 °C for 1.5 h + 
 cold rolled by 70% + aged at 350 °C for 0.5 h + cold rolled by 30% + 

 aged at 300 and 350 °C for different time (0−480 min) 

 

 
Fig. 2 Variations of hardness (a) and electrical conductivity (b) of DAT samples 
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time at 400, 450 and 500 °C, respectively. The 
hardness and electrical conductivity increased with 
aging time, and the higher the temperature was, the 
shorter the aging time to reach the aging peak value. 
Taking aging at 500 °C as an example, when the 
aging time was 120 min, the hardness of the alloy 
reached the peak value and increased rapidly from 
HV 131 of the solid solution state to HV 192. When 
the aging time was prolonged, the hardness of the 
alloy decreased. For the cases of aging at 400, 450 
and 500 °C for 480 min, the hardness was HV 163, 
HV 191 and HV 189, respectively, and the electrical 
conductivity increased from 25% (IACS) of the 
solid solution state to 39%, 46% and 50% (IACS), 
respectively. 
3.1.2 Effect of FTMT on properties of alloy 

The alloy was treated by the FTMT process 
(solution → 60% cold rolled → aged). Figures 3(a) 
and (b) are the hardness and electrical conductivity 
change curves of the FTMT samples with aging 
time, respectively. For aging at 400, 450 and 500 °C, 
the hardness and electrical conductivity increased 
rapidly with the extension of aging time to 30 min. 
With further prolonging the aging time, the 
hardness curves aged at 500 °C decreased 
significantly, while the hardness of the alloy aged at 
400 and 450 °C increased slowly. Taking aging at 
450 °C as an example, when the aging time was 
60 min, the hardness increased from HV 172 of the 
cold-rolled state to HV 242 of the peak value. As 
the aging time was further prolonged, the hardness 
changed slightly. For aging at 500 °C, the hardness 
of the alloy reached the peak value (HV 239) when 
the aging time was 10 min. With further 
prolongation of the aging time, the hardness began 
to decrease. When the aging time exceeded 480 min, 
the hardness decreased to HV 215.  

Taking aging at 450 °C as an example, when 
the aging time was 30 and 120 min, the electrical 
conductivity of alloy increased from 18.0% (IACS) 
of cold-rolled state to 38.5% (IACS) and 
43.2% (IACS), respectively. As the aging time was 
prolonged, the electrical conductivity increased 
slowly. When the aging time was 240 min, the 
electrical conductivity increased to 43.5% IACS. 
Moreover, the samples aged at higher temperature 
had larger electrical conductivity. For the cases of 
aging at 400, 450 and 500 °C for 480 min, the 
electrical conductivities were 39.7%, 45.0% and 
47.7% (IACS), respectively. 

 

 
Fig. 3 Variations of hardness (a) and electrical 
conductivity (b) of FTMT samples 
 
3.1.3 Effect of STMT on properties of alloy 

The alloy was treated by the STMT process 
(solution → 60% cold rolling → 450 °C, 1.5 h aging 
→ 70% cold rolling →aging). Figures 4(a) and (b) 
show the hardness and electrical conductivity 
change curves of the STMT samples with aging 
time, respectively. The samples were aged at 350, 
400 and 450 °C for different time. With prolonging 
the aging time, the hardness first increased and then 
decreased. Taking aging at 400 °C as an example, 
when the aging time was 0−15 min, the hardness 
rapidly increased from HV 244 to HV 271. When 
the aging time was prolonged to 120 min, the 
hardness increased to 274 MPa of the peak value. 
With further prolonging the aging time to 240 min, 
the hardness was reduced to HV 269. In the initial 
stage of aging, the electrical conductivity increased 
rapidly. As the aging time was prolonged, the 
electrical conductivity increased slowly. For the 
cases of aging at 350, 400 and 450 °C for 240 min, 
the electrical conductivity was 51.4%, 52.6% and 
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56.8% IACS, respectively. In addition, with 
increasing the aging temperature, the hardness peak 
value and the time needed all decreased. For aging 
at 350, 400 and 450 °C, the hardness peak value 
and the time needed were HV 278 and 240 min, 
HV 274 and 120 min, and HV 272 and 15 min, 
respectively. 
3.1.4 Effect of TTMT on properties of alloy 

