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ARTICLE INFO ABSTRACT

Keywords: High-performance Cu/graphene composites synergistically strengthened by nanoparticles were directly syn-
Metal-matrix composites thesized by hot press sintering using different organometallic substances, such as aluminum stearate, zinc
Graphene ) stearate, and tetrabutyl titanate, as the graphene and nanoparticle formation source. The TiO»-doped Cu/Gra-
x::}as?rlﬁiu[;re()pemes phene composite possesses high hardness, great plasticity, and high electrical conductivity due to the uniformly-
Nanoparticle distributed three-dimensional (3D) network graphene and the TiO, nanoparticles at the Cu/graphene interface.

The composite wire processed by severe cold deformation without intermediate heat treatment displays high
electrical conductivity of 92.3% IACS, great tensile strength of 497 MPa, and high softening temperature close to
400 °C, for which the graphene hinders the grain boundary movement and pins the dislocations, the TiOy
nanoparticles nail the interface and increase the roughness of graphene, the fibrous grains and the thinned
graphene along the grain boundary provide a fast path for electron transmission. The present work offers a novel

pathway for designing and fabricating high-performance Cu/Graphene conductors.

1. Introduction

The demand for high strength and great conductivity of copper alloys
continues to increase with the advancement of technology in modern
electric power systems, aerospace and transportation industries, and
advanced electronic and communication devices [1,2]. However, due to
the intrinsic physical characteristics of copper and the limitations of
traditional strengthening methods of copper alloys [3,4], it is still hard
to simultaneously obtain high strength and great conductivity. Devel-
oping new materials to further improve the combination of strength and
conductivity is urgently needed. A copper/carbon composite is a
promising alternative to conventional Cu due to its improved current-
carrying capability and enhanced mechanical strength [5-11]. Among
all, graphene consisted of sp2-hybridized carbon atoms with excellent
electrical, thermal, and mechanical properties, is reckoned as the ideal
reinforcement material for copper alloys [12-14]. Till now, so much
attention has been put into this area and a great number of works have
been reported on the fabrication and properties of graphene reinforced
copper matrix composites [15-20]. However, due to the difficulty in

dispersing graphene in the copper, the performance of Cu/Gr composites
is far from meeting the designed value. Different methods, such as ball
milling [15], electrochemical deposition [16], chemical reaction
[19,21], and chemical vapor deposition (CVD) [22], are applied to solve
the above problem. Ball milling [9] as the most commonly used method,
facilitates the dispersion of graphene but is easy to introduce defects and
impurities. Electrochemical deposition [16] can achieve uniform
dispersion of Gr, but it is not easy to prepare bulk samples with Cu/Gr
films. Chemical reaction [5] often uses graphene oxides to synthesize
composites that can realize the uniform dispersion, but the whole pro-
cess is too complicated. By contrast, CVD solves graphene agglomeration
by in-situ grown graphene on copper powders [17]. But due to the
intrinsic character of Gr and Cu powders, the interface connectivity still
needs to be further improved. Besides, the three-dimensional (3D)
structured graphene by in-situ preparation existing at the grain bound-
ary mainly achieves the effect of grain refinement strengthening by
limiting grain growth [18]. Exploiting two or more phases to synergis-
tically enhance the metal matrix by different strengthening mechanisms
provides superior performance compared to using only a single
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reinforcement phase composite [23,24]. For example, Xu et al. [23]
developed an in-situ solid-state reaction method to incorporate gra-
phene nanosheets and WC;, nanoparticles into a copper matrix to
achieve synergistic strengthening and toughening effects. Shi et al. [25]
have proposed an idea of introducing Al,O3 particles to adjust the sur-
face roughness of graphene to not only optimize the interfacial bonding
but also increase the strength, which brings about a new insight.

Here, in order to simultaneously solve the dispersion of Gr, the weak
bonding between the Gr and Cu matrix, and introduce more enhance-
ment phases to synergistically strengthen the metal matrix, organome-
tallic compounds are selected as the carbon source to in-situ introduce
Gr and nanoparticles during hot press sintering, which arouse the
composites to show simultaneous high strength and great electrical
conductivity. The synergetic effect strategy in our work might offer a
novel pathway for designing high-performance Cu/Graphene
conductors.

