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The 0.5Y,05/Al,03-Cu/30Mo3SiC and 0.3GO-0.5Y,03/Al,05-Cu/30M03SiC composites were
fabricated by fast hot press sintering. Hot compression tests of the composites were carried
out using the Gleeble-1500 simulator at 0.001—10 s™* strain rates and 650—950 °C defor-
mation temperatures. The effects of doped reduced graphene oxide (rGO) on the hot
deformation behavior and microstructure of 0.5Y,05/Al,03-Cu/30M03SiC composites were
investigated. Trace of molybdenum carbide (MoC) layers/nanoparticles formed in-situ at
the rGO-Cu/Mo interface, which is beneficial to the interfacial bonding of the composite.
The enhanced flow stress and activation energy of hot deformation is attributed to the
addition of the rGO. The activation energy of the composites was improved by 11% with the
addition of rGO. The dislocation density and texture orientation ratio decrease at higher
deformation temperatures.
© 2023 The Authors. 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/).
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1. Introduction

It is well known that composites prepared by adding a second
phase to the matrix have good overall properties [1,2]. Copper
has good electrical, thermal and corrosion resistance and is
easy to process and mold [3,4]. Copper matrix composites
(CMCs) can be obtained by adding different second phase el-
ements to the Cu matrix. CMCs are commonly used in vacuum
high-voltage switches and transformers with their excellent
electrical and thermal conductivity [5—7]. However, the me-
chanical properties exhibited by copper matrix composites
still have some room for improvement.

Carbon nanofillers such as graphene (Gr) [8—10], carbon
nanotubes (GNTs) [11-13], carbon fibers (CFs) [14,15], and
reduced graphene oxide (rGO) [16—18] can effectively enhance
the comprehensive performance of the composites through the
addition of carbon nanofillers to CMCs. Gr has a larger specific
surface area and is more easily dispersed into the matrix
compared to CNT, which allows for better transfer of its prop-
erties into the composite. However, it is an obvious problem is
that the poor interfacial wettability and poor interfacial
bonding between Gr and CMCs. It is difficult to obtain high-
performance Gr-reinforced CMCs by simple preparation
means, which always restricts their development [19]. The
hydroxyl and carboxyl functional groups in graphene oxide
(GO) can effectively improve the interfacial bonding with cop-
per substrates. However, it has more internal oxygen-
containing functional groups, which seriously affects the
electrical conductivity of the composites [20]. The reduction of
GO can effectively remove its internal functional groups and
obtain rGO with better comprehensive performance.
Combining rGO with copper matrix can enhance the mechan-
ical properties of copper matrix composites. Dong et al. [21]
improved the yield strength and tensile strength of W-Cu
composites by 32.6% and 18.2%, respectively, by introducing
rGO into W-Cu composites. Chu et al. [22] introduced rGO into
CuCr composites and found that Cr;C; layers/nanoparticles
were generated in situ at the interface between rGO and Cr
under high temperature environment, which improved the
interfacial bonding of the composites. Yang et al. [23] investi-
gated the effect of Ag and Ce modified rGO on the mechanical
and electrical properties of CMCs and found that the hardness
and electrical conductivity of the modified composites were
significantly improved. Meanwhile, related studies have shown
that the introduction of rGO into copper matrix electrical con-
tact composites can effectively improve the arc erosion resis-
tance of the composites. Dong et al. [24] reinforced CuW
composites with Cu-modified rGO nano powders (i.e., Cu@rGO),
and found that the fusion welding resistance of the composites
was significantly improved, and the composites' resistance to
arc erosion was improved. Copper matrix electrical contact
composites are widely used in practice in a variety of electrical
applications [25—27]. It is necessary to control the cost of their
preparation. Powder metallurgy is an ideal preparation
method, but it is still required to obtain the desired shape after
hot processing. Inadequate exploration of the range of heat
distortion processes will lead to significant energy consump-
tion. Therefore, it is necessary to study the hot deformation
behavior of composites.

The study of the hot deformation behavior of metals is an
ongoing task for researchers [28,29]. Guan et al. [30] analyzed
the deformation strengthening mechanism of graphene
nanoplates and in-situ ZrB, nanoparticles reinforced AA6111
composites and found that GNPs and particle clusters pro-
moted and hindered dynamic recrystallization (DRX). Wang
et al. [31] investigated the hot deformation behavior of
AA6061/B,C composites and found that the main softening
mechanism during hot deformation of this composite is dy-
namic recrystallization, and the lower the Z-value, the more
likely DRX occurs. Deng et al. [32] investigated the hot defor-
mation behavior of fine-grained SiC,/AZ91 composites and
found that the deformation mechanisms of SiC,/AZ91 com-
posites were different at different deformation rates. Ban et al.
[33] investigated the effect of Cr addition on the hot defor-
mation process of Cu alloys and found that Cr addition refines
the grains and improves the activation energy of the alloy.
Zhang et al. [34] prepared Al,03-Cu/(W, Cr) composites by
vacuum hot press sintering and internal oxidation. The effect
of nanoparticles of Al,0; and W on the hot deformation of
Al,03-Cu/(W, Cr) composites at different temperatures and
strain rates was investigated. It was found that the flow stress
increased with increasing strain rate and decreased with
increasing deformation temperature. However, the role
played by rGO in the hot deformation process of CMCs and the
mechanism of its action have been rarely studied.

