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Abstract: Effect of Si and Ti on dynamic recrystallization (DRX) of Cu−15Ni−8Sn alloy was studied using hot compression tests 
over deformation temperature range of 750−950 °C and strain rate range of 0.001−10 s‒1. The results show that the dynamic 
recrystallization behavior during hot deformation is significantly affected by the trace elements of Si and Ti. The addition of Si and Ti 
promotes the formation of Ni16Si7Ti6 particles during hot deformation, which promotes the nucleation of dynamic recrystallization by 
accelerating the transition from low-angle boundaries (LABs) to high-angle boundaries (HABs). Ni16Si7Ti6 particles further inhibit 
the growth of recrystallized grains through the pinning effect. Based on the dynamic recrystallization behavior, a processing map of 
the alloy is built up to obtain the optimal processing parameters. Guided by the processing map, a hot-extruded Cu−15Ni−8Sn alloy 
with a fine-grained microstructure is obtained, which shows excellent elongation of 30% and ultimate tensile strength of 910 MPa. 
Key words: Cu−15Ni−8Sn alloy; discontinuous dynamic recrystallization; hot compression; hot extrusion; mechanical properties 
                                                                                                             

 
 
1 Introduction 
 

Cu−15Ni−8Sn alloys possess outstanding strength, 
corrosion resistance and wear resistance, which have 
strong prospects as high-performance bearings and 
highly wear-resistant components for aerospace and 
mechanical systems [1,2]. However, the as-cast 
Cu−15Ni−8Sn alloy ingots usually possess poor ductility 
owing to the inevitable casting defects, such as slag 
inclusions and porosities [3,4]. Therefore, additional 
processes such as plastic deformation (e.g., hot rolling, 
forging and extrusion) and subsequently heat treatments 
(e.g. solid solutionizing and annealing) are required to 
relieve the residual stress and improve the mechanical 
properties [5,6]. It is known that the above-mentioned 
casting defects can be effectively reduced by secondary 
process of hot extrusion [7,8]. Furthermore, dynamic 
recrystallization can occur during hot extrusion, thus 
resulting in grain refinement and hence a significant 
enhancement of the mechanical properties [9−11]. 

Therefore, it is possible to achieve high strength and 
good plasticity for the as-extruded Cu−15Ni−8Sn alloy 
by carefully tuning the dynamic recrystallization 
behavior, where no additional heat treatment is required. 

Many previous studies were focused on the 
enhancement of strength of aged Cu−15Ni−8Sn alloys 
by adding trace elements such as Si and Ti, indicating 
that these additions can effectively retard the migration 
of grain boundaries and dislocations during heat 
treatment by the formation of finely dispersed insoluble 
particles [12,13]. The effects of these fine particles on 
grain boundaries may favorably adjust the dynamic 
recrystallization behavior during thermal deformation 
and thus improve the mechanical properties [14,15]. 
However, the effect of Si and Ti on the dynamic 
recrystallization in Cu−15Ni−8Sn alloy has been very 
rarely reported. In this work, a comprehensive study on 
the hot deformation behavior of the Cu−15Ni−8Sn alloy 
with the minor additions of Si and Ti was carried out and 
a high-performance Cu−15Ni−8Sn alloy was developed 
through hot extrusion without heat treatment process. 
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2 Experimental  
 

In the present study, a Cu−15Ni−8Sn−0.3Si−0.1Ti 
(wt.%) alloy ingot was prepared in an intermediate 
frequency induction furnace. The chemical composition 
of the ingot is given in Table 1. The cast ingot was 
homogenized at 840 °C for 8 h and subsequently cut into 
d8 mm × 12 mm cylindrical compression specimens. 
Figure 1 shows the initial microstructure of the as-cast 
and homogenized materials. These specimens were 
compressed to a final true strain of 0.9 at 750, 800, 850, 
900 and 950 °C with strain rates of 10−3, 10−2, 10−1, 1 and 
10 s−1 on a Gleeble−3500 thermal simulator. In order to 
obtain detailed information of early deformation 
processes, specimens were deformed to a true strain of 
0.15, with a strain rate of 1×10−3 at deformation 
temperatures of 750, 850 and 950 °C, respectively. The 
deformed specimens were water-quenched immediately 
to room temperature and then sectioned along the 
compression direction. 
 
Table 1 Chemical compositions of alloy (wt.%) 

Ni Sn Si Ti Cu 

15.23 7.92 0.29 0.09 Bal. 

