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A graphene reinforced Cu/CeO.Cr electrical contact material with high strength and electrical conductivity was
designed. Graphene oxide (GO) was prepared with modified Hummers’ method. Composite powders of GO, ceria
nanoparticles, copper and chromium were prepared by freeze-drying. The GO-Cu/0.5Ce0230Cr electrical contact
material was prepared by spark plasma sintering. Raman and X-ray photoelectron spectroscopy (XPS) charac-
terization results indicated that during the sintering process, the graphene oxide was transformed into reduced
graphene oxide (RGO). In addition, SEM and TEM characterization results indicated that the CeO2 nanoparticles
were uniformly dispersed in the matrix, which hindered the movement of dislocations and improved the strength
of the matrix, and a small amount of carbon atoms combined with Cr to form Cr3Cp, enhancing the interface
bonding. Compared with Cu/0.5CeO230Cr composites, the electrical conductivity, hardness, tensile strength, and
welding resistance of the two composites containing 0.5 wt% and 1.0 wt% GO were both improved and the
0.5G0-Cu/0.5Ce0230Cr composites have better welding resistance.

1. Introduction

As shown in Fig. 1, the copper alloys and copper matrix composites
are widely used in aerospace and electronics industry due to their high
conductivity [1], high thermal conductivity [2], wear resistance [3,4],
arc erosion resistance [5] and high temperature stability [6]. With the
development of many national projects and the upgrading of power
system, the demand for safety and efficiency of related materials is
increasing. High voltage circuit breaker is the main electrical control
equipment in substation. It cannot only cut off or close the no-load
current and load current in high-voltage circuit when the system is in

normal operation, but also cooperate with relay protection to cut off the
fault current quickly and prevent the expansion of accident scope when
the system fails [7,8]. Contact is an indispensable part of high voltage
circuit breaker, which is mainly used to connect and disconnect the
circuit. In the process of generation, maintenance and elimination of
electrical contact, a variety of physical and chemical phenomena will
occur [9]. The contact of high-voltage circuit breaker should not have
too high temperature rise when passing the current, and it can withstand
the destructive effect of intermittent arc [10], thus, the material should
have the characteristics of high conductivity and thermal conductivity,
wear resistance, arc erosion resistance, anti-welding, and low contact
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Fig. 1. Application of copper matrix.

resistance. Copper matrix composites can be used as electrical contact
materials because of their excellent properties, and different reinforcing
phases have different reinforcing effects in the materials [11].

Copper has low melting point, high electrical conductivity, and good
plasticity, while chromium has high melting point, mechanical strength,
low cut-off value, strong breaking ability, and great affinity for oxygen.
Moreover, the low solubility of chromium in copper makes the com-
posite material composed of copper and chromium has the advantages of
both phases. Therefore, copper chromium contact is considered as an
ideal electrical contact material in high-power field [12]. Due to its
special atomic structure and activity, rare earth elements are used as
trace additives in metal materials, which can eliminate impurities, refine
grains, inhibit recrystallization, and improve material composition [13].
CeO2 with nanometer size can not only retains the unique electronic
layer structure of rare earth elements, but also has the size effect, which
makes the material have a high-density interface [14]. Due to the
improvement of redox performance, transport performance and specific
surface area [15], nanostructured ceria has attracted extensive attention
in academic circles, mainly including the design, synthesis, and appli-
cation of nanostructured ceria [16-20].