The alloy was treated by the TTMT process 
(solution → 60% cold rolling → 450 °C, 1.5 h aging 
→ 70% cold rolling → 350 °C, 0.5 h aging → 30% 
cold rolling → aging). Figures 5(a) and (b) show the 
hardness and electrical conductivity change curves 
of the TTMT samples with aging time, respectively. 
With extension of the annealing time, the hardness 
of the alloy first increased and then decreased, 
while the electrical conductivity increased. In the 
initial stage of aging, the hardness of the sample 
annealed at 300 °C was higher than that of the 
sample annealed at 350 °C. When the aging time 
exceeded 3 h, the hardness of the sample annealed 
at 350 °C exceeded that of the sample annealed at 

300 °C. When the aging time was prolonged to 
360 min, the hardness peak value reached HV 283. 
For the cases of aging at 300 and 350 °C for 
480 min, the hardnesses of the alloy were   
HV 275 and HV 279, respectively. The electrical 
conductivities were 43.0% and 47.9% (IACS), 
respectively. 
3.1.5 Property comparison of different treatment 

processes 
Figure 6 shows the engineering stress−strain 

curves of the Cu−1.3Ni−1.2Co−0.7Si−0.3Cr− 
0.1Mg alloy by different treatment processes. The 
mechanical and electrical properties of the alloy 
under the peak aging stage of different heat 
treatments are shown in Fig. 7 and Table 3. The 
hardness, tensile strength, yield strength, elongation 
and electrical conductivity of the samples after solid 
solution treatment were HV 131, 334 MPa, 
157 MPa, 33.4% and 46.7% (IACS), respectively. 
Compared with the solid solution samples, both the 
hardness and strength of samples treated by DAT, 
FTMT, STMT and TTMT were obviously improved, 

 

 
Fig. 4 Variations of hardness (a) and electrical conductivity (b) of STMT samples 
 

 
Fig. 5 Variations of hardness (a) and electrical conductivity (b) of TTMT samples 
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Fig. 6 Engineering stress−strain curves of samples after 
different heat treatments 
 

 
Fig. 7 Comparisons of mechanical and electrical 
properties of samples 
 
and the samples treated by STMT and TTMT had 
the highest hardness and strength. The DAT 
samples had a hardness of HV 190, tensile strength 
of 596 MPa, yield strength of 459 MPa, elongation 
of 13.0% and electrical conductivity of 
49.2% IACS. Compared with the DAT samples, the 
hardness of the samples treated by FTMT, STMT 
and TTMT treatment increased by 27.9%, 46.8% 
and 48.9%, the tensile strength increased by 26.5%, 
47.0% and 48.0%, the yield strength increased by 

56.0%, 83.2% and 86.7%, the elongation decreased 
to 8.4%, 3.9% and 3.0%, and the electrical 
conductivity was 43.5%, 48.0% and 46.7% (IACS), 
respectively. Considering the mechanical and 
electrical properties of the alloy, the optimized 
treatment was TTMT. The hardness, tensile strength, 
yield strength, elongation and electrical conductivity 
of the alloy treated by TTMT were HV 283, 
882 MPa, 857 MPa, and 3.0% and 46.7% (IACS), 
respectively. 
 
3.2 Microstructure of Cu−1.3Ni−1.2Co−0.7Si− 

0.3Cr−0.1Mg alloy 
3.2.1 Microstructure evolution of FTMT samples 

Figure 8 shows the TEM images of the alloy 
samples after cold rolling with a reduction of 60% 
and aging at 450 °C for different time. As shown in 
Figs. 8(a) and (b), a large number of dislocations 
and dislocation cells were generated in the Cu 
matrix after cold rolling. The dislocation walls that 
were formed by dislocation entanglements further 
hindered the movement of subsequent dislocations 
and improved the work hardening effect, as shown 
in the black cluster region in Fig. 8(c). After cold 
rolling, the alloy was aged at 450 °C. When the 
aging time was 30 min, the precipitated phases with 
size of 5−10 nm were formed in the alloy, as shown 
in Fig. 8(d). As the aging time was prolonged, the 
precipitated phases increased and grew, and formed 
nanoscale particles (Fig. 8(e)). When the aging  
time exceeded 600 min, the precipitated phases 
coarsened obviously and “sphere-like” particles 
formed in the matrix with size of 20−35 nm 
(Fig. 8(f)). 