Previous work indicated that 0.5Y,0s/Al,05-Cu/30Mo3SiC
composites have excellent electrical contact properties [35]. On
this basis, GO-reinforced 0.5Y,04/Al,03-Cu/30M03SiC compos-
ites were prepared in this study using powder metallurgical.
However, composites are complicated and costly to prepare
during practical application, and usually require secondary
processing. The optimal hot processing range can be deter-
mined by studying the hot deformation behavior of composites.
It is conducive to saving raw materials in actual production and
promoting the optimal design of precision forming processes.
Meanwhile, this work analyzes the hot deformation process of
composites in depth using hyperbolic sine model, dynamic
material model and electron backscatter diffraction (EBSD) to
analyze the hot deformation mechanism of composites. This
study provides reference for the practical production applica-
tion of copper matrix electrical contact composites.

2. Experimental materials and procedures
2.1. Materials

The Cu-0.2 wt%Al alloy powder, Mo, Cu,0, and SiC powder
(Shanghai Bowei Applied Material Technology Co., Ltd.,
Shanghai, China) were used for the preparation of composites.
Cu-0.2 wt%Al alloy powder was spherical and had 35—-37 pm
particle size with >99.9% purity. Mo powder was also spher-
ical with 5-8 pm particle size and >99.95% purity. Cu,O
powder was spherical with 2—5 pm particle size and >99.95%
purity. SiC powder had an irregular shape with 3—5 pm par-
ticle size and >99.95% purity. Spherical Y,03; nano-powder
(Jiangsu XFNANO Materials Tech Co., Ltd., Nanjing, China)
had a 50 nm particle size with >99.99% purity. Single-layer GO
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(Aladdin Reagent Co., Ltd., Shanghai, China) had 0.5-5 ym
diameter, 0.8—1.2 nm thickness, and >99.9% purity.

2.2. Fabrication

The preparation of 0.5Y,05/Al,03-Cu/30Mo3SiC and 0.3GO-
0.5Y,05/Al,05-Cu/30M0o3SiC composites included ball milling,
and sintering. Cu-0.2 wt%Al alloy, Cu,0, Mo, SiC, and Y,03
powder, and single-layer GO powder were weighed according
to Table 1. The powder for the two composites were processed
in the ball milling. In the ball milling process, to minimize the
contamination of the composite powder, red copper balls
were used as the medium. The tank was made of polymer
material. No process control agent (PCA) was used [36,37]. The
composite powder was obtained by ball milling using the
QQM/B lightweight ball mill for 4 h. The ball-to-powder weight
ratio was 3:1 [38,39]. The powder of two composites were
sintered in a fast hot pressing sintering furnace (FHP-828). The
vacuum in the furnace was kept below 10 Pa. The sintering
pressure was 45 MPa. The heating rate was 100 °C/min. The
samples were first heated to 700 °C for 10 min and then to
950 °C for 10 min, and the composite billet was taken out when
the furnace cooled to about 100 °C. The structure of GO and
composites was characterized by the NIM-ZY-NM-CL-022
laser confocal Raman spectrometer.

2.3. Physical and mechanical properties

Before conducting the hot deformation experiments, the
comprehensive properties of the composites were tested as
follows: the dry and wet weights of the sintered state styles
were tested using a hydrostatic balance (MS105). The actual
densities were determined by Archimedes' drainage method.

Table 1 — The nominal composition of the composites
wt.%.

The density was calculated by combining the theoretical
density of the composites. The sintered composites were
tested for electrical conductivity using a conductivity tester
(Sigma 2008 B1). The sintered composites were hardness-
tested using a Vickers' hardness tester (HV-100) with a load
of 50 gf and a holding time of 10 s.