 

 
Fig. 1 Optical micrographs of Cu−15Ni−8Sn−0.3Si−0.1Ti alloy 

in as-cast (a) and homogenized (b) conditions 

 
Extrusion bars were prepared on a vertical extruding 

machine. Both the diameter and length of the billets were 
50 mm. The extrusion parameters, such as extrusion 
temperature, extrusion ratio and ram speed, were 
optimized based on the hot processing maps and 

microstructure evolution. The ingot and extrusion bars 
were cut into cylindrical tensile samples with a gauge 
section of 5 mm in diameter and 25 mm in length 
according to the Chinese GB/T 228−2002 standards. 
Tensile tests were performed on an Instron 5569 testing 
machine. 

Microstructural evolution was illustrated with a 
LEICA/DMI 5000M optical microscope (OM) and a FEI 
NONA430 scanning electron microscope (SEM) 
equipped with electron backscatter diffraction (EBSD). 
Specimens for OM and SEM observation were prepared 
by polishing and then etching in a solution of  
FeCl3 (5 g) + HCl (10 mL) + H2O (100 mL). Samples for 
EBSD measurements were electropolished in a 50% 
solution of phosphoric acid at 6.5 V for 60 s. 
Transmission electron microscope (TEM) observation 
was performed on a FEI TECNAI G2 S-TWIN F20. 
TEM samples were prepared with twin-jet electro- 
polishing method in 95% alcohol and 5% perchloric acid 
at −20 °C. 
 
3 Results and discussion 
 
3.1 Hot deformation behavior of Cu−15Ni−8Sn− 

0.3Si−0.1Ti alloy 
Figure 2 depicts the true stress−strain curves 

derived from hot compression tests. The flow behavior of 
the alloy is strongly affected by deformation temperature 
and strain rate. Under a certain strain rate, the flow stress 
decreases with increasing deformation temperature, 
whereas the flow stress increases with increasing strain 
rate at a prescribed deformation temperature. Typical 
dynamic recovery (DRV) behavior is observed at low 
temperatures, for instance, at 750 °C and 1 s−1 (Fig. 2(a)). 
Continuous reduction in the flow stress is observed at 
strain rates higher than 1 s−1, which is due to the heat 
accumulation in the specimen during deformation. The 
typical dynamic recrystallization (DRX) behavior is 
observed at 950 °C and 0.01 s−1 (Fig. 2(b)). A serration is 
observed on the true stress−strain curves, which may be 
related to occurrence of dynamic recrystallization [16]. 

The hot processing map technology based on a 
dynamic materials model (DMM) is a convenient 
technique to optimize hot deformation process [17−19]. 
The theoretical methods for processing maps have been 
illustrated in detail by PRASAD [20,21]. The total 
absorbed power (P) of the system can be expressed as 
 

0 0
d d

  

  
P G J

 
         


                 (1) 

 
where σ is the flow stress and   is the strain rate. G 
represents the absorbed power dissipated by the rise of 
temperature, and J represents the power dissipated by 
microstructure evolution. 



Chao ZHAO, et al/Trans. Nonferrous Met. Soc. China 29(2019) 2556−2565 

 

2558
 
 

 

Fig. 2 True stress−strain curves of Cu−15Ni−8Sn−0.3Si−0.1Ti alloy at various strain rates and different deformation temperatures:  

(a)  =0.001 s−1; (b)  =0.01 s−1; (c)  =0.1 s−1; (d)  =1 s−1; (e)  =10 s−1 

 

m is the strain rate sensitivity coefficient, which is 
related to the change of G and J, as given by 
 

,

(lg ) d d

(lg ) d dT

J
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η represents the efficiency of power dissipation. It 

can be expressed as 
 

2

1

m

m
 


                                  (3) 

 

The power dissipated map can be established from η 
varied with deformation temperature and strain rate. A 
continuum criterion for the occurrence of flow instability 
can be obtained by utilizing the principle of maximum 
rate of entropy production:  

ln[ / ( 1)]
( ) 0

ln

m m
m 


 

  





                  (4) 

 
The variation of ( )   with deformation 

temperature and strain rate constitutes the instability map. 
Finally, the processing map can be established by 
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superimposing the instability map on the power- 
dissipation map. 