To further analyze the microstructure and 
composition of the alloy during aging, TEM was 
employed to analyze the samples after aging at 
450 °C for 240 min. There were also large 
precipitated particles with size of 300−600 nm in 

 
Table 3 Comparisons of performance of samples after different heat treatments 

Process Hardness 
(HV) 

Electrical  
conductivity/% (IACS) 

Tensile  
strength/MPa 

Yield  
strength/MPa 

Elongation/ 
% 

Solid solution 131 24.8 334 157 33.4 

DAT 190 49.2 596 458 13.0 

FTMT 243 43.5 754 716 8.4 

STMT 279 48.0 876 841 3.9 

TTMT 283 46.7 882 857 3.0 
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Fig. 8 Bright-field images of FTMT samples after first-stage cold rolling and aging at 450 °C for different time:      
(a) Dislocation; (b) Dislocation wall; (c) Dislocation tangle; (d) Aged for 30 min; (e) Aged for 240 min; (f) Aged for 
600 min 
 
the Cu matrix, as shown in Fig. 9(a), the HRTEM of 
the particles can be judged to be the Cr phase. In 
addition, according to the energy dispersive 
spectrometer (EDS) analysis, except for Cu, the 
molar ratio of [(Ni+Co)/2+Cr/3]:Si was about 1:1. 
It shows that there are some Cr3Si particles in the 
matrix, which was the primary phase formed during 
solidification (Figs. 9(b) and (c)). Furthermore, a 
large number of nanoscale particles formed in the 
Cu matrix. There were apparent Moiré fringes 
around the particles (Figs. 9(d) and (e)). Figure 9(f) 
shows the diffraction pattern of the microstructure 
of Fig. 9(d). The incident electron beam was 
parallel to the axis of [011]Cu, and the precipitated 
phase was determined to be β-Ni3Si phase and 
“sphere-like” Cr phase. According to the selected 
area electron diffraction (SAED) image, the  
β-Ni3Si and Cr phases had the following  
orientation relationship with the Cu matrix: 
(200)Cu//(100)β//(200)Cr and [011]Cu//[011]β//[011]Cr, 
which was consistent with the reports [14,23,24]. 
Figure 9(g) shows nanoscale particles, and Fig. 9(h) 
shows the diffraction pattern of the microstructure 

of Fig. 9(g). The incident electron beam was 
parallel to the axis of [112]Cu, and the precipitated 
phase was determined to be the δ-(Ni,Co)2Si    
and β-Ni3Si phases. According to the SAED image, 
the phases had the following orientation  
relationship with the Cu matrix: Cu(11 1 ) // (11 1 ) β // 
(220)δ, Cu( 220) 1 1//( ) //0 ( 420)β δ  and [112]Cu// 
[112]β//[001]δ, which was consistent with the 
reports [14,25,26]. According to the above TEM 
results, it can be determined that the “beam-like” 
precipitates were δ-(Ni,Co)2Si and β-Ni3Si with an 
orthorhombic structure and the “sphere-like” 
precipitates were Cr phases. 
3.2.2 Microstructure evolution of STMT samples 

Figure 10 shows the TEM images of the alloy 
samples after cold rolling with a reduction of 70% 
and aging at 350 °C for 60 min. From Figs. 10(a) 
and (b), the number of dislocations in the alloy was 
further increased after cold rolling, and a large 
number of dislocations accumulated and interacted 
to form sub-grains such as dislocation cells. The 
precipitates that were formed during the first-stage 
aging pinned up the dislocations which were formed 
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Fig. 9 Bright-field images of FTMT samples after aging at 450 °C for 240 min: (a) Cr particle; (b) HRTEM of (a);    
(c) EDS of (a); (d) Precipitates and Moiré fringes; (e) HRTEM of Moiré fringes; (f) SAED of (d), beam direction along 
[011]Cu; (g) Precipitates; (h) SAED of (g), with beam direction along [112]Cu 
 
during the second-stage cold rolling (see Fig. 10(c)), 
and the interaction between precipitated particles 
and dislocations further improved the strain 
strengthening effect. There were also a large 
number of dislocation entanglements around the 
Cr3Si phase in the alloy, as shown in Fig. 10(d). 
After the second-stage aging, a large number of 
precipitated phases continued to nucleate around 
the high-density dislocations, and formed dispersed 
particles with size of 10−30 nm, as shown in 
Figs. 10(e) and (f)). According to the SAED image, 
the nanoscale precipitated phase in the Cu matrix 
was β-Ni3Si, which had the following orientation 
relationship with the Cu matrix: (200)Cu//(100)β and 
[011]Cu//[011]β. 