2. Material and methods
2.1. Fabrication of Gu/Gr composite

Spherical Cu powder with a purity of 99.9 wt% (wt%) and particle
sizes smaller than 20 pm and different kinds of organometallic com-
pounds such as aluminum stearate (C3gH71AlOs), zinc stearate
(C36H70Zn04), magnesium stearate (CseH7oMgO4), calcium stearate
(C36H70Ca0y4) and tetrabutyl titanate (C1H3604Ti) were used. Firstly,
15 g Cu powders were mixed with different qualities of organometallic
compounds by mechanical grinding. The mass of the organometallic
compound is 0.1352 g, 0.1223 g, 0.9891 g, 0.1023 g and 0.0503 g for
aluminum stearate, zinc stearate, magnesium stearate, calcium stearate,
and tetrabutyl titanate, respectively, which is calculated according to
that the metal element is completely converted into oxides and the
volume percentage of the oxides is 0.5%. Secondly, the mixed powders
were put into a ®12.7 mm graphite die and hot-pressed at a pressure of
50 MPa and 900 °C for 1 h in a high vacuum (5 x 1073 Pa). Then the
polished sintered sample with the dimension of ®12.4 mm was cold
forged into ®8 mm rods, cold rolled to ®3.2 mm, and then cold drawn to
0.49 mm. Finally, the cold drawn wires were annealed at different
temperatures for 1 h in a high vacuum. For comparison, pure Cu samples
were prepared by the same process. For simplicity, these composites
doped with aluminum stearate, magnesium stearate, zinc stearate, cal-
cium stearate, and tetrabutyl titanate are referred to as Cu/Gr-Al, Cu/Gr-
Mg, Cu/Gr-Zn, Cu/Gr-Ca, and Cu/Gr-Ti, respectively. The schematic
diagram of the preparation process of the samples is shown in Fig. 1.
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2.2. Microstructure characterization and performance testing

The crystal structures of the composites were identified by an X-ray
diffractometer (XRD) under Cu Ka radiation, with a scanning speed of
10°/min and a step size of about 0.02°. The microstructures of the
samples were characterized by scanning electron microscopy (SEM,
ZEISS SIGMA), electron backscattered diffraction (EBSD), and trans-
mission electron microscopy (TEM, JOEL 2100) with energy dispersive
spectrometry (EDS). The structural defects of the in-situ formed Gr were
analyzed by Raman spectroscopy (RENISHAW inVia), using a 532 nm
green diode laser. The X-ray photoelectron spectroscopic (XPS) mea-
surements were carried out on a PHI Quantera II system to analyze the
element and valence of the composites. The carbon content of the
samples was obtained by the high-frequency infrared carbon and sulfur
analyzer (2021CS-901B). The amount of metal elements actually doped
was detected by wavelength dispersive X-ray fluorescence spectrometer
(ZSX Pimus II). The tensile properties of the cold drawn wires with a
gage length of 50 mm, and a diameter of 0.49 mm were conducted on a
CMT6104 universal machine from MTS at the tensile rate of about 0.5
mm/min. The hardness of deformed and annealed samples was
measured at 9 points by the sclerometer with a load of 200 g and a
holding time of 15 s. By removing the maximum and minimum values,
the average hardness was got from the remaining 7 points. The electrical
conductivity of bulk and sheet samples was measured by the Sigma
2008B eddy current conductivity meter at three different places on both
sides, the electrical conductivity of the composite wires was measured
by the high-precision Keithley current-voltmeter (cold drawn wires) at
ambient temperature for three samples on the same wire, then the
average value was got.

