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Abstract: The role of Cr in affecting the precipitates and the properties of aged Cu−Cr−P alloys was investigated and 
discussed. The results show that there are mainly three sizes of Cr phase in aged Cu−Cr−P alloys, among them, the 
nano-sized Cr phase plays an important role in the strength of Cu−Cr−P alloys. The strengthening effect of Cr phase 
(less than 5 nm) with FCC structure completely coherent with the matrix is calculated to be about 200 MPa on the basis 
of dislocation cut-through mechanism. The strengthening effect of Cr phase (10−20 nm) with BCC structure incoherent 
with the matrix is calculated to be about 100 MPa on the basis of the Orowan dislocation bypass mechanism. The 
increase of Cr content changes the number and size of nano-sized Cr phase, which causes the mechanical properties of 
the Cu−Cr−P alloys to increase first and then decrease. The tensile strength of Cu−0.36Cr−0.01P alloy is 572 MPa and 
its electrical conductivity is 80% IACS after solid solution treatment at 980 °C for 2 h followed by 95% cold rolling and 
then aging treatment at 450 °C for 1 h. 
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1 Introduction 
 

Cu−Cr−Zr alloys are considered to be an ideal 
material for very large-scale integrated circuit lead 
frame, high-end electrode, nuclear reactor heat sink 
and new generation of high-speed rail contact wire, 
due to their high strength, high electrical 
conductivity, non-magnetic properties, good fatigue 
resistance and good thermal stability [1−3]. 
However, Zr element can be easily oxidized and 
burn during the preparation of the alloy, which 
makes it difficult to control the composition and the 
performance of the alloy accurately, and limits the 
large-scale production and the application of 
Cu−Cr−Zr alloys [4−6]. 

For this reason, researchers are working on 

finding new elements to replace Zr in Cu−Cr alloys, 
such as Fe, Ti, Ag and P [7−11]. Studies have 
shown that taking Fe or Ti as the third component 
can improve the strength of Cu−Cr alloys, but 
greatly decrease the electrical conductivity of the 
alloy [7,8]. Ag can simultaneously increase the 
strength and plasticity of the alloy, and it has little 
effect on the electrical conductivity of the alloy. 
However, Ag is a type of precious metal material, 
the production of Cu−Cr−Ag alloys can be   
costly [9], and the P element can inhibit the growth 
of Cr precipitates through the formation of Cr3P 
phase, which can hinder the dislocation motion, and 
improve the high temperature softening resistance 
of Cu−Cr−P alloys [10,11]. 

The common feature of the related work [7−11] 
is to study the effect of the third component content 
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on the microstructure and properties of the alloy 
under the condition that the Cr content is constant. 
Usually, for Cu−Cr−X ternary alloys, the content of 
the third element, namely X, is very little, and its 
effect on the properties of alloy is indirect. 
Generally, the third component affects the 
properties of alloy indirectly by influencing the 
shape and number of Cr precipitates [8−13]. For 
example, Ti, Mg and Nb elements can restrain   
the growth of Cr precipitates by distributing     
on the surface of Cr phase during aging      
treatment [8,12,13]; Ag element can depress the 
chain precipitation of the Cr phase, which improves 
the strength of the alloy [9]. While, the content of 
Cr element can affect the properties of alloy directly, 
because most of Cu−Cr−X ternary alloys are aging- 
strengthened copper alloy, and the precipitated 
particles are mainly Cr phase. Cr can increase the 
strength and hardness of copper alloy, and decrease 
the conductivity. Therefore, it is worthwhile to 
investigate the influence of Cr content on 
microstructure and properties of Cu−Cr−P alloys. 

In this work, the effect of Cr content on the 
microstructure and properties of the aged Cu−Cr−P 
alloys under the condition of certain P content was 
studied. And the experimental basis for developing 
high performance Cu−Cr−P alloys, which is 
comparable to Cu−Cr−Zr alloys, has been provided. 
 
