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Abstract: The effect of Ti addition on the microstructure and mechanical properties of Cu-15Ni-8Sn
alloys was investigated. Optical microscopy (OM), scanning electronic microscopy (SEM), and
transmission electron microscopy (TEM) were used to determine grain size and distribution of the
second phases in the alloys. The results indicate that the tensile properties of Cu-15Ni-8Sn alloys are
improved significantly with Ti addition. Tensile elongation increased from 2.7% for the alloy without
Ti to 17.9% for the alloy with 0.3% Ti, while tensile strength was maintained and even increased from
935 MPa to 1024 MPa. The improvement of the mechanical properties of Cu-15Ni-8Sn alloys by the
addition of Ti is attributed to the grain refinement and suppression of discontinuous precipitation
during heat treatment.
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1. Introduction

Cu-Ni-Sn alloys are considered as an attractive substitute for Cu-Be alloys, and have been
widely applied to the manufacture of switches, connectors, and spring components in the electronic
industries [1–3]. Among Cu-Ni-Sn systems, Cu-15Ni-8Sn (known as C72900) has the highest strength.
Due to its excellent strength and high wear resistance, Cu-15Ni-8Sn alloy is also an ideal candidate
for high-performance bearings and highly wear-resistant components for aerospace and mechanical
systems [4,5].

It has been found that Cu-15Ni-8Sn alloy can reach a tensile strength in excess of 1000 MPa
by suitable thermomechanical treatment [6]. However, such thermomechanical treatment generally
results in disappointing low ductility [7–9]. Cribb reported that the tensile strength of the Cu-15Ni-8Sn
alloy reached 1140 MPa, but the elongation was only 3% [10]. Discontinuous precipitation has been
considered to be one of the main reasons for the loss of ductility, which appeared at grain boundaries
in the aging process [11,12]. Many works have attempted to suppress discontinuous precipitation
by optimizing thermomechanical treatment. The initial work on thermomechanical processing of
Cu-Ni-Sn alloy was done by J.T Plewes [3], showing that ductility response is a consequence of
competitive balance between spinodal and discontinuous transformation. Lefevre [13,14] pointed
out that spinodal hardening in Cu-15Ni-8Sn alloy was limited by the discontinuous precipitation.
Despite a drop of the yield strength, the ductility still remained low in the overaging process.

On the other hand, it has been confirmed that the addition of trace elements can effectively suppress
the discontinuous precipitation reaction. Insoluble fine particles were observed in the matrix and the
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grain boundaries of the Cu-10Ni-8Sn alloys with different addition of Si, Al, or Cr. These particles
occupied the nucleation sites to suppress the nucleation of the discontinuous precipitation and retarded
the migration of the advancing boundaries of the cell and matrix by Zener′s pining effect to inhibit the
growth of the cell and refine the grains; meanwhile, the additions barely diminished the maximum
hardness of the alloys [15–17]. In the Cu-15Ni-8Sn alloy with the addition of silicon, the nucleation
and growth of discontinuous precipitation are suppressed, caused by the formation of Ni2Si and Ni3Si
particles [18]. The addition of Nb, Ta, V, or Fe also remarkably increased ductility of the Cu-15Ni-8Sn
alloy with suitable cold work and aging treatment [8,9].

It has been found that the addition of Ti also has the effect of suppressing discontinuous
precipitation and grain refinement in the Cu-10Ni-8Sn alloy, owing to the formation of insoluble
particles [17]. As discussed above, Cu-15Ni-8Sn alloys with high strength have an important technical
application; however, their low ductility limits their wider application. It is expected that the
mechanical properties of the Cu-15Ni-8Sn alloy could be improved by the suppression of discontinuous
precipitation and grain refinement by the addition of Ti. Therefore, in the present work, the effect
of Ti addition on the high strength Cu-15Ni-8Sn alloy was studied; the ductility of the alloys in the
present work was effectively improved, maintaining an ultra-high level of strength.

2. Experimental Procedure

2.1. Materials and Processing

Cu-15Ni-8Sn alloy ingots with different Ti contents were prepared by an intermediate frequency
induction furnace. The chemical compositions of these alloys are listed in Table 1. The cast ingots
were subsequently homogenization treated at 840 ◦C for 8 h. The hot extrusion process was utilized to
fabricate a rod with diameter of 12 mm at an extrusion ratio of 17:1. After solution treatment at 820 ◦C
for 1 h, the extruded rods were quenched into water and then aged isothermally at 400 ◦C for 4 h.

Table 1. Chemical composition of the Cu-15Ni-8Sn alloys with different Ti contents.

