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ARTICLE INFO ABSTRACT

Cu-Ni-Si alloy is widely used in electronics industry due to its high electrical conductivity and high strength. In
this paper, the Cu-Ni-Co-Si-Cr alloy is prepared by ZG-0.01 vacuum frequency induction melting furnace. The
hot compression tests of the Cu-1.5Ni-1.1Co-0.65Si-0.2Cr alloy were carried out using the Gleeble-1500 simu-
lator at 0.001-10 s~ ! strain rates and 500-900 °C deformation temperatures. The microstructure changes of the
alloy at 500-900 °C were studied. The changes in the hot deformation process for the Cu-1.5Ni-1.1Co-0.65Si-
0.2Cr alloy were analyzed by EBSD. The dislocation density was sacrificed to promote recrystallization. The DRX
grains texture of the alloy at 700 °C is {001} < 100 > cubic texture, which is replaced by the
{011} < 100 > Goss texture at 900 °C. And the higher deformation temperature makes the texture more random
by lowering the texture intensity. The precipitates of the Cu-1.5Ni-1.1C0-0.65Si-0.2Cr alloy are mainly disk-
shaped and rod-shaped (Ni, Co),Si. The constitutive equation of the Cu-1.5Ni-1.1Co0-0.65Si-0.2Cr alloy was
established to predict the behavior of the flow stress, and the activation energy is 634.45KJ/mol. Due to pre-
cipitation-hardened caused by (Ni, C0),Si, the activation energy of the Cu-1.5Ni-1.1C0-0.65Si-0.2Cr alloy was
much higher than the self-diffusion activation energy of pure copper. And the CDRX and DDRX mechanisms are
two dominant DRX mechanisms for the Cu-1.5Ni-1.1Co-0.65Si-0.2Cr alloy.
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a negative effect on the electrical conductivity of Cu-Ni-Si alloy.
Therefore, the design of new copper alloy with high strength and

1. Introduction

Copper alloys are widely used in electronics industry, and as the
inner wall of rocket engines and the first wall of nuclear reactors due to
their high electrical conductivity and high strength [1-3]. At present,
the Cu-Ni-Si alloy is one of the best alloy systems in terms of perfor-
mance and processing. Commercial C70250 alloy (Cu-3.0Ni-0.65Si-
0.15 Mg) shows high tensile strength of 600-850 MPa and medium
electrical conductivity of 35-50%IACS (International Annealing Copper
Standard). In order to further improve the strength of Cu-Ni-Si alloy,
many scholars have added Co element into Cu-Ni-Si alloy. The addition
of Co can form Co,Si precipitates, which can strength the alloy. In
addition , Zhao et al. [4] reported a Cu-1.5 Ni-1.0Co-0.6Si alloy that
had a microhardness of 250 HV and an electrical conductivity of 43%
IACS. The addition of Co improves the strength of the alloy, but Co has

electrical conductivity by adding some other elements has attracted
much attention in recent years. The Ni,Si precipitates are found in Cu-
Ni-Si alloys and can improve the strength of the alloy by precipitation
hardening [4]. In recent decades, the addition of trace elements into the
alloy systems has demonstrated improved electrical conductivity and
strength of alloys. The addition of Co [5], Mg [6], Ag [7], Ti [8], V
[9,10], Cr [11-14] can effectively improve the alloy strength. The ad-
dition of Co can form Co,Si precipitates, which can strength the alloy.
The addition of Mg can decrease the stress relaxation of the Cu-Ni-Si
alloys. The addition of Ti can effectively reduce the grain size and in-
crease the grain elongation. The addition of V can inhibit the alloy
recrystallization and promote the production of precipitates, which can
improve hardness. The addition of Cr can improve the mechanical
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Fig. 1. The influence of different elements on the electrical conductivity of pure
copper.

properties of the alloy, such as strength and hardness [15,16]. Note-
worthy, the addition of Cr also has a positive effect on the physical
properties. Wang et al. found that the thermal conductivity of copper
matrix composites increased significantly by the Cr was added [17]. For
the electrical conductivity, it can be seen from Fig. 1 that the Cr element
has much less effect on the conductivity of the pure copper compared
with some other elements. Besides, the Cr particles can precipitate from
the copper matrix during aging at medium temperature, which improve
the electrical property of alloy [18-20].

