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Abstract: Cu−15Ni−8Sn−0.3Nb alloy rods were prepared by means of powder metallurgy followed by hot extrusion. Element maps 
obtained by electron probe micro analyzer (EPMA) showed that Nb-rich phases were formed and distributed within grains and at 
grain boundaries of the Cu−15Ni−8Sn−0.3Nb alloy. Transmission electron microscope (TEM) results indicated that there was no 
obvious orientation relationship between these phases and the matrix. Spinodal decomposition and ordering transformation appeared 
at early stages of aging at 400 °C and caused significant strengthening. Cu−15Ni−8Sn−0.3Nb alloy exhibited both higher strength 
(ultimate tensile strength >1030 MPa) and higher tensile ductility (elongation>9.1%) than Cu−15Ni−8Sn alloy after aging treatment. 
The improvement was caused by Nb-rich phases at grain boundaries which led o the refinement of grain size and postponed the 
growth of discontinuous precipitates during aging. 
Key words: Cu−15Ni−8Sn−0.3Nb alloy; powder metallurgy method; hot extrusion; aging treatment; spinodal decomposition; 
microstructure; mechanical properties 
                                                                                                             

 
 
1 Introduction 
 

Commercial Cu−Ni−Sn alloys have been widely 
used as springs and connectors in electronic industry and 
as bearing materials in aerospace, oceaneering and 
mining industries for their excellent combination of high 
strength, exceptional bearing properties, stress-relaxation 
resistance and corrosion-resistance properties [1−3]. 
Early studies revealed that the age hardening of 
Cu−Ni−Sn alloys was derived from spinodal 
decomposition (SD) which occurred at the early stage of 
aging. During aging treatment, the interplay between 
internal stress field and dislocations led to substantial 
strengthening of Cu−Ni−Sn alloys [4−7]. After spinodal 
decomposition, coherent ordered micro-precipitates  
with γ′-DO22 structure (Al3Ti type) appeared within 
minutes [8]. Because of the modulated structure and 
ordered precipitates, Cu−Ni−Sn alloys with high strength 
could be obtained after aging treatment for short    

time [9,10]. However, a sharp drop in ductility usually 
occurred [11,12]. The modulated structure was 
subsequently replaced by discontinuous precipitates (DP), 
which originated from grain boundaries. Discontinuous 
precipitates consisted of Sn-lean α-phase and lamellar 
Sn-rich equilibrium γ-phase, (CuxNi1−x)3Sn with a DO3 

structure [13]. The existence of discontinuous 
precipitates usually led to a decrease in strength. 

In the past decades, researchers have concentrated 
on either improving the mechanical properties of 
Cu−Ni−Sn alloys [14,15] or investigating transformation 
kinetics and the interplay among different phase- 
transition products [16,17]. However, the major 
challenge remains in resolving the contradiction between 
the strength and ductility of Cu−Ni−Sn alloys after aging 
treatment. What’s more, Cu−Ni−Sn alloys with high Sn 
content have wide ranges of solidification, which would 
lead to detrimental solute segregation easily during 
conventional melting and casting process [18]. In the 
Ti−Ni alloy system, the introduction of a Nb-rich soft  
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phase was an effective way to improve the mechanical 
properties of alloys [19,20]. Nb is ductile as a pure metal, 
which has a very limited solubility in Cu matrix. The 
addition of Nb might lead to the formation of soft phases 
within the grains or along the grain boundaries of 
Cu−Ni−Sn alloys. Therefore, the ductility of the 
high-strength Cu−15Ni−8Sn alloy might be improved by 
the addition of Nb. In addition, the solute segregation of 
alloys could be inhibited by the powder metallurgy 
method [21]. Therefore, the element Nb was added to the 
Cu−15Ni−8Sn alloy by means of powder metallurgy to 
achieve optimized mechanical property in this study. 
 
