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• The addition of Cr can obtain more pre-
cipitates.

• The addition of Cr can inhibit the dy-
namic recrystallization of Cu-Ni-Co-Si
alloy.

• The size of precipitated phase decreases
obviously with the addition of Cr
elements.
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The Cu-Ni-Si alloy has widely applications in the lead frames and electronics industries due to its high strength
and conductivity. In this work, hot deformation behavior of the Cu-1.5Ni-1.1Co-0.6Si and Cu-1.5Ni-1.1Co-
0.6Si-0.1Cr alloys were investigated through the isothermal compression tests using the Gleeble-1500D
thermo-mechanical simulator operating at the temperature ranging from 500 °C to 900 °C and 0.001–10 s−1

strain rate. The deformed microstructure was characterized by the electron backscatter diffraction (EBSD) and
the transmission electron microscopy. The constitutive equations of the alloys were established. According to
the microstructure analysis, it can be observed that the grain size of the alloy with Cr was more uniform. In ad-
dition, the misorientation angle of 14.19 during recrystallization was significantly lower than 24 after the recrys-
tallization, whichmeans that the migration rate of grain boundaries is slow. The texture of the Cu-Ni-Co-Si alloy
at 800 °C is theGoss {011}〈100〉 texture and {001}〈100〉 cubic texture, while theGoss texture at 900 °C is replaced
by the {011} 〈112〉brass texture. The effects of Cr on precipitation phases were analyzed, and the precipitated
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phaseswere (Ni, Co)2Si, Co2Si. The addition of Cr promoted precipitation and significantly reduced theprecipitate
size. The addition of Cr can improve the strength and activation energy of the alloy. The activation energy was
569.8 kJ/mol and 639.5 kJ/mol, respectively.

© 2020 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
Chemical composition of the designed alloy (mass fraction, %).

Alloy Si Ni Co Cr Cu

Cu-Ni-Co-Si 0.6 1.5 1.1 – bal.
Cu-Ni-Co-Si-Cr 0.6 1.5 1.1 0.1 bal.
1. Introduction

Copper alloys are widely used in the lead frames and electronic de-
vices due to their improved properties [1–3]. These alloys include Cu-
Be [4], Cu-Cr [5], Cu-Ti [6], Cu-Sn [7], and Cu-Ni-Si [8]. However, toxicity
and stress relaxation of Be affect processing and industrial applications.
Cu-Cr, Cu-Ti, and Cu-Sn have high strength, but much lower electrical
conductivity than the Cu-Be alloy. The Cu-Ni-Si alloy not only has
good strength but adequate electrical conductivity. With the Ni and Si
content is low, the strength and conductivity of the Cu-Ni-Si alloy can
reach 800MPa and 45% IACS (International Annealed Copper Standard),
respectively. With the Ni and Si content is high, the strength can reach
over 1000 MPa, which is good for application prospects [9,10].

Hot deformation is the fundamental part of thermal processing, and
widely applied inmanufacture industry to improve the properties of al-
loys. The temperature, strain rate and microstructure evolution during
hot deformation are important to optimize the hot deformation process,
and finally affect the properties of the products. According to the above
mentioned, the simulation of the hot deformation process can obtain
the optimal deformation parameters to avoid macro cracks and non-
homogeneousmicrostructure in products. The precipitations occur dur-
ing the hot deformationwhichwas defined as dynamic precipitation in-
cluding discontinuous phase transformation and dynamic coarsening
precipitates has a great affected on hardness and strength of the alloys.
Dynamic precipitation is notably accelerated by deformation and pro-
ceeds faster than the static aging. In the hot deformation test of Cu-Ni-
Si-Cr-Mg alloy investigated by L. Blaz et al. [11,12] found that after the
solid solution treatment of the sample could effective improve the dy-
namic precipitation. Dynamic precipitation can effectively enhance the
work hardening of the alloy, especially at medium temperature
(673–773k). At high temperature leads to the coarsening of Ni2Si parti-
cles, reduction of the material hardness and strength. It is worth noting
that the coarsening of the precipitated phase at the sheared areas are
faster than that in the grain interiors, which is responsible for the flow
localization and softening.