3.2.3 Microstructure evolution of TTMT samples 
Figure 11 shows the TEM images of the alloy 

samples after cold rolling with a reduction of    
30% and aging at 350 °C for 360 min. From 
Figs. 11(a−c), the samples treated by third-stage 
cold rolling had higher density dislocations and 
more dislocation cells than the STMT sample. 
However, different sign dislocations accumulated 
and cancelled each other, which resulted in 
dislocation annihilation, so that the effect of work 
hardening was not significant in the alloy. In 
addition, after annealing at 350 °C for 360 min, a 
large number of 20−40 nm phase particles continued 
to precipitate in the high-density dislocation regions 
and along the sub-grain boundaries. According to  
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Fig. 10 Bright-field TEM images of STMT samples: (a−c) After cold rolling by 70%; (d−f) After aging at 350 °C for 
60 min 
 

 
Fig. 11 Bright-field TEM images of TTMT samples: (a−c) After cold rolling by 30%; (d−f) After aging at 350 °C for 
360 min 
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the SAED image, the nanoscale precipitated phases 
in the Cu matrix were δ-(Ni,Co)2Si and β-Ni3Si, and 
the interaction between precipitated phases and 
dislocations improved (Figs. 11(d−f)). 
 
4 Discussion 
 

A Cu−1.3Ni−1.2Co−0.7Si−0.3Cr−0.1Mg alloy 
was prepared by different treatments in this work. 
According to the above experimental results, the 
strength and electrical conductivity of the samples 
treated by the TTMT and STMT were higher than 
those of the samples treated by the DAT and FTMT, 
and the TTMT samples had the highest strength and 
relatively high electrical conductivity among them. 
The hardness, tensile strength, yield strength, 
elongation and electrical conductivity of the   
alloy were HV 283, 882 MPa, 857 MPa, 3.0%   
and 46.7% (IACS), respectively. The dislocation 
configuration of the Cu matrix, the precipitation 
behavior of the strengthening phases and the 
interaction between them had significant impact on 
the strength and electrical conductivity of the alloy 
during thermomechanical treatment. 
 
4.1 Precipitation behavior of Cu−1.3Ni−1.2Co− 

0.7Si−0.3Cr−0.1Mg alloy and its effect on 
properties 

Cu−Ni−Co−Si alloy is a typical aging 
precipitation strengthening alloy. In the early stage 
of aging, due to the strong binding force of Si and 
Co atoms in the Cu matrix, they preferentially 
combined to form Co2Si phase, and then Si and Ni 
atoms combined to form Ni2Si phase [5]. With 
extension of aging time, the number of Co2Si and 
Ni2Si phases increased. Because the formation 
enthalpy and crystal structure of Co2Si were very 
close to those of Ni2Si, they precipitated in the form 
of a continuous solid solution (Ni,Co)2Si phase [27]. 
The (Ni,Co)2Si phase induced a large lattice 
distortion in the Cu matrix, which produced great 
effects of pinning dislocations and strengthening 
[28,29]. Adding Cr element to Cu−Ni−Co−Si alloy 
and keeping low content of Ni and Co elements, on 
the one hand, it was helpful to controlling the high 
cost of precious metal Co. On the other hand, the 
decrease of electrical conductivity due to the 
infinite miscibility between Ni and matrix Cu can 
also be controlled. Meanwhile, nanoscale Cr phase 
particles formed due to addition of Cr element (see 

Figs. 9(d−f)), which greatly increased the content of 
precipitated phase in the matrix and helped to 
strengthen the matrix. The addition of Mg element 
can not only produce solid solution strengthening, 
but also pin dislocations and effectively improve 
the stress relaxation rate of alloy [30]. 

