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Abstract: The effects of Ni addition and aging treatment on the microstructure and properties of Cu−3Ti alloy were investigated. The 

microstructure and phase constituents were characterized by optical microscopy, scanning electron microscopy, X-ray diffractometer 

and high-resolution transmission electron microscopy, and the hardness and electrical conductivity were measured as well. The 

results show that NiTi phase forms with addition of Ni into as-cast Cu-3Ti alloy during solidification, and the as-cast microstructure 

evolves from dentrite to equiaxial structure. After aging treatment, coherent metastable β′-Cu4Ti precipitates from the Cu matrix. 

However, β′-Cu4Ti precipitation phase transforms into equilibrium, incoherent and lamellar Cu3Ti phase after overaging. Meanwhile, 

aging treatment results in appearance of annealing twins in the residual NiTi phase, and dislocation lines exist in the Cu matrix. Ni 

addition enhances the electrical conductivity, but decreases the hardness of Cu−3Ti alloy. In the range of experiments, the optimum 

aging treatment for Cu−3Ti−1Ni alloy is 300 °C for 2 h and 450 °C for 7 h. The hardness and electrical conductivity were HV 205 

and 18.2%IACS (international annealed copper standard), respectively. 
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1 Introduction 
 

Copper alloys are widely used for the high-strength 

springs, electrical contacts and electrical connection 

[1−4]. Among these copper alloys, Cu−Be alloy exhibits 

an excellent combination of electrical conductivity, 

strength, corrosion resistance and wear resistance [5,6]. 

However, Cu−Be alloy has poor anti-stress relaxation 

property at elevated temperatures, and the beryllium 

oxide and dust produced during the manufacturing 

process deteriorate environment and are harmful to 

humanity health. Hence, it is necessary to develop the 

substitute of Cu−Be alloy. Since Cu−Ti alloy exhibits 

good mechanical properties, corrosion resistance, 

strength, elasticity, anti-abrasion resistance, workability, 

weldability and excellent anti-stress relaxation property 

at elevated temperatures, it is a potential substitute for 

Cu−Be alloy. A number of investigations have studied 

the aging precipitation strengthening mechanism of 

Cu−Ti alloy and thought that the main strengthening is 

due to the formation of a metastable β′-Cu4Ti phase after 

aging treatment, overaging decreases the strength as the 

coherent and metastable β′-Cu4Ti phase transforms to the 

incoherent and equilibrium Cu3Ti phase [7−12]. 

However, the large solution of Ti atoms in the copper 

matrix increases electron scattering, giving rise to poor 

electrical conductivity [13−18]. Hence, the reduction of 

the solute Ti atoms in the copper matrix is beneficial for 

the improvement on the electrical conductivity of Cu−Ti 

alloy. SEMBOSHI et al [19] reported that the Cu−3%Ti 

(mole fraction) alloy after aging in a hydrogen 

atmosphere has a larger electrical conductivity than that 

in a vacuum due to the formation of titanium hydrides 

and reduction of Ti concentration in the Cu matrix, but 

the formation of titanium hydrides precipitates also gives 

rise to the decrease of the yield strength. KONNO et al 

[20] found that the electrical conductivity of Cu−3%Ti 

alloy with 4% Al (mole fraction) addition is six times 

higher than that without Al addition since the formation 

of AlCu2Ti phase reduces the solute Ti concentration in 

the copper matrix. WANG et al [21] studied the 

relationship between microstructural evolution and   

the electrical conductivity of the Cu−Ti−Sn alloy during 
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aging, and good electrical conductivity was obtained due 

to the fact that the presence of CuSn3Ti5 phase reduces 

the solute Ti content in the copper matrix. 

MARKANDEYA et al [22] found that Cd addition 

decreases the electrical conductivity of the Cu−Ti alloy, 

but the yield strength, ultimate tensile strength and 

hardness increase considerably. 