Previous studies of Cu-Ni-Si mainly focused on aging precipitation
behaviors, but only a few studies focused on the hot deformation behav-
iors. In this paper, the thermal deformation of the Cu-Ni-Si alloy was
studied by the addition of Co and Cr. The addition of Co is widely used
in semiconductor devices. The addition of Co can improve the formation
of the Co2Si precipitates [13]. Krishna et al. found that δ-Ni2Si can in-
crease the hardness of the alloy, and a small amounts of Co can replace
Ni to form (Ni, Co)2Si precipitates, which greatly improve the strength
and hardness [14,15]. Furthermore, some researchers reported that Cr
can improve themechanical properties of the alloy, while it has little ef-
fect on the alloy electrical conductivity. The addition of Cr can signifi-
cantly refine the structure, which is very beneficial to the productions
through the conventional melting and casting method. The addition of
Cr can play an obviously role in improving the stability at high temper-
atures. Specifically, nano-precipitated Cr can inhibit the grain growth
and improve mechanical properties of the alloy [16–19]. In addition,
theCr element hasmuch less effect on the conductivity of the alloy com-
pared with some other elements, which is due to very low solubility of
Cr in the copper matrix and the precipitation related with Cr. Besides,
the Cr particles can precipitate from the copper matrix during aging at
medium temperature, which improve the electrical property of alloy.
In this paper, the addition of Cr element is expected to develop new cop-
per alloys with high mechanical and electrical properties.
In this work, hot deformation behaviors of the Cu-1.5Ni-1.1Co-0.6Si
and Cu-1.5Ni-1.1Co-0.6Si-0.1Cr alloys were studied according to the
isothermal compression testing, which was conducted on the Geeble-
1500D thermo-mechanical simulator. The microstructure evolutions
and flow stress behaviors were studied at the deformation temperature
ranges of 500–900 °C and strain rates of 0.001–10 s−1. The constitutive
equations of Cu-1.5Ni-1.1Co-0.6Si and Cu-1.5Ni-1.1Co-0.6Si-0.1Cr al-
loys were established, respectively. In order to analyze the microstruc-
ture and orientation of alloys under various processing conditions, the
EBSD (electron backscatter diffraction) was used to observe the texture
of recrystallization period and recrystallization completion period, re-
spectively. In order to clarify the effects of Cr addition on precipitates
of Cu-1.5Ni-1.1Co-0.6Si and Cu-1.5Ni-1.1Co-0.6Si-0.1Cr alloys during
hot deformation, the structure evolutions of the two alloys were ana-
lyzed by TEM deformed at 800 °C and 0.001 s−1.

2. Experimental procedures

The chemical composition of the Cu-Ni-Co-Si and Cu-Ni-Co-Si-Cr
alloy is listed in Table 1. The 99.95 wt% standard cathode copper, Ni,
Co, Si, Cr master alloy was prepared and melted in the ZG-0.01 vacuum
medium frequency induction furnace under argon atmosphere to pre-
vent oxidation. The ingots were heated to 1000 °C for 2 h and then ex-
truded into Ø 35 mm diameter bars using the XJ-500 metal profile
extrusion machine, followed by air cooling. The samples were solution
treated at 950 °C for 2 h by using the KSS-1200 tubular resistance fur-
nace and then water quenched. The samples were machined into Ø
8 mm × 12 mm cylinders for hot compression testing. The samples
were compressed using the Gleeble-1500D thermo-mechanical simula-
tor. The range of the deformation temperature was 500–900 °C and the
range of the strain rates was 0.001 s−1–10 s−1. The samples were
heated to the target temperature at the rate of 10 °C/s and kept at that
temperature for 3 min before undergoing 55% compression. Argon at-
mosphere was introduced during compression to prevent oxidation.
The samples were quenched in water for b2 s to maintain the high-
temperature microstructure.

The cutting direction of the samples was parallel to the direction of
deformation. The schematic illustration of the complete test and the
sample state is shown in Fig. 1. The samples were cut and the center
part was used for polishing. The specimens were etched in the 5 g
FeCl3, 10 mL HCl, and 100 mL distilled water solution. The OLYMPUS
PMG3 optical microscope was used in microstructure observation. The
EBSD images were observed by using a JMS-7800F field emission scan-
ning electronmicroscope (SEM)with a step size of 0.5 um and a voltage
of 20 KV. The software Transmission Channel 5 was used to analyze the
EBSD data. The specimenswere electropolished in a solution containing
50% alcohol and 50% phosphoric acid at 20 °C and a voltage of 5 V. The
TEM and HRTEM images were obtained by using the JEM-2100F trans-
mission electron microscope with a voltage of 200 kV and 0.19 nm
resolution. The specimen was processed into a wafer with a thickness
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Fig. 1. Schematic illustration of the complete test and sample state.
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of 50 um and a diameter of 3 mm, and subsequently ion thinned using
Gatan 691 ion beam thinner.