Hot deformation of materials is the basis of thermal processing,
widely applied in manufacturing to improve the properties of alloys
[21]. Lei et al. [22] investigated the hot compression behavior of Cu-Ni-
Si alloy at 750-900 °C deformation temperatures and 0.001-1 s~ !
strain rates. It was found that the flow stress increased to a peak value
and then decreased with increase of deformation time, which the con-
tinuous dynamic recrystallization behavior was shown, and the ap-
propriate hot working temperature range was 850-875 °C. J. Chalon
et al. [23] carried out the hot compression experiments on Cu-Ni-Si
alloy at 600 °C, and found that the grains elongated and shear bands
appeared. In order to take full advantage of the grain refining effects
associated with dynamic recrystallization, the hot-working of the alloy
should be carried out at temperatures above 800 °C. And previous
studies of the Cu-Ni-Si alloy mainly focused on aging precipitation
behavior, but few studies focused on the hot deformation behavior.
Thus, the hot deformation behavior of the Cu-1.5Ni-1.1C0-0.65Si-0.2Cr
alloy was investigated in this paper.

2. Experimental Procedure

The Cu-1.5Ni-1.1Co-0.65Si-0.2Cr alloy used in the experiment was
cast in the ZG-0.01 vacuum frequency induction melting furnace at
1200 °C. High temperature resistant and oxidation-resistant graphite
crucible was selected for melting. The size of graphite crucible is ®
85 mm X 120 mm, and the maximum melting capacity is 10 kg. In
order to prevent overflow during melting, the maximum melting ca-
pacity was 8.0 kg in this work. The raw materials were 99.95 wt%
copper, pure Ni, Co, Si, and Cr. In order keep the chemical composition
stable and minimize the impurity elements in the alloy, 0.05 MPa Ar gas
was injected as a protective gas when the vacuum degree in the furnace
chamber reached 102 MPa during smelting. Table 1 shows the actual
compositions of the Cu-1.5Ni-1.1C0-0.65Si-0.2Cr alloy. After smelting,
the ingots were annealed at 1000 °C for 1 h, and then extruded into
35 mm diameter bars by the XJ-500 metal profile extrusion machine.
And then the extruded alloy was solution treated at 950 °C for 1 h in the
KSS-1200 tubular resistance furnace, and argon was injected during this
process. Then the samples were machined into ®8 mm X 12 mm
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Table 1
The nominal and analyzed composition of the Cu-1.5Ni-1.1Co-0.65Si-0.2Cr
alloy.

Nominal composition (wWt%) Analyzed composition (wt%)

Ni Co Si Cr Cu

Cu-1.5Ni-1.1Co0-0.658i-0.2Cr 1.452 1.065 0.630 0.195 Bal.

cylinders for hot compression testing. After the preparation work was
completed, the hot compression tests were conducted using the Gleeble-
1500D thermo-mechanical simulator. The temperature was set at
500-900 °C and the strain rate was 0.001-10 s~ . During this process,
the samples were heated to the target temperature at 10 °C/s heating
rate and then kept at this temperature for 3 min. The compression of the
samples was 55%.

After the tests, the specimens were cut along the longitudinal plane
to analyze the microstructure evolution of the Cu-1.5Ni-1.1Co-0.65Si-
0.2Cr alloy. The specimens were etched in the solution (5 g FeCls,
10 mL HCI, 100 mL distilled water), and the microstructure was ob-
served by the OLYMPUS PMG3 optical microscope. The EBSD images
were obtained by using the JMS-7800F field emission scanning electron
microscope (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 specimens were electropolished in a solution containing 50%
alcohol and 50% phosphoric acid at 20 °C and 5 V. The TEM images
were obtained by using the JEM-2100F transmission electron micro-
scope operated at 200 kV. The specimen was processed into a wafer
with a thickness of 50 um and a diameter of 3 mm, and subsequently
ion thinned by using Gatan 691 ion beams thinner.