2.4. Characterization

The sintered specimens were cut into cylindrical samples
with ®8 mm x 10 mm dimensions. The isothermal compres-
sion tests of the 0.3G0-0.5Y,03/Al,03-Cu/30M0o3SiC composite
was performed using the Gleeble-1500 deformation simulator,
as shown schematically in Fig. 1(a). The test temperature
range was 650—950 °C, and the strain rate was 0.001-10 s~ .
Simultaneously, the action mechanism of rGO in the hot
deformation process of CMCs was studied at the experimental
conditions. To ensure uniform heating of the composites
during hot compression, it was necessary to hold the com-
posites for 3—5 min at high temperatures in the early stage of
deformation. To preserve the high-temperature structure,
water quenching was required quickly after compression was
completed. To analyze the microstructure after hot deforma-
tion, transmission electron microscopy (TEM) and electron
backscatter diffraction (EBSD) samples were cut by electrical
discharge machining (EDM) along the direction perpendicular
to the hot compression in Fig. 1(b—d) for subsequent charac-
terization. After the samples were hand-polished to about
80 nm, Gatan 695 ion miller was used for TEM sample prepa-
ration. TEM, high-resolution transmission electron micro-
scopy (HRTEM), and energy dispersive spectroscopy (EDS)
images were obtained by FEI Tecani F30 transmission electron
microscope. The EDS used was Oxford Xplore 80 mm?. A JMS-
7800F field emission scanning electron microscope (FESEM)
with a step size of 0.5 pm and 20 kV voltage was used to obtain
EBSD images. Channel 5 software was used to analyze the
EBSD data.

Composites Composition
Cu-0.2%Al Mo SiC Cu,0 Y,0; GO 3. Results and discussion
alloy powder
0.5Y,04/Al,05-Cu/ 64.7 30 3 18 05 — 3.1. Physical and mechanical properties
30Mo3SiC
0.3G0-0.5Y205/Al,05- 64.4 30 3 18 05 03 The comprehensive properties of the two composites were
Cu/30Mo3SiC tested before conducting the hot deformation experiments,
Hot deformation
(a) direction (b) Electrical discharge (¢) (d)
Il machining (EDM) Hot deformation
EDM direction
' )
W“ 4
og N - ! —=ss2 o TEM/EBSD
o ot deformation ;:i S -l =8 Specimens
v ? - P
*

Fig. 1 — Schematic illustration of the hot deformation tests and the microstructure characterization. (a) Direction of hot
compression test, (b) direction of electrical discharge machining, (c) TEM/EBSD specimens were taken at the cutting section,

(d) TEM/EBSD specimens.
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Table 2 — Mechanical and physical properties of copper matrix composites.

Composites Relative density/ Electrical conductivity/%  Vickers hardness/ = Compressive strength/
% IACS HV MPa
0.5Y,05/Cu-Al,03/30Mo/3SiC 98.46 51.59 206 471
0.3G0-0.5Y,05/Cu-Al,05/30Mo/ 99.82 55.34 217 474
3SiC

and the test results are shown in Table 2. The densities of both
composites reached more than 98.4%. The electrical conduc-
tivity of the composites increased from 51.59 %IACS to 55.34 %
IACS after the addition of GO. The microhardness of the
composites increased from HV 206 to HV 217 with an increase
of 5.34% after the addition of GO. The hardness of the com-
posites was significantly enhanced by compositional design as
compared to the work by Zhang et al. [34]. The increase in
composite properties is favorable to improve the electrical
contact properties of the composites.

3.2. Microstructure

The microstructure of the composites after hot deformation
was characterized to analyze their thermodynamic properties
after adding GO. Fig. 2 shows the interface structure of the
0.3G0-0.5Y,05/Al,03-Cu/30M03SiC composite deformed at
850 °C and 0.01 s~* strain rate. For the Cu and Mo crystalline
grain, the fast Fourier transform (FFT) image shows the (002),
(011) and (111) diffraction patterns of Cu, and the (011), (020),

and (011) diffraction pattern of Mo in Fig. 2(a), which also
presents selected area electron diffraction (SAED). According
to the noise-filtered inverse fast Fourier transform (IFFT)
image, the lattice inter-planar spacing was 0.221 nm, best
matching with the interplanar spacing of (110)y,. The spacing
between (111)c, crystal planes of copper are 0.183 nm in
Fig. 2(b and c). At the same time, the IFFT spots in Fig. 2(c) of
the matrix and the secondary phase reveal many edge dislo-
cations in the interior of the grains, which may be due to the
extrusion effect of hot deformation on the grains. Dislocation
multiplication will increase the flow stress and activation
energy of composites. Fig. 2(d) shows the scanning trans-
mission electron microscopy (STEM) image of a part of the
region and the corresponding energy dispersive spectra of
different elements. Fig. 2(e) is the FFT image corresponding to
the selected region in Fig. 2(d), showing the diffraction pat-
terns of the (121), (310) and (211) Y,05 planes. Y,0s is found at
the interface between Mo and SiC. The existence of Y,0;
hinders the free growth of grains to a certain extent and plays
a role in grain refinement [40].