3. Results

Fig. 2 demonstrates the solid solution microstructure of the Cu-Ni-
Co-Si and Cu-Ni-Co-Si-Cr alloys. The grain size of the Cu-Ni-Co-Si-Cr
alloy is low with respect to the Cu-Ni-Co-Si alloy. This indicates that
Cr addition can refine grains. Furthermore, grain refinement can im-
prove mechanical properties, such as strength and toughness. In other
words, when the grain size is small and the grain boundary area is
large, it can effectively prevent dislocation movement and slip between
grains, making the material less prone to fracture [20].

3.1. True stress–true strain curves

Fig. 3 shows the true stress-true strain curves of the Cu-Ni-Co-Si and
Cu-Ni-Co-Si-Cr alloys at different temperatures and strain rates. (In
order to ensure the accuracy of the data, repeated experiments were
conducted. The data in the figure is the average value.) During the hot
deformation process, the true stress-true strain curve changes are
mainly from the changes in superposition of strain hardening, precipita-
tion hardening, dynamic recovery and dynamic recrystallization (DRX),
respectively. At the low-temperature zone (500–700 °C), the flow stress
increases rapidly to the peak value. The work hardening is the main
mechanism at this stage. Work hardening is attributed to the grain slip-
page of the alloy at low temperature and high strain rate. The slip sur-
face and the lattice are distorted, and dislocations are entangled at this
time with strong interactions. Thus, dislocation movement is inhibited
resulting in the flow stress increase. In this stage, precipitation harden-
ing plays a significant role in enhancing the stress value. The fine
200 μm

(a)

Fig. 2. The microstructure of (a) solid-solution Cu-Ni-C
dynamic precipitation occurs can increase the hardness of the alloy.
With the increase of strain degrees, the dynamic precipitation is coars-
ening continuously which lead the stress value decrease. It can be
seen from Fig. 4(d) that the stress-strain curves of 500–700 °C are obvi-
ously different which effect by dynamic precipitation on hardening.
However, in the temperature stage of 700–900 °C, the static precipita-
tion which affected the work-hardening process, and lead no differ-
ences in the shapes of the curves. The higher temperatures lead a
lower stress value in. At the medium temperature zone (700–800 °C),
the flow stress increases rapidly with the increase of the strain and
then decreases gradually. Dynamic recrystallization occurs in some
areas, which makes the dislocations arrangement into low-energy
structures or disappear. However, at high deformation temperature
range of (800–900 °C), both the particles coarsening and their partial
dissolution release the grain boundary migration and then dynamic re-
crystallization occurs. Thus, the stress decreases and then reaches a sta-
ble value. Dynamic recovery is the most effective softening process
which controls the follow stress level during hot deformation of the
over aged copper alloy [21].

Compare with the stress-strain curves in Fig. 3, the stress values of
the Cu-Ni-Co-Si-Cr alloy are higher than the Cu-Ni-Co-Si alloy under
the same conditions which indicated that Cr strengthened the alloy.
On the one hand, Cr addition refines the grains and improves the
strength. Furthermore, Cr lead the precipitates improve and the precip-
itates pin the grain boundaries and dislocations which finally increased
the true stress of the alloy [22].

3.2. Constitutive equation

The above flow stress was used to characterize the plastic deforma-
tion of the material. The constitutive equation can relate the flow stress
200 μm

(b)

o-Si alloy; (b) solid-solution Cu-Ni-Co-Si-Cr alloy.



Fig. 3. True stress-true strain curves of the Cu-Ni-Co-Si and Cu-Ni-Co-Si-Cr alloys deformed at different temperatures and strain rates: (a) 0.001 s−1; (b) 0.01 s−1; (c) 0.1 s−1; (d) 1 s−1.
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(σ), deformation temperature (Τ) and strain rate ( �ε), and describe the
behavior of the flow stress at high temperatures, which can be
expressed as follows:

�ε ¼ A1σn1 exp −
Q
RT

� �
ασb0:8 ð1Þ

�ε ¼ A2 exp βσð Þ exp −
Q
RT

� �
ασ N1:2 ð2Þ

�ε ¼ A sinh ασð Þ½ �n exp −
Q
RT

� �
For allð Þ ð3Þ

Eq. (3) is used to represent the connection between the three vari-
ables proposed by Sellars [23]. Z is Zener-Hollomon parameter [24];
the effects of temperature and deformation rate on flow stress are de-
fined according to the Zener-Hollomon [25–28].

