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A B S T R A C T   

The Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy was prepared by vacuum induction melting. The hot deformation experi
ments with the alloy were carried out using the Gleeble-1500 deformation simulation device at 0.001–10 s− 1 

strain rate, and 500–900 ◦C deformation temperature. The hot working constitutive equation for the Cu-1Ni- 
0.9Sn-0.5Ti-0.3Cr alloy was established. The optimal hot processing of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy is 
at 725–900 ◦C and 0.01–0.223 s− 1 strain rate, so the alloy can obtain the required defect-free structure and 
excellent machinability. The alloy microstructure was analyzed using the electron backscatter diffraction, and 
the main texture of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy deformed at 800 ℃ is the {011}< 100 > Goss texture, 
which is replaced by the {011}< 211 > brass texture at 900 ◦C. Recrystallization is promoted by higher 
deformation temperature. The recrystallization process provides energy for recrystallization by consuming dis
locations, and the geometrically necessary dislocation density decreases with temperature. Transmission electron 
microscopy of the alloy shows that the precipitates are mainly Cu and NiTi phases. The interface between the two 
precipitated phases is semi-coherent. The precipitated phase at a semi-coherent interface can produce smaller 
elastic stress and lower interfacial energy, thus improving the refinement rate. Meanwhile, the Cu and NiTi 
phases have high toughness, and grain refinement can effectively improve the strength and hardness of the alloy.   

1. Introduction 

Copper can form alloys with many different elements. Copper alloys 
have better physical and mechanical properties than pure copper, so 
they have been widely used in electronics, and defense, as electromag
netic relays, lead frames, in communications technology, aerospace, and 
other fields [1–5]. At present, in order to obtain copper alloys with high 
strength, electrical conductivity, and excellent comprehensive proper
ties, the commonly used method is to add trace alloying elements and 
rare earth elements into the copper matrix such as Ti [6], Ni [7,8], Sn 
[9], Cr [10], Fe [11], Mg [12], Co [13], Y [14], Ce [15] and so on. With 
the rapid advancement of 5 G chips and high-end lead frames, the 
research and development of new copper alloys are imminent. By adding 

Ni, Sn, Ti, and Cr elements to Cu, the precipitation-strengthened 
Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy was obtained. Adding Ti to Cu can 
refine grains and improve alloy strength. The addition of Cr can refine 
the microstructure and improve the high-temperature stability of the 
alloy. Adding a certain amount of Sn can enhance the ability to hinder 
dislocation movement and improve the alloy strength. Ni forms pre
cipitation phases with Sn and Ti elements, which cause precipitation 
strengthening and improve the alloy’s mechanical properties. Copper 
and various metals are melted, annealed and solution treated to obtain a 
saturated solid solution alloy. Lattice distortion will occur during the 
formation of solid solution and hinder dislocation movement, thus 
strengthening the alloy. Adding alloying elements, thermal deformation 
or aging treatment improve the performance of copper alloys, so they 
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finally meet the performance requirements of 5 G chips and high-end 
lead frames. 

Fu et al. [16] studied the role of solidification texture on the hot 
deformation behavior of the Cu-Ni-Si alloy with columnar grains. Ni2Si 
precipitates in the Cu-Ni-Si alloy, along with dynamic recrystallization 
(DRX) increased the alloy flow stress. Zhang et al. [17] found that the 
Cu-Fe-Nb alloy contains nanocrystals, Nb precipitates, and iron fibers, 
resulting in the alloy’s high strength. Yong et al. [18] studied the hot 
deformation behavior of the CuAlMn shape memory alloy and found 
that the α phase was the main factor affecting the alloy’s thermal 
deformation behavior. Liu et al. [19] studied hot deformation and 
microstructure evolution of Cu-Ni-Co-Si alloys and found that the 
precipitated (Ni,Co)2Si phase hindered dislocations movement, 
increasing the alloy strength. Liu et al. [20] investigated the effects of 
cold rolling on the Cu-3Ti-3Ni-0.5Si alloy hardening by aging. The main 
precipitated phase in the Cu-3Ti-3Ni-0.5Si alloy was Ni3Ti, but with the 
increased deformation, the stripe-like morphology of the Ni3Ti phase 
changed to spherical morphology. Yu et al. [21] designed the 
Cu-Ni-Sn-Si alloy by using the cluster plus gel atom model. The intro
duction of silicon into the Cu-Ni-Sn alloy results in the disappearance of 
the layered structure formed in the as-cast alloy, and the introduction of 
silicon also inhibits the discontinuous precipitation during aging. Wu 
et al. [22] investigated the effects of composition on aging behavior and 
properties of the Cu-Ni-Si-Cr alloy. It was found that the mechanical 
properties and precipitation degree could be improved simultaneously 
by the nominal concentration or effective concentration of precipitates. 
Stavroulakis et al. [23] found that the duration of aging treatment had a 
more obvious effect on the yield strength compared with the ultimate 
tensile strength, which indicated that the Cu-Ni-Si alloy had a softening 
trend with improved strain hardening potential. Zhao et al. [24] studied 
the microstructure and physical properties of the Cu-Ni-Si-Co-Cr alloy 
with high strength and high electrical conductivity and found that Co 
addition can promote the precipitation of Ni, Si, and Cr solute elements 
from the matrix, and effectively improve the electrical conductivity of 
the alloy. Yi et al. [25] investigated the precipitation behavior of the 
Cu-3.0Ni-0.72Si alloy, found a new orientation relationship between 
precipitates and copper matrix, and proposed the coarsening mechanism 
of metastable precipitates. Wang et al. [26] studied the microstructure 
and properties of the Cu-Ti-Sn alloy and found that Sn formed the 
CuSn3Ti5 phase in the copper matrix, which reduced the content of so
lute titanium in the copper matrix and thus improved the alloy’s elec
trical conductivity. Liu et al. [27] investigated the thermal deformation 
and dynamic recrystallization behavior of Cu-3Ti-3Ni-0.5Si and found 
that the precipitated Ni3Ti phase promoted dynamic recrystallization 
nucleation and formed stable deformation domains. 