Since the addition of Ni to Cu−Ti alloy can form 

intermetallic compound, which can reduce the solute Ti 

atoms in the copper matrix and can improve the electrical 

conductivity of Cu−Ti alloy. The aim of the present work 

is to clarify a better understanding of aging behavior of 

Cu−3Ti−1Ni alloy and develop a new environment- 

friendly alloy with a good combination of strength and 

electrical conductivity. 

 

2 Experimental 
 

Button ingots of Cu−3%Ti−1%Ni were prepared by 

arc-melting in a non-consumable vacuum furnace. 99.9% 

electrolytic copper, 99.9% titanium and 99.9% nickel 

were used as raw materials. Each ingot was melted at 

least four times to guarantee its homogeneity and then 

the ingots were cut into blocks. The specimens were 

solubilized at 850 °C for 4 h, followed by quenching in 

water. The specimens were aged at 300 °C for 2 h and 

then aged at 450 °C for 1, 3, 5, 7, and 11 h under an 

argon atmosphere. After being polished, the specimens 

were etched in the solution of 5 g FeCl3, 15 mL HCl and 

100 mL distilled water. The microstructures were 

characterized by a GX71 optical microscope (OM) and 

JSM−6700F field-emission gun scanning electron 

microscope (SEM). The phase constituents were 

determined by an XRD−7000S X-ray diffractometer 

(XRD). The specimens were cut from the aged samples 

using a low-speed Isomet cutting machine and then were 

mechanically polished to obtain 50−60 μm thick slices. 

Discs of 3 mm in diameter were punched from these 

slices and then thinned in an M691 ion milling machine 

at 4.5 kV. The size and morphology of the precipitation 

phases were characterized by a JEM−2100HR high- 

resolution transmission electron microscope (HRTEM). 

Vickers hardness (100 g load) and electrical conductivity 

were measured at TUKON2100 microhardness tester and 

FQR−7501 eddy conductivity gauge, respectively. 

 

3 Results and discussion 
 

3.1 Microstructures and properties of as-cast Cu−3Ti 

and Cu−3Ti−1Ni alloys 

Figure 1 shows the microstructure of the as-cast 

Cu−3Ti alloy and Cu−3Ti−1Ni alloy. As seen from Fig. 1, 

as-cast Cu−3Ti alloy with and without Ni addition 

presents different morphologies. The Cu−3Ti alloy has 

dentrite structure, while the Cu−3Ti−1Ni alloy displays 

equiaxial grain structure. The phase constituents of 

as-cast Cu−3Ti−1Ni alloy were determined by XRD (see 

Fig. 2). It indicates that Ni addition gives rise to the 

formation of primary NiTi phase. Table 1 lists the 

hardness and electrical conductivity of as-cast Cu−3Ti 

and Cu−3Ti−1Ni alloys. Obviously, Ni addition 

significantly enhances the hardness and electrical 

conductivity of Cu−3Ti alloy, which are respectively 

increased by 41.5% and 78.8% in comparison with that 

without Ni addition. 

 

 

Fig. 1 As-cast microstructures of Cu−3Ti (a) and Cu−3Ti−1Ni 

(b) alloy 

 

 

Fig. 2 XRD pattern of as-cast Cu−3Ti−1Ni alloy 
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Table 1 Hardness and electrical conductivity of as-cast Cu−3Ti 

and Cu−3Ti−1Ni alloy 

Alloy Hardness (HV) Electrical conductivity/%IACS 

Cu−3Ti 106 6.14 

Cu−3Ti−1Ni 150 10.98 

 

3.2 Microstructural evolution of aged Cu−3Ti−1Ni 

alloy 

Figure 3 shows SEM images of the Cu−3Ti−1Ni 

alloy after different aging treatments. It is seen from  

Fig. 3(a) that a large number of spherical precipitates 

appear after aging at 300 °C for 2 h and then aged at 

450 °C for 1 h. However, the number of spherical 

precipitates decreases significantly with increasing aging 

time (see Figs. 3(b) and (c)). With the further increase of 

aging time, the spherical precipitates disappear (see   

Fig. 3(d)). It is interesting to find that a few lamellar 

precipitates present in the Cu matrix after aging at 

300 °C for 2 h and then 450 °C for 11 h, as shown in 

Figs. 3(e) and (f). MARKANDEYA et al [23,24] also 

found the same phenomenon and they believed that the 

lamellar discontinuous precipitate is Cu3Ti phase. 

