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The effects of Y for the microstructure evolutions of Cu-Co-Si alloys during hot deformation were investigated.
The hot deformation behaviors for Cu-2.6Co0-0.65Si and Cu-2.6Co-0.65Si-0.2Y alloys were carried out on the
Gleeble-1500 simulator with the strain rates from 0.001 to 10 s~ and temperatures from 500 °C to 900 °C. The
hot deformation activation energies for two copper alloys were calculated and the constitutive equations were
also established. According to the true stress-strain curves and EBSD image analysis, it showed that the nucle-
ation of dynamic recrystallization (DRX) grain and the growth of DRX grain were promoted with the addition of
0.2 wt% Y. Electron backscatter diffraction (EBSD) was used to characterize the microstructure of the hot
deformed Cu-Co-Si alloy. The electrode diagram and ODF diagram were established to analyze the textures. The
texture strength and the number of small angle grain boundaries were reduced by the addition of 0.2 wt% Y. The
microstructure of two alloys was analyzed by transmission electron microscopy, it was found that a large number
of Co,Si nanoparticles were distributed on the copper matrix. Y could promote the precipitation process of
8-Co,Si, and these nanoparticles interacted with dislocations during the hot deformation process to improve the

deformation resistance.

1. Introduction

Copper alloys are widely used in lead frames and electronic con-
nectors due to their excellent conductive, thermal properties and good
corrosion resistance [1-5]. With the development of electronic products
towards to thinness and intelligence, the copper alloys are required to
have more different performances, which mean the more different kinds
of copper alloy are needed. For example, the energy consumption of
integrated circuits is multiplying with the continuous increasing of the
scale, which not only requires good heat dissipation ability, but also
needs excellent electrical conductivity and enough mechanical strength
for the lead frame copper alloy.

In recent years, Cu-Ni-Co-Si alloys has been the focused by many
researchers, because the Co and Ni can be a good partner, and the §-(Co,

Ni),Si precipitates formed by combining with Si can greatly improve the
properties of copper matrix. Generally, the study added different con-
tents of Co into Cu-Ni-Si alloy, and explored the effect of Co on the
microstructure and properties of Cu-Ni-Si alloy. Huang et al. [6] used
two thermo-mechanical treatment on Cu-4.5Ni-1.2Co-1.0Si-0.15 Mg,
and found that the addition of Co can promoted the precipitation of
nanometer 8-(Co,Ni),Si particles and improved the comprehensive
properties of the alloy. However, from the investigations of Zhao et al.
[7] found that the increase of Co content had a negative effect on the
properties of Cu-1.5Ni-1Co-0.6Si alloy with accelerating the aging pro-
cess and the growth of precipitates. Xiao et al. [8] also obtained a similar
conclusion. Therefore, the amount of Co must be kept in a reasonable
range. Li et al. [9] designed new Cu-Ni-Co-Si alloys which had different
Ni/Co mass ratios under the premise of ensuring (Ni + Co) /Si mass ratio
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of 4.2, and found that the Ni/Co ratio was 1.95, the volume fraction and
density of precipitated phase were the highest, resulting in the highest
microhardness.

Since Co is more difficult to be solidly dissolved into copper matrix
than Ni, it is necessary to explore some new alloying elements which can
promote the solid solution and precipitation of Co in copper matrix, and
relevant studies have been carried out. It is a common method to study
the effect of alloying elements on microstructure and precipitated phase
of Cu-Ni-Co-Si alloy during thermal deformation. In our previous studies
on deformation, Ban et al. [10] investigated the effect of addition Cr on
the constitutive equation and precipitates of Cu-Ni-Co-Si alloy, and
confirmed that the addition of alloying element Cr refined the recrys-
tallized grains and precipitates through the analysis of the microstruc-
ture. Geng et al. [11,12] investigated the effects of addition Ti and rare
Ce on the microstructure evolution and precipitation of Cu-Co-Si-Ti
alloy during hot deformation, and confirmed that the addition of Ti
and Ce also refined the precipitated phase and promoted dynamic
recrystallization.