In this work, hot compression experiments with the Cu-1.5Ni-1.1Co-
0.65Si-0.2Cr alloy were carried out at the deformation temperature of
500-900 °C and the strain rate of 0.001-10 s~! by the Gleeble-1500
thermo-mechanical simulator. The true stress-true strain curves of the
alloy were obtained. The microstructure of the alloy was analyzed by an
optical microscope. The dislocation density and texture of the alloy at
different conditions were obtained by electron backscatter diffraction
(EBSD), and the precipitates were observed by transmission electron
microscopy (TEM).

3. Results
3.1. True Stress—True Strain Curves

Fig. 2 shows the true stress-true strain curves of the Cu-1.5Ni-1.1Co-
0.65Si-0.2Cr alloy. The stress increased rapidly to the peak value during
hot compression, which is a typical feature of work hardening. During
the work hardening stage, the slip surface and the lattice are distorted,
and dislocations are entangled with strong interactions. At this time,
the strength of the material increases significantly, but the further
processing of the material can be hindered due to the decrease of
plasticity. It is worth noting that the deformation temperature and rate
significantly affect the true stress-true strain curves. At lower tem-
perature and higher strain rate, the peak stress value is higher due to a
large number of dislocations entangled in this condition, leading to
restricted dislocations motion. In general, the flow stress was first
promptly increased to peak stress at the beginning of compression, and
then decrease to a steady state. It was noticed that the obvious down-
ward tendency was observed at low temperature (500 °C and 600 °C),
which indicated that the dynamic softening effect exceeds the work
hardening effect. Dynamic softening includes dynamic recovery (DRV)
and dynamic recrystallization (DRX) The occurrence of DRV means that
the dislocations in the alloy canceled out and rearranged, which re-
duced the residual stress in the alloy and improved plasticity and
toughness. The DRX reduced the residual stress in the alloy by
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Fig. 2. True stress-true strain curves of the Cu-1.5Ni-1.1Co0-0.65Si-0.2Cr alloy deformed at different temperatures and strain rates: (a) 0.001 s71 (b) 0.01s7%; (©)
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producing new grains. Dynamic softening and work hardening can
make the stress value of the alloy reach equilibrium at 700-900 °C
[24,25]. DRX mechanism can be divided into continuous DRX (CDRX)
and discontinuous DRX (DDRX). The nucleation mechanism of DDRX is
nucleated by grain boundary bugging, and the main nucleation me-
chanism of CDRX is nucleated by sub-grain rotation. [26-30]. In the
whole process of hot deformation, work hardening and dynamic soft-
ening compete. In the early stage of hot deformation, work hardening
plays a major role in increasing the stress value, but the rate of this
increase gradually decreases. When the peak stress is reached, dynamic
softening can overcome work hardening, keeping a relative balance
between them [31].

3.2. Constitutive Equation

The constitutive equation, proposed by Sellars and McTegart [32], is
widely used to describe the relationship between the peak stress (0),
deformation temperature (T), and strain rate (¢) in the process of hot
deformation [33]. It can be expressed as follows:

Q

¢ = A[sinh(ao)]"exp [_ﬁ

] (For all) o

Generally, the hyperbolic sine function in the Arrhenius equation
can be simplified into exponential and power functions under the
condition of low stress and high stress:
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= Alanlexp[—g] ac < 0.8
RT (2)
¢ = Ay exp(Po) exp[—&] aoc > 1.2
RT 3

Here, A, A;, Ay, and n; are material constants, n is the stress ex-
ponent, and a is the stress multiplier. It should be noted that o was
considered as the peak stress due to the difficulty of attaining steady-
state at high strain rates. At the low stress level (a0 < 0.8) and high
stress level (ao > 1.2), the strain rate could be described in Egs. (2)
and (3), respectively.