To further clarify the phase constituents and 

precipitation behavior of aged Cu−3Ti−1Ni alloy, TEM 

analysis was performed on the Cu−3Ti−1Ni alloy after 

aging at 300 °C for 2 h and then 450 °C for 7 h (see  

Figs. 4−6). As evident from Fig. 4(a), a globular-like 

phase has a size of approximately 3 μm. It is determined 

from selected area electron diffraction pattern (SAED) 

that it is the residual NiTi phase. As seen from Fig. 4(c), 

there is an irregular phase in the Cu matrix. The indexed 

 

 

Fig. 3 SEM images of Cu−3Ti−1Ni alloy aged at 300 °C for 2 h and then aged at 450 °C for different time: (a) 1 h; (b) 3 h; (c) 5 h;  

(d) 7 h; (e) 11 h; (f) Magnified micrograph of (e)  
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Fig. 4 TEM images (a, c) and corresponding SAED patters (b, d) of Cu−3Ti−1Ni alloy aged at 300 °C for 2 h and then 450 °C for 7 h 

 

result indicates that it is NiTi phase and annealing twins 

were also formed (see Fig. 4(d)). 

As seen from Fig. 5, there is another granular 

precipitate, which has a size of about 6 nm. This is 

β′-Cu4Ti phase, as verified by NAGARJUNA et al [25]. 

From Fig. 5 and Fig. 3(f), it is believed that excessive 

aging results in a phase transformation from the granular 

β′-Cu4Ti phase to the lamellar Cu3Ti phase. The radius of 

coherent/incoherent transition between β′-Cu4Ti phase 

and copper-matrix can be calculated by Eqs. (1)−(4) 

[26,27]. 
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where a1 and a2 are lattice constants of Cu and Cu4Ti 

phase; G, v and b are shear modulus, Poisson ratio and 

the magnitude of the Burgers vector of Cu, respectively. 

It can be determined that the radius of coherent/ 

incoherent transition between β′-Cu4Ti phase and 

copper-matrix is 170.85 nm. This suggests that β′-Cu4Ti 

phase coherency is lost when the radius is greater than 

170.85 nm. 

 

Fig. 5 High resolution TEM image of Cu−3Ti−1Ni alloy aged 

at 300 °C for 2 h and then 450 °C for 7 h 

 

Interestingly, a large number of dislocation lines 

appear in the Cu matrix (see Fig. 6). The possible reason 

is due to stress change caused by the phase 

transformation from β′-Cu4Ti to Cu3Ti phase. More 

research is necessary to reveal the phenomenon in the 

future. 

 

3.3 Electrical conductivity and hardness of aging 

Cu−3Ti and Cu−3Ti−1Ni alloy 

Figure 7 shows the effect of aging time on the 

electrical conductivity and hardness of Cu−3Ti and 

Cu−3Ti−1Ni alloy. As seen from Fig. 7, the electrical 

conductivity of Cu−3Ti and Cu−3Ti−1Ni alloy increases 

sharply after aging at 300 °C for 2 h and then 450 °C for 

1 h, which reaches 13.4%IACS and 16.83%IACS, 

respectively. While the electrical conductivity increases 

slightly with the increase of aging time. The electrical 

conductivity of Cu−3Ti and Cu−3Ti−1Ni alloy is 
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sensitive to the solubility of alloying elements in the 

matrix. The influence of precipitation kinetics behavior 

by supersaturated concentrations of Ti and Ni solute 

atoms in the Cu matrix is due to the fact that Ti and Ni 

have large supersaturated concentration in the Cu matrix 

at the initial stage of aging, so the formation rate of 

precipitates is larger at the early stage of aging. 

