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recrystallization. Dispersion strengthening, twin strengthening and grain refinement
strengthening occur the thermal deformation of GO-Cu/CeO,/Cr composites, increase the
flow stress and activation energy of the composites, and inhibit the dynamic recrystalli-

zation of the composites. When the hot deformation temperature increases, the texture

orientation is strengthened. GO-Cu/CeO,/Cr composites have typical dynamic recovery

characteristics and high temperature properties.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nowadays, electronic control systems are widely used in both
electronic and electrical engineering and national defense
technology. One of the results of this automation process is
the wide use of sensors and electrical connectors, which
indirectly promotes the sustainable use of electrical contacts
and tests their ability to transmit information [1,2]. Electrical
contact materials are widely used in vacuum switches and
high voltage circuits. The performance of electrical contact
materials is one of the key factors affecting the working
characteristics of switchgear and the service life of electrical
appliances. However, the pure metal contact material with
high melting point has many disadvantages, such as breaking
current and high level of current cut-off, which limits its
application range [3]. With the development in recent years,
nano particle reinforced metal matrix composites have grad-
ually become an important part of national defense, rail
transit, aerospace, electronics industry and so on. With a se-
ries of excellent properties such as high conductivity, excel-
lent thermal conductivity and excellent corrosion resistance,
copper is used as contact wire, lead frame and electrical
contact material of high-speed railway, and then widely used
in electrical and electronic, household appliances, aerospace,
and other fields [4—8]. Graphene copper matrix composites
have the advantages of high conductivity, thermal conduc-
tivity, good plasticity of copper matrix and high strength and
super toughness of graphene. The addition of Cr in GO-Cu/
CeO,/Cr composites can significantly improve the hardness
and wear resistance of the composites. The addition of CeO,
nanoparticles can fix dislocations, produce dislocation
entanglement, and improve the strength of materials.

With the development of computer science and numer-
ical simulation technology, the research on the thermal
deformation behavior of materials is becoming more and
more extensive. The thermal deformation of materials is
the basis of thermal processing and can be used to improve
the properties of materials [9], which is widely used in
handicraft manufacturing. The process of material thermal
deformation is also a process of thermal activation, and its
deformation behavior can be described by the relationship
between deformation temperature, deformation rate and
flow stress. Yang et al. [10] studied the effect of rare earth Y
on the microstructure evolution of Cu-Co-Si alloy during hot
deformation. The results show that the addition of 0.2 wt%
Y can promote the nucleation of dynamic recrystallization

(DRX) grains and the growth of DRX grains, and rare earth
nanoparticles can interact with dislocations to improve the
deformation resistance during thermal deformation. Hir-
aoka [11] et al. conducted compression experiments on W-
80vol%Cu composites at room temperature. It is found that
with the increase of strain rate, fibrous structure gradually
appears in the grains of the composites. Zhang et al. [12,13]
prepared Al,03-Cu/(W, Cr) composites by vacuum hot
pressing sintering and internal oxidation. The effects of
nano-Al,0; and W particles on the thermal deformation of
Al,05-Cu/(W, Cr) composites at different temperatures and
strain rates were studied. It is found that the flow stress
increased with the increased of strain rate and decreased
with the increased of deformation temperature. Ban and
others [14] found that the flow stress decreased with the
increased of deformation temperature and the decreased of
deformation rate after thermal deformation of Cu-Ni-Co-Si
and Cu-Ni-Co-Si-Cr alloys in the range of 500—900 °C. The
addition of Cr can refine the grains and improve the acti-
vation energy of materials.

Previous studies mainly focused on the aging precipitation
behavior of alloys during hot deformation, while few studies
on the hot deformation behavior of composites. In this work,
the thermal deformation behavior of Cu/CeO,/Cr and GO-Cu/
CeO,/Cr composites was studied by isothermal compression
test on Geeble-1500D thermomechanical simulator. The
microstructure evolution and flow stress behavior at defor-
mation temperature of 600—900 °C and strain rate of 0.001—-1
s~ were studied. The microstructure and orientation of the
composites under different process conditions were analyzed,
and the constitutive equations of Cu/CeO,/Cr and GO-Cu/
Ce0,/Cr composites were established.