2 Experimental 
 

The raw materials were high purity electrolytic 
copper (99.99 wt.%), pure Cr (99.99 wt.%), and 
Cu−P master alloys with 14 wt.% P. The alloy 
ingots with diameter of 70 mm and height of 
500 mm were obtained by melting in ZG−001 
medium frequency induction vacuum furnace under 
argon atmosphere and casting in graphite mold. The 
nominal and actual compositions of the alloy are 
shown in Table 1. The content of P in Cu−Cr−P 
alloys are designed according to the previous  
study [7]. 
 
Table 1 Chemical compositions of Cu−Cr−P alloys (wt.%) 

No. 
Nominal Actual 

Cr P Cu Cr P Cu 

1 0.20 0.010 Bal. 0.19 0.013 Bal. 

2 0.40 0.010 Bal. 0.36 0.010 Bal. 

3 0.60 0.010 Bal. 0.63 0.013 Bal. 

4 0.80 0.010 Bal. 0.90 0.012 Bal. 

The oxide layer and defects on the surface of 
the ingot were removed. 20 mm-thick sample was 
cut from 20 mm away from the bottom of the ingot. 
Samples were solid solution treated at 980 °C for 
2 h in SGM.M10/14 box resistance furnace and 
water quenched. After removing the surface oxide 
layer, they were subjected to 95% deformation cold 
rolling by the two-roll mill, and then aged at 450 °C 
for 1 h. 

The electrical conductivity of the samples at 
room temperature (20 °C) were measured by a 
Sigms2008 digital eddy current metal conductivity 
meter. The sample size was 20 mm × 50 mm × 
1 mm. For each condition, the electrical 
conductivity was measured 5 times. The samples 
for mechanical properties testing were prepared 
according to GB/T 228.1—2010. A WDW−200D 
universal material testing machine was used to test 
the room temperature mechanical properties at a 
deformation rate of 1 mm/min. For each condition, 
three samples were measured and the ultimate 
tensile strength was calculated by the average  
value of three measurements. The Phenom ProX 
electron microscope was used to observe the 
microstructure and the etching solution was a 
solution of ferric nitrate hydrochloride in the ratio 
of 10 g Fe(NO3)3+ 50 mL HCl + 40 mL H2O. The 
size and volume fraction of the precipitation phases 
were counted by Image Pro software. TEM samples 
were prepared by the electrolytic double spray 
thinning method at −30 °C, and the electrolyte was 
70 vol.% methanol +30 vol.% nitric acid. The aging 
phases of the alloy were observed by TECNAI 
G2100 transmission electron microscope. X-ray 
diffraction (XRD) was measured by X'Pert Pro 
diffractometer, Cu Kα radiation (λ=1.5406 Å), the 
step size was about 0.016°, and the scanning speed 
was about 1 (°)/min. 
 
3 Results and discussion 
 
3.1 Effect of Cr content on micron Cr phase of 

aged Cu−Cr−P alloys 
Figure 1 shows the microstructure of the aged 

Cu−Cr−P alloys with different Cr contents and the 
EDS results of the secondary phase. The EDS 
results of Fig. 1(c) show that the secondary phase is 
Cr phase. According to the figure, no obvious 
recrystallization occurred in the alloy matrix after 
aging treatment, and the fibrous structure, which 
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Fig. 1 Microstructures of aged Cu−Cr−P alloys with different Cr contents: (a) Cu−0.19Cr−P; (b) Cu−0.36Cr−P;          

(c) Cu−0.63Cr−P; (d) Cu−0.90Cr−P 

 
was formed by cold-rolling deformation, is still 
maintained. It can be seen that as the content of Cr 
increases, the size and number of the Cr phase 
gradually increase. 

The average size (dp) and the volume fraction 
(fv) of the Cr phase in Fig. 1 are counted, and the 
results are shown in Table 2. The Cr precipitates 
after aging treatment in tested Cu−Cr−P alloys with 
different Cr contents are all in micron/ sub-micron 
size. 
 