Based on the above researches, Cu-2.6C0-0.65Si alloy Cu-2.6Co-
0.65Si-0.2Y alloys were prepared by adding 0.2 wt% rare earth
element Y and excluding the influence of Ni element. The Gleeble
thermal simulator was used to study the hot compression process at
strain rates of 0.001-10 s ' and deformation temperatures of
500-900 °C. This method was commonly used in the study of various
non-ferrous metals, iron and steel materials, such as Al [13,14], Cu [15],
Mg [16], Ni [17], Ti [18] and Fe [19]. The JSM-7800F backscatter
scanning electron microscopy and JEM-2100 transmission electron mi-
croscopy were used to analyze the hot deformation samples. The flow
stress, hot deformation activation energy and EBSD data were obtained
and compared. Effect of Y addition on microstructure evolution and
precipitation of Cu-Co-Si alloy during hot deformation were analyzed.

2. Experimental materials and procedures

The amount and type of rare earth elements may affect the micro-
structure and precipitates of the alloy. After the study of relevant re-
searches [12,20-24], 0.2 wt% Y was added into the Cu-Co-Si alloy.
Considering the burning loss of Y in the melting process, Cu-7%Y master
alloy was selected as the intermediate total and the addition amount of Y
was increased. Cu-2.6Co-0.65Si and Cu-2.6Co0-0.65Si-0.2Y alloys were
prepared by using standard electrolytic copper, pure cobalt, pure nickel
and Cu-7%Y master alloy as raw materials which were melted by ZG-
0.01-40-4 vacuum intermediate frequency induction furnace. In the
melting process, pure cobalt, pure silicon and Cu-7%Y master alloy were
put into the graphite crucible for smelting in turn by the first large
amount and then small amount, also first high melting point and then
low melting point. The molten alloy was poured into a sand mold with a
diameter of 90 mm and covered with a little charcoal.

After ingots were cooled to room temperature, the riser and surface
oxide scale were removed. Due to the high thermal expansion co-
efficients of copper alloys, a large number of shrinkage porosity,
shrinkage cavity and thermal stress were produced in the ingots during
cooling, so it was necessary to carry out hot extrusion. The ingots were
heated to 1030 °C in a box-type resistance furnace and held for 2 h to
eliminate internal stress, and then extruded in the XJ-500 metal profile
extruder. The head and tail of the extruded bar were cut off, and the
segments were treated with solid solution. The heating rate was
10 °C-s! for 95 min and the temperature was heated to 950 °C for 90
min. After solution, the round bar was cut into cylindrical samples with a
diameter of 8 x 12 mm for the hot compression test. The strain tem-
peratures of 700 °C, 750 °C, 800 °C°C, 850 °C, 900 °C and strain rates of
0.001s7%,0.01s%0.1s %, 157}, and 10 s~ were selected for the hot
deformation on Gleeble-1500D thermal simulated test machine.

The JSM-7800F backscatter scanning electron microscopy (SEM) and
JEM-2100 transmission electron microscopy (TEM) were used to
observe the microstructure evolution of the two alloys at different

Materials Characterization 181 (2021) 111502

temperatures and strain rates. The 1 mm thick sheets were prepared
from the middle of the samples. After the specimens were inserted,
ground, mechanically polished and electropolished, the electron back-
scatter diffraction (EBSD) for the alloy was observed by JSM-7800F
backscatter scanning electron microscope. The thin sections were thin-
ned to 0.1 mm with metallographic sandpaper, and then treated with ion
thinning. The microstructure of the precipitates was observed by JEM-
2100 transmission electron microscope.

3. Results and discussion
3.1. True stress-true strain curves

The stress-strain curves of Cu-2.6C0-0.65Si and Cu-2.6Co-0.65Si-
0.2Y alloys at different strain rates and deformation temperatures are
shown in Fig. 1. In the process of hot deformation, the stress value of the
alloy was usually affected by work hardening, dynamic recovery and
dynamic recrystallization [12]. The variation of the curves can be
divided into three stages. In the first stage, the stress increased rapidly
with the strain, mainly affected by work hardening. In the second stage,
the influence of dynamic recovery and recrystallization was gradually
equivalent to work hardening. The growth rate of flow stress slowed
down gradually, and the curve was in a horizontal state, reached the
maximum value and remained stable. In the third stage, the effect of
dynamic recovery and dynamic recrystallization was more obvious, and
showed a downward trend.