The Zener-Hollomon parameter (the Z parameter) proposed by

Zener and Hollomon [34-36] was used to express the effects of tem-
perature and deformation rate on the flow behavior:

. Q ] .
Z= — | =A h "
éexp [RT [sinh(ao)] @
Here, Q is the thermal activation energy (J/mol), R is the universal
gas constant (R = 8.31 J/molK), n;, b, and n are the material constants.
To simplify these equations, taking the natural logarithm of both sides
of Egs. (1)-(3) yields:
Q

In¢ = nin[sinh(ao)] — RT +1nA )
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Fig. 4. Optical images of the Cu-1.5Ni-1.1C0-0.65Si-0.2Cr alloy microstructure under different hot deformation conditions: (a) 500 °C and 0.01 s~ ; (b) 700 °C and

0.01 s~ '; (c) magnification of DRX grains in (b); (d) 900 °C and 0.01 s~ .

Iné =mlno + In4, — Q
RT

(6)

- _Q
Iné = o+ InA, RT @
Egs. (6) and (7) can be partially differentiated to obtain n; = :11:;

and 3 = % Therefore, a linear relation can be obtained for In(strain

rate) - Ino and In(strain rate) - o, which was shown in Fig. 3(a) and (b),
respectively. The value of 8 was determined at high stress, which was
the average value at 500-600 °C deformation temperature: § = 0.080.
The value of n; was determined at low stress, which was the average
value at 700-900 °C deformation temperature: n; = 16.693. Thus, the
stress multiplier value @ was determined as 0.0049, according to @ = f3
/ ny.

Activation energy Q is a measure of the minimum energy required
to stimulate dislocation movement by diffusion [37]. It is regarded as
an important physical parameter to reflect the degree of difficulty of the
material deformation under various conditions [38]. The deformation
activation energy (Q) can be determined from Eq. (8):

0=R dlné dIn[sinh(ao)]
~ | dIn[sinh(ao)] |, 3(1/T)

] = RnS
¢ ®

Here, n is the average of the slopes of In¢ - In[sinhao] in Fig. 3(c). S
is the average of the slopes of In[sinhao] - 1000/T in Fig. 3(d). Thus, n
and S were determined as 14.976 and 5.108, respectively. The activa-
tion energy of the Cu-1.5Ni-1.1Co0-0.65Si-0.2Cr alloy can be calculated
as 634.45 KJ/mol from Eq. (8).

Fig. 3(e) shows a linear relationship between InZ - In[sinhao].
Taking natural logarithms on both sides of Eq. (8) yields:

InZ =1InA + nin[sinh(ao)] 9

InA is the intercept of Fig. 3(e), which can be obtained as
InA = 78.83. Therefore, the value of A could be obtained as A = €755,
According to the above values, the constitutive equations for the Cu-
1.5Ni-1.1C0-0.65Si-0.2Cr can be expressed as follows:

¢ = ¢%3[sinh(0.0049) [“%exp (—%)

RT

Fig. 3(f) shows the activation energy of Cu [39], Cu-Ni-Co-Si [40]
and Cu-Ni-Co-Si-Cr alloys. The activation energy of pure copper is much
lower than the other two alloys. This means that the Cu-Ni-Co-Si and
Cu-Ni-Co-Si-Cr alloys have better high-temperature stability. Moreover,
the addition of Cr increased the activation energy of the Cu-Ni-Co-Si-Cr
alloy by 8.2% compared with the Cu-Ni-Co-Si alloy.