(e) :
Zéne axis: Y,0,[1 3 5]
§ :
gD g

Fig. 2 — TEM images of the 0.3G0-0.5Y,03/Al,05-Cu/30M0o3SiC composite deformed at 850 °C and 0.01 s~ . (a) HRTEM image
and SAED of Mo and Cu, (b) corresponding lattice spacing measurements recorded at the marked regions in (a), (c) IFFT of the
corresponding regions in (a), (d) HRTEM image of grains and EDS mapping of the different elements, () SAED of the

corresponding regions in (d).
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A twin boundary (TB) is a special low-energy interface, and
its interfacial energy is about 10% of a normal large-angle grain
boundary. Twin boundaries can be as effective as large-angle
grain boundaries in blocking dislocation motion. Fig. 3 shows
the microstructure of the 0.3G0O-0.5Y,03/Al,03-Cu/30Mo3SiC
composite deformed at 850 °C and 0.01 s™* strain rate. Twin
crystals were found in the 0.3GO-0.5Y,03/Al,03-Cu/30Mo3SiC
composite after hot deformation. TB structure is further char-
acterized by HRTEM and SAED. Some dislocation tangles and
cells appear near the twin in Fig. 3(a). Since Cu has a face-
centered cubic (fcc) structure, the twins in the Cu crystal are
mainly caused by the stacking order change of the densely
packed {111} planes. Both sides of the close-packed surface are
symmetrically arranged in Fig. 3(b), showing a typical TB
structure. The SAED pattern in Fig. 3(c) shows two sets of
diffraction spots symmetrical about common {111} planes,
further confirming a representative TB structure. Under the
action of hot deformation, many dislocation tangles are formed
in the matrix in Fig. 3(d). Dislocation accumulation will form a
certain amount of energy at the defect, form dislocation walls
through rearrangement, develop into small angle grain
boundaries, and further develop into sub-grain in Fig. 3(e), thus
greatly reducing dislocation density, which is typical recovery
and recrystallization. At the same time, many nanoparticles
were found to pin dislocations in the copper matrix, which
hindered the dislocation movement. After FFT, diffraction
patterns from the (117), (200), and (111) Cu planes and the (317),
(222) and (113) y-Al,05 planes were obtained in Fig. 3(f).

The structure of GO in 0.3G0-0.5Y,05/Al,05-Cu/30Mo3SiC
composite was analyzed by Raman spectroscopy. Fig. 4 shows

Dislocatign angles’,

100 nm

the Raman spectra of GO and 0.3GO-0.5Y,05/Al,03-Cu/
30Mo03SiC composite, where the disorder peaks are repre-
sented by the D peak, and the G peak refers to tangential peaks
[41]. The high-intensity ratio of D to G peaks and the high in-
tensity of the D peak indicate the removal of some oxygen
functional groups and the recovery of sp® carbon [42]. The
higher intensity ratio of the D to G peaks (0.99 < 1.62) dem-
onstrates successful generation of rGO.

The strengthening mechanism of rGO in the 0.3GO-
0.5Y,05/Al,05-Cu/30M03SiC composite was studied by
HRTEM, FFT, and IFFT. Fig. 5 shows the microstructure around
rGO of the 0.3GO-0.5Y,05/Al,03-Cu/30M0o3SiC composite.
Fig. 5(a) shows the TEM image of this area. Fig. 5(b) shows the
HRTEM of the region corresponding to Fig. 5(a), showing a
typical honeycomb structure of rGO. Fig. 5(b) was character-
ized by FFT, which further verified the existence of rGO in this
region. Interestingly, some fine 100 nm particles were found
around rGO by TEM. After indexing their diffraction spots,
these particles are identified as MoOs, and the size of Mo
particles in the composite feedstock is 5—-8 um, indicating that
there is a refinement of Mo particles in the process of com-
posite preparation. The reasons for the refinement will be
investigated in future work. After FFT, the (137), (051) and
(120) planes’ diffraction patterns of MoO3; were indexed. The
rGO is also found in the gap between Mo and MoOs in Fig. 5(e).
MoC is generated at the Mo/rGO and MoO3/rGO interfaces,
based on FFT and IFFT. Fig. 5(e;) shows the (104) diffraction
spots of MoC generated by Mo and rGO. The corresponding
IFFT image in Fig. 5(e,) depicts clear lattice fringes with a
measured crystal plane spacing of 0.212 nm, corresponding to

Fig. 3 — Microstructure of the 0.3G0-0.5Y,05/Al,03-Cu/30M03SiC composite deformed at 850 °C and 0.01 s~ . (a) A twin,
(b) the atomic arrangement of a representative twin boundary in FFT-treated HRTEM, (c) typical SAED pattern of Mo TBs,
(d) dislocations tangles, (e) sub-grain boundary and a twin, (f) nanoparticles pinned dislocations and the corresponding

SAED pattern.
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Fig. 4 — Raman spectra of the different materials. (a) GO and (b) 0.5Y,03/Al,05-Cu/30M03SiC composite.

the MoC (104) plane. Fig. 5(e3) shows the (015), (100), and (115)
diffraction spots of MoC generated by MoO; and rGO along the
[051] band axis. The lattice arrangement directions of
(015)mocs (100)moc, and (115)umoc are shown in Fig. 5(es). Inter-
estingly, a honeycomb structure was found in the D region at
the edge of rGO and MoOs, which is a typical morphology of
monolayer rGO. The reduced rGO in the composite loses the C
atom to combine with Mo in MoO; to generate MoC layers/
nanoparticles. The pinning effects of MoC layers/nano-
particles make Mo/MoO3; bind more closely to rGO and the

l.(el)

e
o
"

414
SN t ,
S ner ek
bl
f:’xﬁ
3§t
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interfacial bonding between rGO and the metal matrix is
further improved. Compared with the work of Manrique et al.
[19], the generation of MoC allowed for a tighter bonding be-
tween rGO and the substrate. The poor wettability between
graphene and metal substrate was improved and the inter-
facial relationship was optimized.