Graphene is a new kind of material, which is closely packed with
carbon atoms connected by sp? hybrid to form a single-layer two-
dimensional honeycomb lattice structure [21-23]. It is the
two-dimensional crystal material with the highest strength and hardness
among the known two-dimensional materials. Its theoretical elastic
modulus is as high as 1 TPa, tensile strength reaches 130 GPa, and the
thermal conductivity of single-layer graphene as high as 5000 W/mkK,
which is more than ten times that of copper, in terms of electrical
properties. Besides, its carrier mobility can reach 200,000 cm?/(V-s)
[24]. Compared with copper, graphene is an ideal reinforcement for the
development of high performance, especially high conductivity metal
matrix composites [25-30]. Therefore, graphene and its derivatives,
such as GO and RGO, have attracted more and more attention as ideal
reinforcements of metal matrix composites. Copper matrix composites
reinforced with graphene and nano particles not only have high hard-
ness and high strength, but also have high wear resistance and good
chemical stability, which is a kind of functional materials with excellent
comprehensive properties. Xiaohui Zhang et al. [9] prepared GO/Aly.
03-Cu/35W5Cr composites by wet grinding and vacuum hot-pressing
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sintering. The Cr3C, formed in situ possessed high hardness and good
wettability to copper, and the interface bonding, interface strength and
mechanical properties were enhanced through coupling effect. The
tensile strength of the samples with GO were obviously higher than that
of the original sample. Ke Chu et al. [31,32] prepared graphene/copper
matrix composites by ball milling and hot-pressing sintering. Compared
with pure copper, the yield strength and Young’s modulus of the com-
posites with 8 vol% GNP increased by 114% and 37%, respectively. In
addition, a small amount of Cr;Cs layer/nanoparticles were formed on
the RGO/CuCr interface, which greatly improved the interface bonding
of the composites. The tensile strength of 2.5 vol% RGO/CuCr composite
was 352 MPa, 82% and 19% higher than CuCr alloy and 2.5 vol%
RGO/Cu composite, respectively. The increase of strength of RGO/CuCr
composites was attributed to the dual role of Cr;Cs layer/nanoparticles,
which not only improved the load transfer efficiency, but also improved
the dislocation strengthening ability of RGO itself. Yakun Chen et al.
[33] prepared graphene/copper composites by in-situ growth method
and vacuum sintering. The strengthening effect of in-situ grown gra-
phene in the matrix promoted load transfer and dislocation strength-
ening. The yield strength and tensile strength of the sample containing
0.95 wt% graphene were 244 MPa and 274 MPa, respectively, 17.7%
and 27.4% higher than pure Cu. Based on the strategy of powder met-
allurgy, a three-dimensional continuous graphene network structure
was constructed by Xiang Zhang et al. [34] in copper matrix with
thermal stress-induced welding between graphene like nanosheets
grown on the surface of copper powder. The interpenetrating structural
characteristics of the composites not only increased the interfacial shear
stress to a higher level, but also significantly enhanced the load transfer
strengthening and crack bridging toughening. At the same time, the
conductivity and thermal conductivity of additional three-dimensional
Super channels were also constructed. Many studies [35-44] have
shown that the mechanical properties of metal matrix composites doped
with graphene nanocrystals, graphene oxide or reduced graphene oxide
have been improved to a certain extent.

We proposed to investigate the strengthening effect of graphene and
nanoparticles in metal matrix by the improving Hummers’ method and
spark plasma sintering (SPS) process. This method avoids the agglom-
eration and thermal damage of graphene sheets in the preparation
process of graphene/metal nanocomposites. The first key point was the
uniform dispersion of graphene. Ultrasonic dispersion and freeze-drying
were used to avoid the agglomeration of graphene, so that graphene can
be dispersed evenly and form chemical bonding with nanoparticles and
composite matrix. The second key point was SPS, which solidified the
metal powders by local Joule heating and spark plasma generated be-
tween individual powders [45,46]. The self-heating generated by the
discharge between the powder particles accelerated the heating and
cooling rate, which not only limited the growth and diffusion of the
grains in the sintering process, but also reduced the average sintering
temperature [47,48].

2. Materials and methods
2.1. Experimental materials

Cu powder with an average particle size of 5-10 pm
(purity>99.95%) were provided by Nangong Xiangfan alloy material
Co., Ltd.;; Cr powder with an average particle size of 44 um
(purity>99.95%) was provided by Beijing Xing Rong Yuan Technology
Co., Ltd.; ceria powder with an average particle size of 50 nm
(purity>99.95%) was provided by Shanghai Aladdin Biochemical
Technology Co., Ltd. Graphite powder (purity>99.5%, 300 mesh),
concentrated sulfuric acid (the drug content is 95% and 98%), sodium
nitrate (content>99%) and potassium permanganate (content>99.5%)
were weighed in the ratio of 1 g: 30 ml: 0.5 g: 6 g.
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2.2. GO-Cu/0.5Ce04/30Cr preparation of electrical contact materials