Z ¼ sinh ασð Þ½ �n ¼ �ε exp −
Q
RT

� �
ð4Þ

In equations of (1–4), A, A1, A2, α, β, n, and n1 are the material con-
stants, Q is the thermal activation energy (J/mol), R is the universal
gas constant (R = 8.31 J/mol·K). By taking the logarithm of both sides
of the Eqs. (1)–(3) were shown as follows:

ln �ε ¼ n1 lnσ þ lnA1−
Q
RT

ð5Þ

ln �ε ¼ βσ þ lnA2−
Q
RT

ð6Þ

ln �ε ¼ n ln sinh ασð Þ½ �−Q
RT

þ lnA ð7Þ
Here, n1 and β are the average values of slopes in Fig. 4(a) and Fig. 4
(b), which are expressed as the relationship between ln �ε and lnσ, andσ.
Taking Cu-Ni-Co-Si alloy as an example, n1 = 12.569 and β = 0.113,
α = β/n1 = 0.0089. The n is an average of the slopes of ln �ε and ln
[sinhασ] in Fig. 4(c), n = 13.373. Then the deformation activation en-
ergy (Q) is defined as:

Q ¼ R
∂ ln �ε

∂ ln sin ασð Þ½ �
� �

T

∂ ln sinh ασð Þ½ �
∂ 1=Tð Þ

� �
¼ RnS ð8Þ

Here, S is the slope of In[sinhασ] - 1000/T in Fig. 4(d), S= 7.846. By
using S in Eq. (8), one can calculate an average activation energy of
569.8 kJ/mol. Fig. 4(e) shows a linear relationship between InZ and In
[sinhασ]. The relationship is as follows:

lnZ ¼ lnAþ n ln sinh ασð Þ ð9Þ

lnA is the intercept of Fig. 4(e), which can be obtained as A=63.38.
The constitutive equations for the Cu-Ni-Co-Si alloy can be expressed as
follows:

�ε ¼ e63:38 sinh 0:009σð Þ½ �9:04 exp −
569:8
RT

� �
ð10Þ

According to the above methods, the constitutive equation for the
Cu-Ni-Co-Si-Cr alloy was shown as follow:

�ε ¼ e75:35 sinh 0:005σð Þ½ �13:37 exp −
639:5
RT

� �
ð11Þ

The deformation activation energy of the Cu-Ni-Co-Si and Cu-Ni-Co-
Si-Cr alloys is 569.8 kJ/mol and 639.5 kJ/mol, respectively. Fig. 8 shows
TEM micrographs of the Cu-Ni-Co-Si and Cu-Ni-Co-Si-Cr alloys de-
formed at 800 °C and 0.001 s−1. Obviously, with the Cr addition has a



Fig. 4. Relations between: (a) In έ - In σ; (b) In έ - σ; (c) In έ - In[sinhασ]; (d) In[sinhασ] - 1000/T; (e) In Z - In[sinhασ].
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significant impact on the precipitations [29]. With the Cr addition can
increase more and finer precipitated phases in the matrix. The precipi-
tatedphase exists in thematrix and grain boundaries can inhibit the dis-
locationmotion and difficult tomove. In addition, the addition of Cr can
effectively reduce the grain size and improve the microstructure more
uniform. Due to the grain refinement, the dislocation movement is dif-
ficult and overcome the obstacle required more energy. Thus, it has
much higher activation energy. In fact, activation energy is only one of
themathematical parameter for tested samples. Many processes are in-
volved during hot working, each having its own Q value that means the
activation energy has no clear meaning [10,30].