Table 2 Average size and volume fraction of Cr phase in 

aged alloys 

Alloy dp/μm fv/% 

Cu−0.19Cr−P 0.64 0.31 

Cu−0.36Cr−P 1.03 1.26 

Cu−0.63Cr−P 1.46 3.15 

Cu−0.90Cr−P 1.83 5.25 

According to Orowan−Ashby strengthening 
mechanism [14], the distance between the particles 
is expressed by l, which can be calculated by 
Eq. (1), and the calculation results of the distance 
between Cr phases in the aged Cu−Cr−P alloys with 
different Cr contents are listed in Table 3. The 
results show that the distance between Cr phases is 
much greater than 1 μm in the aged Cu−Cr−P alloys. 
In metal matrix composites, if the distance between 
the precipitates is greater than 1 μm, the effect of 
precipitates on the mechanical properties of the 
alloy can be very little [15]. Therefore, the 
influence of micro/sub-micron Cr phases on the 
strength properties of Cu−Cr−P alloys could be 
negligible. 
 

p p
v

1 3

2 2
l d d

f


                          (1) 
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Table 3 Calculation results of distance between Cr 

phases in aged alloys 

Alloy λ/μm 

Cu−0.19Cr−P 11.84 

Cu−0.36Cr−P 8.93 

Cu−0.63Cr−P 7.47 

Cu−0.90Cr−P 6.84 

 

3.2 Effect of Cr content on nano-scale Cr phase 
of aged Cu−Cr−P alloys 
The size and number of precipitates in the 

precipitation strengthening copper-based alloy 
directly affect the mechanical properties of the alloy. 
From Figs. 2 and 3, the nano-sized precipitates in 
the Cu−Cr−P alloys are mainly within the typical 
scales of 10−20 nm and less than 5 nm. 

Figure 2 shows the TEM images, HRTEM 
image and fast Fourier transform (FFT) pattern of 
precipitates with size of 10−20 nm in Cu−Cr−P 
alloys with different Cr contents. The spherical and 
elliptic precipitates appeared in the alloy matrix 

after aging treatment, and the size and number of 
precipitates increased with the increase of Cr 
content. The size and the volume fraction of the 
precipitates with size of 10−20 nm were counted, 
and the results are shown in Table 4. Figure 2(e) 
also shows the HRTEM images and FFT    
patterns of the precipitate in Cu−0.36Cr−P    
alloys, and the calibration results show that these   
precipitates are Cr phase, with a body-centered 
cubic structure. 

Further observation of the alloy reveals that 
there are large number of precipitates with size less 
than 5 nm in the alloy. The TEM images, HRTEM 
image, FFT patterns and EDS results of precipitates 
with size less than 5 nm in Cu−Cr−P alloys with 
different Cr contents are shown in Fig. 3. The 
volume fraction of the precipitates with the size less 
than 5 nm in the four kinds of alloys are counted, 
and the results are shown in Table 5. The results 
show that with the increase of Cr content, the 
volume fraction of the precipitate with size less 
than 5 nm firstly increases and then decreases. 

 

 
Fig. 2 TEM images showing Cr phase with size 10−20 nm in aged Cu−Cr−P alloys with different Cr contents:       
(a) Cu−0.19Cr−P; (b) Cu−0.36Cr−P; (c) Cu−0.63Cr−P; (d) Cu−0.90Cr−P; (e) HRTEM image of precipitate and its FFT 
pattern 



Jian WANG, et al/Trans. Nonferrous Met. Soc. China 31(2021) 232−242 

 

236

 

 
Fig. 3 TEM images showing Cr phase with size less than 5 nm of Cu−Cr−P alloys with different Cr contents:        

(a) Cu−0.19Cr−P; (b) Cu−0.36Cr−P; (c) Cu−0.63Cr−P; (d) Cu−0.90Cr−P; (e) HRTEM image of precipitates with size 

less than 5 nm and its FFT patterns; (f) EDS results of (e) 
 