Alloy Designation
wt./%

Ni Sn Ti Cu

Cu-15Ni-8Sn 15.03 8.12 - balance
Cu-15Ni-8Sn-0.02Ti 15.03 8.14 0.02 balance
Cu-15Ni-8Sn-0.3Ti 15.23 8.36 0.32 balance
Cu-15Ni-8Sn-0.5Ti 14.96 8.02 0.53 balance

2.2. Microstructure Evaluation

The microstructure of each specimen was characterized by optical microscopy (OM, Leika,
Microsystems GmbH, Wetzlar, Germany), scanning electronic microscopy (SEM, FEI, Hillsboro,
OR, USA), and transmission electron microscopy (TEM, FEI, Hillsboro, OR, USA). Grain structure and
fracture surfaces were examined with a LEICA/DMI 5000M optical microscope (Leika, Microsystems
GmbH, Wetzlar, Germany) and a FEI NONA430 scanning electron microscope. The mean grain
size was obtained from 20 random areas of each specimen by the linear intercept method based on
the observation of OM. The representative OM image of determination of grain size by the linear
intercept method is shown in Figure 1. The specimens for microstructure observation were prepared by
polishing and then etching in a solution of 5 g FeCl3 + 10 mL HCl + 100 mL H2O. Transmission electron
microscope observation was performed on a FEI TECNAI G2 S-TWIN F20 (FEI, Hillsboro, OR, USA).
TEM samples were prepared by twin-jet electro-polishing method in 95% alcohol and 5% perchloric
acid at −25 ◦C.
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Figure 1. The representative optical microscopy (OM) image of grain size determination by the linear 
intercept method. 
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Distribution of atoms was estimated by monitoring the absolute resistance change in different 
treatment conditions. The electrical resistivity was measured at room temperature by a PPMS-9 
resistivity analyzer (Qyantum Design Inc., Design Inc., San Diego, CA, USA). The average resistivity 
was calculated from at least five independent values for each specimen. 

2.4. Mechanical Properties Testing 

The aged rods were cut into cylindrical tensile samples with a gauge section of 5 mm in diameter 
and 25 mm in length according to Chinese GB/T 228-2002. Tensile tests were performed on a SANS 
CMT5105 material test machine (SANS, Shenzhen, Guangdong, China). Three replicates were used 
to establish the mechanical property data. 

3. Results and Discussion 
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Figure 2 indicates the microstructures of the alloys with different Ti contents in different 
conditions: hot-extrusion, solid solution treatment at 820 °C for 1 h, and aged at 400 °C for 4 h. For 
the aged alloy without the addition of Ti, coarse grains and discontinuous precipitation in the grain 
boundaries (arrow A in Figure 2i) were clearly observed. For the aged alloys with the addition of 
0.02% Ti, discontinuous precipitation was suppressed (Figure 2j) and no Ti-rich precipitate was 
observed in solutionized alloy (Figure 2f). When the Ti content was equal to or more than 0.3%, 
needle-like precipitates were observed (arrow C in Figure 2k) and the discontinuous precipitation 
colony was not found in the aged alloys. It was found that the needle-like precipitates were formed 
in the solidification process. These precipitates could be retained in specimens after solution 
treatment at 820 °C for 2 h (Figure 2g,h). With the addition of 0.5% Ti to the alloy, the amount of the 
precipitates increased significantly, and a small quantity of precipitates showed coarsening after 
aging treatment (arrow D in Figure 2l). 

Figure 1. The representative optical microscopy (OM) image of grain size determination by the linear
intercept method.

2.3. Resistivity Measurement

Distribution of atoms was estimated by monitoring the absolute resistance change in different
treatment conditions. The electrical resistivity was measured at room temperature by a PPMS-9
resistivity analyzer (Qyantum Design Inc., Design Inc., San Diego, CA, USA). The average resistivity
was calculated from at least five independent values for each specimen.

2.4. Mechanical Properties Testing

The aged rods were cut into cylindrical tensile samples with a gauge section of 5 mm in diameter
and 25 mm in length according to Chinese GB/T 228-2002. Tensile tests were performed on a SANS
CMT5105 material test machine (SANS, Shenzhen, Guangdong, China). Three replicates were used to
establish the mechanical property data.

3. Results and Discussion

3.1. Microstructures

Figure 2 indicates the microstructures of the alloys with different Ti contents in different conditions:
hot-extrusion, solid solution treatment at 820 ◦C for 1 h, and aged at 400 ◦C for 4 h. For the aged
alloy without the addition of Ti, coarse grains and discontinuous precipitation in the grain boundaries
(arrow A in Figure 2i) were clearly observed. For the aged alloys with the addition of 0.02% Ti,
discontinuous precipitation was suppressed (Figure 2j) and no Ti-rich precipitate was observed in
solutionized alloy (Figure 2f). When the Ti content was equal to or more than 0.3%, needle-like
precipitates were observed (arrow C in Figure 2k) and the discontinuous precipitation colony was not
found in the aged alloys. It was found that the needle-like precipitates were formed in the solidification
process. These precipitates could be retained in specimens after solution treatment at 820 ◦C for
2 h (Figure 2g,h). With the addition of 0.5% Ti to the alloy, the amount of the precipitates increased
significantly, and a small quantity of precipitates showed coarsening after aging treatment (arrow D
in Figure 2l).



