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Abstract: Copper alloys with a combination of good electrical conductivity and mechanical properties
are widely used in automotive electronics, large-scale integrated circuits, and other fields. In this
study, a new type of Cu–Ni–Si alloy with added trace elements of Co and Cr was fabricated. Hot
compression tests of this alloy at different temperatures and strain rates were conducted using
a Gleeble-1500D simulator. Then, the microstructure transformation and precipitation behaviors
of the Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy were studied during a hot deformation process. The
results show that the hot deformation behavior of the Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy includes
continuous dynamic recrystallization (CDRX) and discontinuous dynamic recrystallization (DDRX).
The intensity of the texture in the microstructure is decreased, and the randomness of the texture in the
microstructure is increased together with the recrystallization progress. The degree of recrystallization
of the new Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy is increased when the hot deformation temperature
rises. Additionally, the results indicate that there are two types of precipitates which are formed
in the alloy during the hot deformation process. These two precipitates can pin dislocations and
grain boundaries, and therefore, they significantly improve the hot compression resistance of the
Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy.

Keywords: Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy; hot compression; recrystallization behavior; precipitation

1. Introduction

Electrical contacts are important components in the circuit industry, requiring materials
with high strength and high conductivity (electricity and thermal). Traditionally, Cu–Be
alloys, Cu–Ti alloys, Cu–Zr alloys, and Cu–Cr–Zr alloys have been the choice materials for
large-scale integrated circuits [1–4]. However, these materials have different disadvantages,
such as contradictions between their toxic elements, electrical conductivity, and strength.
With the development of science and technology, a series of new materials with synergistic
enhancements of their strength and conductivity have been developed. Among them,
Cu–Ni–Si alloys have been investigated extensively, owing to their combination of good
electrical conductivity and good mechanical properties [5,6]. Relevant studies have shown
that, in Cu–Ni–Si alloys, the fracture strength and electrical conductivity can reach about
800 MPa and 45% IACS, respectively [7,8].
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Another effective way to enhance the comprehensive properties of copper alloys is
the addition of trace elements, such as Mg [9], Ti [10], V [11], and so on. Fang et al. [12]
added Mg into a copper alloy and demonstrated that Mg can improve the matrix fracture
strength owing to its precipitate behavior and aging kinetics. Geng et al. [13] reported
that Ti addition can change the alloy texture type, form new precipitates during aging,
and improve the strength of a copper alloy. Furthermore, some research has suggested
that Co and Cr are good trace elements and can be used for Cu–Ni–Si micro-alloys [14,15].
Krishna et al. [16] and Wei et al. [17] added Co into a Cu–Ni–Si matrix. They pointed
out that cobalt addition can simultaneously enhance the fracture strength and electrical
conductivity attributes for the following reasons. Firstly, Co can form Co2Si or (Ni, Co)2Si
precipitates, which show a solid solution strengthening effect. Secondly, Co atoms can
partially replace Ni atoms and therefore prevent the movement of the vacancy and improve
the electrical performance. Cheng and Ban et al. [18,19] reported that Cr affects Cu–Ni–Si
base alloy properties. Experiment data results show that Cr trace addition can clearly
enhance the comprehensive properties due to Cr’s reducing effect on the grain size of
alloys. Therefore, in order to improve the fracture strength and conductivity of Cu–Ni–Si
base alloys simultaneously, a new type of Cu–Ni–Si alloy with trace Co and Cr addition
was prepared in this work.

During the electrical contact process, the continuous opening and closing of the
electrical contacts causes the arc line to shrink. This process generates a large amount
of Joule heat, resulting in temperature rise and the deformation of the electrical contact
material. Therefore, it is important to understand the hot compression behavior of copper
alloys. However, much research has focused on the mechanical properties and conductivity
properties of the new Cu–Ni–Si alloy. Thus, there is less research on the hot compression
behavior of the alloy. Therefore, the microstructure evolution and precipitate analysis of
the new Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy in a hot compression process were studied in
this work. Hot processing maps were drawn, and the best working area for the Cu-1.1–Ni-
0.7–Co-0.45–Si-0.3Cr alloy was obtained, which provides a reference basis and data support
for the processing of copper alloys.