Add concentrated sulfuric acid, sodium nitrate and graphite powder
into the beaker in turn, continuously stir in the ice water bath, keep the
system temperature below 5 °C, then add potassium permanganate in
three times, with an interval of 10 min each time, keep the system
temperature below 20 °C, react for 2 h, raise the temperature to 35 °C,
continue to react, continue to raise the temperature to 90 °C, and add
deionized water react for 30 min 30% hydrogen peroxide was added and
stirred in a water bath at 33 °C, then centrifuged washed with dilute
hydrochloric acid and deionized water, and freeze-dried (LGJ-12 freeze
dryer) for standby. A certain amount of graphene oxide and cerium
oxide were dissolved in deionized water and ultrasonically dispersed
(KQ-100 Ultrasonic Cleaners) to prepare suspension. The ball milled Cu
and Cr composite powder for 4 h at 350 rpm (QM-3SP2 planetary ball
mill) was added and mechanically stirred (JJ-1) at 300 rpm for 30 min,
the composite powder was obtained after freeze-drying. Graphene and
nano particles reinforced copper chromium electrical contact materials
were prepared by densification in spark plasma sintering furnace (SPS-
20T-10). Process parameters of spark plasma sintering: sintering tem-
perature 900 °C, pressure 30 MPa, holding time 10 min. The experi-
mental process is shown in Fig. 2.

2.3. Performance test

The conductivity of the sample is measured by conductivity meter
(Sigma 2008B1). The relative density of samples was measured and
calculated by Archimedes method (MS304S density instrument). The
hardness was measured by Vickers hardness tester (HV-100). The tensile
test was carried out by universal testing machine (SHIMADZU AG-I 250
KN) at room temperature. X-ray diffraction (XRD) and Raman spec-
troscopy were used to analyze the phase. The structure of GO was
analyzed by X-ray photoelectron spectroscopy (XPS), the excitation
source was Mg Ka-1253.6 eV, the electron emission angle was 0°, the
size of analyzed area was 650 pm, the samples were not sputtered,
etched, and no charge neutralizer was used before analysis. The base
pressure during analyses was 3.5 x 1077 Pa [49]. However, it is a very
uncertain process to adjust the spectrum obtained from the experiment
with reference to the Cls peak. As a typical unknown compound,
amorphous carbon is not included in the sample. Direct alignment of
them will lead to error in the results [50,51]. Therefore, the work
function method [52] needs to be used, which will produce less error
than adjusting the spectrum only with reference to the traditional C 1s
peak. The negative bias voltage can be applied to the sample, and the
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cut-off edge of the low kinetic energy secondary electron can be ob-
tained by collecting the secondary electron data at the low kinetic en-
ergy end, so as to calculate the work function of the material [53,54].
Through UPS experiments and calculations, the work functions of two
composite materials 0.5G0O-Cu/0.5Ce0»30Cr and 1.0GO-Cu/0.5-
Ce0230Cr are obtained ®gp are 4.46 eV and 4.35 eV, respectively, there
is a relationship between the samples under experimental conditions E§
+ ®sp = 289.58 eV, so the values of E5 are 285.12 eV and 285.23 eV, the
binding energy of the C 1s peak is denoted as E§ [49]. JEM-2100
transmission electron microscope (TEM) and JSM-7800F field emis-
sion scanning electron microscope (SEM) were used to analyze the
microstructure of the samples. Finally, the electrical contact experiment
was carried out with JFO4C electrical contact test system.

3. Results and discussion
3.1. Morphology of graphene oxide and composite powder

Fig. 3(a and b) shows the TEM and HRTEM images of GO edge. It can
be seen from the figures that there are many folds and overlaps on the
boundary of GO. The folds and overlaps between lamellae mean that
oxygen-containing functional groups are successfully introduced. Hy-
droxyl and carboxyl groups are distributed on the edge of GO, which
makes the edge of GO curl and fold inward [55]. The Fresnel fringes of
GO can be clearly seen from the high-resolution image, and the number
of layers of GO is estimated to be less than 10, which indicates that the
structure of GO obtained by oxidation of graphite is very good. The
composite powders were analyzed by SEM and GO flakes were observed
in the scanning images of the two composite powders in Fig. 3(c and d).
After ball milling and freeze-drying, the structure of GO sheets in com-
posite powders are intact and favorable. Copper powder, chromium
powder and ceria nanoparticles were observed on the surface of the thin
sheet with uniform distribution. The element content of GO in the
composite powders was determined by EDS point scanning, which are
shown in Fig. 3(e and f). Dark field images of GO in 0.5GO-Cu/0.5-
Ce0230Cr, 1.0G0O-Cu/0.5Ce0230Cr composite powders are shown in
Fig. 3(g and h), which is a typical diffraction ring of graphene oxide. In
order to further determine the existence of graphene oxide, the com-
posites were characterized by XRD, Raman and XPS, as shown in Fig. 4.