Materials 2017, 10, 1038 4 of 11

Materials 2017, 10, 1038  4 of 11 

 

 
Figure 2. SEM micrographs of alloys with different contents of Ti in different conditions:  
(a–d) Hot-extruded state; (e–h) Solid solution treatment at 820 °C for 1 h; (i–l) Aging treatment at  
400 °C for 4 h. 

Energy-dispersive X-ray (EDX) results of the chemical composition of second phases in the 
alloys are listed in Table 2. The EDX results show that the needle-like precipitates are Ni3Ti phase 
(arrow C in Figure 2k and arrow D in Figure 2l), where the ratio of Ni and Ti is approximately 3:1, 
which is further confirmed by the SADP. Figure 3 shows the results of TEM observation of the alloy 
with the addition of 0.5% Ti. Based on the EDX data, analysis of SADP reveals that the Ti-rich 
precipitates were determined to be Ni3Ti phase. 

Table 2. EDX analysis results for the position indicated by the arrow A, B, C, and D in Figure 2. 

 
at./%

Cu Ni Sn Ti
A 47.81 40.29 11.90 - 
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C 40.23 45.95 4.02 9.80 
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Figure 4 shows the change of grain size of the alloys in different treatment states. It can be seen 
that the grain size of the aged alloys decreased with increasing Ti content, from 95.9 µm to 5.2 µm. 
The grain refinement effect induced by Ti addition is attributed to two factors. Firstly, the addition 
of Ti stimulates recrystallization nucleation in hot-extrusion process. In the process of hot-extrusion, 
Ni3Ti precipitates enhance the dislocation density, which promotes recrystallization nucleation 
[19,20] (Figure 3a). Secondly, the growth of grains during heat treatment is inhibited by Ti addition. 
For the alloys with addition of 0.3% Ti and 0.5% Ti, Ni3Ti precipitates distributed in grain boundaries 
can retard the grain boundary migration in the process of solid solution treatment (Figure 3b), which 
decreases the grain growth rate remarkably. 

Figure 2. SEM micrographs of alloys with different contents of Ti in different conditions: (a–d) Hot-extruded
state; (e–h) Solid solution treatment at 820 ◦C for 1 h; (i–l) Aging treatment at 400 ◦C for 4 h.

Energy-dispersive X-ray (EDX) results of the chemical composition of second phases in the alloys
are listed in Table 2. The EDX results show that the needle-like precipitates are Ni3Ti phase (arrow C
in Figure 2k and arrow D in Figure 2l), where the ratio of Ni and Ti is approximately 3:1, which is
further confirmed by the SADP. Figure 3 shows the results of TEM observation of the alloy with the
addition of 0.5% Ti. Based on the EDX data, analysis of SADP reveals that the Ti-rich precipitates were
determined to be Ni3Ti phase.

Table 2. EDX analysis results for the position indicated by the arrow A, B, C, and D in Figure 2.

at./%

Cu Ni Sn Ti

A 47.81 40.29 11.90 -
B 80.35 15.56 4.09 -
C 40.23 45.95 4.02 9.80
D 7.75 68.40 2.98 20.87

Figure 4 shows the change of grain size of the alloys in different treatment states. It can be seen
that the grain size of the aged alloys decreased with increasing Ti content, from 95.9 µm to 5.2 µm.
The grain refinement effect induced by Ti addition is attributed to two factors. Firstly, the addition
of Ti stimulates recrystallization nucleation in hot-extrusion process. In the process of hot-extrusion,
Ni3Ti precipitates enhance the dislocation density, which promotes recrystallization nucleation [19,20]
(Figure 3a). Secondly, the growth of grains during heat treatment is inhibited by Ti addition. For the
alloys with addition of 0.3% Ti and 0.5% Ti, Ni3Ti precipitates distributed in grain boundaries can
retard the grain boundary migration in the process of solid solution treatment (Figure 3b), which
decreases the grain growth rate remarkably.
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Figure 3. TEM images of Ni3Ti precipitates distributed in the grain boundary in 0.5% Ti alloys:  
(a) hot-extruded alloy; (b) solid solution alloy; (c) aged alloy; (d) SADP of the Ni3Ti phase in 0.5% Ti 
aged alloy; (e) Schematic of the SADP in (d). 

 
Figure 4. Grain size of the as-extruded and aged alloys. 

The discontinuous precipitations are clearly observed at grain boundaries in the alloys without 
Ti and with 0.02% Ti (Figures 2i and 5), which are constituted by γ lamellae (DO3 (Cux,Ni1-x)3Sn) and 
depleted α lamellae [21]. The EDX map of Cu and Sn in the colony of discontinuous precipitation in 
0.02% Ti alloy is presented in Figure 6. Figure 5a depicts the initiation process of discontinuous 
precipitation at the grain boundary. The typical lamellar structure of discontinuous precipitation is 
shown in Figure 5b. 
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aged alloy; (e) Schematic of the SADP in (d).
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Figure 4. Grain size of the as-extruded and aged alloys.