2 Experimental 
 
2.1 Materials and methods 

Cu−15Ni−8Sn−xNb alloy powders (<100 μm, 
oxygen content: 290×10−6) were provided by Hunan 
Henji Technology Co., Ltd., China. The chemical 
composition of the powders is given in Table 1. Firstly, 
the alloy powders were sealed in rubble molds by 
isostatic cool pressing at 200 MPa for 20 min. Then, the 
pressed ingots were vacuum-sintered at 850 °C and 
1×10−3 Pa for 4 h. As-sintered ingots were machined to 
cylindrical-shaped samples with a diameter of 123 mm 
and a length of 190 mm for hot extrusion. Before hot 
extrusion, the sintered ingots were solution-treated at 
830 °C for 6 h. Hot backward extrusion with water- 
sealing was performed at 830 °C under an extrusion 
speed of 30 mm/s and an extrusion ratio of 9.5. 
As-extruded rods were subjected to solution treatment at 
850 °C for 1 h and then quenched in water. A hydrogen 
tube furnace was used for aging treatment at 400 °C for 
15 min to 6 h. After aging treatment, the specimens were 
quenched in water. 
 

Table 1 Chemical composition of Cu−15Ni−8Sn−xNb alloys 

(mass fraction, %) 

Alloy Ni Sn Nb Cu 

Cu−15Ni−8Sn−0.3Nb 15.21 7.79 0.32 Bal. 

Cu−15Ni−8Sn 14.30 7.82 − Bal. 

 

2.2 Microstructure characterization 
Optical microscope (OM) images of the specimens 

after solution and aging treatment were recorded by 
using a Leica DM4500P metallurgical microscope. The 
second-phase volume fraction of the aged specimens was 
approximated as the area fraction of the dark phases in 
the optical images, which was calculated by Photoshop. 
At least 300 grains were measured to determine the 
average grain size of the aged specimens. Transmission 
electron microscope (TEM) characterizations were 
conducted by using a Cs-corrected scanning transmission 
electron microscope (STEM, FEI Titan G2 60−300) 

operated at 200 kV. TEM specimens were jet-polished in 
a solution of 30% nitric acid and 70% methanol held at 
approximately −30 °C [17]. STEM and electron probe 
micro analysis (EPMA, JXA−8530F) were used to 
collect element maps. 
 
2.3 Mechanical properties 

Round-bar tensile specimens with gauge dimensions 
of 5 mm in diameter and 25 mm in length were prepared 
from the central portion of the aged rods. The axial 
direction of the specimens was parallel to the extrusion 
direction. According to the ASTM standard E8M for rod 
specimens, uniaxial tensile tests were performed by 
using an Instron 8802 tester at a fixed strain rate of     
2 mm/min. At least 5 repeated measurements were 
conducted for each specimen. Prior to tensile tests, 
specimens were ground using 600- and 2000-grit paper 
to remove possible oxides on the surface of the 
specimens. 
 
3 Results and discussion 
 
3.1 OM images 

OM images of Cu−15Ni−8Sn−xNb alloys after 
solution and aging treatment are shown in Fig. 1. Nearly 
pure supersaturated α-phases were obtained for both 
Cu−15Ni−8Sn−0.3Nb and Cu−15Ni−8Sn alloys after 
solution treatment, as shown in Figs. 1(a) and (b), 
respectively. After aging at 400 °C for 0.5 h, a few dark 
phases appeared at the grain boundaries of both alloys, as 
marked in Figs. 1(c) and (d). The dark phases were 
discontinuous precipitates [14,22]. The volume fractions 
of discontinuous precipitates (DP) were marked at the 
top right of each image. Some dark spots were observed 
inside of the grains, as shown in Figs. 1(b) and (d). The 
dark spots might be intragranular γ-precipitates.   
Figure 1(e) showed that the volume fraction of 
discontinuous precipitates in the Cu−15Ni−8Sn−0.3Nb 
alloy remained low after aging for 1 h. However, 
discontinuous precipitates in the Cu−15Ni−8Sn alloy 
grew rapidly at the beginning of aging, as shown in  
Figs. 1(d) and (f). Therefore, the addition of Nb 
postponed the growth of discontinuous precipitates to a 
certain degree. Large amounts of matrix were consumed 
by discontinuous precipitates in both alloys after long- 
time aging, as shown in Figs. 1(g) and (h). 