Table 4 Average size and volume fraction of Cr phase 

with size of 10−20 nm 

Alloy dp/nm fv/% 

Cu−0.19Cr−P 10.6 0.18 

Cu−0.36Cr−P 11.0 0.33 

Cu−0.63Cr−P 13.5 0.35 

Cu−0.90Cr−P 19.1 0.42 

 

Figures 3(e) and (f) show the HRTEM images, 
FFT patterns and EDS results of precipitates with 
size less than 5 nm. It can be seen from Fig. 3(e) 
that the precipitates with size less than 5 nm mainly 
exhibit the two different morphologies of contrast: 
one is spherical contrast (P1), and the other one is 
coffee-bean-like contrast (P2). Combined with the 
EDS result, it can be considered that the precipitates 
of both contrasts are Cr phases. According to the 

Ref. [16], the SAED patterns of fully coherent Cr 
phases with three major zone axis of [011]Cu, 
[001]Cu and [112]Cu show that no diffraction spots 
other than those from the matrix are visible. And 
the FFT patterns of P1 and P2 show that there are 
no other spots except the matrix, which indicates 
that the two contrast precipitates are both 
metastable face-centered cubic Cr phases and 
completely coherent with the matrix. 

The nano-sized precipitations interact with 
dislocations to increase the strength of the alloy. 
Generally speaking, there are two interaction modes 
between dislocation and precipitates. When the size 
of precipitate is small and coherent with the matrix, 
dislocations can pass through the precipitates; when 
the size of the precipitates is large and maintains 
coherent relationship with matrix, dislocations can 
bypass the precipitates [17]. 



Jian WANG, et al/Trans. Nonferrous Met. Soc. China 31(2021) 232−242 

 

237
 

Table 5 Average size and volume fraction of Cr phases 

with size less than 5 nm 

Alloy dp/nm fv/% 

Cu−0.19Cr−P 3.5 0.29 

Cu−0.36Cr−P 3.9 0.50 

Cu−0.63Cr−P 4.0 0.53 

Cu−0.90Cr−P 4.3 0.39 

 

The Cr phases with the size of 10−20 nm are 
non-coherent with the matrix, and the strengthening 
effect can be calculated by the Orowan−Ashby 
mechanism [14] as   

p
Orowan 1/2

p

( / )
0.81

2 (1 ) ( )

MGb d b

d


 
 

  
           (2) 

 
where M is the Taylor factor, G is the shear 
modulus, b is the magnitude of Burgers vector, and 
υ is the Poisson ratio. Referring to the relevant 
literature [18], for Cu alloy, M=3.06, G=44GPa, 
b=0.255 nm and υ=0.303. 

The Cr phases with size less than 5 nm are 
coherent with the Cu matrix, and the coherent 
strengthening calculation method is used to 
evaluate the strengthening effect, as [19−23]  

1/2
3/2 v

Coherent ( )
rbf

Mx G
F

      
 

             (3) 

 
where δ is the function of the mismatch between the 
face-centered cubic Cr phase and the matrix, r is the 
average radius of the precipitate, F is the 
dislocation tension of the precipitated phase. In Cu 
alloy, the coefficient x is 2.6, usually [23]. 

The statistical results of Tables 4 and 5 are 
taken into Eqs. (2) and (3) for calculation, 
respectively. Then, the yield stress increments of 
the two sizes Cr phases are obtained, as list in Table 
6. In this work, the total yield stress increment    
(Δσp) resulting from precipitation strengthening   
is calculated by the sum of two strengthening 
methods. It can be seen that with the increase of Cr 
 
Table 6 Precipitation strengthening calculation results 

Alloy 
ΔσCoherent/ 

MPa 

ΔσOrowan/ 

MPa 

Δσp/ 

MPa 

Cu−0.19Cr−P 186.7 76.1 262.8 

Cu−0.36Cr−P 245.1 101.7 346.8 

Cu−0.63Cr−P 252.5 90.1 342.6 

Cu−0.90Cr−P 216.2 75.2 291.4 

content, the strengthening effect of nano-sized Cr 
phase increases at first and then decreases. 
 