The discontinuous precipitations are clearly observed at grain boundaries in the alloys without Ti
and with 0.02% Ti (Figures 2i and 5), which are constituted by γ lamellae (DO3 (Cux,Ni1-x)3Sn) and
depleted α lamellae [21]. The EDX map of Cu and Sn in the colony of discontinuous precipitation
in 0.02% Ti alloy is presented in Figure 6. Figure 5a depicts the initiation process of discontinuous
precipitation at the grain boundary. The typical lamellar structure of discontinuous precipitation is
shown in Figure 5b.
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400 °C for 4 h: (a) Initiation of discontinuous precipitation in grain boundaries; (b) Typical colony of 
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Figure 6. Energy-dispersive X-ray (EDX) map of Cu and Sn taken from the second phase in 0.02% Ti 
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The initiation process of discontinuous precipitation of the Cu-15Ni-8Sn alloys can be illustrated 
by the pucker mechanism [22]. In the initiation process of discontinuous precipitation, it is necessary 
that some positions of the grain boundary are deformed into shapes with special small angle to form 
the nucleation position of discontinuous precipitation (Figure 5a). In the previous work [15–17], it 
was reported that insoluble particles occupy the sites of discontinuous precipitation, which is 
contributed to suppression of the formation of discontinuous precipitation. As Figure 3c shows, no 
facet was found at the grain boundary near Ni3Ti phase in the alloys with addition of 0.3% Ti and 
0.5% Ti. Therefore, it is demonstrated that the effect of Ni3Ti phase on grain boundary is not only to 
hinder the grain boundary migration, but also to suppress the puckering of grain boundary. The 
number of nucleation sites of discontinuous precipitation obtained by puckering of grain boundary 
was reduced. As a result, the addition of Ti had an effect on the suppression of the initiation process 
of discontinuous precipitation.  

The effect of Ti addition on the growth of discontinuous precipitation can be discussed by the 
following formula of the growth rate of discontinuous precipitation [23]. 
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where G  corresponds to the growth rate of the cell, M  is the mobility of frontier interface of the 
cell, P  is the driving force of the cell growth. In case of the alloys with Ti addition, Ni3Ti phase in 
the grain boundary produces a back-driving force ( PP ) and decreases M  due to the suppression of 
migration of the frontier interface. Consequently, the nucleation and growth of discontinuous 
precipitation are both suppressed by the addition of Ti. In recent years, it has become widely accepted 
that the grain boundary “complexion” transitions could also lead to discontinuous changes in 
mobility and diffusivity of grain boundary [24,25]. It is reasonable to speculate that the addition of Ti 

Figure 5. TEM images of the morphology of discontinuous precipitation in 0.02% Ti alloy aged at
400 ◦C for 4 h: (a) Initiation of discontinuous precipitation in grain boundaries; (b) Typical colony of
discontinuous precipitation.
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Figure 6. Energy-dispersive X-ray (EDX) map of Cu and Sn taken from the second phase in 0.02% Ti
alloy aged at 400 ◦C for 4 h.

The initiation process of discontinuous precipitation of the Cu-15Ni-8Sn alloys can be illustrated
by the pucker mechanism [22]. In the initiation process of discontinuous precipitation, it is necessary
that some positions of the grain boundary are deformed into shapes with special small angle to form
the nucleation position of discontinuous precipitation (Figure 5a). In the previous work [15–17], it was
reported that insoluble particles occupy the sites of discontinuous precipitation, which is contributed to
suppression of the formation of discontinuous precipitation. As Figure 3c shows, no facet was found at
the grain boundary near Ni3Ti phase in the alloys with addition of 0.3% Ti and 0.5% Ti. Therefore, it is
demonstrated that the effect of Ni3Ti phase on grain boundary is not only to hinder the grain boundary
migration, but also to suppress the puckering of grain boundary. The number of nucleation sites of
discontinuous precipitation obtained by puckering of grain boundary was reduced. As a result, the
addition of Ti had an effect on the suppression of the initiation process of discontinuous precipitation.

The effect of Ti addition on the growth of discontinuous precipitation can be discussed by the
following formula of the growth rate of discontinuous precipitation [23].

G = M× P (1)

where G corresponds to the growth rate of the cell, M is the mobility of frontier interface of the cell,
P is the driving force of the cell growth. In case of the alloys with Ti addition, Ni3Ti phase in the grain
boundary produces a back-driving force (PP) and decreases M due to the suppression of migration
of the frontier interface. Consequently, the nucleation and growth of discontinuous precipitation
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are both suppressed by the addition of Ti. In recent years, it has become widely accepted that the
grain boundary “complexion” transitions could also lead to discontinuous changes in mobility and
diffusivity of grain boundary [24,25]. It is reasonable to speculate that the addition of Ti elements
changes grain boundary complexion, and thus intergranular discontinuous precipitation might be
suppressed [26,27].