The mean grain size of each specimen is also shown 
in Fig. 1. The grain size of the Cu−15Ni−8Sn−0.3Nb 
alloy was about 11 µm after aging for 1 h and grew 
slightly to 12.45 µm after aging for 3 h. However, the 
grains of the Cu−15Ni−8Sn alloy grew from 11.96 to 
21.40 µm after aging for 1 h and reached up to 27.01 µm 
after aging for 3 h. It is obvious that the grain coarsening 
was inhibited by the addition of Nb element into 
Cu−15Ni−8Sn alloy. 
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Fig. 1 OM images of Cu−15Ni−8Sn−0.3Nb (a, c, e, g) and Cu−15Ni−8Sn (b, d, f, h) alloys: Solution-treated at 850 °C for 1 h (a, b) 

and aged at 400 °C for 0.5 h (c, d), 1 h (e, f) and 3 h (g, h) 
 

3.2 EPMA maps 
Element maps of the Cu−15Ni−8Sn−0.3Nb alloy 

were obtained by EPMA tests. Figure 2 shows back- 
scattered electron (BSE) images and corresponding Nb 
element maps of the Cu−15Ni−8Sn−0.3Nb alloy.  
Figure 2(a) presents the BSE image of Cu−15Ni−8Sn− 
0.3Nb specimen after solution treatment, which indicates 
the existence of precipitates both inside the grains and at 
the grain boundaries. The corresponding Nb element 
map is shown in Fig. 2(c). It can be seen from Fig. 2(c) 
that Nb element was distributed mainly at the grain 
boundaries (such as in Position a) and a small amount of 
Nb could be detected within the grains (such as in 
Position b), which could explain the grain-refinement of 
the Cu−15Ni−8Sn−0.3Nb alloys, as shown in Fig. 1. The 
α-matrix was consumed by discontinuous precipitates 
after aging at 400 °C for 3 h, as shown in Fig. 2(b). The 
Nb-rich phases remained at original positions even  
after the engulfment of discontinuous precipitates, as 
shown in Fig. 2(d). The Nb-rich phase at Position c in 
Figs. 2(b) and (d) seemed to block the growth of 
discontinuous precipitates at the position because the 
matrix beside it was not consumed by discontinuous 

precipitates. The Nb-rich phase at grain boundaries was a 
barrier to the grain growth of the Cu−15Ni−8Sn−0.3Nb 
alloy. 
 
3.3 TEM images 

Figure 3 shows the TEM images and the 
corresponding selected area diffraction pattern (SADP) 
of the Cu−15Ni−8Sn−0.3Nb alloy specimen aged at 
400 °C for 0.25 h. The modulated morphology of the 
matrix due to spinodal decomposition is shown in    
Fig. 3(a). The SADP along [001] direction is given in  
Fig. 3(b). This shows clear superlattice reflections 
resulted from ordering. It is obvious that the {001}- and 
{011}-type superlattice reflections in Fig. 3(b) are larger 
than the {0 1/2 1}-type superlattice reflections. It is well 
known that the {001}- and {011}-type reflections belong 
to both DO22 and L12 ordering and the {0 1/2 1}-type 
reflections only belong to DO22 ordering [17]. Therefore, 
the difference of intensity in the two types of superlattice 
reflections indicates that the DO22 reflections are 
overlapped by L12 reflections ({001}- and {011}-types), 
which means that both DO22 and L12 ordering phases are 
obtained in this specimen. 
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Fig. 2 BSE images and corresponding Nb element maps of Cu−15Ni−8Sn−0.3Nb alloy: (a, c) Solution-treated at 850 °C for 1 h;   