The processing maps of the Cu−15Ni−8Sn− 
0.3Si−0.1Ti alloy deformed at strains of 0.3, 0.6 and 0.9 
were obtained by the above method, which are shown in 
Fig. 3. In these maps, the contours express the efficiency 
of power dissipation, and the shaded domains indicate 
the unsteady zone. The unsteady zone appears at low 
temperatures and a high strain rate of 0.3 (Fig. 3(a)). As 
strain increases, the temperature range of unsteady zone 
increases from 750−800 °C to 750− 900 °C, whereas the 
efficiency of power dissipation decreases with increasing 
strain rate. The value of processing efficiency decreases  
 

 
Fig. 3 Processing maps for alloy at different true strains: (a) 0.3; 
(b) 0.6; (c) 0.9 

at high temperatures and low strain rates, which is likely 
associated with DRX grain coarsening [22]. Generally, a 
lager dissipation efficiency indicates a better workability 
of the material [23,24]. The principle of selecting the 
optimized dissipation efficiency is choosing the 
relatively higher dissipation efficiency on the premise of 
avoiding the instability zone. In the processing maps 
corresponding to a strain of 0.9 (Fig. 3(c)), two relatively 
higher dissipation efficiency domains are selected. 
Domain A is in the range of 925−950 °C and strain rate 
of 1−10 s−1, where the maximum dissipation efficiency is 
43% and the minimum dissipation efficiency is more 
than 27%. Domain B occurs in the range of 825−925 °C 
and the strain rate range of 1×10−3−0.6 s−1, where the 
maximum dissipation efficiency is 37% and the 
minimum dissipation efficiency is also more than 27%. 
To determine which domain should be the optimum 
processing window for the Cu−15Ni−8Sn−0.3Si−0.1Ti 
alloy, the microstructural features and deformation 
mechanisms are further investigated. 

Optical images of Cu−15Ni−8Sn−0.3Si−0.1Ti alloy 
deformed under different conditions are shown in Fig. 4. 
The Sn-rich γ particles precipitate from the Cu matrix in 
the specimens deformed at 750−800 °C, which distribute 
along the dendrites. Figures 4(a, b) show that the grains 
are elongated perpendicular to the compression direction. 
Deformation bands (DBs) are observed around the 
original grain boundaries. Ultrafine grains nucleate and 
grow along the DBs, indicating that the DRX 
preferentially initiates near the DBs [25]. However, γ 
phase disappears and recrystallization occurs around the 
original grain boundaries when the deformation 
temperature is increased to 850−900 °C (Figs. 4(c, d)). 
The recrystallized grains show a refined structure with a 
diameter of ~10 μm. The serrated grain boundaries are 
marked by arrows in Fig. 4(d), confirming occurrence of 
dynamic recrystallization [26]. Figure 4(f) shows the 
microstructure of the alloy deformed at 950 °C and 1 s−1 
in Domain A (marked in Fig. 3(c)), indicating an 
overheated structure with large-sized grains and coarse 
second phases. Cracks appear in the specimen under this 
deformation condition due to a decrease in the binding 
force of the grain boundaries. Therefore, the optimum 
processing window should be located in the temperature 
range from 825 to 925 °C and a strain rate range from 
1×10−3 to 0.6 s−1 (Domain B shown in Fig. 3(c)). 
 

3.2 Dynamic recrystallization of Cu−15Ni−8Sn− 
0.3Si−0.1Ti alloy 
Figure 5 shows the EBSD maps of the specimens 

deformed with a true strain of 0.9 at a strain rate of 
1×10−3 s−1. In Figs. 5(a, b), narrow white and bold black 
lines correspond to boundaries of misorientation 
5°<θ<15° and 15°<θ, respectively. Only very few  
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Fig. 4 Optical micrographs of hot compressed specimens with strain of 0.9 under different deformation conditions: (a) 750 °C, 

1×10−3 s−1; (b) 800 °C, 1×10−3 s−1; (c) 850 °C, 1×10−3 s−1; (d) 900 °C, 1×10−3 s−1 (Domain B in Fig. 3(c)); (e) 950 °C, 1×10−3 s−1;     

(f) 950 °C, 1 s−1 (Domain A in Fig. 3(c)) 

 

 
Fig. 5 EBSD micrograph and analysis of designed alloys obtained with true strain of 0.9 at strain rate of 1×10−3 s−1 at different 

temperatures: (a, c) 750 °C; (b, d) 950 °C; (e, f) Misorientation measured along lines marked in (a) and (b), respectively 