3.3 Effect of Cr content on dislocation density of 

aged Cu−Cr−P alloys 
The dislocation density in Cu alloy affects the 

strength and electrical conductivity of the material. 
Usually, the dislocation density is calculated by the 
Williamson−Hall method [24]. Assuming that all 
internal microscopic strains are caused by 
dislocations, the dislocation density (ρ) can be 
obtained from Eq. (4):  

2 3

Db

                                 (4) 
 
where D is the average sub-grain size, ε is the 
micro-strain, which are obtained by XRD 
experiment. 

The micro-strain, ε, can be calculated by the 
slope of βcos θ versus 4sin θ, induced in an alloy in 
accordance to the Williamson−Hall’s equation [24]:  

cos 4 sin
k

D

                          (5) 
 
where β is the full width at half maximum (FWHM) 
of diffraction peaks, λ is the radiation wavelength, k 
is a constant, θ is the Bragg angle. 

The XRD patterns and micro-strain ε of four 
kinds of Cu−Cr−P alloys are shown in Fig. 4. 

The yield stress increment (Δσd) generated by 
dislocation strengthening can be calculated by the 
Bailey−Hirsch [25] equation:  

d M Gb                            (6) 
 
where α=0.2 (face-centered cubic material). 

Combined with the average sub-grain size in 
Table 7, the yield stress increment (ΔσGB) generated 
by grain boundary strengthening can be obtained by 
the Hall−Petch equation [26,27]:  

P H
GB

K

D
                               (7) 

 
where KP−H is the Hall−Petch coefficient, and 
KP−H=0.14 for the Cu alloy. 

The calculation results of the dislocation 
density and the yield stress increment generated by 
dislocation strengthening and grain boundary 
strengthening are shown in Table 7. The results 
show that the change of Cr content has little effect 
on the dislocation density in the aged Cu−Cr−P 
alloys. 
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Fig. 4 Micro-strains and XRD diffraction patterns of Cu−Cr−P alloys with different Cr contents: (a) Cu−0.19Cr−P;     

(b) Cu−0.36Cr−P; (c) Cu−0.63Cr−P; (d) Cu−0.90Cr−P 
 
Table 7 Calculation results of micro-strain, average sub-grain size, dislocation density, dislocation strengthening and 

grain boundary strengthening 

Alloy ε D/μm ρ/m−2 Δσd/MPa ΔσGB/MPa 

Cu−0.19Cr−P 0.00128 1.31 1.33×1013 25.1 122.8 

Cu−0.36Cr−P 0.00098 0.85 1.56×1013 27.2 151.8 

Cu−0.63Cr−P 0.00087 0.87 1.29×1013 24.8 150.0 

Cu−0.90Cr−P 0.00102 1.09 1.25×1013 24.3 133.5 

 
3.4 Effect of Cr content on properties of aged 

Cu−Cr−P alloys 
Figure 5 shows the change of tensile strength, 

electrical conductivity and stress−strain curves   
of Cu−Cr−P alloys with different Cr contents after 
aging treatment. It can be seen that as the content of 
Cr increases, the tensile strength of the alloy firstly 
increases and then decreases, while the electrical 
conductivity decreases gradually. Cu−0.19Cr−P 
alloy has a good electrical conductivity of 82.3% 
IACS. The tensile strength of Cu−0.36Cr−P alloy is 
significantly improved, which is 572 MPa, and the 
electrical conductivity decreases slightly to 80.0% 

IACS. The electrical conductivity and tensile 
strength of Cu−0.63Cr−P alloy are both decreased, 
which are 79.1% IACS and 563 MPa, respectively. 
The electrical conductivity of Cu−0.90Cr−P alloy 
dose not decrease significantly, but its tensile 
strength decreases to 516 MPa. In addition, the 
yield strengths of the four kinds of Cu−Cr−P alloys 
are 445 MPa (0.19 Cr), 539 MPa (0.36 Cr), 
528 MPa (0.63 Cr), and 471 MPa (0.90 Cr), 
respectively. 