On the one hand, the existence of rGO acts as a bridge,
connecting metal particles, making these hard phases harder
to separate. On the other hand, rGO combines with metal
particles to generate carbides and pins the interface to form a

20 I/nm

20 1/nm

(e3)

(115)

20 1/nm

Fig. 5 — HRTEM images of the 0.3GO-0.5Y,03/Al,05-Cu/30Mo3SiC composite deformed at 850 °C and 0.01 s~ . (a) HRTEM
image, (b) HRTEM image corresponding to region A in (a), (c) FFT of (b), (d) HRTEM image and FFT corresponding to region B in
(a), (€) HRTEM image corresponding to region C in (a), (e1-e4) are the detailed analysis of (e).
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better bond between rGO and metal. It can be seen from
Fig. 5(e) that the dislocation slip is blocked at the interface,
which is the hindrance of the dislocation movement [43]. The
hindering effect of rGO on dislocation is helpful to improve the
flow stress of composites. The effects of rGO on the flow stress
and activation energy during the hot deformation of com-
posites are analyzed below.

3.3. True stress-true strain curves

Fig. 6 shows the true stress-true strain curves of 0.5Y,0s/
AL 05-Cu/30M03SiC and 0.3GO-0.5Y,04/Al,05-Cu/30Mo3SiC
composites deformed at different temperatures and strain
rates. The hot deformation process of composites mainly in-
cludes work hardening, dynamic recovery, and DRX [44].
Fig. 6(a) and (b) show the true stress-true strain curves of the
two composites deformed at 850 °C and 950 °C. When the
deformation temperatures are the same, the flow stress in-
creases with the strain rate, indicating that both composites
are strain rate sensitive materials. With the increase of strain
rate, the dislocation density increases significantly, forming
high-density dislocation entanglements and improving the
flow stress. At the same time, the higher the strain rate, the
shorter the dynamic softening time, and insufficient softening
will also increase the flow stress. Fig. 6(c) and (d) show the true
stress-true strain curves of the two composites deformed at
0.01 s7! and 1 s7! strain rates. When the strain rates are the
same, the flow stress of the two composites decreases with

160 0.3G0-0.5Y,0,/ALO,-Cu/30Mo/3SiC
(a 0.5Y,0,/AL,0,-Cu/30Mo/3SiC
<
a, 120+
"
3
= 804
w2
g
=

N
=

0.001 s

True stress, MPa

the deformation temperature. This is because higher tem-
perature increases dislocation and vacancy activity, making
grain boundary easier to migrate, which is conducive to dy-
namic recovery and DRX, reducing the flow stress [45].
Comparing the true stress-true strain curves of the two
composites under the same hot deformation conditions, the
maximum flow stress of the 0.3GO-0.5Y,0s/Al,03-Cu/
30Mo3SiC composite is always higher. The flow stress is the
minimum stress required to allow dislocation movement
through the crystal. The formation of rGO increases the
maximum flow stress of the composites. According to the
microstructure characterization results, the presence of rGO
can effectively inhibit dislocation motion, and the generation
of MoC layer/nanoparticles also plays a role in pinning dislo-
cations to a certain extent. In addition, some existing studies
have also proven that the presence of graphene can inhibit
dislocation motion [46,47].
3.4.  Activation energy and constitutive equations
It is well known that activation energy is an important
parameter to characterize the hot deformation behavior of
materials. It is an energy threshold value that metal atoms
need to cross when the material is undergoing high-
temperature plastic deformation. The activation energy of
0.5Y,04/Al,03-Cu/30M03SiC  and  0.3GO-0.5Y,03/Al,03-Cu/
30Mo03SiC composites was calculated based on the flow stress
curves, and constitutive equations were established.
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Fig. 6 — True stress-true strain curves of the 0.5Y,05/Al,05-Cu/30M03SiC and 0.3GO-0.5Y,0./Al,03-Cu/30M03SiC composites
deformed at different temperatures and strain rates: (a) 850 °C, (b) 950 °C, (c) 0.01s7%, (d) 1 s~ ™.
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The hyperbolic sine model proposed by Sellars and McTe-
gart was adopted to link the flow stress, deformation tem-

perature, and strain rate [48].