There are many studies on the aging behavior of Cu-Ti-Ni, Cu-Ni-Sn, 
and Cu-Ni-Si-Cr alloys, but there are few studies on the hot deformation 
behavior of the Cu-Ni-Sn-Ti-Cr alloys. In this paper, the precipitation- 
strengthened Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy was obtained by adding 
Ni, Sn, Ti, and Cr elements to Cu. The thermal deformation behavior of 
the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy was investigated by hot compression 
tests at 500–900 ◦C and 0.001–10 s− 1 strain rates using a Geeble-1500 
deformation simulator. 

2. Materials and methods 

Standard electrolytic copper (99% pure), Cu-33%Ti intermediate 
alloy, pure Ni, pure Sn, and pure Cr were melted in the ZG-0.01 vacuum 
frequency induction furnace. After melting the alloy was poured into the 
sand mold with an inner diameter of 90 mm, a height of 190 mm, and an 
outer diameter of 170 mm, and cooled to room temperature, so the Cu- 
1Ni-0.9Sn-0.5Ti-0.3Cr alloy ingot used in this experiment was obtained. 
In the alloy smelting process, Ar was used as a protective gas to prevent 
the alloy’s oxidation and maintain its chemical composition. In addition, 
a small amount of deoxidizer was added to react with impurities and 
float on the surface to minimize the impurities in the alloy. 

The nominal and actual compositions of the Cu-1Ni-0.9Sn-0.5Ti- 
0.3Cr alloy are listed in Table 1. After smelting, the ingot was heated 
to 950 ◦C and annealed for 4 h. Then it was processed into cylindrical 
thermal compression samples with Φ 8 mm × 12 mm dimensions by 
electrical discharge machining. To facilitate feeding the thermocouple, a 
Φ 1 mm × 2 mm hole was made in the middle of each sample. The 
samples were tested using the Gleeble-1500 deformation simulator. 
They were heated at a 10 ◦C/s heating rate. After heating to the desired 
temperature, the thermal compression test was conducted for 3 min. 
After each deformation test, the sample was immediately cooled with 
water to retain the high-temperature structure after thermal deforma
tion. The process parameters of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy are 
as follows: 55% compression, 0.001 s− 1, 0.01 s− 1, 0.1 s− 1, 1 s− 1, and 
10 s− 1 strain rates, and 500 ◦C, 600 ◦C, 700 ◦C, 800 ◦C, and 900 ◦C 
deformation temperatures. 

The sample was cut along the longitudinal plane, and the micro
structure of the central part of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy was 
analyzed. Electron backscatter diffraction (EBSD) images were observed 
by JSM-7800 F scanning electron microscope at 20 kV accelerating 
voltage. The thin-sliced EBSD samples with the size of 10 mm × 10 mm 
× 1 mm were first mechanically polished and then electrolytically pol
ished. The sample was placed into a solution of 50% alcohol and 50% 
phosphoric acid for electrolytic polishing at 5 V and 20 ◦C. The diameter 
of the sample was 3 mm and the thickness was 50 µm. The sample was 
thinned with Gatan 691 ion thinner and observed using a JSM-2100 F 
transmission electron microscope (TEM) at 200 kV accelerating voltage. 

3. Results 

3.1. True stress-true strain curves 

Fig. 1 shows the true stress-strain curves of the Cu-1Ni-0.9Sn-0.5Ti- 
0.3Cr alloy. The alloy thermal deformation has three common kinds of 
stress-strain behavior past yield. The first is when stress increased with 
strain due to work-hardening. The second is the stress increase with 
strain up to the peak value before leveling off due to dynamic response. 
The third is when the stress initially increases reaching the peak value, 
followed by a consequent decrease and dynamic recrystallization curve 
flattening [28,29]. 