2. Material and Experimental

Standard cathode Cu (99.99%), Ni (99.95%), Si (99.95%), Co (99.95%), and Cr (99.95%)
powders were used as raw materials in this work. All raw materials were purchased from
Shanghai Bowei Technology Co. (Shanghai, China) The alloy was melted in a ZG-001
vacuum intermediate-frequency induction furnace, and the process was protected with
argon to prevent the oxidation of the sample. The melting temperature was controlled
at 1200 ± 50 ◦C, and the Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy was cast by pouring af-
ter the alloy was completely melted and evenly dispersed. Finally, a cylindrical ingot
of Φ80 mm × 200 mm was obtained. The new Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy’s
chemical composition was measured by inductively coupled plasma atomic emission spec-
trometry (PerkinElmer, Waltham, MA, USA), as shown in Table 1. Before extrusion testing,
the ingots were firstly annealed for 1 h in a tubular furnace. Then, the ingots were extruded
into Φ35 mm bars with the aid of an XJ-500 extrusion machine. After extrusion testing,
Φ35 mm bars underwent solid solution treatment at 950 ◦C in a tubular furnace (HF-Kejing,
Hefei, China) for 1 h.

Table 1. The nominal and analyzed compositions of the Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy.

Alloy
Analyzed Composition (wt.%)

Ni Co Si Cr Cu

Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr 1.05 0.67 0.43 0.28 Bal.

A Gleeble-1500D thermo-mechanical simulator (Dynamic Systems Inc., Poestenkill,
NY, USA) was used for hot compression testing. The cylinder samples used for hot
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deformation testing had a size of Φ8 mm × 12 mm. The compression of the cylinder
samples was 60%. During the hot deformation testing, the hot deformation conditions
were changed from 500 to 900 ◦C and from 0.001 to 1 s−1. The samples were cut in the
compression direction after the hot compression test.

The electron backscattering diffraction (EBSD) technique was used to characterize the
microstructure evolution of the cylinder samples during the hot compression process. The
EBSD samples were firstly mechanically polished and then electro-polished. The electro-
polishing solution was prepared with anhydrous ethanol and 98% phosphoric acid at a
volume fraction of 1:1. At room temperature, the electro-polishing process was performed
at a voltage of 5 V, and the time duration was 60 s. The microstructure was analyzed by
TEM at a voltage of 200 kV. For the TEM testing, the samples were firstly mechanically
polished to a thickness of 50 µm, and then a Gatan 691 ion thinner (Gatan Inc., Warrendale,
PA, USA) was used for further thinning.

3. Results
3.1. Flow Stress Behavior

Figure 1 shows the flow stress–strain curves of the new type of Cu-1.1–Ni-0.7–Co-
0.45–Si-0.3Cr alloy under different hot compression conditions. Based on these flow stress
curves, it can be concluded that with the increase in the true strain, the true stress increased
rapidly in the early stages. Then, they reached a peak value and tended to become stable.
This is because in the initial stages, many dislocations are generated and entangled, which
results in the stress value increasing rapidly through the deformation process [20]. As is
well-known, work hardening is accompanied by dynamic softening in the hot compression
process. When the work hardening effect and the dynamic softening effect reach an
equilibrium, the stress reaches a peak value and becomes stable [21]. In other words, at
lower compression temperatures or under higher strain rate conditions, the true stress is
increased. Moreover, the influence of the compression temperature on the stress value is
more apparent than that of the strain rate.
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Figure 1. Flow stress–strain curves of the new type of Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy at
different compression temperatures with different strain rates: (a) 0.001 s−1, (b) 0.01 s−1, (c) 0. 1 s−1,
(d) 1 s−1.