The samples after solid solution treatment 
were subjected to the first-stage cold rolling with a 
reduction of 60% during the multistage thermo- 
mechanical treatment. A large number of 
dislocations and sub-grains were generated in the 
Cu matrix (see Figs. 8(a−c)), which not only 
provided more nucleation positions for precipitated 
phases during the subsequent aging but also 
promoted the diffusion of Ni, Co and Si elements 
and accelerated the precipitation of the second 
phases. The alloy was aged at 450 °C after the 
first-stage cold rolling. In the initial stage of aging, 
there was a large precipitation driving force and a 
fast precipitation speed in the alloy due to the high 
content of solute atoms (Ni, Co and Si) in the alloy. 
Therefore, a large number of nanoscale (Ni,Co)2Si 
phase particles precipitated in the Cu matrix, which 
increased the hardness of the alloy (see Fig. 8(d)). 
As the aging time was prolonged, the number of 
(Ni,Co)2Si, Ni3Si and Cr phase particles increased, 
and there were bright and dark Moiré fringes 
around the precipitated phases (see Fig. 9), which 
hindered dislocation movement and effectively 
improved the hardness. Meanwhile, some 
submicron Cr3Si phase particles formed during 
solidification can effectively pin the movement of 
grain boundary and improve the high temperature 
softening resistance of the alloy [31]. When the 
aging time was 240 min, both the hardness and 
strength of the alloy reached the peak value, and the 
hardness, tensile strength, yield strength and 
electrical conductivity of the alloy were HV 243, 
754 MPa, 716 MPa and 43.5% (IACS), respectively. 
When the aging time was further prolonged, the 
precipitated phases coarsened, and the 
strengthening effect and hardness of the alloy 
decreased. In addition, the alloy elements in the Cu 
matrix continued to precipitate, and the electrical 
conductivity showed an upward trend (see Fig. 3). 

The under-aged samples in the FTMT process 
were subjected to the second-stage cold rolling with 
a reduction of 70%. On the one hand, a large 
number of dislocations and sub-grains formed    
in the alloy (see Fig. 10(a−c)). Furthermore, the 
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precipitated phases that formed during under-aged 
can effectively pin-up the dislocation movement. 
The strong interaction between precipitated phases 
and dislocations was conducive to further 
increasing the dislocation density of the alloy, 
improving the strain strengthening effect and 
promoting the subsequent aging precipitation. The 
(Ni,Co)2Si, Ni3Si and Cr phases were further 
dispersedly precipitated in the high-density 
dislocation region of the Cu matrix during the 
second-stage aging. As shown in Figs. 10(d−f), the 
interaction between dislocations and precipitated 
phases further increased, and the strengthening 
effect was remarkable, which further improved the 
hardness, strength and electrical conductivity of the 
alloy. The hardness, tensile strength, yield strength 
and electrical conductivity of the alloy were 
HV 279, 876 MPa, 841 MPa and 48.0% (IACS), 
respectively (see Fig. 4). In the STMT process, the 
best aging parameters were 350 °C, 1 h (peak-aging 
stage). But in the actual production, it was easy to 
crack when selecting the peak-aged sample of large 
billet sheet and strip for rolling, which was not 
conducive to the processing performance. Therefore, 
the TTMT process adopted 350 °C, 0.5 h (under- 
aging state) for heat treatment. 

The STMT samples were subjected to the 
third-stage cold rolling with a reduction of 30%. A 
large number of dispersed precipitates were 
produced during the first-stage under-aging and 
second-stage peak-aging. A stronger interaction 
between dislocations and precipitated phases was 
generated, which further increased the number of 
dislocations and sub-grains (see Fig. 11(a−c)). 
Meanwhile, the third-stage treatment process used 
low-temperature and long-term annealing (350 °C, 
360 min), which was benefit for reducing the 
residual stress of the alloy. On the other hand, the 
Ni, Co, Cr and Si atoms in the Cu matrix continued 
to precipitate in the form of (Ni,Co)2Si, Ni3Si and 
Cr phases in the high-density dislocation regions 
and along the sub-grain boundaries (Figs. 11(d−f)), 
which enhanced the strengthening effect. On the 
basis of maintaining good electrical conductivity, 
both the hardness and strength of the alloy were 
further improved. The hardness, tensile strength, 
yield strength and electrical conductivity of the 
prepared alloy were HV 283, 882 MPa, 857 MPa 
and 46.7% (IACS), respectively (see Fig. 5). 

Besides, through the multistage thermo- 

mechanical treatment process, the phase 
transformation storage energy was improved. A 
large number of dislocation entanglements and 
substructures formed in the Cu matrix, and the 
precipitation of solute atom was fully promoted. 
The contents of alloy elements which dissolved into 
the Cu matrix were significantly decreased, which 
reduced electron scattering and rapidly enhanced 
the electrical conductivity. 
 