A large number of studies have shown that the variation trend of true 
stress-true strain curves of the alloy during hot deformation is jointly 
determined by the work hardening and dynamic softening mechanisms, 
which can be divided into dynamic recovery (DRV) and dynamic 
recrystallization (DRX) [4,30]. At the early stage of thermal deforma
tion, the heating time is short and the atoms have no time to diffuse, 
which will produce a large number of dislocations in the alloy. The 
dislocations will accumulate, forming a network of dislocation entan
glements, making dislocations movement difficult, and producing a 
rapid rise in the flow stress. As the thermal deformation continues, the 
activity of atoms in the alloy increases, and the dislocations motion 
accelerates, promoting dynamic softening. If the dynamic recovery is 
dominant, the dislocations in the alloy are eliminated and the dynamic 
softening and work hardening are balanced, so the stress does not in
crease with strain, and the true stress-true strain curve of the alloy is flat. 
If dynamic recrystallization is dominant, dislocations arrange into 
low-energy structures or disappear, so that dislocation density and stress 
begin to decrease [5,31]. As seen in Fig. 1(a), the peak flow stress of the 
Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy is 26.3 MPa at 0.001 s− 1 strain rate and 

Table 1 
The nominal and analyzed composition of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy.  

Alloy Alloying element (wt%) 

Ni Sn Ti Cr Cu 

Cu-1Ni-0.9Sn-0.5Ti-0.3Cr  0.96  0.850  0.343  0.222 Bal.  
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900 ◦C deformation temperature. The peak flow stress of the 
Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy increases to 80.1 MPa when the defor
mation temperature drops to 700 ◦C. When the temperature drops to 
500 ◦C, the peak flow stress of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy is 
204.7 MPa, so the flow stress increased at lower deformation tempera
ture. As seen in Fig. 1(a), (c), and (e), when the temperature is 900 ◦C 
and the strain rate is 0.001 s− 1, the peak value of the flow stress is 
26.3 MPa. The peak stress increased to 58.7 MPa when the strain rate 
increased to 0.1 s− 1, and 94.7 MPa when the strain rate increased to 
10 s− 1. Therefore, the flow stress increased with the strain rate. 

3.2. Constitutive equation 

When metals undergo plastic deformation, atoms need to cross the 
energy threshold before thermal motion occurs. The energy required for 
metal atoms to cross the threshold is called the thermal activation en
ergy, which is important for evaluating the thermal processing of metals. 
In order to obtain the thermal activation energy of a metal, it is neces
sary to establish a suitable constitutive equation to describe the rela
tionship between the peak stress, temperature, and strain rate during 
thermal deformation [32–35]. The relationship between the peak stress, 
strain rate, and deformation temperature in the process of thermal 
deformation can be established according to the hyperbolic sine model 

Fig. 1. True stress-strain curves of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy deformed at: (a) 0.001 s− 1, (b) 0.01 s− 1, (c) 0.1 s− 1, (d) 1 s− 1, and (e) 10 s− 1 strain rates.  
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proposed by Sellars and McTegart [36]: 

ε̇ = A[sinh(ασ) ]nexp
[

−
Q

RT

]

(1) 

Here, ε̇ is the strain rate, α is the parametric constant, σ is the peak 
stress of the alloy, n is the parametric constant, Q is the activation en
ergy, T is the deformation temperature in K, and R is the gas constant. 
Eq. (1) can be simplified into the following two different forms ac
cording to different scenarios: 

ε̇ = A1σn1exp
[

−
Q

RT

]

(ασ < 0.8) (2)  

ε̇ = A2exp⁡(βα)exp
[

−
Q

RT

]

(ασ > 1.2) (3) 

Taking natural logarithms of Eq. (1), (2), and (3) yields: 

lnε̇ = nln[sinh(ασ)] − Q
RT

+ lnA (4)  

Fig. 2. The relationship between the peak stress, strain rate and temperature of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy: (a) ln(strain rate)-lnσ; (b) ln(strain rate)-σ; (c) ln 
(strain rate)-ln[sinh(ασ)]; (d) ln[sinh(ασ)]-T− 1/10− 3 K− 1; (e) lnZ-ln[sinh(ασ)]. 
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lnε̇ = n1lnσ + lnA1 −
Q

RT
(5)  

lnε̇ = βσ + lnA2 −
Q

RT
(6) 

The partial derivative of Eq. (1) can be obtained as: 

Q = R
[

∂(lnε̇)
∂ln[sin⁡(ασ)]

]

T

[
∂ln[sinh(ασ)]

∂(1/T)

]

ε̇
= RnS (7) 

The Z parameter has the following relationship with stress, temper
ature, and activation energy [37,38]: 

Z = ε̇exp
[

Q
RT

]

(8) 

By substituting Eq. (8) into Eq. (1) to find the derivative, the 
following relation can be obtained: 

lnZ = lnA+ nln[sinh(ασ)] (9) 