Fig. 1 shows the True stress-strain curves of Cu-2.6C0-0.65Si and Cu-
2.6C0-0.65Si-0.2Y alloy at different temperatures and strain rates. Take
the Cu-2.6Co-0.65Si alloys deformed at the strain rate of 0.001 s~* as an
example, the temperature increased from 500 °C to 900 °C, the peak
stress of the alloy was reduced from 267.9 to 68.8 MPa due to the
temperatures increased and the average kinetic energy of atoms were
promoted and the dynamic recovery and recrystallization were
improved [25]. In addition, the flow stress increased with the increased
of strain rates, such as Cu-2.6Co-0.65Si deformed at the temperature of
600 °C with the strain rates changed from 0.001 to 10 s}, and the peak
stress increased from 251 to 309.6 MPa. Under the condition of high
strain rates, the increased of strain rates for the DRX provided more
drive energy. One hand, it greatly promoted the DRX into the nucleation
process. Other hand, the fine DRX grains grew up too late and relatively
obtained with much more high flow stress [15].

Compared the true stress-strain curves of Cu-2.6Co-0.65Si and Cu-
2.6C0-0.65Si-0.2Y, it can be seen that the flow stress of Cu-2.6Co-
0.65Si-0.2Y alloy was generally higher than Cu-2.6Co-0.65Si alloy at
500 °C. It is proved that the addition of Y can increase the flow stress of
Cu-Co-Si alloy, and increase the deformation resistance in the process of
hot deformation.

3.2. Hot deformation activation energy and constitutive equation

The flow stress is often controlled by strain rates (¢) and deformation
temperatures (T), and this is also a behavior of thermal activation [26].
The occurrence of such behavior requires the atoms to reach a certain
kinetic energy, which was called hot deformation activation energy.
According to push the thermal deformation to activate the constitutive
equation, the relationships between the rheological stress(o), strain rate
(€) and deformation temperature (T) were deduced at the same time. By
taking Cu-2.6C0-0.65Si-0.2Y alloy as an example, the constitutive
equation was established in details according to introduce the hyper-
bolic sine model. The expression of hyperbolic sine model proposed by
Sellars [27] and Mctegart [28] et al. is as follows:

E=A {sinh(ao’)"exp( - R_QT> ] (@D)]

In the epsilon-strain rate, s7! ; o-stress, MPa; Q- thermal activation
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(€]
Eq. (1) is the function of stress, which can be subdivided into the
folloYv%ng two different forms at different strains under different Substituting Eq. (4) into Eq. (1), we can get:
conditions:
Z = [sinh(ao) |" 6))
s = Ao -2 0.8 2
e=Aiorexp\ ~pr (a0 < 0.8) Logs of both sides of Egs. (2), (3) and (5) are obtained:
0 Iné = nylnc + InA, _Q (6)
& = Asexp(fo)exp { —ﬁ} (ac > 1.2) 3) RT
The parameter Z is used to represent the lattice self-diffusion energy Iné¢ = po+1InA, — Qo (@]
due to dislocation slip and climb:
InZ = InA + nin[sinh(ao) | ®
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Assuming the temperature T and strain rate remain the same, the
partial derivative of both sides of Egs. (1) with respect to 1/T should give
the hot deformation activation energy to be expressed as follows:

{ o(Iné) } {Bln[sinh(aa)]
oln[sinh(ac)]|"| 0(1/T)

p is the draw value of the slope in Fig. 2 (a), and g is calculated as
0.123656; n; is the draw value of the slope in Fig. 2 (b), and n; is
calculated as 19.1265, a = /n; = 0.00646; n is the draw value of the
slope in Fig. 2 (c), and n is calculated as 12.54582; S is the draw value of
the slope in Fig. 2 (d), and S is calculated as 5.11589; The intercept of
Fig. 2 (e)isIn A, In A = 63.646, A = €63646,

Q=R } =Rn,S 9
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Hot deformation activation energy can be calculated:

Q = RnS = 8.314 x 12.54582 x 5.11589 = 533.618 kJ-mol '

Constitutive equation of Cu-2.6C0-0.65Si-0.2Y alloy can be
expressed as follow:

' 533.618
& = e93%%[5inh(0.006460) ]12-546exp( - )

8.314T (10)

Similarly, the activation energy of hot deformation and the consti-
tutive equation of Cu-2.6C0-0.65Si alloy can be obtained.
Hot deformation activation energy can be calculated:

4
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Q = RnS = 8.314 x 11.91453 x 4.99171 = 494.466 kJ-mol '

Constitutive equation of Cu-2.6Co-0.65Si alloy can be expressed as:

(1)

& = e579%[sinh(0.006640) ]11-914exp( - 494466)

8.314T

In contrast, by the addition of 0.2 wt% Y can increase the hot
deformation activation energy of Cu-2.6Co-0.65Si alloy. Rare earth el-
ements promoted the precipitation of solute atoms to purify the copper
matrix, which can make the microstructure more uniform and the hot
deformation more difficult, and the hot deformation activation energy
was improved [25,29].