4.2 Strengthening mechanism 

According to the above microstructure analysis, 
the high strength of the Cu−1.3Ni−1.2Co−0.7Si− 
0.3Cr−0.1Mg alloy prepared in this work was 
mainly attributed to precipitation strengthening, 
strain strengthening, sub-grain strengthening and 
solid-solution strengthening. To further analyze the 
effect of microstructure on the strength of the alloy, 
the contribution of different strengthening 
mechanisms on the yield strength of the alloy was 
calculated. Finally, the total strength of the alloy 
was obtained by the linear superposition method. 
The parameters used for the strength are listed in 
Table 4. 
4.2.1 Precipitation strengthening 

Precipitation strengthening is one of the 
significant strengthening mechanisms of high- 
performance copper alloys, and the main 
strengthening mechanism is the Orowan bypass 
mechanism, which is achieved by the interaction of 
elastic strain energy and dislocations [34]. The yield 
strength resulted from the Orowan bypass 
mechanism can be expressed by Eq. (1) [35,36]: 
 
Table 4 Parameters of strengthening mechanism 

Parameter Description Value Ref. 

M Taylor factor 3.1 [26] 

b/nm Burgers vector 
magnitude 0.2556 [5] 

v Poisson’s ratio 0.34 [5] 

G/GPa Shear modulus of matrix 48 [26] 

Ky/(MPa·μm1/2) Hall−Petch coefficient 150 [5] 

α Constant 0.3 [26] 

σ0/MPa Intrinsic lattice strength 60 [32] 

δNi 
Factor of  

lattice change 

0.032 [33] 

δCr 0.0618 [33] 

δMg 0.1467 [33]   
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Δσor=
p

1/2
p

ln ( / )0.81 ·
2 π (1 )

d bMGb
dν λ−−

               (1) 

 
where dp is the average size of the precipitated 
phases (measured from eight TEM micrographs of 
the samples in peak aging stage during different 
heat treatment by Image-Pro Plus software in this 
work), λ is the average spacing between precipitates, 
and fv is the average volume fraction of precipitated 
phases. The yield strength resulted from 
precipitation strengthening can be expressed by 
Eq. (2) [37]:  

p
v

3π
8

d
f

λ=                            (2) 

 
The distribution histogram of precipitations 

size is shown in Fig. 12. From the intercept 
distribution, it can be deduced that the average 
precipitations size of FTMT specimens is 
(13.1±7.4) nm, the average precipitation size of 
STMT samples is (9.4±2.3) nm and the average 
precipitation size of TTMT samples is (9.3±1.5) nm. 
The calculated strength values of precipitation 
strengthening of the alloy prepared by different 
treatments are listed in Table 5. 
4.2.2 Strain strengthening 

Cold working greatly produces dislocations, 
and the cutting stress and bypass stress of 
dislocations also increase. To promote nucleation 
and precipitation and add the deformation energy 
storage of the Cu matrix, multistage rolling was 
designed, and the yield strength produced by strain 
strengthening was calculated by Eq. (3) [38]:  
ΔσDis= 1/2MαGbρ                         (3) 
 
where ρ is the dislocation density, and ε is the 
micro-strain. Dislocation density (ρ) can be 
expressed by Eq. (4) [39]:  

2

2

16.1ρ
b
ε

=                              (4) 
 

The XRD patterns of samples and diffraction 
peak broadening βcos θ as a function of 4sin θ are 
shown in Fig. 13. The calculated strength produced 
by the strain strengthening of alloys prepared by 
different treatments is shown in Table 6. Peaks 
explicitly representing the Cu phase can be 
observed in all samples under different treatments. 
The dislocation density of the samples under   
different treatments is generally estimated based on  

 

 
Fig. 12 Distribution histogram of precipitates size with 
different treatment processes: (a) FTMT; (b) STMT;     
(c) TTMT 
 
Table 5 Parameters and calculated results of precipitation 
strengthening 

Process dp/ 
nm 

fv/ 
% M G/ 

GPa 
b/ 
nm v Δσor/ 

MPa 
FTMT 13.1 4.19 3.1 48 0.2556 0.34 425.7 

STMT 9.4 4.27 3.1 48 0.2556 0.34 549.6 

TTMT 9.3 4.28 3.1 48 0.2556 0.34 554.7 
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Fig. 13 (a) XRD patterns of samples by FTMT, STMT, 
and TTMT treatment; (b) Upper-left area: local 
magnification of diffraction peak in red frame of (a), 
lower-right area: peak broadening βcos θ as function   
of 4sin θ by FTMT, STMT and TTMT treatment 
(calculated by (a)) 
 
Table 6 Parameters and calculated results of strain 
strengthening 

Process ρ/m−2 M α 
G/ 

GPa 
b/nm 

ΔσDis/ 
MPa 

FTMT 6.83×1013 3.1 0.3 48 0.2556 94.3 

STMT 1.05×1014 3.1 0.3 48 0.2556 116.9 

TTMT 1.28×1014 3.1 0.3 48 0.2556 129.1 

 
the Williamson−Hall method. The peak broadening 
βcos θ and 4sin θ of the diffraction peak can be 
obtained from the XRD pattern. βcos θ and 4sin θ 
are taken as the vertical and horizontal axes of the 
coordinate axes, respectively. The slope of the fitted 
lines represents the micro-strain (ε), which is 0.053 
for the FTMT specimen, 0.065 for the STMT 
specimen, and 0.072 for the TTMT specimen. 