2. Experiment materials and procedures

The average particle size of copper powder is 5-10 pm. The
purity is 99.95%, which is provided by Nangong Xiangfan alloy
material Co., Ltd. The average particle size of chromium
powder is 44 pym and the purity is 99.95%, which is provided by
Beijing Xingrongyuan Technology Co., Ltd. Ceria powder, with
an average particle size of 50 nm (purity of 99.95%), is provided
by Shanghai Aladdin Biochemical Technology Co., Ltd.
Graphite powder (purity>99.5%, 300 mesh), concentrated
sulfuric acid (drug content 95%—98%), sodium nitrate (con-
tent>99%), potassium permanganate (content >99.5%) shall
be weighed in the proportion of 1 g: 30 ml: 0.5 g: 6 g. A certain
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Fig. 1 — True stress-true strain curves of GO-Cu/Ce0,/Cr composite at different temperatures and strain rates: (a) 0.01 s~ *;(b)

1 s7%(c) 700 °C; (d) 900 °C.

’

amount of GO and cerium oxide prepared by the improved
Hummers' method were dissolved in deionized water, and the
suspension was prepared by ultrasonic dispersion (KQ-100
ultrasonic cleaning agent). The milled copper chromium
composite powder (QM-3SP2 planetary mill) is added, me-
chanically stirred (JJ-1) for 30 min, and the composite powder
is obtained after freeze-drying, the addition amount of CeO, is
0.5 wt.%, the addition amount of GO is 0 and 0.5 wt.%. Gra-
phene and nano particle reinforced Cu-Cr electrical contact
materials were prepared by densification method in spark
plasma sintering furnace (SPS-20T-10). Process parameters of
spark plasma sintering: the heating rate is 100 °C/min, when
the temperature rises to 600 °C, the pressure is 30 MPa, the
sintering temperature is 900 °C, the heat preservation is
10 min, and it is cooled with the furnace. The sintered com-
posite was cut to size ®8 x 12 mm cylindrical specimen.
Isothermal axial thermal compression test was carried out on
Gleeble-1500D thermal simulation test machine. When the
deformation temperature is set at 600 °C, 700 °C, 800 °C and
900 °C, the strain rate is 0.001 s7%, 0.01s %, 0.1 s *and 1s?*
respectively, and the heating rate is 10 °C/min. In order to
make the sample temperature uniform, the sample was
stored, preheated for 3-5 min in advance, and then
isothermal axial compression was started. After deformation,
quickly take out the sample and quench with water to main-
tain the high-temperature structure. The cutting direction of
the sample is parallel to the deformation direction. After the
sample is cut into thin sheets, the central part is used for
polishing. The sample was etched in 5g FeCls, 10 ml HCI and
100 ml distilled water solution. The metallographic structure

was observed by OLYMPUS PMG3 metallurgical microscope.
Afterion thinning, the EBSD image was observed by JMS-7800F
field emission scanning electron microscope. The scanning
step was 0.1 pm and the voltage was 20 kV. Software Trans-
mission Channel 5 was used to analyze EBSD data. TEM and
HRTEM images were obtained at 200 kV voltage and 0.19 nm
resolution using JEM-2100F transmission electron microscope
[15,16].

3. Results

3.1. True stress-true strain curves

The true stress-true strain curves of GO-Cu/CeO,/Cr composite
at0.01s7%,1s7%,700°C, 900°Cis shown in Fig. 1. Under the same
thermal compression conditions, the addition of GO improves
the stress of the composite. On the one hand, the addition of
CeO, refines the grains of the alloy and improves the strength of
the alloy, CeO, nanoparticles nail grain boundaries and dislo-
cations, and finally improve the stress of the composites. The
plastic deformation mechanism is revealed according to the
different variation trends of the curve. Generally speaking, the
hot deformation process of alloys has three typical character-
istics: work hardening, dynamic recovery, and dynamic
recrystallization [17]. At the initial stage of strain, with the in-
crease of strain, the reinforced phase particles in the composite
hinder the dislocation movement. The difficulty of dislocation
movement leads to dislocation entanglement and dislocation
accumulation and overlap. The dislocations in the composite
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of the Cu/Ce0,/Cr and GO-Cu/Ce0O,/Cr composite.