In order to clarify the solid solubility of Ti in the Cu-15Ni-8Sn alloy and the effect of Ti addition on
γ phase, the distributions of Ni, Sn, and Ti atoms were determined. Table 3 lists the values of electrical
conductivity used to calculate the distributions of those solute atoms in the base and 0.3% Ti alloys.
E0 and E1 are the relative electrical conductivity of the alloys after and before aging at 400 ◦C for 4 h,
respectively. E2 is the relative electrical conductivity of the alloys after solution treatment at 960 ◦C
for 3 h. On the basis of the microstructure observations, γ phase was dissolved in matrix but Ni3Ti
phase still existed in 0.3% Ti alloy after solution treatment at 820 ◦C for 1 h (Figure 2g). After solution
treatment at 960 ◦C for 3 h, Ni3Ti phase was entirely dissolved in 0.3% Ti alloy. The change in the
electrical resistivity ∆ρ of the alloys on different treatment state can be described as [28]:

∆ρ = ∆ρG.B. + ∆ρDIS + ∆ρSOL (2)

∆ρG.B., ∆ρDIS, and ∆ρSOL are the resistivity changes contributed by the changes in grain boundaries,
dislocation density, and solute atom concentration in the alloys, respectively. For Cu-15Ni-8Sn alloy
with addition of 0.3% Ti, the effect of the changes in grain boundary density is considered to be
negligibly small, owing to little change in the grain size of the 0.3% Ti alloy. According to a previous
study [29], ∆ρDIS/∆N of copper is about 2× 10−16 nΩm3, which is a significantly smaller contribution
to resistivity than the resistivity contribution of solute atoms of Ni, Sn, and Ti. Thus, the changes in
resistivity primarily contributed to the changes in solute atom concentration. The values of relative
electrical conductivity are calculated from the formula:

E = ρ0 × 100/ρ (3)

Here, ρ0 = 17.24 nΩm. In case of 0.3% Ti alloy, the difference between E2 and E1 was mainly
caused by precipitation of Ni3Ti phases, and precipitation of γ phases led to the difference between
E1 and E0. The data used to calculate the atomic distributions are reported in Komatsu’s [30] study:
∆ρNi = 12.2 nΩm/at%, ∆ρSn = 28.8 nΩm/at%, ∆ρTi = 113.3 nΩm/at%.

Table 3. Values of the electrical conductivity of the base and 0.3% Ti alloys.

Alloy Electrical Conductivity (pct IACS 1)

E0 E1 E2

Base 41.20 27.29 -
0.3Ti 49.72 27.19 18.57

1 Relative Conductivity according to International Annealed Copper Standard.

Figure 7 indicates the distributions of Ni, Sn, and Ti atoms in matrix, γ phase, and Ni3Ti
precipitation. In case of 0.3% Ti alloy, approximately 0.177% Ti was dissolved in the α (Cu) matrix,
and the remaining Ti formed the Ni3Ti phase. The solution of Ti in the matrix not only played a role
in solid-solution strengthening, but also decreased solid solubility of Tin in the matrix, resulting in
promotion of the precipitation of γ phase. The calculation result corresponds well with the result that
no Ni3Ti precipitates are observed by TEM observation of the aged 0.02% Ti alloy.



Materials 2017, 10, 1038 8 of 11
Materials 2017, 10, x FOR PEER REVIEW  8 of 12 

 

 
Figure 7.The distribution of Ni, Sn, and Ti atoms among the matrix, γ phases, and Ni3Ti precipitates 
in base and 0.3%Ti alloys aged at 400°C for 4h. 

3.2. Mechanical Properties 

Figure8a shows the nominal stress–strain curves of 0% Ti and 0.5% Ti alloys. It is demonstrated 
that the addition of Ti had the effect of improving the plasticity and strength of the alloys. Figure 8b 
depicts the mechanical properties of the aged alloys with different contents of Ti, indicating that 
both tensile strength and elongation were improved by the addition of Ti. When Ti content increased 
from 0 to 0.3%, the alloys exhibited significantly increased tensile elongation from 2.7% to 17.9%; 
meanwhile, the tensile strength increased from 935 MPa to 1024 MPa. Furthermore, the tensile 
strength was increased to 1080 MPa for the alloy with 0.5 Ti addition while the tensile elongation 
was slightly decreased to 17.5%. 

The increased strength is largely attributed to grain boundary strengthening and solid-solution 
strengthening. As shown above, the grain size of the alloys was significantly reduced by the addition 
of Ti—from 95.9 µm for the alloy without Ti to 5.2 µm for the alloy with 0.5% Ti. Therefore, the grain 
boundary strengthening may play an important role on strengthening according to the Hall–Petch 
relationship [31]. The solid-solution strengthening also helped to increase the strength. It is shown 
that with 0.3% Ti addition, 0.177% Ti was dissolved in the matrix. 