3.3. EBSD analysis

The original EBSD data for Cu-2.6Co0-0.65Si and Cu-2.6Co-0.65Si-
0.2Y were obtained by JSM-7800F backscatter electron microscopy
which can be used to analyze the texture, grain size and orientation error
of the alloy after hot deformation [30,31]. Fig. 3 shows EBSD images of
Cu-2.6C0-0.65Si-0.2Y and Cu-2.6Co-0.65Si alloys under different
conditions.

Fig. 3(a) and (c) are EBSD images of Cu-2.6Co-0.65Si and Cu-2.6Co-
0.65Si-0.2Y alloys at 700 °C, respectively. There are many fine recrys-
tallized grains around the coarse deformed grains, which was called a
typical “necklace” structure [32]. Moreover, the number of recrystal-
lized grains in Fig. 3 (a) is much more than Fig. 3 (c), which was indi-
cated that REE Y plays a significant role in promoting the nucleation of
DRX grains in Cu-2.6C0-0.65Si alloy. Whether CDRX or DDRX, one of
the conditions for DRX can provide the energy needed for nucleation.
According to the above conclusions, under the same hot deformation
condition, the flow stress of Cu-2.6C0-0.65Si-0.2Y alloy is larger, which
means that the alloy stores more energy required by DRX.

Fig. 3 (c) and Fig. 3 (d) are EBSD images of Cu-2.6C0-0.65Si-0.2Y
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alloy at 700 °C and 900 °C, respectively. When the temperature
increased from 700 °C to 900 °C, the DRX grains gradually grew up and
consumed the coarse deformed grains and other fine DRX grains. Under
the higher temperature, DRX grains with higher proportion and larger
size can be obtained, which was in line called the typical DRX behavior
in metals [32,33]. This is because the temperature increased the average
kinetic energy of the atoms, which in turn promoted the migration of
DRX grain boundaries and the growth of grains. There are a few twins in
Fig. 3 (d), which is due to the increase of temperature which promotes
the formation of twins [33].

Fig. 4 shows the EBSD orientation maps of Cu-2.6Co-0.65Si and Cu-
2.6C0-0.655i-0.2Y alloys at 0.01 s~ and different temperatures, in
which the low-angle boundary (5° < 6 < 10°) and large high-angle
boundary (0 < 15°) were represented by a thin yellow-green line and
a thick black line. It can be seen from the figures that the distribution of
misorientation angle was basically the same, and there was a consider-
able concentration at the low misorientation angle, which was related to
the amount of stored dislocation. In the process of dynamic recrystalli-
zation, the rotation of subgrain boundaries caused small sub-grains to
merge into large subgrains, and the orientation errors between large
subgrains and adjacent subgrains increased, forming large angle grain
boundaries [34]. High temperatures will promote the migration of large-
angle grain boundaries, phagocyte the dislocations along the path,
thereby reducing the number of small-angle grain boundaries and
forming equiaxed grains with only a few dislocations [35].

Cu-2.6C0-0.65Si and Cu-2.6C0-0.65Si-0.2Y can produce a lot of
dislocations during hot deformation. The agglomeration of dislocations
within grain boundaries can form small-angle grain boundaries, which
can provide energy for nucleation of DRX, and the increase of temper-
atures will further promote the growth of DRX grains until the deformed
grains are engulfed. For example, Fig. 4 (a) and (c) show the orientation
of Cu-2.6Co-0.65Si and Cu-2.6C0-0.65Si-0.2Y alloys deformed at 700 °C
respectively. Rare earth elements promote the nucleation of DRX grains