3. Results and discussion

3.1. The microstructure of graphene and nanoparticles synergistically
strengthened Cu composite and its formation process

A previously reported in-situ preparation method was used to grow
graphene inside the Cu matrix [18,26]. A large difference here is the
different organometallic compounds used as the carbon source. The SEM
images in Fig. 2(a) and (b) give the typical two-phase structure of the
sintered composite using the aluminum stearate as the carbon source
(Cu/Gr-Al), for which the dark area is the Cu matrix, the bright area is
the graphene, and graphene mostly exist along the grain boundary. After
etching the copper matrix in the mixed FeCls and HCl solution, the 3D
discontinuous network structure of graphene is clearly seen [Fig. 2(c)].
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Fig. 1. The schematic diagram of the sample preparation process.
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Fig. 2. The microstructure of the Cu/Gr-Al composite (a) and (b) SEM images; (c) the 3D Gr skeleton of the composite etched by the mixed FeCl; and HCl solution;
(d) the Raman spectrum of the Gr; (h) XPS spectra and (f) the XRD pattern of the sintered Cu/Gr-Al composite; (g) TEM bright field image; (h) and (i) the HRTEM

images of the interface and graphene area.

The Raman spectroscopy in Fig. 2(d) with the D/G ratio of about 0.87
confirms that the resulting graphene is defective and multi-layered, for
which the 2D peak is disappeared. This may stem from the irregular
surface of the copper powder, the high concentration of carbon source,
and the long growth process without Hy [27,28]. The XPS spectroscopy
measured shows O1s (531 eV), CuLMM (570 eV), Cu 2p3/2 (931 eV), Cu
2p1/2 peak (952 eV), and Al 2p peak (74.8 eV). However, by the EDS
measurement, the Al element is not found which implies a very little
amount of Al. To validate the purpose of the design, the TEM experiment
was conducted, and the bright-field TEM microstructure in Fig. 2(g) is
similar to that of SEM. The local EDS result shows that Al is rich in the
graphene area. From the HRTEM image in Fig. 2(h) and (i), a great
number of nanoparticles are found at the Gr area and Cu/Gr interface.
By calibrating the interplanar spacing and the diffraction pattern of the
yellow area and combining with the atomic percentage of Al to C, it is
determined that the nanoparticles are y-AlyO3 particles. From Fig. 2(i),
there is an evident transition zone between the Gr and Cu matrix,
without voids and impurities, which implies a strong interface. From the
above results, it is deduced that during the sintering process, the
aluminum stearate decomposes into Al;O3 and carbon groups, and then
the carbon groups grow into graphene under the catalysis of copper at a
high temperature.

3.2. The microstructure and performance of Cu/Gr composites fabricated
by different carbon sources

Based on the above design, different organometallic compounds
have been selected as the carbon sources to explore their effects on the
properties of the composites. Fig. 3 shows the variation trend of elec-
trical conductivity and hardness using different carbon sources. It is
clear that the hardness increases substantially by doping all carbon
sources compared with pure copper. Besides, compared with the gra-
phene reinforced copper composites with high carbon content prepared
by using liquid paraffin as the carbon source in our previous work, the
hardness is significantly higher, which is not only due to the graphene,
but also be attributed to the strengthening effect of nano oxide particles
[18]. However, the electrical conductivity all decreases. By comparison,
the Cu/Gr-Al and Cu/Gr-Ti composites possess both high hardness and
great electrical conductivity, for which the hardness values are 75.8 HV
and 79.3 HV and the electrical conductivity values are about 92.1 %
IACS and 95.2 %IACS, respectively.

In order to explore the factors influencing the properties, the mi-
crostructures are analyzed, as exhibited in Fig. 4. All composites present
multiple phases with the dark Cu matrix and bright Gr phase. The typical
D band representing defects at 1368 cm™! and the G band denoting
crystallinity at 1576 cm ™! confirm the existence of the multi-layer Gr.
The intensity ratio between the D and G bands (Ip/Ig = 0.76— 0.90)
implies the relatively high defects of the formed Gr [29]. The obvious
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Fig. 3. The variation trend of electrical conductivity and hardness by intro-
ducing different carbon sources.