The improved ductility of the alloys with the addition of Ti mainly contributed to the grain 
refinement and the suppression of discontinuous precipitation. As shown in Figure 9a, the 
morphology of discontinuous precipitation at the grain boundaries would be highly conducive to 
become the initiation site of intergranular cracks which reduce the stability of the grain boundary 
[22]. Therefore, the suppression effect of the addition of Ti on the discontinuous precipitation at the 
grain boundaries plays a significant role in the improvement of the ductility of the alloys. 

Figure 7. The distribution of Ni, Sn, and Ti atoms among the matrix, γ phases, and Ni3Ti precipitates
in base and 0.3% Ti alloys aged at 400 ◦C for 4 h.

3.2. Mechanical Properties

Figure 8a shows the nominal stress–strain curves of 0% Ti and 0.5% Ti alloys. It is demonstrated that
the addition of Ti had the effect of improving the plasticity and strength of the alloys. Figure 8b depicts
the mechanical properties of the aged alloys with different contents of Ti, indicating that both tensile
strength and elongation were improved by the addition of Ti. When Ti content increased from 0 to 0.3%,
the alloys exhibited significantly increased tensile elongation from 2.7 to 17.9%; meanwhile, the tensile
strength increased from 935 MPa to 1024 MPa. Furthermore, the tensile strength was increased to
1080 MPa for the alloy with 0.5 Ti addition while the tensile elongation was slightly decreased to 17.5%.

The increased strength is largely attributed to grain boundary strengthening and solid-solution
strengthening. As shown above, the grain size of the alloys was significantly reduced by the addition
of Ti—from 95.9 µm for the alloy without Ti to 5.2 µm for the alloy with 0.5% Ti. Therefore, the grain
boundary strengthening may play an important role on strengthening according to the Hall–Petch
relationship [31]. The solid-solution strengthening also helped to increase the strength. It is shown
that with 0.3% Ti addition, 0.177% Ti was dissolved in the matrix.

The improved ductility of the alloys with the addition of Ti mainly contributed to the grain
refinement and the suppression of discontinuous precipitation. As shown in Figure 9a, the morphology
of discontinuous precipitation at the grain boundaries would be highly conducive to become the
initiation site of intergranular cracks which reduce the stability of the grain boundary [22]. Therefore,
the suppression effect of the addition of Ti on the discontinuous precipitation at the grain boundaries
plays a significant role in the improvement of the ductility of the alloys.

Materials 2017, 10, x FOR PEER REVIEW  9 of 12 

 

 

 
Figure 8. Mechanical properties of alloys with different contents of Ti:(a) Nominal stress–strain 
curves of 0% Ti and 0.5% Ti alloys; (b) Ultimate tensile strength (UTS) and tensile elongation of four 
alloys after aging at 400°Cfor 4h. 

Figure9 shows the fracture surface morphology of the alloys aged at 400°C for 4h. In the case of 
the alloy without Ti addition (Figure9a), intergranular fracture dominated. The coarse grains and 
flat grain boundaries make the cracks easy to propagate along grain boundaries. The insert in 
Figure9a shows the longitudinal section of the tensile-fractured aged alloy without Ti, indicating 
that the colony of discontinuous precipitation was observed at the edge of the crack. Figure9b–d 
depict that typical quasi-cleavage fracture with dimples and tear ridges appeared in the alloys with 
the addition of Ti. With increase of Ti addition, the amount of dimples increased and cleavage 
surface decreased. However, since the coarse Ni3Ti precipitates are pulled out, the hollows appear in 
the 0.5% Ti alloy. The decrease of elongation of the 0.5% Ti alloy is considered to be contributed by 
these hollows. 

 

Figure 8. Mechanical properties of alloys with different contents of Ti: (a) Nominal stress–strain curves
of 0% Ti and 0.5% Ti alloys; (b) Ultimate tensile strength (UTS) and tensile elongation of four alloys
after aging at 400 ◦C for 4 h.
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Figure 9 shows the fracture surface morphology of the alloys aged at 400 ◦C for 4 h. In the case of
the alloy without Ti addition (Figure 9a), intergranular fracture dominated. The coarse grains and flat
grain boundaries make the cracks easy to propagate along grain boundaries. The insert in Figure 9a
shows the longitudinal section of the tensile-fractured aged alloy without Ti, indicating that the colony
of discontinuous precipitation was observed at the edge of the crack. Figure 9b–d depict that typical
quasi-cleavage fracture with dimples and tear ridges appeared in the alloys with the addition of
Ti. With increase of Ti addition, the amount of dimples increased and cleavage surface decreased.
However, since the coarse Ni3Ti precipitates are pulled out, the hollows appear in the 0.5% Ti alloy.
The decrease of elongation of the 0.5% Ti alloy is considered to be contributed by these hollows.
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The tensile strength and elongation values of Cu-15Ni-8Sn alloys with Ti addition and other
designed Cu-15Ni-8Sn alloys are summarized in Figure 10 [8–10]. Adding the appropriate amount
of trace elements is an effective way to improve mechanical properties of the Cu-15Ni-8Sn alloys.
Compared with additions of Nb, V, Fe, or Ta, the ductility of the alloy in the present work was improved
effectively while maintaining an ultra-high level of strength by the addition of titanium.
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4. Conclusions