Figure 2 shows the peak stress value for the new type of Cu-1.1–Ni-0.7–Co-0.45–Si-
0.3Cr alloy under different deformation conditions. It can be found that the peak stress
value clearly decreases with the increase in temperature at the same strain rate. For example,
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the peak stress value of the new type of Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy decreases
from 312.7 MPa to 36.6 MPa, while the compression temperature increases from 500 to
900 ◦C at 0.001 s−1. This is mainly due to the increase in the grain boundary migration
rate and vacancy diffusion rate, and the slip of the helical dislocation and the climb of the
edge dislocation are more likely to occur at a higher temperature. In other words, dynamic
softening is dominant when the compression temperature is high. Hence, the peak stress
value for these alloys is smaller at high compression temperatures than low compression
temperatures. For the same deformation temperature, the peak stress values of these alloys
are increased at the high strain rate. For example, the peak stress value is 312 MPa when
the strain rate is 0.001 s−1 and the deformation temperature is 500 ◦C. Additionally, the
peak stress value is 403 MPa when the strain rate is 1 s−1 and the deformation temperature
is 500 ◦C. This is because the dynamic softening of the new type of Cu-1.1–Ni-0.7–Co-0.45–
Si-0.3Cr alloy is inhibited when the strain rate is increased.
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Figure 2. Peak stress of the new type of Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy at different compression
temperatures and strain rates.

3.2. TEM Observation

Figure 3 shows the TEM results of the new type of Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr
alloy at a deformation temperature of 600 ◦C and strain rate of 0.01 s−1. Figure 3a,c
show the bright-field TEM image of the alloy, and Figure 3b shows the dark-field TEM
image corresponding to Figure 3a. One can see that many dislocation lines and dislocation
tangles are present in the new type of Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy. Additionally,
there is a greater dislocation density at the grain boundaries than in the grains. This is
because dislocation slips proliferate during thermal deformation and accumulate at grain
boundaries. At this temperature, the grain boundaries rapidly transform into high-angle
grain boundaries, and the dislocation density of the grains decreases. The dark-field phase
image shows that the precipitates gather at the grain boundaries, which play the role of
nailing the grain boundaries and sub-grain boundaries. In addition, it can also be seen that
many nanoscale precipitates are uniformly distributed in the new type Cu-1.1–Ni-0.7–Co-
0.45–Si-0.3Cr alloy under these hot compression conditions. A related work has indicated
that these small precipitates can pin the dislocations and the grain boundaries during
the deformation process [22]. This is why the peak stress is high and the deformation
resistance is good for these alloys at low deformation temperatures. In order to obtain more
information about the precipitates and their morphology, high-resolution transmission
electron microscopy (HRTEM) (Thermo Fisher Scientific Inc., Waltham, MA, USA) and
fast Fourier transform (FFT) patterns of the precipitates were determined, as shown in
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Figure 3d–f. The results show that the precipitate is the (Ni, Co)2Si phase, and the average
size of the precipitate phase is approximately 26 nm.

Coatings 2023, 13, x FOR PEER REVIEW 5 of 14 
 

 

decreases. The dark-field phase image shows that the precipitates gather at the grain 
boundaries, which play the role of nailing the grain boundaries and sub-grain boundaries. 
In addition, it can also be seen that many nanoscale precipitates are uniformly distributed 
in the new type Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy under these hot compression 
conditions. A related work has indicated that these small precipitates can pin the 
dislocations and the grain boundaries during the deformation process [22]. This is why 
the peak stress is high and the deformation resistance is good for these alloys at low 
deformation temperatures. In order to obtain more information about the precipitates and 
their morphology, high-resolution transmission electron microscopy (HRTEM) (Thermo 
Fisher Scientific Inc., Waltham, MA, USA) and fast Fourier transform (FFT) patterns of the 
precipitates were determined, as shown in Figure 3d–f. The results show that the 
precipitate is the (Ni, Co)2Si phase, and the average size of the precipitate phase is 
approximately 26 nm. 

 
Figure 3. TEM and HRTEM images of the new type of Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy 
deformed at 600 °C and 0.01 s−1. (a) Bright-field TEM image, (b) dark-field TEM image of (a), (c) 
bright-field TEM image, (d) bright-field TEM image of precipitates, (e) dark-field TEM image of 
precipitates, (f) HRTEM image and corresponding FFT pattern of a (Ni, Co)2Si particle. 