e=A.0™ exp (—%) as<0.8

e=A,; exp (Bo)exp <7R%'> ac>1.2

é=A[sinh(ao)]" exp <7R%'> (For all)

(1)

Here, ¢ is the strain rate, ¢ is the peak stress in MPa, Q is the
activation energy inJ/mol, A, A4, «, 8, 1, n, and R are constants,
and T is the deformation temperature in K. Taking the natural
logarithms of Egs. (1)—(3):
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To obtain the activation energy, we take partial derivatives
of Eq. (3):

]é =RnS @)

Q=R [ olné } T [aln [sinh(ao)]

dln [sinh(ao)] a(1/T)

The Zenner-Hollomon parameter Z expresses the effects of
deformation temperature and strain rate on the self-diffusion
properties of the lattice during hot deformation:

Z=¢exp {—%] (8)

Substituting Eq. (8) into Eq. (3) and taking natural loga-
rithms of both sides yields:

InZ=In A + n[ln sinh(ao)] 9)

The peak stress obtained under different deformation con-
ditions is used in Eq. (9), and the relationships between flow
stress, strain rate, and deformation temperature are plotted in
Fig. 7. Fig. 7(a—e) show the relationships between In(Strain rate)
and In ¢, In(Strain rate) and s, In(Strain rate) and In[sinh(s s)], In
[sinh(s s)] and T"%/102 K™ ' and InZ and In[sinh(s s)] of the
0.3G0-0.5Y,03/Al,05-Cu/30M03SiC composite. In addition, n,

e
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ny, B, and S are the average slopes in Fig. 7(a—d), which can be
determined as n = 7.80, n; = 10.60, 8 = 0.09, and S = 3.76,
respectively. According to Eq. (7), the intercept of the line InZ-In
[sinh(s s)] in Fig. 7(e) is InA and the linear fitting results in
InA = 23.91. Therefore, the activation energy of the 0.5Y,05/
Al,03-Cu/30Mo3SiC composite is Q = RnS = 218.98 kJ/mol, and
the activation energy of the 0.3G0-0.5Y,04/Al,03-Cu/30Mo3SiC
composite is 243.28 kJ/mol. The activation energy of the com-
posites was significantly improved comparison with the study
of Lietal. [49]. Finally, the constitutive equations of the 0.5Y,05/
Al,03-Cu/30Mo3SiC  and 0.3GO-0.5Y,03/Al,05-Cu/30Mo3SiC
composites can be given as follows.
For the 0.5Y,03/Al,05-Cu/30M03SiC composite:

218980
(_ 8.314T) (10)

For the 0.3G0-0.5Y,05/Al,05-Cu/30M03SiC composite:

é=e*19[sinh (0.011¢)]** exp

243275
s 023906743 7.8 _
é=e [sinh (0.0090)]"* exp ( 531 4T> (11)
Fig. 7(f) shows the activation energy of 0.5Y,05/Al,03-Cu/

30Mo3SiC and 0.3G0-0.5Y,05/Al,03-Cu/30M0o3SiC composites.

650 700 750 800 850 900 950
Temperature/ °C
.

//////////

0
-2
-4

'
N

650 700 750 800 850 900 950
Temperature/°C

Fig. 8 — Hot processing maps. (a, b) 0.5Y,03/Al,05-Cu/30Mo/3SiC composites of 0.1 strain, (c, d) 0.3GO-0.5Y,05/A1,05-Cu/

30Mo/3SiC composites of 0.5 strain.
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The activation energy of the 0.3GO-0.5Y,05/Al,03-Cu/
30Mo03SiC composite is 11% higher than the 0.5Y,05/Al,05-Cu/
30Mo3SiC composite, which indicates that the addition of rGO
improves the deformation resistance of the composite.

3.5.  Processing map analysis

The hot processing map derived based on the dynamic ma-
terial model (DMM), which is a superposition of the power
dissipation efficiency map and the rheological instability map.
It can well reflect the advantages and disadvantages of the hot
processing performance of composites. The results of the hot
processing map allow to obtain the most suitable processing
areas in the composites, thus reducing the loss of raw mate-
rials in production applications. The number in the figure is

the power dissipation coefficient ' of the composites at a
certain temperature and deformation rate. The larger the
value, the more stable the microstructure evolution of the
material during the hot deformation process, and the better
the hot processing performance of the material. The shadow
area in the figure is the instability zone of the composites at a
certain deformation temperature and deformation rate. The
material in the instability zone is prone to holes and cracks,
resulting in material failure. The best hot processing area of
the material can be determined by the hot processing map,
and the area represented by the blue box in the figure is the
best processing range of the composites. Fig. 8(a and b) shows
the hot processing diagrams of 0.5Y,03/Al,03-Cu/30Mo/3SiC
composites at 0.1 and 0.5 strain with the corresponding hot
compression parameters of strain rate 0.0053—0.2865 s~ ' at