proliferate rapidly, and the dislocation entanglement increases
the dislocation resistance and produces obvious work hard-
ening [18], 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 mate-
rial can be hindered due to the decrease of plasticity. The true
stress of composite material increases rapidly when the strain is
small, after entering the steady-state stage, the dislocation
density in this stage is large. At high temperature, the disloca-
tion begins to rearrange the irregular dislocations through
climbing and sliding, and the dynamic recovery and dynamic
recrystallization also begin to occur in this stage. Therefore, the
rheological softening effect occurs, and most of the processing
hardening is offset to reach the steady-state rheological stage.
Therefore, the flow stress gradually decreases and tends to be

stable, or the flow stress continues to decrease until the end of
thermal deformation [19—21]. In the process of dynamic recov-
ery, the cross slip of dislocations plays an important role,
including the decrease of defect density, the neutralization of
reverse dislocations and the increase of defects. In addition, the
magnitude of flow stress is mainly affected by strain rate and
deformation temperature [22—24]. The flow stress decreases
with the increase of temperature or the decrease of strain rate.
For example, when the strain rate is 1 s* and the temperature
increases from 600 °C to 900 °C, the peak stress of GO-Cu/CeO,/
Cr composites decreases from 174 MPa to 98 MPa. The average
kinetic energy of atoms increases with the increase of temper-
ature, which reduces the critical slip shear force of the com-
posites and makes the dislocation movement and thermal
diffusion more active. Therefore, the increase of deformation

temperature promotes the nucleation and growth of
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Fig. 3 — Optical microscope images of two composites under different conditions:(a) Sintered Cu/CeO,/Cr composite; (b) Cu/
CeO0,/Cr composite at 900 °C and 0.1 s~* deformation; (c) Sintered GO-Cu/CeO,/Cr composite; (d) GO-Cu/Ce0,/Cr composite

under 900 °C 0.1 s~ ! deformation.

dynamically recrystallized grains [25]. When the deformation
temperature is 700 °C, the peak stress of GO-Cu/CeO,/Cr com-
posites decreases from 148 MPa to 62 MPa with the strain rate
decreasing from 1 to 0.001 s~ *. The reason is that low strain rate
provides sufficient time for dynamic recrystallization, and the
dislocation increment is relatively flat at low strain rate, so the
stress of composites is low at low strain rate. The most typical
characteristic in the process of thermal deformation is the
change of flow stress. In conclusion, under the condition of low
strain rate (0.001 s~ %, 0.01 s~ 7), the true stress-true strain curves
show obvious dynamic recrystallization characteristics. Under
the high strain rate (0.1s7%, 1s7%), when the composite deforms
at low temperature of 600 °C, work hardening is dominant and
the flow stress increases continuously. At 900 °C, dynamic
recrystallization mainly controls the thermal deformation pro-
cess. Therefore, small strain rate and high temperature are
conducive to the dynamic softening process [26].

3.2 Constitutive equation

In order to further understand the thermal deformation
behavior and deformation mechanism of graphene and nano

CeO, reinforced copper matrix composites, the deformation
temperature (T/°C) and strain rate (¢/s ') effect on flow stress
(o/MPa) can provide a theoretical basis for the hot working of
copper alloy. Sellars C M [27] described the constitutive Eq. (1)
of thermal deformation behavior under all stress levels
through experiments:

¢=A;cMexp [_Rgl‘} s <0.8 (1)
¢ = Arexp(Bo)exp [—R%} ac<1.2 2
¢ — Alsinh(ac)["exp [—R%] (for all) (3)

Zener [28] proposed to use temperature and deformation
rate to express the influence on self-diffusion activation en-
ergy Z during thermal deformation:

Z =¢exp {RE:F} = [sinh(ao)]" 4

Take logarithm on both sides of the equation:
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. Q
Iné¢ =nyIlnc + InA, RT

Iné =Bo +InA, — %

InZ =1InA + nln[sinh(ao)]

Take partial derivatives on both sides of Eq. (3) to obtain the
thermal deformation activation energy:

d(Ineé)

dln[sinh ao]
oln[sin ao]| 1

=RnS
6(1/'1‘) "

Q:R[ ®)

In the above formula, Q is the thermal activation energy (J/
mol), R is the general gas constant (8.314 J/mol-K), A,A1,A,,-
n,n,,a,B are constants. Where n; and B is the average value of
the slope in Fig. 2 (a) and Fig. 2 (b), expressed as In respectively
Iné-Inc and Iné-o, the relationship between b and S is the
average of the slopes in Fig. 2 (c) and Fig. 2 (d), respectively.
Fig. 2 (e) shows the linear relationship between In Z and In
[sinh (ao)]. Where In A is the intercept of Fig. 2 (e). Take GO-Cu/
Ce0,/Cr composite as an example, n; = 9.7596, B = 0.0966,
o = B/n; = 0.0099, n = 7.1862, S = 3.51704, In A = 21.31989,
A = 2319 Thermal deformation activation energy:

Q =RnS = 8.314 x 7.1862 x 3.51704 = 210.130 KJ/mol

Therefore, the constitutive equation of Cu/CeO,/Cr com-
posite is:

©)

164174
¢ _ 515702553 32143 —
é—e [sinh(0.01120)) €xp [ 8.314T}

The constitutive equation of GO-Cu/CeO,/Cr composite is:

(10)

¢ — e1%19%[sinh (0.00996)] *2exp {_210130}

8.314T

Compared with Cu/CeO,/Cr, the thermal deformation
activation energy of the GO-Cu/CeO,/Cr composite increased
by 27.99%, which indicates that the addition of GO can
enhance the high temperature stability of the composite. The
reason may be that there is a large difference in thermal
expansion coefficient between graphene and matrix. During
thermal deformation, the movement of dislocation at the
interface between graphene and matrix is hindered, forming
dislocation climbing [29]. In addition, the addition of graphene
hinders the diffusion of copper atoms and leads to the grain
refinement of the composite, to achieve the effect of fine grain
strengthening, and these are the reasons why activation en-
ergy can be increased [30].

3.3. Microstructure analysis

Fig. 3 is an optical microscope image of two composites after
thermal compression under the same conditions. It can be
seen from Fig. 3. (a) and (c) that the microstructure of the
sintered sample is dense without obvious defects such as
holes. Cr particles are evenly distributed on the copper matrix
without obvious agglomeration. Fig. 3 (b) and (d) show the
microstructure of two samples after deformation at 900 °C. As
can be seen from figures, after hot extrusion deformation, the
grain becomes thinner and narrower, the Cr particles are
extruded into strips, and the strips are elongated along the
vertical compression direction.

The microstructure evolution of the material after
deformation is further explained by TEM characterization, as
shown in Fig. 4. Due to work hardening, deformed grains
and slip dislocations are generated at stress concentrations
such as grain boundaries, as shown in Fig. 4 (a) and (b). The
matrix on both sides of the sub grain boundary has a large
number of dislocation entanglements and dislocation
cellular substructures, in which the high-density entangled
dislocations are mainly concentrated around the cell wall


https://doi.org/10.1016/j.jmrt.2022.03.038
https://doi.org/10.1016/j.jmrt.2022.03.038

1418

JOURNAL OF MATERIALS RESEARCH

AND TECHNOLOGY 2022;18:1412-1423

twin

/

—_(111)

200)* T\ (311)

Fig. 5 — Microstructure of GO-Cu/CeO,/Cr composite: (a) Deformed grain, (b) Graphene, (c) Twins, (d) Diffraction spots of
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(high-density dislocation cell wall). Due to the existence of
grain boundary and a large number of dislocations are fixed
by nanoparticles, the dislocation entanglement occurs, and
there are many dislocation lines in the tissue due to defor-
mation, at the same time, there are many nanoparticles
around the dislocation line. The interaction between nano-
particles and dislocation line will improve the stress-strain

curve of the composite in Fig. 4 (c) and (d). According to
the selected area electron diffraction pattern, the particles
are nano CeO, particles in Fig. 4 (e). The smaller ceria
nanoparticles optimize the interface between graphene and
metal matrix and reduce the probability of interface defects
during thermal deformation. In addition, when dislocation
entanglement leads to slip, nanoparticles fix dislocations,
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Fig. 6 — EBSD orientation diagram and misorientation angle distribution of. GO-Cu/CeO,/Cr composites under different
thermal deformation conditions: (a, b) 700 °C, 0.01 s~%; (c, d) 900 °C , 0.01 s~ .
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Fig. 7 — Pole figures, inverse pole figures of GO-Cu/CeO,/Cr composites under different thermal deformation conditions: (a, b)
700 °C, 0.01 s~ %; (c, d) 900 °C, 0.01 s~ *; (e) Volume fraction of texture of different components.

further promote the crystal slip and deformation process,
nail the grain boundary migration, and improve the material
strength [31].