In addition, one can observe some large precipitates in the new type of Cu-1.1–Ni-
0.7–Co-0.45–Si-0.3Cr alloy under these hot compression conditions, as seen in Figure 4. 
From Figure 4a,b, one can see that the size of the large precipitates is approximately 130 
nm. Figure 4c–f shows the energy dispersive spectrum (EDS) (Thermo Fisher Scientific 
Inc., Waltham, MA, USA) results of the large precipitates. The results indicate that the 
chemical composition of these precipitates mainly includes Co, Cr, and Si elements, and 
the atomic ratio of the (Cr, Co):Si is approximately 2:1, as shown in Table 2. Therefore, the 
large precipitates in the new type of Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy may be a (Cr, 
Co)2Si phase. 

Table 2. The phase composition of the new type of Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy subjected 
to compression at 600 °C and 0.01 s−1. 

Ni Cr Co Si (Cr+Co):Si 
3.65 18.34 38.63 25.69 ~2:1 

Figure 3. TEM and HRTEM images of the new type of Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy deformed
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TEM image, (d) bright-field TEM image of precipitates, (e) dark-field TEM image of precipitates,
(f) HRTEM image and corresponding FFT pattern of a (Ni, Co)2Si particle.

In addition, one can observe some large precipitates in the new type of Cu-1.1–Ni-
0.7–Co-0.45–Si-0.3Cr alloy under these hot compression conditions, as seen in Figure 4.
From Figure 4a,b, one can see that the size of the large precipitates is approximately
130 nm. Figure 4c–f shows the energy dispersive spectrum (EDS) (Thermo Fisher Scientific
Inc., Waltham, MA, USA) results of the large precipitates. The results indicate that the
chemical composition of these precipitates mainly includes Co, Cr, and Si elements, and
the atomic ratio of the (Cr, Co):Si is approximately 2:1, as shown in Table 2. Therefore, the
large precipitates in the new type of Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy may be a (Cr,
Co)2Si phase.

Table 2. The phase composition of the new type of Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy subjected to
compression at 600 ◦C and 0.01 s−1.

Ni Cr Co Si (Cr+Co):Si

3.65 18.34 38.63 25.69 ~2:1

Figure 5 shows the TEM results of the Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy at a
deformation temperature of 800 ◦C and strain rate of 0.01 s−1. By comparison with the
results in Figures 3 and 5, it can be found that the density of the dislocation of the Cu-1.1–
Ni-0.7–Co-0.45–Si-0.3Cr alloy at the deformation temperature of 800 ◦C is less than that at
the deformation temperature of 600 ◦C. This is because the dislocations are consumed, and
the dynamic softening effect is the main deformation mechanism at this high temperature.
This also explains why the peak stress value at the high temperature is low. Furthermore, a
new distortion-free grain is produced in the Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy at the
deformation temperature of 800 ◦C. In Figure 5, one can see that some precipitates are



Coatings 2023, 13, 660 6 of 14

distributed in the Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy, and the size of the precipitates is
approximately 60 nm. However, as shown in Figure 5d,e, the contents of the precipitates at
the deformation temperature of 800 ◦C are lower than those at the deformation temperature
of 600 ◦C. Figure 5c, f shows the HRTEM micrograph and the diffraction pattern of the
precipitates, and the results indicate that the precipitates also have a (Ni, Co)2Si structure.
Figure 6 shows the EDS results of the precipitates in the Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr
alloy at a deformation temperature of 800 ◦C and 0.01 s−1. The results further illustrate
that the precipitates’ phase is (Ni, Co)2Si.
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field TEM image, (e) dark-field TEM image of (d), (f) HRTEM image and corresponding FFT pattern
of a (Ni, Co)2Si particle.
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3.3. EBSD Observation

Figure 7 shows the EBSD results of the Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy at the
deformation temperatures of 600 ◦C and 800 ◦C at 0.01 s−1. Figure 7a,b are the EBSD and
inverse pole figure (IPF) results for the deformation temperatures of 600 ◦C and 800 ◦C,
respectively. One can see that the structure of the alloy at 600 ◦C is one of coarse grains;
however, the structure of the alloy at 800 ◦C is a “necklace” structure that has the character-
istics of many small grains around coarse grains [23]. These results indicate that the alloy
is formed through a recrystallization process when the deformation temperature reaches
800 ◦C, but this phenomenon does not occur when the deformation temperature is 600 ◦C.
Figure 7c,d show the kernel average misorientation (KAM) results of the Cu-1.1–Ni-0.7–Co-
0.45–Si-0.3Cr alloy for the deformation temperatures of 600 ◦C and 800 ◦C. It can be seen
that the density of the dislocation in the alloy for the deformation temperature is 800 ◦C is
low than that for the deformation temperature is 600 ◦C. Furthermore, there are no disloca-
tions in the recrystallized grains (see Figure 7d), which suggests that the recrystallization
process at the deformation temperature of 800 ◦C consumed the dislocation.