In the present work, the effects of Ti addition on the microstructure and mechanical properties of
Cu-15Ni-8Sn alloys were investigated. The following conclusions can be drawn:

(1) Cu-15Ni-8Sn alloys with the addition of Ti possess an excellent combination of strength and
ductility. Compared to the alloy without Ti, the tensile strength and the elongation of the alloy
with 0.3% Ti increased from 935 MPa to 1024 MPa and from 2.7% to 17.9%, respectively.

(2) The improvement of mechanical properties by the addition of Ti contributed to grain refinement
and the suppression of discontinuous precipitation. By the addition of Ti, Ni3Ti phase was
formed in the solidification process, which was undissolved in the following solution treatment.
Ni3Ti phase had a pining effect on grain boundary migration in the process of solution treatment,
and thus resulted in grain refinement. Ti addition also had a suppressive effect on discontinuous
precipitation, owing to a reduction of nucleation sites of discontinuous precipitation.

Acknowledgments: This work is supported by the Guangdong Natural Science Foundation for Research Team
(Grant No. 2015A030312003).

Author Contributions: C. Zhao, W.W. Zhang and Z.Q. Luo conceived and designed the experiments; C. Zhao and
D.X. Li performed the experiments; C. Zhao and Z. Wang analyzed the data; C. Yang and D.T. Zhang contributed
analysis tools; C. Zhao wrote the paper; Z. Wang and W.W. Zhang revised the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Shankar, K.V.; Sellamuthu, R. Determination on the effect of Tin content on microstructure hardness, optimum
aging temperature and aging time for spinodal bronze alloys cast in metal mold. Int. J. Metalcast. 2016, 26,
1–6. [CrossRef]

2. Kim, S.S.; Rhu, J.C.; Jung, Y.C.; Jung, Y.C.; Han, S.Z.; Kim, C.J. Aging characteristics of thermomechanically
processed Cu-9Ni-6Sn alloy. Scr. Mater. 1999, 40, 1–6. [CrossRef]

3. Plewes, J.T. High-strength Cu-Ni-Sn alloys by thermomechanical processing. Metall. Mater. Trans. A. 1975,
6A, 537–544. [CrossRef]

4. Cribb, W.R. Copper spinodal alloys for aerospace. Adv. Mater. Process. 2006, 6, 44.

http://dx.doi.org/10.1007/s40962-016-0034-6
http://dx.doi.org/10.1016/S1359-6462(98)00400-X
http://dx.doi.org/10.1007/BF02658411


Materials 2017, 10, 1038 11 of 11

5. Cribb, W.R.; Ratka, J.O. Copper spinodal alloys. Adv. Mater. Process. 2002, 12, 1–4.
6. Kar, N.J. Copper-Based Spinodal Alloy Bearings. U.S. Patent 4,641,976, 10 February 1987.
7. Caris, J.; Varadarajan, R.; Stephens, J.J., Jr.; Lewandowski, J.J. Microstructure effects on tension and fatigue

behavior of Cu-15Ni-8Sn sheet. Mater. Sci. Eng. A 2008, 491, 137–146. [CrossRef]
8. Plewes, J.T. Method for Producing Copper Based Spinodal Alloys. U.S. Patent 4,260,432, 7 April 1981.
9. Plewes, J.T. Quaternary Spinodal Copper Alloys. U.S. Patent 4,052,204, 4 October 1977.
10. Cribb, W.R.; Gedeon, M.J.; Grensing, F.C. Performance advances in Copper-Nickel-Tin spinodal alloys.

Adv. Mater. Process. 2013, 9, 20–25.
11. Manna, I.; Pabi, S.K.; Gust, W. Discontinuous reaction in solids. Int. Mater. Rev. 2001, 46, 53–91. [CrossRef]
12. Kotval, P.S.; Hatwell, H. Discontinuous precipitation of M23C6 carbide in a Nickel-base superalloy.

Trans. AIME 1969, 245, 1821–1823.
13. Spooner, S.; Lefever, B.G. The effect of prior deformation on spinodal age hardening in Cu-15Ni-8Sn alloy.

Metall. Mater. Trans. A 1980, 11A, 1085–1093. [CrossRef]
14. Lefevre, B.G.; D’annessa, A.T.; Kalish, D. Age hardening in Cu-15Ni-8Sn alloy. Metall. Mater. Trans. A 1978,

9A, 577–586. [CrossRef]
15. Miki, M.; Ogino, Y. Effect of Si addition on the cellular precipitation in a Cu-10Ni-8Sn alloy. Mater. Trans. JIM

1990, 31, 968–974. [CrossRef]
16. Miki, M.; Ogino, Y. Influence of solution-treatment conditions on the cellular precipitation in Si-doped

Cu-10Ni-8Sn alloy. Mater. Trans. JIM 1991, 32, 1135–1140. [CrossRef]
17. Miki, M.; Ogino, Y. Effects of doped elements on the cellular precipitation in Cu-10Ni-8Sn alloy.