In the process of thermal deformation, in order to achieve
the same deformation during compression, the deformation
degree of coarse grains is greater than that of fine grains. The
deformation of fine grains mainly occurs at the grain bound-
ary, while the deformation of coarse grains occurs not only at
the grain boundary, but also inside the grains, as shown in
Fig.5 (a). The diffraction spots of flake graphene are calibrated,
and the results are shown in Fig. 5 (b). Twins formed in copper
matrix hinder dislocation movement and grain boundary
migration. In recent years, the introduction of twins into
copper has been proved to be an effective method to improve
strength and ductility. Like the traditional grain boundary, the
twin boundary is a special coherent grain boundary, which
hinders the movement of dislocations [32], and plays an
important role in the strengthening of materials. The twins
formed in the copper matrix hinder the dislocation movement
and grain boundary migration, and play an important role in
the strengthening of the material. It should be noted that the
dislocation density around the twins is high, while the dislo-
cation density inside the twins is low. This may be because the

formation of twins consumes the dislocations and leads to the
decrease of dislocation density [33]. The twin diffraction spots
are calibrated, and the results are shown in Fig. 5 (c) and (d)

3.4.  EBSD analysis

EBSD can be used to analyze the microstructure and orienta-
tion of solid crystal materials under different processing
conditions [34,35]. In addition, the textures of face-centered
cubic metals include the {011} <100> Goss texture, {112}
<111> copper texture, {111} <211>R texture, {001} <100> cubic
texture and {011} <211> brass texture [36,37]. Cu is a face-
centered cubic crystal<001>, <101>, <111> orientation forms
a triangle to indicate orientation in a crystal [38]. In order to
study the texture and orientation angle of Cu/CeO,/Cr and GO-
Cu/Ce0,/Cr composites during thermal deformation, the
samples were observed by JSM-7800F backscattering scanning
electron microscope. Fig. 6 shows EBSD orientation of GO-Cu/
Ce0,/Cr composite under isothermal compression at 700 °C,
0.01s *and 900 °C, 0.01 s~ *. There are three main colors in the
orientation diagram, mainly due to the different orientation of
the grains. As shown in Fig. 6 (a) and (c), after isothermal
compression test, the grain deformation is serious. As the
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deformation temperature increases to 900 °C, the fine
recrystallized grains gradually disappear, and the deformed
grains are replaced by the growing recrystallized grains.
Therefore, the increase of temperature provides power for the
dynamic recrystallization of grains and promotes the occur-
rence of dynamic recrystallization. As can be seen from Fig. 6
(b) and (d), the distribution law of orientation angle is roughly
the same, and it is quite concentrated at low dislocation angle,
which is related to storage dislocation [39], and the concen-
tration of low error angle and high error angle is almost the
same. When the deformation temperature is low, a large
number of deformed grains and low angle grain boundaries
appear (LAGBs, misorientation angle<15°), with the increase of
deformation temperature, the content of high angle grain
boundary (HAGBs, misorientation angle>15°) increases from
36.41% to 54.01%, this is why the increase of temperature pro-
motes the growth of dynamically recrystallized grains. With
the increase of hot deformation temperature, the recrystal-
lized grains gradually increase and the number of corre-
sponding deformed grains gradually decrease. However, by
comparing the grain distribution diagram, the average grain
size of the alloy increases with the increase of temperature,
mainly because the recrystallized grains have shown a growth
trend athigher temperature, it can be inferred that the increase
of HAGBs means the decrease of storage dislocation density
and the enhancement of dynamic recrystallization [40].

In order to study the texture evolution of composites under
different thermal deformation conditions, the pole figures,
inverse pole figures observed after thermal deformation of
composites with crystal indexes {001}, {101}, {111} at 700 °C,
0.01s™ and 900 °C, 0.01s~* are studied, as shown in Fig. 7. As

can be seen from Fig. 7 (a) and (c), under the deformation
condition of 700 °C and 0.01s”, the maximum texture strength
is 4.07. As the deformation temperature increases to 900 °C,
the maximum texture strength is 3.78. As can be seen from
Fig. 7 (b) and (d), under the deformation conditions of 700 °C
and 0.01s”, the maximum texture strength is 2.70. As the
deformation temperature increases to 900 °C, the texture
strength decreases to 2.42. With the increase of temperature,
the texture strength decreases, after the increase of temper-
ature, the degree of recrystallization increases, more recrys-
tallized grains appear, and the orientation distribution of
recrystallized grains is more arbitrary, that is texture weak-
ening occurs. With the increase of deformation temperature,
fiber texture (silk texture) also changed to some extent. At
lower temperature, it is mainly weak <001> and <101>//X, at
900 °C, it is mainly enhanced <101> and <111>//X.