4.2.3 Sub-grain strengthening 
Cold working introduced a large number of 

sub-grains such as dislocation cells, so that the 
grain size decreased and the grain boundary area 
increased, which hindered dislocation movement 
and improved the yield stress. The yield strength 
can be calculated by Hall−Patch as Eq. (5) [40]:  

GB y gΔ /K dσ =                         (5) 
 
where Ky is estimated to be 150, indicating the 
effect of surrounding grains on flow resistance, and 
dg is the average diameter of grain in the Cu matrix 
(measured from eight TEM micrographs of the 
samples in peak aging stage during different heat 
treatments by Image-Pro Plus software in this work). 
The distribution histogram of grain size is shown in 
Fig. 14. From the intercept distribution, it can be 
deduced that the average grain size of FTMT 
samples is (3.46±0.34) μm, the average grain size 
of STMT specimens is (2.07±0.46) μm and the 
average grain size of TTMT specimens is 
(1.95±0.36) μm. The yield strength produced by the 
sub-grain strengthening of the alloys prepared by 
different treatments is shown in Table 7. 
4.2.4 Solid-solution strengthening 

Different solute atoms and Cu atoms have 
different atomic radius and shear modulus. When 
the alloying elements are dissolved into Cu matrix, 
lattice distortion in the matrix occurs, resulting in a 
strengthening effect. In addition, the dislocation line 
energy varies with different shear modulus. Because 
Cu, Mg and Cr atoms are of the same scale, the 
addition of Mg and Cr elements can strengthen the 
Cu matrix by forming an alternative solid solution. 
Ni and Cu are infinitely miscible systems that 
produce a large solid solubility in the matrix, which 
causes a strengthening effect. In this work, assuming 
that all Co and Si elements fully precipitate in the 
form of the second phase, only the contribution of 
Ni, Cr and Mg elements to the yield strength is 
considered, which is calculated by Eq. (6) [41]:  

a3/2
s a 3

Δ
x

G xσ δ=∑                      (6) 
 
where δ is the lattice change factor, which is related 
to the type of elements, and xa is the molar fraction 
of solute atom. The yield strength produced by the 
solid-solution strengthening of alloys prepared by 
different treatment processes is shown in Table 8. 
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Fig. 14 Distribution histogram of grains size by different 
treatment processes: (a) FTMT; (b) STMT; (c) TTMT 

Table 7 Parameters and calculated results of sub-grain 
strengthening 

Process dg/μm Ky/(MPa·μm1/2) ΔσGB/MPa 

FTMT 3.46 150 80.6 

STMT 2.07 150 104.3 

TTMT 1.95 150 107.4 

 
The total strength of the alloy can be 

calculated by Eq. (7) [42,43]: 
 
σtotal=σ0+Δσor+ΔσDis+ΔσGB+Δσs                      (7) 
 
where σ0 is estimated to be 60 MPa. Table 9 lists the 
contribution of yield strength to each strengthening 
mechanism of the alloy under different treatment 
conditions as well as the deviation between the 
experimental and calculated data. The deviations 
for the FTMT, STMT and TTMT samples were 
8.0%, 0.93% and 1.2%, respectively. Taking the 
TTMT sample as an example, the strengthening 
contributions of the alloy from large to small were 
precipitation strengthening, strain strengthening, 
sub-grain strengthening and solid-solution 
strengthening, which were 65%, 15%, 12.7% and 
0.3%, respectively. The main strengthening 
mechanisms of alloys are precipitation 
strengthening, strain strengthening and sub-grain 
strengthening. 