Mater. Trans. JIM 1994, 35, 313–318. [CrossRef]
18. Wang, Y.H.; Wang, M.P.; Hong, B.; Li, Z. Microstructure and properties of Cu-15Ni-8Sn-0.4Si alloy.

Trans. Nonferrous Met. Soc. China 2003, 13, 1051–1055.
19. Weng, Y.H.; Liu, Y.X.; Tan, W.; Zhang, W.W.; Luo, Z.Q. Influence of extrusion ratio on microstructure and

properties of Cu-17Ni-3Al-X alloy. Appl. Mech. Mater. 2014, 477–478, 1307–1315. [CrossRef]
20. He, W.X.; Wang, E.D.; Hu, L.X.; Yu, Y.; Sun, H.F. Effect of extrusion on microstructure and properties of a

submicron crystalline Cu-5wt%Cr alloy. J. Mater. Process. Technol. 2008, 208, 205–210. [CrossRef]
21. Zhao, J.C.; Notis, M.R. Spinodal decomposition, ordering transformation and discontinuous precipitation in

a Cu-15Ni-8Sn alloy. Acta Mater. 1998, 46, 4203–4218. [CrossRef]
22. Tu, K.N.; Turnbull, D. Morphology of cellular precipitation of tin from Lead-Tin bicrystals. Acta Metall. 1967,

15, 369–376 and 1317–1323. [CrossRef]
23. Hornbogen, E. Systematics of the Cellular Precipitation Reactions. Metall. Trans. 1927, 3, 2717–2727.

[CrossRef]
24. Harmer, M.P.; Rohrer, G.S. Grain boundary complexion—Current status and future directions. Curr. Opin.

Solid State Mater. Sci. 2016, 20, 225–336.
25. Dillon, S.J.; Tang, M.; Cater, W.C.; Harmer, M.P. Complexion: A new concept for kinetic engineering in

materials science. Acta Mater. 2007, 55, 6208–6218. [CrossRef]
26. Dillon, S.J.; Tai, K.P.; Chen, S. The importance of grain boundary complexions in affecting physical properties

of polycrystals. Curr. Opin. Solid State Mater. Sci. 2016, 20, 324–335. [CrossRef]
27. Schumacher, O.; Marvel, C.J.; Kelly, M.N.; Cantwell, P.R.; Vinci, R.P.; Rickman, J.M.; Rohrer, G.S.; Harmer, M.P.

Complexion time-temperature-transformation (TTT) diagrams: Opportunities and challenges. Curr. Opin.
Solid State Mater. Sci. 2016, 20, 316–323. [CrossRef]

28. Watanabe, C.; Takeshita, S.; Monzen, R. Effect of small addition of Ti on strength and microstructure of a
Cu-Ni-Si alloy. Metall. Mater. Trans. A 2015, 46A, 2469–2475. [CrossRef]

29. Basinski, Z.S.; Dugdale, J.S.; Howie, A. The electrical resistivity of dislocation. Philos. Mag. 1963, 8, 1989–1997.
[CrossRef]

30. Komatsu, S. Resistivity of copper alloys, its interpretation and application. J. JRICu 2002, 41, 1–9.
31. Argon, A.S. Strengthening Mechanism in Crystal Plasticity; Oxford University Press: Oxford, UK, 2008;

pp. 365–375.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.msea.2008.01.061
http://dx.doi.org/10.1179/095066001101528402
http://dx.doi.org/10.1007/BF02668132
http://dx.doi.org/10.1007/BF02646415
http://dx.doi.org/10.2320/matertrans1989.31.968
http://dx.doi.org/10.2320/matertrans1989.32.1135
http://dx.doi.org/10.2320/matertrans1989.35.313
http://dx.doi.org/10.4028/www.scientific.net/AMM.477-478.1307
http://dx.doi.org/10.1016/j.jmatprotec.2007.12.107
http://dx.doi.org/10.1016/S1359-6454(98)00095-0
http://dx.doi.org/10.1016/0001-6160(67)90214-3
http://dx.doi.org/10.1007/BF02652839
http://dx.doi.org/10.1016/j.actamat.2007.07.029
http://dx.doi.org/10.1016/j.cossms.2016.06.003
http://dx.doi.org/10.1016/j.cossms.2016.05.004
http://dx.doi.org/10.1007/s11661-015-2870-z
http://dx.doi.org/10.1080/14786436308209092
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Procedure 
	Materials and Processing 
	Microstructure Evaluation 
	Resistivity Measurement 
	Mechanical Properties Testing 

	Results and Discussion 
	Microstructures 
	Mechanical Properties 

	Conclusions 