The yield strength of polycrystalline materials 
can be expressed as [28] 
σtotal=σ0+Δσp+ΔσGB+Δσd+Δσs                   (8) 
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Fig. 5 Properties and stress−strain curves of Cu−Cr−P 

alloys with different Cr contents after aging: (a) Tensile 

strength and conductivity of four kinds of Cu−Cr−P 

alloys; (b) Stress−strain curves of four kinds of Cu−Cr−P 

alloys 
 
where σ0 is a constant with the value of 40 MPa for 
copper alloys [29]. Δσp, ΔσGB, Δσd and Δσs represent 
the yield stress increments produced by the 
precipitation strengthening, the grain boundary 
strengthening, the dislocation strengthening and the 
solid solution strengthening, respectively. Among 
them, the solid solution strengthening effect 
generated only by Cr atoms is not obvious and can 
be ignored [30], while Δσp, Δσd and ΔσGB have been 
obtained in Sections 3.2 and 3.3. 

The calculation results of Δσp, Δσd and ΔσGB  
are taken into Eq. (8), and the theoretical yield 
strengths (σtotal) of the Cu−Cr−P alloys with four 
different Cr contents are obtained, which are 
compared with the experimental yield strengths 
(σexp), as shown in Fig. 6. In this work, the yield 
stress increment caused by precipitation 
strengthening is the greatest, followed by grain 
boundary strengthening, while the yield stress 

increment caused by dislocation strengthening is 
little, and the solution strengthening can be ignored. 
Therefore, the main strengthening mode of 
Cu−Cr−P alloys with different Cr contents is 
precipitation strengthening. As shown in Section 
3.2, with the increase of Cr content, the 
precipitation strengthening effect of the Cr phase 
with size less than 5 nm and the Cr phase with size 
10−20 nm increases first and then decreases, which 
leads to the tensile strength of Cu−Cr−P alloys 
increasing first and then decreasing with the 
increase of Cr content. 
 

 

Fig. 6 Comparison of theoretical and experimental yield 

strength values 

 
The factors affecting conductivity can be 

expressed by the Matthiessen’s rule [31]: 
 
ρalloy=ρ0+ρimp+ρdef+ρint+ρpho                  (9) 
 
where ρalloy is the resistance of Cu−Cr−P alloys, 
while ρ0, ρimp, ρdef, ρint and ρpho are the resistance of 
the copper matrix and the resistances generated by 
solute atoms, grain boundaries, dislocations and 
phonons scattering, respectively. 

Phonon scattering is mainly caused by thermal 
vibration, which is greatly affected by temperature. 
The conductivity values measured in this work are 
all at room temperature, so the influence of phonons 
scattering can be neglected. When the grain size is 
equivalent to the electron mean free path inside the 
grain interior, the effect of the grain boundary 
scattering on the resistivity cannot be ignored [31]. 
Generally, the effect of grain boundary scattering on 
the resistivity of the alloy is considered in the 
polycrystalline film material. When the dislocation 
density reaches the order of 1017−1018m−2, the 
electrical conductivity of the alloy will be 
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significantly affected [31]. After aging at 450 °C for 
1 h, the dislocation densities of four kinds of 
Cu−Cr−P alloys are all on the order of 1013m−2, 
much lower than that of 1017−1018m−2. Therefore, 
the effect of grain boundary and the dislocation 
density on the conductivity of Cu−Cr−P alloys are 
not considered. Solute atoms dissolved in Cu matrix 
will lead to lattice distortion, and the distorted 
lattice structure will scatter electrons greatly. 
Therefore, the solute atoms remaining in Cu matrix 
after aging is the main reason that affects the 
electrical conductivity of Cu−Cr−P alloys. 