(b) . |
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Fig. 9 — EBSD micrographs and grain size distribution of the composites under different deformation conditions. (a, b)
0.5Y,03/Al,05-Cu/30M03SiC deformed at 850 °C and 0.01 s—* composite, (c, d) 0.3G0O-0.5Y,03/Al,0;-Cu/30M03SiC deformed
at 850 °C and 0.01 s, (e, f) 0.3G0-0.5Y,05/Al,05-Cu/30M03SiC deformed at 950 °C and 0.01 s~ .
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750—950 °C and strain rate 0.0202—1.4918 s~* at 825950 °C.
Fig. 8(c and d) shows the hot processing of 0.3GO-0.5Y,05/
Al,03-Cu/30Mo/3SiC composites at 0.1 and 0.5 strains with the
corresponding hot compression parameters of strain rates
0.0067—0.2231 s~* at 770—950 °C and 0.0821—2.2255 s~ ' at
650—750 °C and strain rate 0.0183-0.3679 s~ * at 800—950 °C.

3.6. EBSD analysis

The grain size, shape, dislocation density, and texture evolu-
tion of composites under different deformation conditions
were analyzed by the EBSD method. Fig. 9 shows the EBSD
orientation and grain size distribution of the 0.3G0-0.5Y,05/
Al,03-Cu/30Mo03SiC and 0.5Y,03/Al,05-Cu/30Mo3SiC com-
posites deformed at different conditions. As seen in Fig. 9(a),
(c), and (e), there are different amounts of recrystallized grains
around the coarse deformed grains. The average grain size of
the 0.5Y,05/Al,05-Cu/30M03SiC composite is smaller than the
0.3G0-0.5Y,05/Al,05-Cu/30M03SiC composite under the same
deformation conditions in Fig. 9(b) and (d). This may be
because the number of fines dynamically recrystallized grains
in the 0.3GO-0.5Y,05/Al,03-Cu/30M03SiC composite is less
than in the 0.5Y,03/Al,03-Cu/30M03SiC composite in Fig. 9(a)
and (c). Meanwhile, the average grain size of the 0.3GO-
0.5Y,05/Al,03-Cu/30M03SiC composite decreased from 2.7 um
to 2.3 pm at higher deformation temperature in Fig. 9(d) and
(f). This is because the DRX of the composite is more complete
at higher temperatures, as the coarse deformed grains were
gradually replaced by recrystallized grains, and the average

T

.

=

. p=2:8%10"%mn>2

grain size decreased. Therefore, it can be concluded that the
DRX of the 0.3GO-0.5Y,05/Al,03-Cu/30M03SiC composite is
promoted by the increase in temperature.

The geometrically necessary dislocation (GND) can be
quantitatively calculated from the kernel average misorien-
tation (KAM) map. Higher values indicate higher dislocation
density. The GND can be calculated as in [50]:

20

GND _ b 12)
Here, p®P is the geometrically necessary dislocation in
m~2. 4 is the mean orientation, u is the scanning step size of
0.17 um, and b is the Burgers vector of Cu (0.255 nm). p°NP can
be obtained from the KAM map in Fig. 10. The GND of 0.5Y,05/
Al,05-Cu/30Mo03SiC and 0.3GO-0.5Y,03/Al,03-Cu/30Mo3SiC
composites deformed at 850 °C, 0.01 s~! was calculated as
2.2 x 10® m~2and 2.8 x 10" m~2, respectively in Fig. 10(a) and
(b). The GND of the composites is significantly improved
compared to Liang et al. [34]. The GND of the composite was
higher after the addition of GO at the same deformation
temperature, indicating that the addition of GO could improve
the dislocation density. However, the GND of the 0.3GO-
0.5Y,03/Al,03-Cu/30Mo03SiC composite decreased to
1.8 x 10 m~? when the deformation temperature increased
to 950 °C in Fig. 10(b) and (c). GND decreased with the defor-
mation temperature, indicating that DRX will consume dis-
locations and reduce dislocation density. This is because DRX
requires the consumption of energy stored by dislocations to

provide the driving force for DRX nucleation.

Fig. 10 — The KAM maps of the composites deformed at different conditions. (a) 0.5Y,03/A1,05-Cu/30M03SiC deformed at
850 °C and 0.01 s, (b) 0.3G0O-0.5Y,05/A1,05-Cu/30M03SiC deformed at 850 °C and 0.01 s~*, (c) 0.3G0-0.5Y,05/Al,05-Cu/