Figure 8 shows the orientation diagram and misorientation angle distribution of the
Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy at the deformation temperatures of 600 ◦C and 800 ◦C
when the strain rate is the same (0.01 s−1). The results suggest that there are many low-
angle grain boundaries in the alloy when the deformation temperature is low, as shown in
Figure 8a,c. However, when the deformation temperature rises, the number of high-angle
grain boundaries in the alloy increases, as shown in Figure 8b,d. These results also illustrate
that a high deformation temperature promotes the recrystallization process.
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4. Discussion
4.1. Critical Strain

To analyze the occurrence of dynamic recrystallization during thermal deformation
at different temperatures, the dynamic recrystallization model proposed by Poliak and
Jonas [24,25] was used to quantify it. Poliak and Jonas suggested that there will be an
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inflection point in the work hardening rate (θ)–stress (σ) when dynamic recrystallization
occurs. Therefore, when dynamic recrystallization is beginning, there is a relationship
between the work hardening rate and stress, as shown in the following formula:

∂2θ

∂σ
= 0 (1)

The work hardening rate is a function of the stress σ and strain ε:

θ =
∂σ

∂ε
(2)

Then, the ∂θ/∂σ derivative is:

∂θ

∂σ
=

∂(ln θ)
∂ε

(3)

Substituting Equation (3) into Equation (1) and using the strain ε instead of the stress
σ, one can obtain:

∂

∂ε

(
−∂ ln θ

∂ε

)
= 0 (4)

Thus, in the −∂(ln θ)/∂ε-ε curve, when ∂2(ln θ)/∂ε2 = 0 or the minimum value of
the curve corresponds to the beginning of the dynamic recrystallization process, the stress
and strain value indicate the start of the dynamic recrystallization, the critical stress, and
the critical strain, respectively.

Figure 9 shows the −∂(ln θ)/∂ε-ε curve of the Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy at
different deformation temperatures when the strain rate is 0.01 s−1. From the figures, it can
be seen that the critical strain values of the alloy at 600 ◦C, 700 ◦C, and 800 ◦C are 0.24, 0.085,
and 0.05, respectively. This means that as the hot compression temperature increases, less
strain is required for the alloy to undergo dynamic recrystallization. At different tempera-
tures, the critical strain differences of the alloy are 0.155 and 0.035, respectively. This shows
that with the same temperature difference, the lower thermal compression temperature
leads to a significantly increased critical strain value. This result further illustrates that
dynamic recrystallization occurs more readily when the deformation temperature is high.
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4.2. Dynamic Recrystallization Mechanism

As mentioned above, there is an obvious dynamic recrystallization phenomenon of
the Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy during the hot deformation process. Hence, it is
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important to study the dynamic recrystallization mechanism of the alloy’s deformation.
As is well-known, the dynamic recrystallization mechanism mainly includes continuous
dynamic recrystallization (CDRX) and discontinuous dynamic recrystallization (DDRX).
Usually, the CDRX process is accompanied by the formation of dislocations and large-angle
grain boundaries and a misorientation gradient in the grains [26,27]. These phenomena are
verified by the above experimental results.