3.3. Microstructure Evolution

Fig. 4 shows microstructure of the Cu-1.5Ni-1.1Co-0.65Si-0.2Cr
alloy deformed at different conditions. Fig. 4(a) shows microstructure
of the alloy deformed at 500 °C and 0.01 s, where only elongated and
distorted grains can be observed, and the heat generated by local de-
formation cannot transfer to other parts rapidly, resulting in non-uni-
form distribution of temperature and flow localization. When the
temperature reached recrystallization condition, dynamic recrystallized
grains were formed, as seen in Fig. 4(b). Dynamic recrystallization
occurs preferentially at the grain boundaries because their energy is
higher than inside the grain, providing the driving force for dynamic
recrystallization. Fig. 4(c) is the enlarged region of Fig. 4(b), where
dynamic recrystallized grains with an average size of 5.3 um can be
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Fig. 6. EBSD micrographs of the Cu-1.5Ni-1.1Co-0.658i-0.2Cr alloy deformed at: (a) 700 °C and 0.001 s~ (b) 900 °C and 0.001.
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clearly seen. With the increase of hot deformation temperature in
Fig. 4(d), more recrystallized grains appear and replace the original
grains [41]. With the recrystallization, the internal stress is eliminated.
In addition, uniform recrystallization structure replaces the original
coarse structure, and the refinement of the grains increases the alloy
strength [42].

3.4. Precipitates

Fig. 5 shows transmission electron microscopy (TEM) micrographs
of the Cu-1.5Ni-1.1Co0-0.65Si-0.2Cr alloy deformed at 700 °C and
0.001 s~ '. There are many precipitates with the 15-25 nm size in

Fig. 5(a), and the precipitates exist on the dislocation line, which hin-
ders dislocations movement and improves the resistance to plastic de-
formation. Fig. 5(b) shows the dark-field TEM micrograph of Fig. 5(a).
There are two kinds of precipitates with different shapes, which can be
divided into disc-shaped and rod-shaped. It has been proven that the
disc-shaped precipitated phase is 8-Ni,Si by Jia et al. research results
[43]. When the 8-Ni,Si is parallel to the beam, it becomes rod-shaped.
In the experiment, a part of the Ni atoms in the Ni,Si phase will be
replaced by Co atoms, forming (Ni, Co)»Si. Since Ni and Co have close
lattice parameters, NiySi has orthorhombic structure with
a = 0.708 nm, b = 0.490 nm and ¢ = 0.373 nm, Pbnm (62) [44], while
the lattice parameters of Co,Si are a = 0.710 nm, b = 0.491 nm, and
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¢ = 0.377 nm [45]. Therefore, it is believed that the precipitates mainly
exist in the form of (Ni, Co),Si.

Fig. 5(c) shows high-resolution TEM (HRETEM) micrograph and the
corresponding fast Fourier transform (FFT) pattern of the rod-like
shaped precipitate, and Fig. 5(d) shows the small area diffraction pat-
tern (SADP) of the precipitate in Fig. 5(c), which also proves that the
precipitate is (Ni, Co),Si. Fig. 5(e) shows the position of precipitates,
where precipitates at the grain boundaries coarsen, so their size
(436.7 nm) is much larger than the precipitates inside the grain
(average size is 21.4 nm). During hot compression, localized flow ac-
celerated precipitation coarsening in the sheared area. It should be
noted that this situation would lead to cavity growth at the shear band,
which will result in specimen fracture upon higher strain [46]. In ad-
dition, according to Fig. 5(e) and (f), fine precipitates pin dislocations
and a large number of dislocations gather to form dislocation cells,
which can improve the alloy strength.

3.5. EBSD

Fig. 6 shows EBSD images of the Cu-1.5Ni-1.1Co0-0.65Si-0.2Cr alloy
deformed at 700 °C, 0.001 s~ ! and 900 °C, 0.001 s~ %, respectively. The
original grains of the alloy have been elongated, accompanied by the
formation of fine dynamically recrystallized grains at 700 °C, and the
average recrystallized grain size was 4.3 um. so the original structure
was substituted by the dynamically recrystallized grains with increased
temperature.
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Fig. 7 shows the dislocation density of the Cu-1.5Ni-1.1Co-0.65Si-
0.2Cr alloy at 700 °C and 900 °C, respectively. In the process of hot
deformation, the migration of grain boundaries has a great influence on
dynamic recrystallization, and the migration of grain boundaries is
associated with the dislocations near the grain boundaries. The dis-
location density change and distribution can be obtained from the
Kernel Average Misorientation (KAM) maps. According to the low dis-
location density (the region marked by blue color) and the highest
dislocation density (the region marked by red color), it is found that the
dislocation density at 700 °C is much higher than that at 900 °C, which
also indicates that the occurrence and coarsening of DRX sacrifice
dislocations [47]. In addition, it is found that the high dislocation
density is mainly concentrated near the grain boundary, and the dis-
location density inside the grain is much lower than at the grain
boundaries. This situation can be clearly seen in Fig. 7(a), which also
explains the reason why dynamic recrystallization occurs preferentially
at the grain boundaries.