 

low-angle boundaries (LABs, 5°<θ<15°) are observed in 
the grains, indicating that full DRX occurs at 950 °C  
(Fig. 5(b)). The texture of 001 fibers is observed in the 
specimen deformed at 750 °C (shown in Fig. 5(c)), 
which is related to the orientation of deformation of 
initial grains [27]. The 001 texture decreases when the 

temperature is increased to 950 °C (Fig. 5(d)), which is 
contributed to the random orientation of DRX grains. 
The point-to-point misorientations and cumulative 
misorientations of the initial grains are shown in    
Figs. 5(e, f), indicating that misorientations in D1, D2 
and D3 domains (Fig. 5(a)) increase from the grain 
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interior to the grain boundary. Fine DRX grains form 
around the original grains, which show a typical 
“necklace” structure (Fig. 5(a)). The gradient of 
misorientations and formation of “necklace” structure 
indicate that discontinuous dynamic recrystallization 
(DDRX) is the main nucleation mechanism of DRX in 
Cu−15Ni−8Sn−0.3Si−0.1Ti alloys [28,29]. 

The LABs developing near recrystallized grain 
boundaries are helpful to form sub-boundaries (see   
Fig. 5(b)), owing to the plastic accommodation occurring 
near the recrystallized grain boundaries during hot 
deformation [30]. Figure 5(f) shows that the point-to- 
point misorientations in recrystallized grains (G1−G8) 
can be sustained within 3° and that the cumulative 
misorientations do not exceed 5°. This result indicates 
that continuous dynamic recrystallization (CDRX) plays 
a minor role in the entire deformation process. 

Figure 6 presents the TEM observation results of 
specimens deformed at temperatures of 750 °C and 
800 °C and true strains of 0.15 and 0.90. Figure 6(a) 
shows that at the early stage of the restoration process 
(ε=0.15), fine particles (30−70 nm) distribute in the Cu 
matrix. The EDX analysis and the fast Fourier transform 
(FFT) pattern (Fig. 6(d)) indicate the fine particles as 
Ni16Si7Ti6 intermetallic compounds. The interfaces 
between the Ni16Si7Ti6 phase and the Cu matrix are 

continuous and well bonded, as shown in the high- 
resolution TEM image in Fig. 6(b). Meanwhile, the 
two-dimensional misfit (insets I and II in Fig. 6(b)) 
indicates that the interfaces are semi-coherent. Analysis 
of FFT pattern in Fig. 6(d) reveals that the crystal 
orientation relationship between the matrix and 
Ni16Si7Ti6 precipitate (FCC, cell parameter is 11.19 Å) 
can be indexed as follows: [011]M//[116]P, M(111) // 

P(511)  and (100)M// P(220) . In addition, γ phases are 
observed at the early stage of the restoration process (Fig. 
6(e)). At the dynamic equilibrium stage of the restoration 
process (ε=0.9), dislocation walls are observed near the γ 
phase (Fig. 6(g)), and dislocation accumulation occurs 
near the larger γ particles (Fig. 6(h)). The high density of 
dislocations and the formation of dislocation walls at a 
strain of 0.9 indicate that dynamic recovery is dominant 
in alloys deformed at 750 and 800 °C. 

Figure 7 shows TEM images of the specimens 
deformed at a strain rate of 1×10−3 s−1 and temperatures 
of 850 and 900 °C and true strains of 0.15 and 0.9. The 
Ni16Si7Ti6 particles are observed in specimen obtained at 
a strain of 0.15 and a deformation temperature of 850 °C 
(Fig. 7(a)). The average size of the precipitates (~200 nm) 
is larger than that of the specimen deformed at 750 °C 
(~50 nm). Dislocation walls form at a strain of 0.15, 
which is faster than the formation of dislocation walls  

 

 
Fig. 6 TEM observation results of hot compressed specimens at strain rate of 1×10−3 s−1: (a) TEM image of Ni16Si7Ti6 particles at 

750 °C and ε=0.15; (b) High-resolution TEM (HRTEM) image of boundary between matrix and Ni16Si7Ti6 particle, along with insets 

((I) and (II)) showing close-up images; (c) FFT (fast Fourier transform) pattern of (b); (d) Schematic of pattern in (c); (e) TEM image 

of γ phase at 750 °C and ε=0.15; (f) Selected-area diffraction pattern (SADP) of γ phase in (e); (g, h) TEM images of specimen 

deformed with ε=0.90, at 750 and 800 °C, respectively 
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Fig. 7 Microstructure and phases of alloy with strain rate of 1×10−3 s−1: (a) TEM image of Ni16Si7Ti6 particles at 850 °C and ε=0.15; 