Furthermore, the CDRX process causes the point-to-origin orientations of the mi-
crostructure to exceed 15◦ [28,29]. Figure 10 shows the EBSD map and the misorientation
distribution of the Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy. Figure 10b shows the point-to-
point misorientation distribution and the point-to-origin misorientation distribution along
the line A–B in Figure 10a. One can see that the point-to-point misorientation is less than
15◦, and the point-to-origin misorientation along the line A–B is larger than 15◦ at the dis-
tance of 60 µm. Therefore, dynamic recrystallization clearly has a CDRX process. Related
studies have reported that the DDRX process has typical characteristics of saw-tooth and
bulging at the original coarse grain boundary [30]. In Figure 10c, it can also be found that
there are many saw-tooths and a large degree of bulging at the grain boundary, as marked
by the red circles. Hence, the dynamic recrystallization observed in this work also has a
DDRX process. Generally, the CDRX process and the DDRX process have synergistic effects
on dynamic recrystallization [31,32].
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4.3. Texture Evolution

In this section, the texture evolution of the Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy is
discussed. Figure 11 shows the pole figure and orientation distribution function (ODF) map
of the Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy at the deformation temperatures of 600 ◦C and
800 ◦C at 0.01 s−1. In Figure 11a,b, the results indicate that the maximum texture strength
of the alloy at the hot temperature of 600 ◦C is 3.03, and the maximum texture strength of
the alloy is 2.68 when the hot temperature is 800 ◦C. This is because the texture strength of
the alloy at the high deformation temperature is greater than that at the low deformation
temperature. In order to reveal the texture types of the Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr
alloy, an ODF map of the alloy at the deformation temperatures of 600 ◦C and 800 ◦C was
studied, as shown in Figure 11c,d. Usually, the ideal texture types include the following:
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goss, cube, copper, brass, S, <100>//X, <110>//X, and <111>//X [33]. By comparison
with the standard ODF map [34], we find that the results suggest that the ideal texture
types of the alloy at the hot deformation temperature of 600 ◦C are copper, goss, and brass
textures, while the ideal texture types of the alloy at the hot deformation temperature of
800 ◦C are copper and S textures.
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Figure 12 shows the results of the statistical analysis of each texture type in the Cu-
1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy for the deformation temperatures of 600 ◦C and 800 ◦C.
Additionally, the results indicate that the orientation distribution in the recrystallization
process of the alloy is random at 800 ◦C. However, there is a preferred orientation in the
recrystallization process of the alloy when the hot deformation temperature is 600 ◦C. For
example, when the hot deformation temperature is 600 ◦C, the volume fraction of the
<100>//X texture is approximately 15%, and <111>//X texture is approximately 28%. The
volume fractions of these two textures are different when the hot deformation temperature
is 600 ◦C. However, when the hot deformation temperature is 800 ◦C, the volume fractions
of the <100>//X, <110>//X, and <111>//X textures are nearly same, being approximately
22%. These texture distribution results also explain why the texture intensity of the Cu-
1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy is decreased when the hot deformation temperature
is increased.
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5. Conclusions

In this study, a new Cu–Ni–Si alloy with added Co and Cr elements was successfully
fabricated. Then, these alloys underwent a hot compression test using the Gleeble-1500D
simulator under different deformation conditions. Additionally, the recrystallization be-
havior and precipitate phase were investigated during hot deformation. The following
conclusions were obtained:

(1) The flow stress of the Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy is decreased when the
strain rate is decreased and the hot deformation temperature is increased.

(2) (Ni, Co)2Si and (Cr, Co)2Si precipitates were formed in the Cu-1.1–Ni-0.7–Co-0.45–
Si-0.3Cr alloy during the hot compression process. Additionally, these two kinds of
precipitates can hinder the movement of the grain boundaries and dislocations, thus
resulting in an improvement in the deformation resistance of the alloy.

(3) The dynamic recrystallization mechanism of the Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy
mainly includes the DDRX process and the CDRX process, and these two dynamic
recrystallization processes show synergistic effects. The critical strains of dynamic
recrystallization corresponding to 600 ◦C, 700 ◦C, and 800 ◦C are 0.24, 0.085, and
0.05, respectively.

(4) The texture intensity of the Cu-1.1–Ni-0.7–Co-0.45–Si-0.3Cr alloy is decreased with
the increasing recrystallization degree. The texture orientation distribution becomes
more random with the progression of recrystallization. The ideal texture types of the
alloy at 600 ◦C are copper, goss, and brass textures, while the ideal texture types of
the alloy at 800 ◦C are copper and S textures.
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