3.3. Microstructure evolution

Fig. 5(a) shows the microstructure of the Cu-Ni-Co-Si alloy de-
formed at 800 °C and 0.001 s−1. It can be found that a large number of
elongated bands appeared, which was related with the flow softening.
The elongated bands were shown to spread from boundary to grain in-
terior with the temperature increased and the strain rate decreased.
Very fine recrystallized grains were observed at the grain boundaries,
which is a typical characteristic of dynamic recrystallization [31]. The
magnified view of the selected area is illustrated in Fig. 5(b), which
clearly demonstrates the generation of fine dynamic recrystallized
grains. Dynamic recrystallization nucleates preferentially at the grain
boundaries, in which high distortion energy provides nucleation sites
for dynamic recrystallization [32]. According to the investigation on
hot deformation of Cu-Ni-Si-Cr-Mg alloy from L. Blaz et al. [10,11], and
found that the nohomogeneous precipitation showed in the sheared
areas was clearly observed with a high magnification. The reason is
that the localized flow accelerated the precipitation coarsening in a
sheared area and dynamically coarsened particles leaded the progres-
sive local softening in the matrix. In terms of structure, it should be
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Fig. 5. The microstructure of the Cu-Ni-Co-Si and Cu-Ni-Co-Si-Cr alloys under different hot deformation conditions: (a) Cu-Ni-Co-Si alloy deformed at 800 °C and 0.001 s−1,
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emphasized that the abnormal coarsening of dispersive particles at
sheared area may take place in dynamic conditions only, i.e. during
hot deformation of previously solution treated alloy. Moreover, shear-
ing of the material finally lead cavity growth, and resulted in specimen
fracture upon larger strain. Under these conditions, dynamic recrystalli-
zation rate of the alloy is high, which can effectively eliminate the peak
stress during thework hardening process. Similarly, the same recrystal-
lized grains were found in the Cu-Ni-Co-Si-Cr alloy, as shown in Fig. 5
(d) and Fig. 5(e). Dynamically recrystallized grains are also formed pref-
erentially at grain boundaries. Comparedwith the size of the newly gen-
erated recrystallized grains, it can be seen that the Cr addition inhibits
the alloy recrystallization. At higher temperature, the fine grains were
gradually replaced by the coarse structure in the matrix and grew con-
tinuously. Fig. 5(c) and Fig. 5(f) show the microstructure of the Cu-Ni-
Co-Si and Cu-Ni-Co-Si-Cr alloys deformed at 900 °C and 0.001 s−1. At
low temperature, the boundary migration is difficult. However, the
grain boundary migration is easy as the temperature increases. Close
to the solvus temperature during deformation, the fine particles dis-
solved and released, which improve the grain boundary migrate easy.
[33,34].

3.4. EBSD

Fig. 6(a) and Fig. 6(b) are the EBSD micrographs of the Cu-Ni-Co-Si
and Cu-Ni-Co-Si-Cr alloys deformed at 800 °C and 0.001 s−1, respec-
tively. The inverse pole figure (IPF) and grain orientation maps show
that the DRX grains begin to nucleate at grain boundaries. Compared
with the Cu-Ni-Co-Si alloy deformed at 900 °C and 0.001 s−1 was
shown in Fig. 6(c), small DRX grains grow further at high temperatures.
The reason is that the higher temperatures provide higher mobility to
the grain boundaries for nucleation and growth of the DRX grains.
Fig. 6(d) shows the misorientation angle values of the Cu-Ni-Co-Si
alloy at different temperatures. It can be observed that the misorienta-
tion angle of 14.19° at 800 °C is significantly smaller than the misorien-
tation angle of 24° with the recrystallization is completed at 900 °C.
While the grainmisorientation value of both sides of the grain boundary
is small, the migration velocity of the grain boundary is smaller.
Therefore, themigration velocity of grain boundary during recrystalliza-
tion is smaller than that at 900 °C with the recrystallization was com-
pleted [35,36]. Fig. 6 also shows the pole figures of the samples
deformed at different temperatures. At 800 °C, the Goss {011}〈100〉 tex-
ture and cubic {001}〈100〉 texture appeared in Cu-Ni-Co-Si (Fig. 6a),
while the texture of Cu-Ni-Co-Si-Cr was copper {112}〈111〉 texture,
the Goss {011}〈100〉 texture and cubic {001}〈100〉 texture (Fig. 6b).
Generally, the Goss texture is a texture widely formed during dynamic
recrystallization.With the increase of temperature, dynamic recrystalli-
zation particles grow and coarsen further, and the Goss texture in Cu-
Ni-Co-Si was replaced by the brass {011}〈112〉 texture (Fig. 6c) [37].