(b, d) Aged at 400 °C for 3 h 

 

 
Fig. 3 TEM images of Cu−15Ni−8Sn−0.3Nb alloy specimen aged at 400 °C for 0.25 h: (a) Morphology of matrix; (b) SADP along 

[001] direction; (c, d) Bright-field and central-dark field images, respectively 
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Bright-field and central dark-field images of this 
specimen were taken by using either matrix reflections or 
the (011) supperlattice reflections, as shown in Figs. 3(c) 
and (d), respectively. For the Cu−Ni−Sn alloys, 
DO22-ordered phases adopt needle-like morphology to 
reduce elastic strain energy and grow along direction c, 
which is parallel to the three [001] directions of the FCC 
matrix [14,23]. Therefore, there are three variants for the 
DO22-ordered phases. For L12 ordering, there is only one 
variant because the L12-ordered phases are still FCC 
structure and coherent with the Cu matrix[24]. The bright 
dots in Fig. 3(d) are ordered phases. However, it is 
difficult to identify the ordering type of each bright dot 
because clear dark-field images are captured only when 
using the {011}-type reflections which belong to both 
DO22 and L12 ordering. 

A bright-field image and the corresponding SADP 
of a Cu−15Ni−8Sn−0.3Nb alloy specimen aged at 
400 °C for 1.25 h are shown in Fig. 4. A small amount of 

discontinuous precipitates were observed in Fig. 4(a). 
The corresponding SADP along [001] direction is shown 
in Fig. 4(b). Compared with Fig. 3(b), the superlattice 
reflections of L12 ordering in Fig. 4(b) became stronger 
and the superlattice reflections of DO22 ordering became 
weaker, which indicated that the transition from DO22 to 
L12 ordering occurred [17]. 

Figure 5 shows TEM images and the corresponding 
SADP of a Cu−15Ni−8Sn−0.3Nb alloy specimen aged at 
400 °C for 6 h. Large amounts of discontinuous 
precipitates were observed in Fig. 5(a). Many 
intragranular and intergranular γ-precipitates were 
embedded in the α-matrix, as marked by arrows in    
Fig. 5(b). The corresponding SADP along [001] direction 
is shown in Fig. 5(c). It is obvious that the {001}-    
and {011}-type superlattice reflections became dominant 
and the {0 1/2 1}-type superlattice reflections nearly 
disappeared, which meant that the transition from   
DO22 to L12 ordering was completed. 

 

 

Fig. 4 TEM images of Cu−15Ni−8Sn−0.3Nb alloy specimen aged at 400 °C for 1.25 h: (a) Bright-field image of matrix; (b) SADP 

along [001] direction 

 

 

Fig. 5 TEM images of Cu−15Ni−8Sn−0.3Nb alloy specimen aged at 400 °C for 6 h: (a) Bright-field image showing large amount of 

discontinuous precipitates; (b) Intergranular and intragranular γ-precipitates in residual matrix, as marked by arrows;            

(c) Corresponding SADP along [001] direction 
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ZHAO and NOTIS [17] established a TTT diagram 
of Cu−15Ni−8Sn alloy which indicated that intragranular 
and intergranular γ-phases could occur only during aging 
treatment at above 600 °C. However, in the present study, 
intragranular and intergranular γ-phases were easily 
observed in both Cu−15Ni−8Sn−0.3Nb and 
Cu−15Ni−8Sn alloy specimens aged at 400 °C. TEM 
characterization was conducted for the solution-treated 
Cu−15Ni−8Sn−0.3Nb alloy specimen, as shown in Fig. 6. 
As shown in Fig. 6(a), intragranular (Circle 1) and 
intergranular γ-precipitates (Circle 2) were observed in 
the solution-treated specimen. Therefore, it was 
confirmed that intragranular and intergranular γ-phases 
precipitated during water quenching after solution 
treatment. The explanation is possible that the cooling 
rate was not high enough during water-quenching for 
bulk alloys, which led to the precipitation. The 
corresponding SADPs of the precipitates are shown in 
Figs. 6(b) and (c), respectively. Figure 6(b) shows that 
there are only two diffraction spots of the intragranular 
γ-precipitate in Circle 1 (marked by the arrows).   
Figure 6(c) shows that no diffraction spots of the 
intergranular γ-precipitate exist in Circle 2. The two 
SADPs indicate that there is no orientation relationship 
between the FCC matrix and the intragranular and 
intergranular γ-precipitates. 
 