(b) Selected-area diffraction pattern (SADP) of Ni16Si7Ti6 particle in (a); (c, d) TEM images of Ni16Si7Ti6 particles and dislocation 

boundaries at 850 °C and ε=0.90; (e) Subgrain in vicinity of Ni16Si7Ti6 particle at 900 °C and ε=0.90 

 

at 750 °C. Meanwhile, no γ phase is observed in the 
specimen. As the true strain is increased to 0.9, the 
dislocations of two or more Burgers vectors react to form 
two-dimensional dislocation boundaries (Fig. 7(d)). 
Figure 7(c) indicates that subgrain boundaries form by 
the dislocation boundaries at 850 °C. Some subgrains are 
observed in the area surrounded by the initial grain 
boundary, the larger-size Ni16Si7Ti6 particle and the 
dislocation boundary (Fig. 7(e)). The appearance of 
subgrains and the decrease in dislocation density signify 
the initial stage of DRX. When the alloy is deformed at 
850−900 °C, the softening mechanism can be explained 
by the interaction between DRX and DRV. 

Figure 8 shows TEM micrographs of specimens 
obtained at 950 °C and 1×10−3 s−1 with true strains of 
0.15 and 0.9. As shown in Fig. 8(a), a square network 
forms from screw dislocations of orthogonal Burgers 
vectors at a true strain of 0.15. The amount of nanoscale 
Ni16Si7Ti6 particles is substantially reduced in the 
specimens deformed at 950 °C compared with the 
amount formed at lower deformation temperatures. As 
the true strain is increased to 0.9, the dislocations already 
transform into new sub-boundaries at the recrystallized 
grain boundaries (Fig. 8(b)), which is consistent with the 

conclusions from EBSD. The dislocation sub-boundaries 
further indicate that DDRX is the main nucleation 
mechanism of DRX in the Cu−15Ni−8Sn−0.3Si−0.1Ti 
alloy [31]. Since the nucleation of DRX occurs near the 
recrystallized grain boundaries, nanoscale DRX grains 
are observed in specimen obtained at true strain of 0.9. 

Precipitations have a strong impact on DRV and 
DRX processes. During the DRV process, the hard 
Ni16Si7Ti6 particles and γ phases exhibit a strong pinning 
effect on individual dislocations and thus inhibit the 
annihilation and rearrangement of dislocations. The 
LABs are inclined to form near precipitations due to 
dislocation accumulation (Fig. 6(g)). At the second stage 
of the restoration process, fine Ni16Si7Ti6 particles 
promote the nucleation of DRX owing to the acceleration 
of the transition from LABs to high-angle boundaries 
(HABs). The misorientation across the dislocation 
boundary (θ) of the dislocation walls can be expressed as 
follows [28]: 
 
θ≈b/h                                      (5) 
 
where b is the magnitude of Burgers vector and h is the 
spacing of the dislocations. 

Because of the pinning effect of Ni16Si7Ti6 particles 
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Fig. 8 TEM micrographs of hot compressed specimens 

obtained at temperature of 950 °C and strain rate of 1×10−3 s−1 

at different true strains: (a) ε=0.15; (b) ε=0.90 

 

on the dislocations, the spacing of the dislocations is 
decreased. According to Eq. (5), these dislocation walls 
(LABs), which are close to fine Ni16Si7Ti6 particles, are 
more likely to form HABs. As shown in Fig. 7(d), the 
complex two-dimensional dislocation walls are therefore 
prone to form in the vicinity of fine Ni16Si7Ti6 particles. 
When Ni16Si7Ti6 particles are located near HABs, LABs 
are able to interact with these HABs (Fig. 7(c)). As a 
result, new recrystallized grains are prone to nucleate at 
these positions. Therefore, Ni16Si7Ti6 particles promote 
the nucleation of DRX. For the larger Ni16Si7Ti6 particles, 
particle-stimulated nucleation (PSN) of recrystallization 
is observed (Fig. 7(e)). In the process of deformation, a 
high density of dislocations form, and particle 
deformation zones form around the Ni16Si7Ti6 particles. 
The particle deformation zone provides both the driving 
force and position of recrystallization nucleation [31]. 

At the later stage of the restoration process, DRX 
can occur in the recrystallized grains with the increase of 
strain (Fig. 5(b)). The fine particles have the same effects 

on promoting the nucleation of DRX. They accelerate 
dislocation accumulation near the recrystallized grain 
boundaries (Fig. 8(b)). They also exert a pinning effect 
on both low- and high-angle grain boundaries in the 
process of DRX grain growth. As a result, it would be 
easier to maintain the fine and equiaxed DRX grains due 
to the formation of fine Ni16Si7Ti6 particles. 
 