3.5. Microstructure of solution treatment samples

Fig. 7 shows the crystal structure of some precipitates in the alloy.
The lattice parameters of the Ni2Si and Co2Si phases are quite similar,
and they have the same structure. However, Ni2Si has orthorhombic
structure a = 0.709 nm, b = 0.490 nm and c = 0.372 nm, Pbnm (62)
[38], while the lattice parameters of Co2Si are a = 0.710 nm, b =
0.491 nm, and c = 0.378 nm [39].

Fig. 8 shows the TEMmicrographs of the Cu-Ni-Co-Si and Cu-Ni-Co-
Si-Cr alloys deformed at 800 °C and 0.001 s−1. A large number of nano-
scaled precipitates and the presence of the dislocations can be clearly
observed. Precipitates exist in the matrix and hinder the movement of
dislocations. Compared with the size of the precipitates in the Cu-Ni-
Co-Si and Cu-Ni-Co-Si-Cr alloys, it was obviously observed that the
size of the precipitates of the alloy containing Cr is relatively small. It
can be concluded that with the addition of Cr can lead the size of the
precipitate reduce and the number of precipitates increase. The precip-
itates are distributed uniformly in the matrix. Furthermore, the
strengthening effect of the precipitation is more obviously obtained
and much more the strength while the precipitated phase is fine.

Fig. 9 shows the TEM (HRTEM) micrographs and the selected-area
diffraction patterns (SADP) of the Cu-Ni-Co-Si alloy deformed at
800 °C and 0.001 s−1. The selected area electron diffraction pattern
shows the precipitates with two different shapes in Fig. 9(a), which
are rod-shaped and spherical-shaped, respectively [40]. In the dynamic
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precipitation process, many researches have shown that the coarse par-
ticles with rodlike and spherical in shape at large strain, and the needle-
like precipitates appeared at some grain boundaries at low strain
[10,41]. Fig. 9(b) and Fig. 9(c) show the dark field micrographs and
the corresponding SADP patterns along [001] Cu, respectively, which
verifies that the precipitate is δ-Ni2Si. Fig. 9(d) shows the X-ray
diffraction (XRD) pattern of the rod-shaped precipitate. It demonstrates
that there aremanyCo atoms in the precipitate, and the ratio of (Ni, Co):
Si is about 2:1. Due to the similar atomic radii of Ni and Co, a part of Ni
atoms in the Ni2Si phase can be replaced by Co atoms, forming (Ni, Co)
2Si. Therefore, it is believed that there is no single Ni2Si, but (Ni, Co)2Si
precipitated phase. Fig. 9(e) shows the HRETEM micrograph and the
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Fig. 7. Schematics of the precipitates crystal structure: (a)δ-Ni2Si; (b) Co2Si.
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corresponding inverse fast Fourier transform (FFT) patterns of the (Ni,
Co)2Si phase. According to the inverse FFT pattern, the lattice size of
the precipitate lattice was measured to be consistent with the (Ni, Co)
2Si precipitate. Moreover, Fig. 9(f) shows the size of the larger precipi-
tate is 365 nm, and the SADP image shows that the precipitate is coarse
(Ni, Co)2Si.

Fig. 10 shows the TEM (HRTEM) micrographs and the SADPS of the
Cu-Ni-Co-Si-Cr alloy deformed at 800 °C and 0.001 s−1. In Fig. 10(a), it
can be found that a large number of dislocations are entangled and
formed dislocation cells, due to the pinning effect of the precipitates,
which hinder the dislocation movement. Fig. 10(b) shows the dark-
fieldmicrograph of Fig. 10(a). It can be clearly seen that the distribution
of the precipitates has higher density and the size is smaller than the Cu-
Ni-Co-Si alloy. Additionally, it also indicates that addition of Cr promotes
precipitation and refines grains. Fig. 10(c) and Fig. 10(d) show the SADP
Dislocation lines

Precipitates 

200 nm

(a) (b) 

Precipitate

Fig. 8. TEMmicrographs of samples deformed at 800 °C and 0.001 s−1: (

δ-(Ni Co)2 Si

200 nmdisc

[110]Cu 

[110]Cu 

(e) 

0.71nm

0.49nm

40.3 nm

(b) (a) 

(d) 

Fig. 9. TEMmicrographs and SADPs of the Cu-Ni-Co-Si alloy deformed at 800 °C and 0.001 s−1;
along [001]Cu; (d) XRD analysis of (a); (e) HRTEM of the δ-(Ni,Co)2Si; (f) SADP and TEM of th
along [001] Cu and the HRETEM micrograph, respectively. Obviously,
the size of the (Ni, Co)2Si is much smaller than that without Cr. Fig. 10
(e) shows a precipitate with large square particles imbedded in thema-
trix, which can be concluded from the SADP that it is Co2Si. Fig. 10
(f) shows the coarsened rod-shaped (Ni, Co)2Si.