3.4 STEM images 

High angle annular dark field (HAADF) images and 
the corresponding element maps of different precipitates 
of aged Cu−15Ni−8Sn−0.3Nb alloy specimens are 
shown in Fig. 7. The solubility of Nb in Cu matrix is 
limited [25], and there are several kinds of intermetallic 
compounds (IMCs) between Ni and Nb, such as Ni3Nb 
and Ni6Nb7 [26]. Therefore, it is possible to find Nb-rich 
phases or IMCs between Nb and Ni in the 
Cu−15Ni−8Sn−0.3Nb alloy. Figures 7(a) and (b) show a 
HAADF image of a intergranular γ-precipitates and the 
corresponding element maps, respectively. The 

intergranular precipitate is rich in Ni, Sn, Nb and poor in 
Cu. A HAADF image of an area containing discontinuous 
precipitates and several intragranular γ-precipitates is 
shown in Fig. 7(c) and the corresponding element maps 
are shown in Fig. 7(d). The element maps showed that an 
evident enrichment of Nb was found in the intragranular 
γ-precipitates and no enrichment of Nb was found in the 
discontinuous precipitates. The results of element maps 
indicated that Nb was localized within the grains and 
along the grain boundaries. It should be noted that the 
precipitates in Figs. 7(a) and (c) are brighter than the 
surrounding matrix, which indicates the existence of 
heavy elements in those precipitates [10,27]. The heavy 
element in Cu−Ni−Sn alloys is Sn. Therefore, the results 
accord well with the general understanding that 
γ-precipitates in Cu−Ni−Sn alloys are Sn-rich phases. 

Table 2 presents the EDS results of several phases 
in aged Cu−15Ni−8Sn−0.3Nb alloy specimens. It shows 
an evident enrichment of Nb in the intragranular 
γ-precipitates (containing 29.26% Nb, mass fraction) and 
a slight enrichment of Nb in the intergranular 
γ-precipitates (containing 2.33% Nb, mass fraction). 
However, Nb enrichment is not found in the matrix and 
the discontinuous precipitates, which accords with the 
element maps shown in Figs. 7(b) and (d). 

 
3.5 Mechanical properties 

The tensile properties of Cu−15Ni−8Sn−xNb alloys 
are shown in Fig. 8. Both strength and ductility were 
improved by the addition of Nb. Firstly, stable plateaus 
was obtained in the plots of both the ultimate tensile 
strength (UTS) and yield strength (YS) of 
Cu−15Ni−8Sn−0.3Nb alloy specimens aged for less than 
1.25 h. The plateau values of UTS and YS are above 
1030 and 880 MPa, respectively. The plateau values are 
higher than the peak UTS (1017 MPa) and YS (799 MPa) 
of the Cu−15Ni−8Sn alloy. The higher strength during 
aging for less than 1.25 h is attributed to the addition   
of Nb into Cu−15Ni−8Sn alloy, which leads to smaller  

 

 

Fig. 6 TEM images of solution-treated Cu−15Ni−8Sn−0.3Nb alloy specimen: (a) Bright-field image of matrix; (b) Corresponding 