peak at 611 ecm ™! in Fig. 4(1) should be from TiO, according to the lit-
eratures [30,31] After etching, the three-dimensional (3D) network
morphology of graphene for all samples is clearly seen, especially the
Cu/Gr-Al composite [Fig. 2(c)]. The carbon content of these composites
which can be related to the doping content of the organometallic com-
pounds is 0.1266 wt%, 0.073 wt%, 0.1509 wt%, 0.1602 wt%, and 0.052
wt% for Cu/Gr-Al, Cu/Gr-Mg, Cu/Gr-Zn, Cu/Gr-Ca, and Cu/Gr-Ti,
respectively. Since the in-situ grown graphene is flawed and relatively
thick, it makes the electrical conductivity decrease. But compared with
Cu/Gr composites prepared by other methods, the conductivity reduc-
tion of this in-situ graphene strengthened Cu composite is relatively
small [15,32]. By consideration of the properties and microstructure, it
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indicates that the less content, the thinner, and the better the quality of
Gr with 3D structure, the higher the electrical conductivity and the
hardness [33,34], especially the Cu/Gr-Ti composite. Besides, other
factors, such as the microstructure of the matrix, the interface bonding
condition, and the content and properties of the oxide, can also influence
the overall performance [18,35].

Since it is difficult to detect oxide nanoparticles from the SEM image
and EDS analysis, TEM is conducted on the Cu/Gr-Ti sample. Fig. 5(a)
provides a TEM image of the sintered Cu/Gr-Ti composite. The poly-
crystalline structure is clearly visible, with graphene mostly distributed
at the grain boundaries. By zooming in on the area where the graphene is
located, a large number of nanoparticles are shown on top of the gra-
phene or at the Cu/graphene interface [Fig. 5(b) and (d)]. By the local
EDS analysis, these particles are Ti-containing substrates. The HRTEM
images of the red rectangle areas in Fig. 5(b) and (d) confirm that this
kind of particle is TiOy, which is well bonded to the Cu matrix and
graphene without a clear interface or holes. The size of the particle
varies from 5 nm to 50 nm. Thus, it is confirmed that the TiO5 nano-
particles were in-situ generated during sintering. In particular, the TiOy
nanoparticles formed at the interface favor pinning the interface and
enhancing the interface bonding. In addition, the nanoparticles on top of
graphene can increase the surface roughness of graphene and further
improve interfacial bonding [25].

However, although Ti doping can effectively improve interfacial
bonding, its doping content must be appropriate. Excessive elemental
doping can lead to an inhomogeneous structure and deteriorated per-
formance, as seen in Fig. 6. With increasing thecontent of tetrabutyl
titanate, the in-situ formed TiO; turns to a bulk shape, showing an un-
even distribution mostly along the grain boundary, and the graphene
becomes thicker and more abundant. All these factors lead to severe
scattering of electrons and cause decreased electrical conductivity,
without bringing in a noticeable increment of hardness [18].
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Fig. 4. The SEM images and Raman spectra of sintered Cu/Gr-Mg, Cu/Gr-Zn, Cu/Gr-Ca, and Cu/Gr-Ti composites: (a), (b), (c), and (d) are the SEM images after
electrolytic polishing without etching; (e), (f), (g), and (h) are the SEM images after etching in the mixed FeCl3 and HCl solution for 1 h; (i), (j), (k), and (1) are the
Raman spectra.
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Fig. 5. The TEM image of the sintered Cu/Gr-Ti composite (a), (b) bright-field image, the inset table is the composition of the area indicated by the yellow arrow; (c)
the HRTEM image of the red rectangle area in (b); (d) bright-field image; (e), (f) he HRTEM image of the red rectangle area in (d) marked as A and B, respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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T. Zuo et al.