Figure 15 shows the comparison of tensile 
strength and electrical conductivity among the 
Cu−Ni−Co−Si−Cr−Mg alloy studied in this work 
and the Cu−Zn−Sn, Cu−Sn, Cu−Mg, Cu−Be, 
Cu−Ti, Cu−Zr, Cu−Cr, Cu−Cr−Zr, Cu−Ni−Si and 
other alloys. In this work, proper contents of Co, Cr 
and Mg elements were added to a Cu−Ni−Si alloy 
to strengthen the interaction between precipitates 
and dislocations by the synergistic effects of various 
alloy elements and controlling of the thermo- 
mechanical treatment. Reasonable matching of the 
high strength (>850 MPa) and medium electrical 
conductivity (>45% (IACS)) of copper alloy was 
achieved through comprehensive effects of 
precipitation strengthening, strain strengthening, 

 
Table 8 Relevant parameters and calculated results of solid-solution strengthening 

Process δNi δCr δMg xNi xCr xMg G/GPa Δσs/MPa 

FTMT 0.032 0.0618 0.1467 1.421293 0.313634 0.335482 48 2.42 

STMT 0.032 0.0618 0.1467 1.421293 0.313634 0.335482 48 2.42 

TTMT 0.032 0.0618 0.1467 1.421293 0.313634 0.335482 48 2.42 
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Table 9 Comparison of experimental and calculated values of yield strength under different heat treatments 

Process σ0/MPa Δσor/MPa ΔσDis/MPa ΔσGB/MPa Δσs/MPa σtotal/MPa σexp/MPa σerr/% 

FTMT 60 425.7 94.3 80.6 2.42 663.1 716 8.0 

STMT 60 549.6 116.9 104.3 2.42 833.2 841 0.93 

TTMT 60 554.7 129.1 107.4 2.42 853.6 857 0.4 
 

 
Fig. 15 Properties of copper alloys with different 
compositions 
 
sub-grain strengthening. The prepared alloy had 
hardness of HV 283, tensile strength of 882 MPa, 
yield strength of 857 MPa, and electrical 
conductivity of 46.7% (IACS). 
 
5 Conclusions 
 

(1) A Cu−1.3Ni−1.2Co−0.7Si−0.3Cr−0.1Mg 
alloy with high strength and medium conductivity 
was designed and multistage thermomechanical 
treatment was proposed, i.e., solid solution treating 
at 940 °C for 90 min→ cold rolling by 60%→ 
aging at 450 °C for 90 min→ cold rolling by 
70%→ aging at 350 °C for 30 min→ cold rolling 
by 30% → annealing at 350 °C for 300 min. The 
hardness, tensile strength, yield strength and 
electrical conductivity of the prepared alloy were 
HV 283, 882 MPa, 857 MPa and 46.7% (IACS), 
respectively. 

(2) A large number of nanoscale β-Ni3Si, 
δ-(Ni,Co)2Si and Cr phase particles precipitated in 
the high-density dislocation region and along the 
sub-grain boundaries during aging, and submicron 
Cr3Si phase particles formed during solidification of 
the alloy. Thus, the synergistic effect of multi-phase 
and multi-scale particles can be played to 
strengthen the matrix and improve the electrical 
conductivity. The β-Ni3Si and δ-(Ni,Co)2Si phases 

had the following orientation relationship with   
the Cu matrix: [112]Cu//[112]β//[001]δ, Cu(11 1 ) //
(11 1 ) β //(220)δ and Cu( 220) //(1 10) //(420)β δ ; 
[011]Cu//[011]β, (200)Cu//(100)β. 

(3) The strengthening mechanisms of the 
Cu−1.3Ni−1.2Co−0.7Si−0.3Cr−0.1Mg alloy by 
multistage thermomechanical treatments were 
precipitation strengthening, strain strengthening, 
sub-structure strengthening and solid-solution 
strengthening. The yield strength values calculated 
by strengthening model were 554, 129, 107 and 
2.4 MPa, respectively. The main strengthening 
mechanisms of the alloy were precipitation 
strengthening, strain strengthening and sub-grain 
strengthening. 
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摘  要：设计并制备一种高强度、中等导电性的 Cu−1.3Ni−1.2Co−0.7Si−0.3Cr−0.1 Mg 合金。研究多级形变热处理

对合金组织和性能的影响及其强化机制。结果表明，在时效过程中，高密度位错区和亚晶界处析出大量纳米级的

β-Ni3Si、δ-(Ni,Co)2Si 和 Cr 相颗粒，凝固过程中形成亚微米级 Cr3Si 相。该合金的抗拉强度、屈服强度和电导率

分别为 882 MPa、857 MPa 和 46.7% (IACS)。通过强化模型的计算和强度测试，该合金的主要强化机制为析出强

化、应变强化和亚结构强化。 

关键词：多元合金化；显微组织演变；析出相；性能；强化机制 
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