30Mo3SiC deformed at 950 °C and 0.01 s~ .
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Fig. 11 shows the EBSD grain boundary diagram and
orientation angle distribution of the 0.5Y,05/Al,05-Cu/
30Mo3SiC and 0.3GO-0.5Y,03/Al,03-Cu/30M03SiC composites
deformed at different conditions. The misorientation angle of
high-angle grain boundaries (HAGBs) of the 0.3GO-0.5Y,03/
Al,03-Cu/30Mo03SiC composite is lower than the 0.5Y,0s/
Al,03-Cu/30Mo3SiC composite deformed under the same
conditions in Fig. 11. This can be attributed to more deformed
grains and higher dislocation density in the 0.3GO-0.5Y,05/
Al,03-Cu/30Mo3SiC composite. This is because the addition of
GO enhances the accumulation of dislocations and thus re-
tards the onset of DRX. However, the percentage of 0.3GO-
0.5Y,05/Al,03-Cu/30M03SiC composite HAGBs increased from
60% to 86% with temperature in Fig. 11(c—f). As can be seen

from the KAM maps, dislocation consumption is required for
DRX. Thus, it can be inferred that an increase in the misori-
entation angle of HAGBs means an increase in DRX and a
decrease in the dislocation density. In composites, dynamic
recovery, and DRX can be promoted by consuming low-angle
grain boundaries (LAGBs) [51]. The dislocations caused by
hot deformation gradually accumulate at LAGBs, leading to
the increase of the misorientation angles and the formation of
HAGBs. Thus, the grain boundaries of the recrystallized grains
are HAGBs, and the sub-grains are surrounded by LAGBs.

Fig. 12 shows the recrystallized grains, sub-structured and
deformed grains of the 0.5Y,03/Al,05-Cu/30M03SiC and 0.3GO-
0.5Y,04/Al,05-Cu/30M03SiC composites deformed at different
conditions. Blue color represents recrystallized grains, yellow
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Fig. 11 — EBSD orientation maps and misorientation angle distribution of composites deformed under different conditions.
(a, b) 0.5Y,03/A1,05-Cu/30M03SiC deformed at 850 °C and 0.01 s~ 7, (c, d) 0.3G0O-0.5Y,05/Al,05-Cu/30M0o3SiC deformed at
850 °C and 0.01 s 7, (e, f) 0.3GO-0.5Y,03/Al,05-Cu/30M0o3SiC deformed at 950 °C and 0.01 s~ .
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color represents sub-structured grains and red color represents
deformed grains. It can be seen from Fig. 12(a—d) that the
percentage of dynamically recrystallized grains decreased after
the GO addition for the same deformation conditions. This in-
dicates that the addition of GO retards the onset of DRX. The
substructured grains dominate at 850 °C and the recrystallized
grains dominate at 950 °C in Fig. 12(c—f). This shows that the
increase in temperature promotes DRX and increases the
number of recrystallized grains in the material, which is
consistent with the results in Fig. 11.

At the same time, the texture evolution of the 0.3GO-
0.5Y,05/Al,03-Cu/30M03SiC composite at different deforma-
tion temperatures was investigated by polar and inverse polar
diagrams. In general, pole plots and antipole plots are usually

represented by low crystal exponents, such as {111}, {110}, and
{100}. In addition, the common recrystallization textures in fcc
metals are the {011} <100> Goss texture, {112} <111> Copper
texture, {111} <211> R texture, {001} <100> Cubic texture and
{011} <211> Brass texture [52,53]. The texture strength of the
composites decreases with the deformation temperature in
Fig. 13. The maximum texture strength of the polar figure is
reduced from 3.810 to 3.220, and the texture strength of the
reverse polar figure is reduced from 2.127 to 1.545. This is
because the increase in temperature promotes the DRX and
makes the texture distribution more random. In general, with
the increase of hot deformation temperature, the proportion
of Cube, Goss, Brass, Copper, and S texture decreases, while
<111>//X, <110>//X and <100>//X increased. According to the
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analysis of true stress-true strain curves and microstructure
evolution, the change of texture orientation is due to DRX.

4., Conclusions

Hot compression of the 0.5Y,03/Al,05-Cu/30Mo03SiC and
0.3G0-0.5Y,05/Al,03-Cu/30M03SiC composites was conduct-
ed at the deformation temperature ranging from 650 °C to
950 °C and the strain rate ranging from 0.001s™* to 10 s™. The
following conclusions can be drawn.

(1) The distribution of yttrium oxide in the grain boundary
inhibits grain growth. The dispersion of y-Al,O; in the
Cu matrix inhibits the dislocation movement, defor-
mation twins conducive to the increase of the peak flow
stress and activation energy of the composite.

(2) rGO was obtained by ball milling and FHP sintering. MoC
layers/nanoparticles were formed in-situ at the rGO-Cu/
Mo interface. MoC layers/nanoparticles and rGO inhibit
dislocation motion during the hot deformation of the
composite, which increases the activation energy by 11%.

(3) The optimal hot processing ranges for both composites
at 0.1 and 0.5 strain were determined. Based on the
hyperbolic sine model, the constitutive equations of the
two composites were established.

(4) The addition of GO improves the GND of the compos-
ites. The DRX is promoted with the increase of tem-
perature. The grain size, GND, HAGBs ratio, and texture
strength decreased with the increase of hot deforma-
tion temperature.
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