3.3. The microstructures and mechanical properties of the cold drawn
Cu/Gr-Ti composite wires

The sintered Cu/Gr-Ti composite possesses excellent deformability.
It can be directly processed from a sintered cylinder with a diameter of
12.4 mm into a wire with a diameter of 0.49 mm by cold forging, cold
rolling, and cold drawing, without internal annealing. The surface of the
cold drawn wire is smooth and defect-free, and the internal micro-
structure is gradually transformed from isotropic equiaxed grains to
oriented fibrous grains with the graphene fractured and thinned (Fig. 7).
The grain sizes are 0.33 pm in the cross section and up to tens to hun-
dreds of microns in the longitudinal direction. This attributes to the axial
tensile stress and radial compressive stress applied to the sample during
the cold drawing process.

Fig. 8 presents the microstructure evolution of the Cu/Gr-Ti com-
posite during the cold deformation process. During cold forging [Fig. 8
(a)-(c)1, the grains are elongated perpendicular to the forging direction
under the radial compressive stress applied. The copper and graphene
still maintain a well-bonded interface, without cracks and holes. Bulk
TiO4 particles are still visible in local areas, while TiO nanoparticles can
also be found on top of graphene. After cold rolling [Fig. 8(d)-(f)], due to
the large deformation, the graphene is fragmented and most aligned
discontinuously along the grain boundary, and a small part is embedded
in the copper grains, which can hinder dislocation slip between the
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copper grains, its thickness becomes obviously thinner. Some TiO»
particles are refined and nailed at the interface. When cold drawing the
wire to 0.49 mm, the elongated fibrous grains are clearly visible, and the
graphene is further thinned. It is difficult to observe the larger TiOy
particles. By the high-resolution TEM analysis (HRTEM), TiO, particles
of 5-10 nm can be found at the interface, which is bonded with Cu
matrix and graphene tightly.

Due to this slender fibrous grain structure and strong interfacial
bonding, the cold drawn wire exhibits excellent mechanical properties
and maintains a high electrical conductivity. Fig. 9(a) gives the room-
temperature stress-strain curves of three samples for the cold drawn
wire. The uniformity of the sample is very good. Its yield strength and
tensile strength can reach 471 MPa and 497 MPa, respectively, which
are 21% and 25% higher than those of the pure Cu wire [36], with the
electrical conductivity of about 92.1%IACS, for which the content of Ti
is only 0.2056 wt% and the graphene is only 0.052 wt%. According to
the microstructures, there are several reasons contributing to the supe-
rior mechanical properties [23,33,37,38]: (1) the grain refinement
caused by the in-situ formed graphene along the grain boundary, which
significantly restricts grain growth during sintering, leading to obvious
grain refinement strengthening, which can be calculated by the Hall-
Petch relationship (Aogr = «(d¢ 2 _ d212), where Acgg is the
strengthening contribution from the grain refinement, « is 0.14 MPa m'/
2 for Cu, d. and dy, are the average grain sizes of the Cu/Gr-Ti composite

Sintered Cu/Gr-Ti
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Fig. 7. The EBSD grain maps of the longitudinal section of the Cu/Gr-Ti composites and pure Cu under different processing conditions (a) the sintered sample, (b) the
forged sample, (c) the cold drawn wire, (d), (e), (f) the wire annealed at 300 °C, 400 °C and 500 °C for Cu/Gr-Ti; (g) the sintered sample, (h) the cold drawn wire and

(i) the wire annealed at 200 °C, 400 °C and 500 °C for pure Cu.
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Fig. 8. The TEM images of the Cu/Gr-Ti composite during deformation (a), (b), (c) the cold forged sample; (d), (e), (f) the cold rolled sample; (g), (h), (f) the cold
drawn wire; for which (a), (d), (e) and (g) are the bright-field images; (b), (c), (f), (h), and (i) are the HRTEM images of the interface between the Cu-TiO,-graphene.
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temperatures, (d) the cold drawn Cu wire and (e) the annealed Cu/Gr-Ti composite wires at different annealing temperatures; (c) and (f) are the variation of hardness
and electrical conductivity as a function of the annealing temperature for cold drawn Cu/Gr-Ti composite wire and Cu wire, respectively [36].
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and pure Cu, respectively). It is worth noting that, after the cold drawing
process, the large deformation further refined the copper grains and the
fibrous grains are elongated along the stretching direction. Hence, the
strength could be further improved [33]; (2) the tight interfacial
bonding brought about by the pinning effect of TiO3 nanoparticles at the
interface and the enhanced mechanical interlocking caused by TiOs
nanoparticles at the graphene surface achieve a sufficient load transfer
between the matrix and the graphene [25,39]; (3) the graphene and
TiOy nanoparticles obstructed the dislocation movement and caused
stress concentrations at the dislocation accumulation sites, leading to
dislocation strengthening for which the stress needs to increase when
further moving dislocations [23,39]. For the high electrical conductiv-
ity, the fibrous grains distributed along the axial direction reduce the
scattering of electrons by lateral grain boundaries, the thinned and
directionally aligned graphene acts as a channel for electron transport
[33].