Fig. 8 shows the orientation maps and misorientation angle of the
Cu-1.5Ni-1.1C0-0.65Si-0.2Cr alloy, respectively. There are many low
angle grain boundaries (LAGBs, < 10°) at low temperature in Fig. 8(a),
which results in aggregation of dislocations in the deformed grain
boundaries and work hardening regions. With the increase of tem-
perature, LAGBs are transformed into high angle grain boundaries
(HAGBs) through the rotation of sub-grains and the growth of re-
crystallized grains. The average misorientation angle increased from
11.5° to 15.9° in Fig. 8(c) and (d). When the grain misorientation value
of both sides of the grain boundary is small, the migration velocity of
the grain boundaries is smaller. The orientation difference between the
grains increases with the degree of recrystallization. The percentage of
high angle grain boundaries (HAGBs) increases from 19.2% to 29.3%
with temperature. This means that with the increase of HAGBs, the
degree of recrystallization is further improved [48].

4. Discussion
4.1. DRX Mechanism

The new grains with HAGBs were observed in the EBSD images,
indicating that DRX occurred during hot deformation. DRX mechanism
can be divided into continuous DRX (CDRX) and discontinuous DRX
(DDRX) [49,50]. For CDRX, the dislocations produced by plastic de-
formation gradually accumulate in LAGBs, leading to misorientaion
increasing and the formation of HAGBs. In contrast, during DDRX, new
grains result from the generation of recrystallization nuclei (new strain-
free grains with HAGBs) and the subsequent long-range migration of
their boundaries at the expense of stored energy.

It can be seen that some nuclei marked with black circles in Fig. 8(b)
have formed HAGBs but still with partial LAGBs, which proves that the
new grains may be formed by CDRX [51,52]. In addition, CDRX is
characterized by the progressive sub-grain rotation, and hence the oc-
currence of CDRX must be accompanied by the transformation from
LAGBs to HAGBs [53]. An increased fraction of 10-15° GBs was found
to feature this transformation process [54,55]. Fig. 9 shows the varia-
tions of misorientation angle scopes with deformation temperature. It
can be seen that the fraction of 10-15° misorientations increases from
5.7% to 7.4% with the increase of temperature, implying that the sub-
grain rotation is the DRX mechanism.

Obvious serrating and bulging (marked by white arrows) at the
original grain boundary can be observed from Fig. 7(a), and all these
serrated GBs were accompanied by high KAM regions. It indicated that
the DDRX characterized by grain boundary bulging was activated here.
When the deformation temperature is 900 °C (Fig. 7(b)), the newly
formed strain-free DRX grains (marked by red arrows) were observed
around initial HAGBs, which is a powerful evidence of DDRX occur-
rence [56,57].
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Fig. 11. DRXed-grains EBSD images, DRXed-grains pole figure and DRXed-grains ODF maps of the Cu-1.5Ni-1.1Co0-0.65Si-0.2Cr alloy: (a), (c) and (e) 700 °C,

0.001 s~ 1, (b), (d) and (f) 900 °C, 0.001 s~ 1.

4.2. Activation Energy

In the present study, the activation energy of the alloy was
634.45 kJ/mol during hot compression, which was much higher than
the self-diffusion energy of pure copper (203.6 kJ/mol) [39]. The stress
exponent n value in this experiment is 14.98, which is higher than those
(n = 5 orn = 3) in alloys deformed by a dislocation-climb or a dis-
location-glide mechanism, respectively [58]. A high n value is usually
indicative the main strengthening mechanism is precipitation-hardened
mechanism [59], It also showed that the precipitates in the matrix that
impede the movement of dislocations, consequently producing a high
stress exponent in these types of alloys. The deformation of the alloy is
controlled by the viscous glide of dislocations. Li et al. [60,61] also
verified this view.