Here, the Z value is the self-diffusion activation energy of the lattice 
formed by dislocation slippage and climbing in kJ/mol. α = β/n, α, β,
n, A, A1, A2, n1, and S are all parametric constants. The n1, β,n, and S 
represent the average values of slopes corresponding to Fig. 2(a-d), 
respectively. n1 = 17.126，β = 0.121, α = β/n1 = 0.0071, n 
= 11.574, S = 4.2, so Q = RnS = 404.15kJ/mol, lnA is the intercept in 
Fig. 2(e), lnA = 49.596. Thus, one can calculate A = e49.596. According 
to the above data, the constitutive equation of the Cu-1Ni-0.9Sn-0.5Ti- 
0.3Cr alloy is: 

ε̇ = e49.596[sinh(0.0071σ) ]11.574exp
[

−
404150
8.314T

]

(10) 

The activation energy of Cu is 203.6 kJ/mol [39]. The activation 
energy of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy is 404.15 kJ/mol. There 
are more precipitated phases in the alloy, and the precipitated phases 
exist in the matrix and grain boundaries to inhibit dislocation movement 
so that the deformation resistance of the alloy is enhanced and the alloy 
has higher activation energy. 

3.3. Processing maps 

Processing maps are widely used to determine the optimal thermal 
working region of alloys [40–42]. Based on the dynamic material model 
(DMM), the processing map is the superimposition of the power dissi
pation and instability diagrams [43,44]. In the DMM model, the energy 
consumed in the deformation process P can be divided into two parts, G 
and J. G represents the power consumption related to plastic deforma
tion, and J represents the power consumption related to microstructure 
change. The relationship between P, G, and J is expressed as [45]: 

P = σ
˙

ε̇ = G + J =

∫ ε

0
σdε̇ +

∫ σ

0
εdσ (11) 

Here, ε̇ is the strain rate in s− 1, and σ is the flow stress in N/m2. 
It is assumed that the material is ideal, and the linear dissipation is 

the ideal linear dissipation, that is, the flow stress has a linear rela
tionship with the strain rate, at which point the theoretical dissipation 
quantity reaches the maximum value Jmax: 

Jmax =
1
2

σε̇ =
1
2

P (12) 

Power dissipation efficiency η is the proportion of the dissipation 
covariance absorbed by materials during thermal processing to the 
theoretical maximum dissipation covariance [46], and the mathematical 
expression is: 

η =
J

Jmax
=

2m
m + 1

× 100% (13) 

Here, m is the strain rate sensitive parameter, which can determine 
the amount of energy used in organizational evolution: 

m =
dJ
dG

=
ε̇dσ
˙εdσ

=
dlnσ

dlnε̇ (14) 

The energy dissipation diagram is obtained by the power dissipation 
efficiency, the strain rate ε̇ and temperature T. The greater the η, the 
better the deformation performance of the materials. The energy dissi
pation diagram shows the regions with the highest η. In addition, the 
rheological instability zone has a great influence on the deformation 
performance of the alloy, and its performance is poor in the rheological 
instability zone, which is prone to cracking due to dislocations con
centration, so this zone should be avoided. The mathematical expression 
of the rheological instability criterion is [47]: 

ξ(ε̇) = σln[m/(m + 1) ]
σlnε̇ + m < 0 (15) 

The instability diagram of the alloy is obtained by the instability 
parameter ξ(ε̇), the strain rate ε̇ and the temperature T. The instability 
diagram is mapped to the energy dissipation diagram to obtain the 
thermal processing diagram. 

Fig. 3 shows the hot working diagram of the Cu-1Ni-0.9Sn-0.5Ti- 
0.3Cr alloy under different deformation conditions. In Fig. 3(a-d), the 
diagonal part represents the instability region of the alloy, the contours 
represent the corresponding entropy during the microstructure evolu
tion of the alloy, and the number on the contours represents the power 
dissipation coefficient of the alloy during thermal deformation. The 
larger the number, the more stable the microstructure evolution of the 
alloy is and the better the thermal working performance of the alloy is. 
In Fig. 3, A, B, C, and D areas represent the optimal processing areas of 
the alloy with deformation of 0.1, 0.3, 0.6, and 0.8, respectively. A is the 
region of 700–900 ◦C temperature and 0.01–0.368 s− 1 strain rate 
ranges, B is the region of 725–900 ◦C temperature and 0.007–0.368 s− 1 

strain rate ranges, C is the region of 675–900 ◦C temperature and 
0.008–0.223 s− 1 strain rate ranges, and D is the region of 675–900 ◦C 
temperature and 0.008–0.368 s− 1 strain rate ranges. Combined regions 
A, B, C, and D indicate that the deformation has little effect on the 
optimal hot working properties of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy. 
The optimal working properties of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy 
are in the 725–900 ◦C temperature and 0.01–0.223 s− 1 strain rate 
ranges. Instability zones should be avoided during hot working, because 
zone rheology, wedge cracking, holes, and adiabatic shear bands may 
occur in the instability zones, which may affect the machining perfor
mance [48–50]. 725–900 ◦C temperature and 0.01–0.223 s− 1 strain rate 
should be selected as the optimal region for the 
Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy hot processing performance in order to 
obtain the defect-free microstructure and excellent machinability of the 
alloy [51–53]. 