More importantly, the Cu/Gr-Ti wire also exhibits superior high-
temperature performances [Fig. 9(b) and (c)]. After annealing at
300 °C, 400 °C, and 500 °C for 1 h, the yield strength can still be 276
MPa, 187 MPa, and 162 MPa, which is 217%, 122%, and 116% higher
than that of a pure Cu under the same annealing condition [Fig. 9(e)];
and the tensile strength maintains 318 MPa, 235 MPa, and 227 MPa.
Besides, the elongation increases obviously. The softening temperature,
which is always used to study the softening resistance of a material, is
defined as the temperature at which the hardness drops to 80% of the
initial value after being annealed for 1 h. For the Cu/Gr-Ti wire, its
hardness decreases linearly with the annealing temperature, and it is
reduced from 128.3 HV to 92 HV when annealing at 500 °C. According
to Fig. 9(c), the softening temperature is close to 400 °C, which is much
higher than that of pure copper in Fig. 9(f) [18,26]. By carefully
observing the grain structures after annealing [Fig. 7(d)-(e)], it is not
difficult to find that, recrystallization has begun to occur in local areas
when annealing at 300 °C. When further increasing the annealing
temperature, the degree of recrystallization continues to increase, and
the grains gradually connect and grow up, but still maintaining the
original drawn grain orientation. By comparison, the pure Cu wire has
been fully recrystallized at 200 °C, and the grains have undergone a
secondary growth [Fig. 7(h)-(i)]. Hence, it can be deduced that the
presence of graphene and oxides delays the recrystallization, hinders
grain boundary migration and grain growth, and makes the composite
wire display excellent softening resistance [40]. At the same time, after
annealing, some point defects and dislocations inside the wire are
eliminated, and the electrical conductivity is improved [18]. This
composite wire shows good prospects for high-temperature applications,
such as railway contact wire and integrated circuit lead frames.

4. Conclusions

Driven by the idea of in-situ preparation and strengthening through
multiphases, we innovatively introduce different organometallic sub-
stances, such as aluminum stearate, zinc stearate, and tetrabutyl titanate
as the carbon source and nanoparticle formation source to in-situ grows
high-quality graphene and oxide nanoparticles in copper through vac-
uum hot-press sintering. This strategy allows the aggregation and
interface-bonding problems of graphene in copper to be solved simul-
taneously and brings simultaneous high strength, great conductivity,
excellent plasticity, and strong softening resistance for TiO2 doped Cu/
graphene composite. The uniformly-distributed 3D graphene network
acts as an electron transport channel. The in-situ generated nano-sized
TiO4 particles pin the Cu/graphene interface, hinder the grain growth,
and favor load transfer. The TiO, and graphene synergistically
strengthened Cu composite wire obtained by severe cold deformation
exhibits a high electrical conductivity of 92.3% IACS, a high tensile
strength of 497 MPa, and a high softening temperature close to 400 °C.
And in the future, by selecting more appropriate organometallic sub-
stances, adjusting sintering and deformation processes, and regulating
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the types of nanoparticles and the quality of graphene, Cu/ graphene
composite conductors with higher performance can be obtained. The
present work provides a good idea for searching for suitable carbon
sources to fabricate high-performance Cu-based conductors synergisti-
cally improved by in-situ formation of graphene and nanoparticles.
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