3.3 Mechanical properties of hot extruded Cu−15Ni− 

8Sn−0.3Si−0.1Ti alloy  
Hot-extruded alloy with potentially superior 

mechanical properties has been obtained based on the 
above processing map and recrystallization behavior 
analysis. Hot extrusion experiment was performed at a 
temperature of 900 °C and the extrusion ratio of 17:1 
Extruded bars with 500 mm in length and 12 mm in 
diameter were obtained, which has a smooth surface 
without any crack. Figure 9 shows the microstructure of 
the as-extruded sample. Compared to the initial 
microstructure (shown in Fig. 1), a fine and uniform 
microstructure is successfully obtained by employing 
suitable hot deformation and no initial coarse grains are 
observed, which may effectively contribute to a great 
improvement of mechanical properties, especially 
ductility. Size and distribution of Ni16Si7Ti6 particles are 
in accordance with results of the hot compressed sample. 
 

 
Fig. 9 Cross section microstructures of extruded bar: (a) SEM 

image of uniform microstructure; (b) SEM image of 

intergranular Ni16Si7Ti6 particles 
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Table 2 gives the mechanical properties of different 
Cu−15Ni−8Sn alloys. The hot-extruded alloy produced 
in this study possesses the excellent elongation of 30%, 
which is higher than the conventional Cu−15Ni−8Sn rod 
products. The studied alloy also possesses high tensile 
strength (~910 MPa). Compared with the conventional 
Cu−15Ni−8Sn products (Table 2), the fine-grained 
microstructure in the as-extruded sample effectively 
leads to a great improvement of ductility and 
simultaneously enhances the strength by grain boundary 
strengthening [32]. Meanwhile, the ductility can also be 
increased by eliminating the discontinuous precipitation 
which otherwise leads to poor ductility. This result 
illustrates that Cu−15Ni−8Sn−0.3Si−0.1Ti alloy can 
possess excellent combination of strength and ductility 
without additional heat treatments by controlling the 
recrystallization behavior during hot deformation 
process. 
 
Table 2 Mechanical properties of Cu−15Ni−8Sn alloys 

Alloy State UTS/MPa δ/% Source 

Cu−15Ni−8Sn− 
0.3Si−0.1Ti 

Extruded 910 30 
This  
work 

Cu−15Ni−8Sn 
 (C96900) 

Cast + 
Spinodally 
 hardened 

<758 <4 
ASTM 

B505M-12

Cu−15Ni−8Sn 
 (C72900) 

Wrought + 
Spinodally 
 hardened 

825− 
1035 

<15 
ASTM 

B929-05

 
4 Conclusions 
 

(1) The additions of Si and Ti promote the 
nucleation of DRX grains due to the formation of 
Ni16Si7Ti6 particles that accelerate the transition from 
LABs to HABs and inhibit the growth of DRX grains 
through pinning effect. 

(2) By controlling the recrystallization behavior, 
high-performance alloy with ultimate tensile strength of 
910 MPa and elongation of 30% is obtained. 

(3) DDRX is the main nucleation mechanism of 
DRX in Cu−15Ni−8Sn−0.3Si−0.1Ti alloy. DDRX also 
occurs in the recrystallized grains in the later stage of 
deformation, indicating that a finer microstructure can be 
obtained at a larger strain. 
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摘  要：采用不同变形条件 (变形温度 750~950 °C、应变速率 0.001~10 s−1)的热压缩试验研究微量元素 Si 和 Ti

添加对 Cu−15Ni−8Sn 合金动态再结晶的作用。结果表明，添加 Si 和 Ti 对热变形过程中的动态再结晶具有显著的

作用。添加的 Si 和 Ti 可以形成 Ni16Si7Ti6相，Ni16Si7Ti6相促进低角度晶界向高角度晶界转变，因此，促进动态再

结晶的形核过程；同时，Ni16Si7Ti6相产生的钉扎作用抑制再结晶晶粒的长大。基于动态再结晶行为建立热加工图

以优化合金的热变形工艺参数。在最优工艺参数下制备具有细小晶粒组织的热挤压态 Cu−15Ni−8Sn 合金，其伸

长率达到 30%，抗拉强度达到 910 MPa。 

关键词：Cu−15Ni−8Sn 合金；非连续动态再结晶；热压缩；热挤压；力学性能 
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