4. Discussion 

4.1. EBSD analysis 

During electron backscatter diffraction analysis the electron beam 
excites the surface of the tilted sample and forms a Kikuchi band to 
analyze the microstructure, grain size, texture, orientation of the ma
terial, and so on [1,54]. Fig. 4(a) shows the as-cast microstructure of the 
Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy. Fig. 4(a-c) show the inverse pole figure 
(IPF) diagrams of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy deformed at 
800 ◦C and 0.01 s− 1, 900 ◦C and 0.01 s− 1, 700 ◦C and 0.1 s− 1, respec
tively. Fig. 4(a) shows a typical dendrite structure with obvious dendrite 
segregation. The main reason is that the cooling rate of the alloy ingot is 
not uniform, the alloy has unbalanced solidification, and the solute 
atoms have no time to diffuse and form dendrite segregation. The 
microstructure of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy after hot defor
mation is shown in Fig. 4(b-d). The alloy grains are crushed by extrusion 
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Fig. 3. Processing maps of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy under different strain: (a) ε = 0.1, (b) ε = 0.3, (c) ε = 0.6, (d) ε = 0.8. The instability regions of the 
alloy are highlighted by oblique shadows. 

Fig. 4. (a) The as-cast microstructure of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy, EBSD images of the alloy deformed at (b) 800 ℃ and 0.01 s− 1, (c) 900 ℃ and 0.01 s− 1, 
(d) 700 ℃ and 0.1 s− 1. 
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during hot deformation, and the grains become smaller and elongated. 
As seen in Fig. 4(b), (c), and (d), a certain number of recrystallized 
grains precipitated in the deformation grain attachment during the 
thermal deformation process, and these recrystallized grains and grains 
distributed on grain boundaries constitute a typical necklace structure 
[4,55]. According to Fig. 4(b) and (c), in the process of thermal defor
mation, with the increased deformation temperature, part of the neck
lace structure was replaced by recrystallized grains to form a mixed 
crystal structure, and the recrystallized grains also became larger, 
indicating that the increased deformation temperature would promote 
dynamic recrystallization. Compared with Fig. 4(b), the recrystallized 
grains in Fig. 4(d) are smaller, which is due to the lower volume fraction 
of recrystallized grains in the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy deformed 
at lower temperature and higher strain rate. 

Fig. 5 shows the grain size distribution and misorientation angle 
distribution of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy deformed at 800 ◦C 
and 0.01 s− 1, 900 ◦C and 0.01 s− 1, and 700 ◦C and 0.1 s− 1, respectively. 
In the process of hot deformation, with the increase in deformation 
temperature, dynamic recrystallization was promoted, the number of 
deformation grains decreased, the recrystallization grains increased, and 
the grain size of the alloy also grew. Compared with the grain size dis
tribution in Fig. 5(a) and (b), the average grain size of the alloy 
increased from 49.8 µm to 59.9 µm with the increase in temperature 
from 800 ◦C to 900 ◦C, mainly because the recrystallized grains tend to 
grow at higher temperature and the grain size of the alloy increases with 
temperature. Fig. 5(d) and (e) show the values of misorientation angles 
of the alloy deformed at 0.01 s− 1 strain rate and different temperatures. 
The average misorientation angle of the alloy at 800 ◦C is 9.4◦. With the 
increase in hot deformation temperature, the alloy subgrains rotated and 
recrystallized grains grew, and the average misorientation angle of the 
alloy deformed at 900 ◦C increased from 9.4◦ to 12.6◦ when deformed at 
800 ◦C. It can be seen from Fig. 5(d) and (e) that the misorientation 
angle of the alloy is mainly distributed at the low-angle grain boundary 
(LAGBs < 15◦), while the large-angle grain boundary (LAGBs > 15◦) is 
small when the misorientation angle value on both sides of grain 

boundary is small mainly due to the low grain boundary migration ve
locity. The percentage of large-angle grain boundaries increased from 
16.8% to 19.9% when the deformation temperature increased from 
800 ◦C to 900 ◦C at the 0.01 s− 1 strain rate. Large angle grain boundary 
migration will eliminate dislocations encountered in the process of 
migration and leave strain-free crystals, promoting the formation of 
recrystallized nuclei [56]. Higher temperature also promotes the 
nucleation and growth of recrystallized grains, thus increasing the 
migration rate of grain boundaries. Therefore, the percentage of 
large-angle grain boundaries increased with temperature. The compar
ison of Fig. 5(a) and (c) shows that the average grain size of the alloy 
increases with the strain rate. This is because the recrystallization vol
ume fraction of the alloy is lower at higher strain rates [27]. Compared 
with the alloy deformed at 800 ◦C and 0.01 s− 1 in Fig. 5(d), it is shown in 
Fig. 5(f) that the average misorientation angle and the percentage of 
large-angle grain boundaries of the alloy deformed at lower hot defor
mation temperatures both increase. These results indicate that the vol
ume fraction of dynamic recrystallization increases with the decrease of 
deformation temperature. 