The precipitates play a significant role in strengthening the matrix.
For instance, the precipitated (Ni, Co)2Si phase are observed along in
the dislocation and grain boundaries, thus hindering the movement
and delaying the process of dynamic recrystallization. Moreover, the
formation of Co2Si can inhibit grain growth and improve softening resis-
tance. Noticeably, according to ourwork, it is shown that the addition of
Cr can effectively promote the generation of the precipitates and reduce
the grain size resulting in the strengthening of the alloy [42]. This also
explains why the strength of the Cu-Ni-Co-Si-Cr alloy is higher than
the Cu-Ni-Co-Si alloy.
200 nm200 nm

(c) 

s 

a) Cu-Ni-Co-Si; (b) Cu-Ni-Co-Si-Cr; (c) dark-field micrograph of (b).
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(a) bright-field micrograph; (b) dark-field micrograph of (a); (c) beam direction of SADP
e large precipitation phase.
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Fig. 10. TEMmicrographs and SADPS of the Cu-Ni-Co-Si-Cr alloy deformed at 800 °C and 0.001 s−1; (a) bright-field micrograph; (b) dark-field micrograph of (a); (c) beam direction of
SADP along [001]Cu; (d) HRTEM of the δ-(Ni, Co)2Si; (e) bright-field micrograph and SADP of Co2Si; (f) bright-field micrograph and SADP of δ-(Ni, Co)2Si.
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Fig. 11(a) and Fig. 11(b) show the distribution of the precipitates in
the Cu-Ni-Co-Si alloy. Disorderly dislocations and the precipitates inter-
act with each other as show in Fig. 11(a). As shown in Fig. 11(b), the
precipitates pinned sub-grain boundaries, which effectively hinder the
migration of sub-grain boundaries. Fig. 11(d) shows the deformation
zone of the alloy during thermal deformation, and the deformation
zone has different degrees of dislocation density, and the dislocation
density of the cell boundary is much higher than that inside the cells.
At this time, the deformation zonewill transform into cellular substruc-
ture, which is also called “quasi-sub crystalline structure” [19]. Fig. 11
(e) shows the dark field micrograph of Fig. 11(d), where the nano-
scale precipitation is distributed on the dislocations, grain boundaries,
and the matrix.

Fig. 11(f) and Fig. 11(g) show the precipitates at the grain boundary,
respectively. Compared with the precipitates which inside the grain, it
can be seen that the nonhomogeneous coarse (Ni, Co)2Si particles
show at the grain boundary. Flow localization in solution-treated spec-
imens, which resulted in dynamic coarsening of precipitates at grain
boundaries at low strain, was expanded into grain interiors at larger
strains. Moreover, the process becomes self-induced as dynamic coars-
ening softens the matrix and allows the flow localization to continue.

4. Discussion

4.1. Effect of Cr on the precipitation phase

According to the experimental data and the selected area diffraction
patterns analysis, the Cu-Ni-Co-Si alloy will produce a series of precipi-
tates after thermal compression. Comparedwith the aging precipitation
at 500 °C of the Cu-Ni-Co-Si alloy studied by Li [43], the aging precipita-
tion at 450 °C of the Cu-Ni-Si alloy reported by Lei [44] and the Cu-Ni-Si-
Cr alloy aging precipitation studied by Cheng [18], similar research re-
sults were obtained during the heat treatment process.

The (Ni, Co)2Si, and Co2Si phases precipitated at 800 °C and
0.001 s−1 in our work. Moreover, with the addition of Cr element,
more precipitates were produced. The precipitates exist at grain bound-
aries or dislocations, which hinderer their movement, and finally im-
proved the alloy strength. Furthermore, with the addition of Cr, the
alloy structure was refined.
4.2. Effect of Cr on the microstructure of Cu-Ni-Co-Si alloy

The addition of Cr element can increase the flow stress of the alloy
due to reduced grain size of the alloy. Compared with the structure of
the Cu-Ni-Co-Si and Cu-Ni-Co-Si-Cr alloys after solid solution in Fig. 2,
the effect of the grain size refinement is obviously observed.