In addition, the volume fraction of different component
textures of the composite after thermal deformation is shown
in Fig. 7 (e). At a lower deformation temperature of 700 °C, the
{011} <100> goss texture, {011} <112> brass texture, {121} <111>
copper texture, S texture, <111>//X, <110>//X and <100>//X
are 6.58%, 6.54%, 9.2%, 7.99%, 21.8%, 46.9% and 19.0% respec-
tively. At a higher deformation temperature of 900 °C, the
volume fractions of texture components were 3.65%, 8.3%,
8.72%, 12.5%, 19.5%, 28.9% and 14.8%, respectively. It can be
seen from the figure that the volume fraction of the main
texture components of the composite that there are small
changes in the composites (including goss texture, brass
texture, copper texture and S texture) as the temperature in-
creases to 900 °C, while the volume fraction of the corre-
sponding randomly oriented grains decreases significantly.
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The texture transformation is mainly due to the influence of
dynamic recrystallization effect on the material during ther-
mal deformation.

In fact, EBSD method can not only provide microstructure
and crystal orientation information, but also study the dis-
tribution of plastic equivalent strain and Mises stress at grain
scale, and even study the dislocation content. Using the
nucleation average orientation difference method (KAM) to
determine the local orientation difference of EBSD data, and
simply calculate the geometric necessary dislocation (GND)
density according to the strain gradient theory, we can
quantitatively study the evolution of dislocation density
under different state conditions [41—44]. Grain boundary
migration plays an important role in dynamic recrystalliza-
tion during thermal deformation. The migration of grain
boundaries is related to dislocations near grain boundaries.
Kam can quantitatively calculate the geometric dislocation
density to reflect the homogenization degree of plastic
deformation. Where the value is high, it means that the degree
of plastic deformation is large or the defect density is high.
Kam is a core point composed of 24 nearest adjacent points. It
is used to assign a scalar value to each point to represent its
local orientation difference. The Kam diagram obtained in
EBSD can be used to calculate the geometric dislocation den-
sity, to judge the state of material stress distribution during
deformation. Therefore, it is of great significance to study the
dislocation density near the grain boundary of GO-Cu/CeO,/Cr
composites. The density of geometrically necessary disloca-
tions (GND) is related to local dislocations, which can be
expressed as [45,46]:

p°NP =20 /ub 11

Where, p°NP represents the geometrically necessary
dislocation density, m 2, 6 represents the average orientation,
and the critical angle is set to 3°, exceeding this critical value
will not be included in the calculation, p is the step size of the
scan, 0.1 um, B is the Berger vector of copper, 2.55 nm.

The corresponding average angle values can be obtained
from the Kam diagram in Fig. 8, and then the geometric
necessary dislocation densities of GO-Cu/CeO,/Cr composites
at 700 °C, 0.01 s™! and 900 °C and 0.01 s~! are calculated
respectively p = 1.74 x 10 m2? and p = 1.52 x 10"® m?, the
dislocation density in the composite decreases with the in-
crease of temperature, because the increase of temperature
promotes the recrystallization process. At the same time, the
dislocation is consumed to provide driving force for recrys-
tallization in the recrystallization process, so that the dislo-
cation density decreases continuously.

4, Conclusion

The thermal compression tests of Cu/CeO,/Cr and GO-Cu/
Ce0,/Cr composites at 0.001—-1 s~ ! strain rate and 600—900 °C
deformation temperature was carried out by Gleeble-1500D
simulator. The effect of graphene on Cu/CeO,/Cr composites
was discussed, and the following conclusions were drawn:

1. After isothermal thermal compression, Cr particles are
extruded into strips. In the process of thermal compres-
sion, the strips elongate perpendicular to the compression
direction.

2. The flow stress increases with the increase of strain rate or
the decrease of deformation temperature. The small-size
nanoparticles CeO, at the metal matrix interface to pin
dislocations, inhibit dynamic recovery and dynamic
recrystallization, and dispersion strengthening, grain
refinement and twin formation all increase the flow stress
of GO-Cu/CeO,/Cr composites.

3. With the increase of deformation temperature, the degree
of dynamic recrystallization gradually deepens, the vol-
ume fraction of main texture components such as goss
texture, brass texture, copper texture and S texture
changes little, and the volume fraction of the correspond-
ing randomly oriented grains decreases significantly. The
texture transformation is mainly due to the influence of
dynamic recrystallization effect on the material during
thermal deformation.

4. The constitutive equation of the composite is established.
The activation energy of Cu/CeO,/Cr composite is
164.174 kJ/mol. The addition of GO increased the activation
energy of the composites by 27.99%—210.130 kJ/mol.
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