4.2. Texture and dislocation density changes 

During the thermal deformation of the alloy, the uneven deformation 
degree and the different order and quantity of the slip systems move
ment within the grain will inevitably lead to the different texture of the 
alloy, and the proportion of various textures in the alloy will affect the 
properties of the material [57]. In order to study the texture of the alloy, 
it is necessary to determine the type and strength of the texture. The 
texture type and strength of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy are 
specifically analyzed by drawing the pole figures and orientation density 
function (ODF) maps of the alloy deformed at 800 ◦C and 0.01 s− 1, 
900 ◦C and 0.01 s− 1, and 700 ◦C and 0.1 s− 1, as shown in Fig. 6. There 
are five common recrystallization textures in copper alloys, which are 
the {011}< 100 > Goss texture, the {001}< 100 > cubic texture, the 
{111}< 211 > R texture, the {112}< 111 > copper texture, and the 

Fig. 5. Grain size distribution and EBSD misorientation angle distribution of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy under different deformation conditions: (a), (d) 
800 ◦C and 0.01 s− 1 strain rate, (b), (e) 900 ◦C and 0.01 s− 1 strain rate, (c), (f) 700 ◦C and 0.1 s− 1 strain rate. 
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{011}< 211 > brass texture [58,59]. The main texture of the 
Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy deformed at 0.01 s− 1 strain rate and 
800 ◦C is the {011}< 100 > Goss texture, based on the pole figures of 
the alloy in Fig. 6(a) and (b) and the ODF maps in Fig. 6(c) and (d) 
compared with the standard pole figures and ODF maps. For the 
{011}< 100 > Goss texture, the maximum strength is about 5.868. As 
the temperature increased from 800 ◦C to 900 ◦C, the {011}<
211 > brass texture formed instead of the {011}< 100 > Goss texture. 
The {011}< 211 > brass texture is the main texture, and the maximum 
strength decreased from 5.868 to 5.633. The number and types of tex
tures in ODF maps of φ2= 0, 45, and 65◦ sections increase when the 
deformation temperature increases from 800 ◦C to 900 ◦C in Fig. 6(c) 
and (d). This indicates that higher deformation temperature promotes 
dynamic recrystallization, and more recrystallized grains are generated 
in the alloy, which makes the texture direction more random, and the 
texture strength decreases. By combining the polar diagram of the alloy 
in Fig. 6(c) and the ODF diagram in Fig. 6(f), it can be seen that the main 
texture of the alloy is {112}< 111 > copper texture at 700 ◦C and 
0.1 s− 1 strain rate, and the maximum strength is 12.712. This indicates 
that the recrystallization volume fraction of the alloy is lower with fewer 
recrystallized grains, and the alloy has higher texture strength at lower 
deformation temperature and higher strain rate. 

The migration of grain boundaries plays an important role in the 
dynamic recrystallization of alloys, and the migration of grain bound

aries is related to the geometrically necessary dislocation density. The 
geometrically necessary dislocation density (ρGND) has the following 
relationship with the kernel average misorientation (KAM) obtained 
from EBSD [60]: 

ρGND = 2θ
/

μb (16) 

Here, ρGND is the geometrically necessary dislocation density in m− 2 

and θ is the mean misorientation value in radians. In this paper, the 
critical angle is defined as 3◦ and misorientation angles greater than 3◦

are excluded from the calculation. μ represents the step size of the scan 
in μm, and b is Burger’s vector of 2.55 nm. Is this right, or is it 2.55 A? 

Fig. 7 shows the KAM diagrams of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr 
alloy deformed at the strain rate of 0.01 s− 1 at 800 ◦C and 900 ◦C, 
through which the geometrically necessary dislocation density ρGND can 
be calculated. The geometrically necessary dislocation density of the 
alloy at 800 ◦C is ρGND= 6.5 × 1013 m− 2 at the strain rate of 0.01 s− 1, 
and ρGND = 4.8 × 1013 m− 2 at 900 ◦C. Recrystallization is promoted 
mainly due to the temperature increases from 800 ◦C to 900 ◦C. The 
recrystallization process provides energy for the recrystallization by the 
consumption of dislocations so that the geometrically necessary dislo
cation density ρGND decreases with temperature. It can be calculated 
from KAM in Fig. 7(c) that the geometrically necessary dislocation 
density of the alloy is ρGND = 7.1× 1013 m− 2 at 700 ◦C and 0.1 s− 1 strain 

Fig. 6. Pole figures and ODF maps of Cu-1Ni-0.9Sn-0.5Ti-0.3Cr deformed at different conditions: (a), (d) 800 ◦C and 0.01 s− 1 strain rate, (b), (e) 900 ◦C and 0.01 s− 1 

strain rate, (c), (f) 700 ◦C and 0.1 s− 1 strain rate. 