Eventually, Ti and Ni solute atoms in the Cu matrix are 

rapidly reduced by the formation of precipitates during 

aging, which decreases the lattice scattering and 

distortion electron significantly, and then lead to the 

increase of the electrical conductivity. However, Ti and 

Ni solute atoms in the Cu matrix reduce gradually with 

increase of aging time, resulting in the increase of the 

electrical conductivity slightly. 

 

 

Fig. 6 TEM image of Cu−3Ti−1Ni alloy aged at 300 °C for 2 h 

and then 450 °C for 7 h 

 

 

Fig. 7 Influence of aging time on electrical conductivity and 

hardness of Cu−3Ti and Cu−3Ti−1Ni alloy 

 

It is also found from Fig. 7 that the hardnesses of 

Cu−3Ti and Cu−3Ti−1Ni alloy increase and then 

decrease with increase of aging time. They reach the 

peak hardness of HV 289 and HV 205 after aging at 

300 °C for 2 h and then 450 °C for 7 h. After aging at 

300 °C for 2 h and then 450 °C for 11 h, the hardnesses 

of Cu−3Ti and Cu−3Ti−1Ni alloy are decreased by 

33.2% and 13.2%, respectively. The β′-Cu4Ti phase 

precipitates from the supersaturated Cu matrix 

continuously, resulting in increased hardness during 

aging. However, excessive aging gives rise to the phase 

transformation from the coherent and metastable 

β′-Cu4Ti phase to incoherent and equilibrium Cu3Ti 

phase and, thus, resulting in the decrease of hardness. 

 

4 Conclusions 
 

1) Ni addition causes the microstructure of as-cast 

Cu−3Ti alloy evolution from dentrite to equiaxial grain 

structure. 

2) Excessive aging results in a phase transformation 

from the granular β′-Cu4Ti phase to the lamellar Cu3Ti 

phase. Meanwhile, aging treatment results in appearance 

of annealing twins, and dislocation lines exist in the Cu 

matrix. 

3) Ni addition enhances the electrical conductivity, 

but decreases the hardness of Cu−3Ti alloy. In the range 

of experiments, the optimum treatment process for 

Cu−3Ti−1Ni alloy is 300 °C for 2 h and then 450 °C for 

7 h. The hardness and electrical conductivity of the 

Cu−3Ti−1Ni alloy are HV 205 and 18.2%IACS, 

respectively. 
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时效态 Cu−3Ti−1Ni 合金的组织与性能 
 

刘 佳，王献辉，冉倩妮，赵 刚，朱秀秀 

 

西安理工大学 陕西省电工材料与熔(浸)渗技术重点实验室，西安 710048 

 

摘  要：研究 Ni 的添加及时效处理对 Cu−3Ti 合金组织与性能的影响。采用光学显微镜(OM)、扫描电子显微镜

(SEM)、X 射线衍射仪(XRD)及高分辨透射电子显微镜(HRTEM)对 Cu−3Ti−1Ni 合金的组织和析出相进行表征，并

对其硬度和导电率进行测试。结果表明：Ni 的添加导致铸态 Cu−3Ti 合金在凝固过程中形成 NiTi 相，组织由树枝

晶转变为等轴晶。时效处理后析出共格的亚稳定 β'-Cu4Ti 相，过时效导致 β'-Cu4Ti 相转变为非共格的层片稳定相

Cu3Ti。同时，时效处理导致出现了退火孪晶，且在合金基体中发现位错线的聚集。Ni 的添加提高了 Cu−3Ti 合金

的导电率，降低了其硬度。在实验范围内，Cu−3Ti−1Ni 合金的最佳时效处理工艺是 300 °C 时效 2 h 后炉冷，随

后 450 °C 时效 7 h 炉冷，其硬度及导电率分别是 HV 205 及 18.2% IACS (国际退火铜标准)。 

关键词：Cu−Ti 合金；时效；硬度；导电率；组织；性能 
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