SADP of intragranular precipitate in Circle 1; (c) Corresponding SADP of intergranular precipitate in Circle 2 
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Fig. 7 HAADF images (a, c) and corresponding element maps (b, d): (a, b) Intergranular γ-precipitate; (c, d) Area containing both 

intragranular γ-precipitates and discontinuous precipitates 

 
Table 2 EDS results of Cu−15Ni−8Sn−0.3Nb alloy specimens 

after aging treatment (mass fraction, %) 

Phase Cu Ni Sn Nb 

Matrix 75.19 15.22 9.46 0.13 

Intragranular γ 54.60 11.56 4.58 29.26

Intergranular γ 61.25 26.16 10.26 2.33 

DP 27.24 48.28 24.30 0.18 

 

grain size and less amount of discontinuous precipitates. 
The tensile strength dropped sharply from 1030 to   
885 MPa after aging for 1.25−1.5 h for Cu−15Ni−8Sn− 
0.3Nb alloy, which could be ascribed to the growth of 
discontinuous precipitates [5,10]. 

Comparing Figs. 8(b) with (d), it is obvious that the 
addition of Nb also improved ductility. As proved in 

Ti−Ni binary alloys, the introduction of soft phases is an 
effective way to improve the mechanical properties of 
brittle materials [19]. Therefore, the higher ductility in 
the Cu−15Ni−8Sn−0.3Nb alloy is probably caused by the 
formation of Nb-rich soft phases. It is noteworthy that 
the ductility increased in both Cu−15Ni−8Sn−0.3Nb and 
Cu−15Ni−8Sn alloys in over-aged conditions. In the 
present research, the dominant phase in over-aged 
conditions was discontinuous precipitates, as shown   
in Fig. 5(a). Therefore, the increase in ductility    
should be related to the growth of discontinuous 
precipitates. When the coherent internal stress field 
produced by spinodal decomposition and ordering was 
decomposed by discontinuous precipitates, the ductility 
of Cu−15Ni−8Sn−xNb alloys increased with further 
aging. 
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Fig. 8 Mechanical properties of Cu−15Ni−8Sn−0.3Nb (a, b) and Cu−15Ni−8Sn (c, d) alloy specimens after aging at 400 °C for 

0.5−4.5 h 

 

 
4 Conclusions 
 

1) The addition of Nb resulted in the formation of 
intragranular and intergranular Nb-rich γ-precipitates 
after solution treatment, which inhibited the grain 
coarsening and postponed the growth of discontinuous 
precipitates during aging treatment. 

2) Compared with the Cu−15Ni−8Sn alloy, the 
Cu−15Ni−8Sn−0.3Nb alloy exhibited both higher 
strength (ultimate tensile strength >1030 MPa) and 
higher tensile ductility (elongation>9.1%) after aging for 
0.5−1.25 h. The improvement in strength is attributed to 
the smaller grain size and less discontinuous precipitates, 
and the improvement in ductility resulted from the 
introduction of ductile Nb-rich phases. 
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粉末冶金法结合热挤压制备 
Cu−15Ni−8Sn−0.3Nb 合金的时效硬化行为与显微组织 
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摘  要：采用粉末冶金法结合热挤压制备 Cu−15Ni−8Sn−0.3Nb 合金棒材。利用电子探针获得的元素分布图显示，

在合金基体中生成了分布在晶界与晶内的富 Nb 析出相。透射电镜分析表明，富 Nb 析出相与合金基体之间无明

确位向关系。合金在 400 °C 时效早期发生调幅分解和有序化，使其强度迅速升高。Cu−15Ni−8Sn−0.3Nb 合金比

Cu−15Ni−8Sn 合金具有更高的强度(抗拉强度>1030 MPa)和更好的延性(伸长率>9.1%)，这是由于添加 Nb 元素后

生成的富 Nb 析出相能细化合金组织，抑制时效过程中的胞状析出。 

关键词：Cu−15Ni−8Sn−0.3Nb 合金；粉末冶金法； 热挤压；时效处理；调幅分解；显微组织；力学性能 
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