Although the aging treatment can decompose 
the supersaturated solid solution and promote the 
precipitation of Cr atoms from the matrix, there are 
still some Cr atoms remaining in the matrix, and 
this part of Cr atoms are the main cause of the 
decrease in the electrical conductivity of the alloy. 
Combined with the experimental results of the 
electrical conductivity in Section 3.4, we believe 
that the increase of Cr content in the Cu−Cr−P 
alloys can increase the residual Cr atoms in the 
alloy matrix after aging, which can lead to the 
decrease of the electrical conductivity of the alloy. 
 
3.5 Comparison of effect of third component on 

properties of Cu−Cr alloys 
Figure 7 compares the tensile strength and 

electrical conductivity of Cu−0.36Cr−0.01P alloy 
with six types of Cu−Cr−X alloys with Fe [7],    
Ti [8], Ag [9,26], Mg [12], Nb [13], Zr [32−34] and 
other alloy elements as the third component 
mentioned in the literatures. The Cu−Cr−X alloys 
that are used for comparison, are similar in 
processing technology without severe plastic 
deformation or low temperature rolling. According 
to Fig. 7, Cu−Cr−Ag and Cu−Cr−Nb alloys have 
good electrical conductivities; while Cu−Cr−Fe and 
Cu−Cr−Ti alloys have high tensile strengths. In 
general, Cu−Cr−Zr alloys have excellent 
comprehensive performances. The electrical 
conductivity of Cu−0.6Cr−0.3Zr alloy reaches 
80.7% IACS and the tensile strength reaches 
589 MPa. Cu−0.36Cr−0.01P alloy has the same 
tensile strength and electrical conductivity as 
Cu−0.6Cr−0.3Zr alloy with the experimental 
conditions, and can avoid the preparation problems 
and unstable properties caused by Zr element, so 
effectively reduce the production cost and facilitate 
industrial production. 

 

 
Fig. 7 Comparison of tensile strength and electrical 

conductivity of Cu−Cr−X alloys 

 
4 Conclusions 
 

(1) Three scales of Cr phases were found in 
aged Cu−Cr−P alloys are micro/sub-micron Cr 
phases showed neglected influence, BCC Cr phase 
with the size of 10−20 nm strengthened the alloys 
via the Orowan mechanism, FCC Cr phase with the 
size less than 5 nm strengthened the alloys by the 
coherency strengthening. 

(2) For Cu−Cr−P alloys, the content of Cr 
should be controlled within a proper range to get 
suitable strength and electrical conductivity. When 
P content was about 0.01 wt.%, Cr content should 
be within 0.36−0.63 wt.%. 

(3) The tensile strength and electrical 
conductivity of Cu−0.36Cr−0.01P alloy were 
572 MPa and 80% IACS respectively after solid 
solution at 980 °C for 2 h followed by 95% cold 
rolling then aging treatment at 450 °C for 1 h, and it 
could be comparable to the properties of 
Cu−0.6Cr−0.3Zr alloy. 
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摘  要：研究 Cr 含量对时效态 Cu−Cr−P 合金析出相和性能的影响。结果发现，时效处理后 Cu−Cr−P 合金中存在

3 种尺寸的 Cr 相，其中，纳米级 Cr 相是 Cu−Cr−P 合金的主要强化相；≤ 5 nm 的 Cr 相为面心立方结构，与基体

完全共格，强化机制为位错切过机制，强化效果约为 200 MPa；10~20 nm 的 Cr 相为与基体非共格的体心立方结

构，其强化机制为 Orowan 位错绕过机制，强化效果约为 100 MPa。Cr 元素含量的改变使得两种纳米级 Cr 析出相

的数量与尺寸发生变化，进而导致 Cu−Cr−P 合金的力学性能呈现出先增加后减小的趋势。Cu−0.36Cr−0.01P 合金

经 980 °C 保温 2 h 固溶处理→95%冷轧→450 °C 保温 1 h 时效处理后，具有较好的综合性能：抗拉强度 572 MPa

和导电率 80.0% IACS。 

关键词：Cu−Cr−P 合金；Cr 元素含量；多尺度析出相 
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