Remarkably, compared with our previous work on the Cu-Ni-Co-Si
alloy [40], the addition of Cr increased the activation energy of the Cu-
Ni-Co-Si alloy by 8.2%. The main reason is that the addition of Cr made
more (Ni, Co),Si precipitates during the hot deformation process, in-
creasing from 15.7% to 27.3%. More precipitates pin the grain
boundaries and dislocations, finally leading to the activation energy
increase [62-64]. No Cr-containing precipitates were found here,
mainly due to Cr dissolved into the Cu-matrix in the solid solution
stage, according to the Cu—Cr phase diagram (Fig. 10), the solubility of
Cr in Cu-matrix at 1000 °C is 0.65%, and the low Cr content (mass
fraction 0.2%) resulted in the low precipitation of Cr-containing pre-
cipitates.

4.3. Texture Change

The evolution of the macrotexture is illustrated by constant ¢-
sections of the ODF in Fig. 11(e) and Fig. 11(f). The common re-
crystallization  textures in fcc metals which are the
{001} < 100 > cubic texture, {011} < 211 > brass texture,
{112} < 111 > copper texture, the {011} < 100 > Goss texture and
the {111} < 211 > R texture [65]. In order to reveal further the cor-
relation between DRXed-grains and texture evolution, the EBSD map-
pings of the DRXed grains at 700 °C and 900 °C (Fig. 11a and b) were
analyzed. A threshold value of 2° for grain orientation spread (GOS)
was chosen to identify the recrystallized grains [66]. Fig. 11(c) and
Fig. 11(e) show the polar diagram and ODF maps of recrystallized
grains at 700 °C, respectively. The main texture is {001} < 100 > cubic
texture with a maximum intensity of about 9.1. When the temperature
is 900 °C (Fig. 11(d) and Fig. 11(f)), the texture is {011} < 100 > Goss
texture, and the maximum intensity is about 4.7. It is indicated that the
higher deformation temperature makes the texture more random by
lowering the texture intensity. This conclusion is consistent with the
research of Hu. et al. [67,68].

5. Conclusions

Hot deformation tests of the Cu-1.5Ni-1.1C0-0.65Si-0.2Cr alloy
were conducted at the deformation temperature ranging from 500 °C to
900 °C and the strain rate ranging from 0.001 s~* to 10 s~ *. The hot
deformation behavior and microstructure were analyzed, and the
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following conclusions can be drawn:

(1) The flow stress increased with decreased temperature or increased
strain rate.

(2) The activation energy Q was determined as 634.45 kJ/mol. The
higher activation energy of the Cu-1.5Ni-1.1Co0-0.65Si-0.2Cr alloy
than pure copper resulted from the precipitation-hardened of (Ni,
Co),Si. The constitutive equation for hot deformation was:

634.45 )

¢ = 7883 [sinh(0.00490) [***8exp (— RT

(3) The precipitates of the Cu-1.5Ni-1.1C0-0.65Si-0.2Cr alloy are
mainly disk-shaped and rod-shaped (Ni, Co),Si, which hinder dis-
locations and grain boundaries movement, improving the alloy
strength.

(4) The dislocation density of the Cu-1.5Ni-1.1C0-0.65Si-0.2Cr alloy is
high at low temperature, and with the increase of temperature, the
dislocation density is consumed to promote recrystallization. In
addition, the number of HAGBs is increased by recrystallization. It
is found that the CDRX and DDRX mechanisms are two dominant
DRX mechanisms of the Cu-1.5Ni-1.1Co-0.65Si-0.2Cr alloy.

(5) The DRX grains texture of the Cu-1.5Ni-1.1Co0-0.65Si-0.2Cr alloy at
700 °C is {001} < 100 > cubic texture, which is replaced by the
{011} < 100 > Goss texture at 900 °C. And it is worth noting that
the higher deformation temperature makes the texture more
random by lowering the texture intensity.
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