Fig. 7. The kernel average misorientation images of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy deformed at: (a) 800 ◦C and 0.01 s− 1 strain rate, (b) 900 ◦C and 0.01 s− 1 

strain rate, (c) 700 ◦C and 0.1 s− 1 strain rate. 
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rate, and is greater than at 800 ◦C and 0.1 s− 1. This indicates that the 
recrystallization volume fraction of the alloy is lower with fewer 
recrystallized grains, the dislocation consumption is less, and the alloy 
has a higher dislocation density at lower deformation temperature and 
higher strain rate. 

4.3. TEM analysis 

Fig. 8 shows TEM micrographs of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy 
deformed at 800 ◦C, 900 ◦C, and 0.01 s− 1 strain rate. During the thermal 
deformation of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy, crystal lattice dis
tortions promote dislocations movement, during which dislocations 
entanglement and accumulation form dislocations entanglement struc
ture, and phases precipitate near the dislocation entanglement structure, 
as seen in Fig. 8(a). As the deformation continues, dislocations continue 
to cut, accumulate, disappear and multiply, resulting in some large 
grains being segmented by dislocations, forming cell blocks, as seen in 
Fig. 8(b). When the deformation temperature rises, dislocations pile up 
and form dislocation packages, as seen in Fig. 8(c). Dynamic recrystal
lization is promoted by higher deformation temperature, forming 
recrystallization nuclei, neighboring grain boundaries disappear and 
large-angle grain boundaries are formed. The newly formed recrystal
lized grains grow nearby with the help of the movement of large-angle 
grain boundaries, as seen in Fig. 8(d). By comparing Fig. 8(b) and (d), 
it is found that when the deformation temperature increases from 800 ℃ 
to 900 ℃, the amount of precipitated phase in the alloy decreases. The 
precipitated phase obstructs dislocations movement, and a larger vol
ume fraction of the precipitated phase results in a more obvious 
strengthening effect and higher flow stress. As the temperature 

increases, the amount of precipitated phase decreases, and the flow 
stress of the alloy decreases, which is consistent with previous results. 

Fig. 9 shows the TEM microstructure of the Cu-1Ni-0.9Sn-0.5Ti- 
0.3Cr alloy deformed at 0.01 s− 1 strain rate and 800 ◦C. In Fig. 9(a) 
there are many precipitated particles in the alloy. The interaction be
tween dislocation packages and precipitated phases will hinder de
formations and increase the flow stress of the alloy during hot 
deformation. The interaction between the precipitated phase and dis
locations will also improve the deformation resistance of the alloy [61]. 
Fig. 9(b) is a high-resolution TEM (HRTEM) image of the precipitated 
phase in the white rectangle in Fig. 9(a). Fig. 9(d), and (f) are the fast 
Fourier transforms (FFT) of the yellow rectangle region and red rect
angle region, respectively in Fig. 9(b). After FFT transformation and 
calibration, precipitates are determined to be the Cu and NiTi phases. 
The specific directions of the crystal planes of (1 1 1)Cu and (1 1 0)NiTi 
can be determined by the inverse FFT (IFFT) changes, as seen in Fig. 9 
(b). The zone axis of the Cu phase and NiTi phase are determined to be 
[110]Cu and [001]NiTi, respectively. The flow stress of the alloy during 
hot deformation is increased due to deformation obstruction caused by 
precipitation [62]. Fig. 9(c) is the geometric phase analysis (GPA) of 
Fig. 9(b). It is seen from the color changes that the tensile stress of most 
Cu phase and the compressive stress of NiTi phase are homogeneous 
stresses. The lattice distortions of the Cu and NiTi phases play an 
important role in the strengthening of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr 
alloy. Fig. 9(e) and (g) are the measurements of the crystal plane 
spacing of the (111)Cu and (110)NiTi crystal planes, and it can be 
concluded that d(111)= 0.207 nm, and d(110)= 0.224 nm. The interface 
between two phases can be divided into three types: coherent, 
semi-coherent, and non-coherent phase boundaries. The type of phase 

Fig. 8. TEM images of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy deformed different temperatures: (a), (b) 800 ℃ and 0.01 s− 1 strain rate, (c), (d) 900 ℃ and 0.01 s− 1 

strain rate. 

S. Tang et al.                                                                                                                                                                                                                                    



Materials Today Communications 31 (2022) 103771

10

boundary depends on the mismatch degree (δ) of the two matching 
crystal planes. If the mismatch δ< 5% the phase interface between the 
two phases is a coherent phase boundary. If the mismatch is 5%<δ<
15% the phase interface between the two phases is a semi-coherent 
phase boundary. If the mismatch degree δ> 15%, the phase interface 
between the two phases is a non-coherent phase boundary, and the 
relationship between the mismatch degree δ and the crystal plane 
spacing d is: 

δ =
2
(
dα − dβ

)

dα + dβ
× 100% (17) 