4.3. Precipitation strengthening mechanism

The strength improvement of the alloy includes the following as-
pects such as precipitation strengthening, grain refinement strengthen-
ing, work hardening, and solid solution strengthening. Precipitation
strengthening is the dominant role of alloy strength, and the very fine
and coherent precipitation are more beneficial the strengthening of
the alloy. In this experiment, the addition of Cr can obtain more precip-
itates, and the precipitates pined at the grain boundaries and disloca-
tions, which can hinderer the movement of dislocations and grain
boundaries, and finally increased the strength. Meanwhile, the dynamic
precipitation in the hot deformation is also another factor affect the
strength of the alloy. In the medium temperature zone (500–700 °C),
dynamic precipitation increased the strength of the alloy most obvi-
ously. With the increased of temperatures, the precipitations coarsen,
and the strength and hardness of the material decreased. In addition,
the precipitates exist in the grain boundary which can lead the strength
and hardness of the alloy much higher than precipitates in the grain in-
teriors. Thus, the location for the precipitates can also affect the strength
and hardness of the alloy.

4.4. Grain refinement strengthening mechanism

The recrystallized grains are formed in the thermal deformation pro-
cess, and the boundary of the substructure can hinderer the movement
of the dislocation and improves the strength. The effect of the cell sub-
grain size on the strength can be expressed byHall-Petch [45] equation:

Δσgrain refinement ¼
Kffiffiffiffiffiffiffiffiffiffiffi
dgrain

q ð12Þ
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Fig. 11. (a) and (b) show the TEMmicrographs of Cu-Ni-Co-Si alloy at the thermal deformation temperature of 800 °C and 0.001 s−1. (c), (d), (e), (f), (g) show the TEMmicrographs of Cu-
Ni-Co-Si-Cr alloy at the thermal deformation temperature of 800 °C and 0.001 s−1.
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Here, K is a constant for copper alloys, dgrain is the average diameter
of grains (the value was measured from TEM micrographs). The ob-
tained grain refinement strength is listed in Table 2.

The flow stress and strength of the alloy were increased by grain re-
finement and the precipitation. The precipitation increases the activa-
tion energy and improves the high temperature stability of the alloy.
Moreover, the addition of Cr makes the structure more uniform in the
process of thermal deformation. Consequently, the Cu-Ni-Co-Si-Cr
alloy has better stability at high temperatures.
5. Conclusions

Hot deformation of the Cu-Ni-Co-Si and Cu-Ni-Co-Si-Cr alloys was
conducted at the deformation temperature ranging from 500 °C to
Table 2
The values of the grain refinement strengthening.

Alloy K=MPa
ffiffiffiffiffi
M

p
d/μm ΔσGS/MPa

Cu-Ni-Co-Si 0.14 3.2 78.3
Cu-Ni-Co-Si-Cr 0.14 1.6 110.7
900 °C and strain rate ranging from 0.001 s−1 to 10 s−1. The following
conclusions were obtained:

(1) Flow stress decreases with the deformation temperature and in-
creases with the strain rate. Dynamic precipitation has the most
obviously effect at medium temperature (500–700 °C). The oc-
currence of dynamic precipitation increases the value of flow
stress.

(2) The addition of Cr refines the grain, improves activation energy of
the alloy, which are 569.8 kJ/mol and 639.5 kJ/mol, respectively.
The constitutive equations of the Cu-Ni-Co-Si and Cu-Ni-Co-Si-Cr

alloy are: �ε ¼ e63:38½ sinhð0:009σÞ�9:04 expð−569:8
RT

Þ and �ε

¼ e75:35½ sinhð0:005σÞ�13:37 expð−639:5
RT

Þ, respectively.
(3) The misorientation angle increased with the recrystallization is

completed according to the EBSD analysis. The texture of Cu-
Ni-Co-Si alloy at 800 °C is the Goss {011}〈100〉 texture and
{001}〈100〉 cubic texture, and the Goss texture at 900 °C is re-
placed by the brass {011}〈112〉 texture.

(4) The (Ni, Co)2Si and Co2Si were obtained during the thermal com-
pression process, which hinderer the dislocations and grain
boundaries movement, and improved the strength and hardness
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of the alloy.
(5) With the addition of Cr, the size of the precipitates reducedwhile

the number of precipitates increased, which improved the alloy
properties. Precipitation strengthening and Grain refinement
are the main strengthening mechanisms.
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