Fig. 3. EBSD images under different deformation conditions of Cu-2.6C0-0.65Si and Cu-2.6C0-0.65Si-0.2Y alloys deformed at 0.01 s~! and different temperatures:
(a) Cu-2.6Co0-0.65Si alloy, 700 °C; (b) Cu-2.6Co0-0.65Si, 900 °C; (¢) Cu-2.6Co0-0.65Si-0.2Y, 700 °C; (d) Cu-2.6Co-0.65Si-0.2Y, 900 °C.
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Fig. 4. EBSD orientation maps of Cu-2.6C0-0.65Si and Cu-2.6C0-0.655i-0.2Y alloys deformed at 0.01 s~! and different temperatures: (a) Cu-2.6Co-0.65Si alloy
deformed at 700 °C, (b) Cu-2.6Co-0.65Si alloy deformed at 900 °C, (c) Cu-2.6Co-0.65Si-0.2Y alloy deformed at 700 °C, (d) Cu-2.6Co-0.65Si-0.2Y alloy deformed

at 900 °C.

and consume the energy accumulated at grain boundaries by disloca-
tions, so the number of small and medium angle grain boundaries in
Fig. 4 (a) is significantly lower than Fig. 4 (b). Fig. 4 (c) and (d) are the
orientation diagrams of alloy Cu-2.6C0-0.65Si and Cu-2.6Co0-0.658Si-
0.2Y at 700 °C and 900 °C, respectively. It can be clearly found that
temperature increasing can promote dislocations movement and grain
boundaries movement, and further reduce the number of low-angle
boundary within the boundary. This also indicated that the nucleation
and coarsening of DRX grains can consume the energy which was
accumulated by dislocations, and consistent with the characteristics of
DDRX [36].

In order to investigate the texture evolution of Cu-2.6Co-0.65Si and
Cu-2.6C0-0.658i-0.2Y alloys during hot deformation, the polar diagram
and ODF maps of the two alloys were observed. The common recrys-
tallization textures in copper alloys are the {011} (100) Goss texture,
{112} (111) copper texture, {111} (211) R texture, {001} <100> cubic
texture and {011} <211> brass texture [37,38]. When the temperature
of the alloy increased from 700 °C to 900 °C, the main texture of the
alloy changed from {001} <100> cubic texture to {011} <100> Goss
texture. Compared with Fig. 5 (a) and (c), the maximum strength of the
texture decreased from 23.635 to 6.073, which was indicated that the
addition of rare earth Y reduced the texture strength of the Cu-2.6Co-
0.65Si alloy.

3.4. TEM analysis

Fig. 6 shows the microstructure of Cu-2.6C0-0.65Si-0.2Y alloys at
700 °C and 0.001 s~!. In the process of thermal deformation, a lot of
dislocations were generated. Fig. 6 (a) shows that there were a lot of
dispersed-distributed precipitates on the copper matrix. The movement
of a single dislocation was hindered by multiple precipitates. Fig. 6 (b)
shows the dislocation cells formed by the accumulation of each dislo-
cation. The three-dimensional structure of dislocation aggregation in the

cell wall forms a basically dislocation-free open area inside. Fig. 6 (c)
shows the stacking faults caused by incomplete dislocations sweeping
through the slip plane. Twins generated during thermal deformation are
shown in Fig. 6 (d) and (e). The existence of twin boundaries can also
hinder dislocation movement and delay dynamic recrystallization.

In the process of hot deformation, a large number of dislocations
occurred, which will promote the precipitation and growth of solute
atoms, and the interaction between the dislocations and the precipitated
phase will hinder the movement of dislocations and improve the
deformation resistance of the alloy in the process of hot deformation
[39,40]. The interaction between dislocations and precipitates can be
observed and analyzed to explain the change of flow stress and activa-
tion energy during hot deformation and inhibit the dynamic recrystal-
lization process.

The Co and Ni elements have similar physical and chemical prop-
erties, and some related studies showed that the precipitated phase may
be Co,Si with similar structure to NiySi [41]. Fig. 7 mainly shows the
shape, size, type and crystal plane spacing of the precipitated phase.
Fig. 7 (a) shows that the process of thermal deformation, the precipi-
tated particles are nano particles, which are uniformly distributed on the
copper matrix. Fig. 7 (b) is the SADP with a large precipitated phase of
8-Co,Si and the lattice parameter in Co2Si is a = 0.0.710 nm, b = 0.491
nm, and ¢ = 0.378 nm [42]. Fig. 7 (c) is HRTEM of the precipitated phase
marked in (a), with a length of about 13.9 nm and a width of about 9.8
nm, and the measured result is 0.285 nm.