Here, dα and dβ are the plane spacing of α and β phases on both 

sides of the phases interface, respectively. In this experiment, Cu and 

NiTi phases mismatch degree is δ =
2(dα − dβ)

dα+dβ
=

2×(0.224− 0.207)
(0.224+0.207) × 100% =

7.89%, Therefore, the phase interface between the Cu and NiTi phases is 
semi-coherent. The difference between the two Cu and TiNi lattices can 
be compensated by coherent deformation because the atomic distance of 
the coherent phase is very small. The mismatch between the two lattices 
of fcc Cu and bcc NiTi can be compensated for by coherent deformations 
since the difference in the interatomic distances of the mating phases is 
quite small. The precipitated phase whose phase interface between two 
precipitated phases is a semi-coherent interface can produce smaller 
elastic stress and lower interfacial energy, thus improving the refine
ment rate. As the resolution increases, there may be a period of time 

Fig. 9. TEM microstructure of Cu-1Ni-0.9Sn-0.5Ti-0.3Cr deformed at 800 ◦C and 0.01 s− 1 strain rate: (a) precipitated phase, (b) HRTEM image of precipitated phase 
in the white rectangular frame in (a), (c) GPA map of (b), (d) and (f) FFT of the yellow rectangular frame and red rectangular frame regions in (b), respectively, (e) 
and (g) gray-scale spectrogram of the vertical direction of crystal plane. 
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when the lattice mismatch compensation of the two phases becomes 
more energetically beneficial for coherent deformation of deformed 
interfaces, in part because of the mismatch. With an increase in the size 
of precipitates, a moment can be reached when compensation for the 
lattice mismatch of the two phases becomes energetically more favor
able not as a result of coherent deformation over the entire interface, but 
partially due to misfit dislocations [63]. The coherence between the two 
Cu and NiTi phases remains constant. Considering the degree of 
mismatch, the dislocation density at semi-coherent interfaces will be 
negligible in the intervals between which the coherence of the lattices of 
the two Cu and NiTi phases is observed. The precipitated phase with a 
high mismatch degree has high elastic stress and interface energy, and is 
easy to transform into the non-coherent interface, leading to the coars
ening and growth of the secondary phase. The existence of the precipi
tated phase at the semi-coherent interface with a low mismatch degree 
will produce smaller elastic stress and lower interface energy, which is 
not conducive to the coarsening growth of the secondary phase and 
keeps the precipitated phase in a fine state, thus, it is beneficial to 
improve the refinement rate [64,65]. Given the low degree of lattice 
mismatch, the dislocation density at the semicoherent boundary will be 
negligible. Given that the Cu phase and NiTi phases are very ductile, 
grain refinement can effectively improve the strength and hardness of 
the alloy. 

5. Conclusions 

The Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy used in this experiment was 
obtained by vacuum melting, and hot deformation tests of the Cu-1Ni- 
0.9Sn-0.5Ti-0.3Cr alloy were conducted under the strain rate of 0.001, 
0.01, 0.1, 1, 10 s− 1 and the temperature of 500, 600, 700, 800 and 
900 ◦C by the Gleeble-1500 simulation device. The following conclu
sions could be drawn from the analysis of the experimental results: 

The flow stress of the alloy increased with the decrease of tempera
ture and the increase of strain rate during the hot deformation. The Cu- 
1Ni-0.9Sn-0.5Ti-0.3Cr alloy had more precipitation than pure copper, 
and the precipitation hindered dislocation movement, so the Cu-1Ni- 
0.9Sn-0.5Ti-0.3Cr alloy has higher activation energy, and the constitu
tive equation of its thermal deformation is: 

ε̇ = e49.596[sinh(0.0071σ) ]11.574exp
[

−
404150
8.314T

]

(1) The optimal hot processing properties of the Cu-1Ni-0.9Sn-0.5Ti- 
0.3Cr alloy are in the 725–900 ◦C temperature and 
0.01–0.368 s− 1 strain rate regions. The defect-free microstructure 
and excellent machinability of the alloy can be obtained by hot 
working in this region.  

(2) With the increase in deformation temperature, the average 
misorientation angle of EBSD of Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy 
increases, and the geometric dislocation density ρGND decreases. 
When the deformation temperature rises from 800 ◦C to 900 ◦C, 
the {011}< 100 > Goss texture is replaced by the {011}<
211 > brass texture. The texture becomes more random and the 
maximum strength of the texture decreases from 5.868 to 5.633. 
Meanwhile, the recrystallization volume fraction of the alloy is 
lower, the number of recrystallization grains is less, and the alloy 
has higher texture strength at lower deformation temperature 
and higher strain rate.  

(3) The precipitates of the Cu-1Ni-0.9Sn-0.5Ti-0.3Cr alloy are mainly 
the Cu and NiTi phases. The zone axes of the Cu and NiTi phases 
are determined to be [110 ]Cu and [001]NiTi, respectively, and 
the interface between the two precipitates is semi-coherent. The 
flow stress of the alloy during hot deformation is increased due to 
the obstruction of deformation caused by precipitation. 
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