Fig. 8 shows TEM images of Cu-2.6Co-0.658Si alloy as control group at
700 °C. By comparing Fig. 6 (a) and Fig. 8 (b), it can be found that under
the same magnification conditions, Cu-2.6C0-0.65Si-0.2Y alloy has
smaller precipitated particles and more dislocations around the parti-
cles, which can greatly improve the flow stress of the alloy. The results
show that the addition of Y promotes the precipitation of 8-CosSi and
hinders the dislocation movement, thus improving the deformation
resistance of the alloy during hot deformation. The reason for the Y
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Fig. 5. DRXed-grains pole figure and DRXed-grains ODF maps of the Cu-2.6C0-0.65Si and Cu-2.6C0-0.65Si-0.2Y alloys: (a) Cu-2.6Co-0.65Si alloys deformed at
700 °C, (b) Cu-2.6Co-0.65Si alloys deformed at 900 °C, (c¢) Cu-2.6C0-0.65Si-0.2Y alloys deformed at 700 °C, (d) Cu-2.6Co-0.65Si-0.2Y alloys deformed at 900 °C.

200 nm

Fig. 6. TEM micrographs of Cu-2.6C0-0.65Si-0.2Y alloys deformed at 700 °C and 0.001 s~*. (a) nanoscale precipitate and dislocation line, (b) dislocation cell, (c)
stacking fault, (d) selected-area dark-field micrograph showing twin structure, (e) light field and twin plane, (d) SADP of twin.

addition can promote DRX and refine grain is that the Y addition can
promote grain nucleation and inhibit grain growth. A large number of
dislocations generated during hot deformation can provide favorable
conditions for nucleation of DRX grains, resulting in a large number of

fine grains. Dislocations can accelerate the movement of atoms in the
metal and promote the precipitation of solute atoms. However, with the
gradual strengthening of the inhibition effect of small precipitation
relative to dislocation, the growth of DRX grain is inevitably inhibited,
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10 nm

Fig. 7. TEM and HRTEM images of Cu-2.6C0-0.655i-0.2Y alloys deformed at 700 °C and 0.001 s~*. (a) the precipitates, (b) SADP corresponding to precipitate, (c)

HRTEM images with the precipitate of (a).

(200)

Fig. 8. TEM and HRTEM images of Cu-2.6Co-0.65Si alloys deformed at 700 °C and 0.001 s (a) the precipitates, (b) SADP corresponding of (a), (c) HRTEM images

with the precipitate of (a).

and the DRX grain is refined.

According to the processing data obtained from hot deformation, it is
found that Y can increase the flow stress of Cu-Co-Si alloy, that is, the
deformation resistance during hot deformation is improved. In order to
analyze the mechanism, EBSD and TEM were used to observe and
analyze the microstructure evolution and precipitates of the two alloys,
respectively. Through the analysis of EBSD data, it is found that Y pro-
motes DRX behaviors in the process of hot deformation, and also im-
proves the number of grains and large angle grain boundaries, which
plays a positive role in improving the flow stress of the alloy. Through
the further studies on the microstructure and precipitated phase of the
alloy, it is found that Y can refine the precipitated phase and increase its
quantity, which can hinder the dislocation migration, and improve the
flow stress of the alloy.

4. Conclusions

The hot deformation behaviors of Cu-2.6Co0-0.65Si and Cu-2.6Co-
0.65Si-0.2Y alloys were investigated by Gleeble-1500 simulation
deviced at strain rates of 0.001-10 s~ ! and deformation temperatures of
500-900 °C. Through the compared analysis of the experimental results,
the following conclusions can be drawn:

(1) Flow stress increased with strain rates and decreased with
deformation temperatures, and dynamic recrystallization dominated the
hot deformation process at high temperature.

(2) The hot deformation activation energies of Cu-2.6Co0-0.65Si and
Cu-2.6C0-0.655i-0.2Y alloys were calculated to be 494.5 kJ-mol~! and
533.6 kJ-mol-1, respectively. The constitutive equations of Cu-2.6Co-
0.65Si and Cu-2.6C0-0.65Si-0.2Y alloys were deduced. The addition of
a small amount of Y can increase the activation energy of hot defor-
mation and the resistance of hot deformation of Cu-Co-Si alloy.

(3) The addition of Y promoted the nucleation of DRX grains and
refined the recrystallized grains.

(4) Alarge number of dislocations and §-Co,Si particles are formed in
the hot deformation process of Cu-Co-Si alloy, and the interaction

between them impedes the dislocation migration and improves the
deformation resistance of the alloy. In addition, the addition of Y pro-
motes the precipitation of 3-Co2Si.
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