3.2. XRD, Raman and XPS analysis of graphene oxide and composite
powders

Fig. 4(a) shows the XRD patterns of graphite and GO. It can be seen
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Fig. 2. The experimental process.
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Fig. 3. (a, b) TEM/HRTEM images of GO; (c, d) SEM images of 0.5GO-Cu/0.5Ce0230Cr, 1.0GO-Cu/0.5Ce0»30Cr composite powders; (e, f) EDS points scanning of
GO in 0.5GO-Cu/0.5Ce0230Cr, 1.0GO-Cu/0.5Ce0,30Cr composite powders; (g, h) Dark field images of GO in 0.5GO-Cu/0.5Ce0,30Cr, 1.0GO-Cu/0.5Ce0,30Cr
composite powders.
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Fig. 4. (a) XRD patterns of graphene oxide and graphite; (b) XRD patterns of composites; (c) Raman spectra of GO; (d) XPS analysis of GO-C 1s; (e) XPS analysis of
0.5GO-Cu/0.5Ce0230Cr —C 1s; (f) XPS analysis of 1.0GO-Cu/0.5Ce0230Cr —C 1s; (g) XPS analysis of GO-O 1s; (h) XPS analysis of 0.5GO-Cu/0.5Ce0230Cr -O 1s; (i)
XPS analysis of 1.0GO-Cu/0.5Ce0,30Cr -O 1s.

from the figure that there is a high intensity and sharp (002) diffraction potassium permanganate strong oxidant, the characteristic peak of
peak of graphite at about 26 = 26.5°and the layer spacing d = 0.34 nm graphite at 20 = 26.5°and the diffraction peaks of other crystal planes
can be calculated according to the Bragg equation (2dsin® = n A). At the disappear, while a (001) characteristic diffraction peak of GO appears at
same time, weak diffraction peaks such as (101) (004) appeared. When about 26 = 10.3° and the interlayer spacing increases to d = 0.86 nm,
graphite is oxidized to graphite oxide by concentrated sulfuric acid and which is nearly three times of the interlayer spacing of graphite.
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This is mainly because the intercalation oxidation of oxygen-
containing functional groups destroys the intermolecular force be-
tween the graphite sheets, and makes the carbon atom layer spacing of
graphite increase sharply [56], which indicates that the graphite is
completely oxidized. At the same time, the characteristic peak of GO
shifts to low angle and widens due to the destruction of the regular
crystal structure of graphite and the decrease of its order. Fig. 4(b) shows
the XRD pattern of the composites. The X-ray diffraction reflection at 26
= 43.3°, 50.5° and 74.2° corresponds to the (111), (200) and (220)
planes of Cu respectively, and the weak diffraction reflection at 20 =
44.3°, 64.5° and 81.7° corresponds to the (110), (200) and (211) planes
of Cr respectively.

Raman spectrum is a kind of scattering spectrum, which can be used
to analyze the scattering spectrum with different frequency from the
incident light to get the information of molecular vibration and rotation
of carbon materials. Fig. 4(c) shows the Raman spectrum of GO. As
shown in the figure, the D and G peaks of GO appear at 1351 cm™! and
1581 em ™! [57,58], respectively. The D peak at 1351 cm™! involves a
double resonance Raman process of defect scattering, so the defects of
graphene will be reflected in its Raman D peak [59]. In addition, the G
peak at 1581 cm’! represents the in-plane stretching vibration of the C
atom sp? hybrid. The peak intensity ratio of the D peak to the G peak can
be used to characterize the defect size of GO. The Ip/I; value of GO is
0.92, which indicates that the quality of GO is good and its original
structure can be maintained after freeze-drying.

X-ray photoelectron spectroscopy (XPS) is a technique for analyzing
the surface chemical properties of materials, which can be used to
characterize the composition and chemical bonding state of GO. The
elemental states and bonding mode of carbon atoms in the material can
be obtained from the C 1s spectrum, as shown in Fig. 4(d—f). After fitting
the C 1s spectrum, the characteristic signal peaks of GO were located at
284.70 eV, 286.50 eV, 287.10 eV and 288.40 eV, the characteristic
signal peaks of 0.5GO-Cu/0.5Ce0,30Cr were located at 285.12 eV,
286.92 eV, 287.52 eV and 288.82 eV, the characteristic signal peaks of
1.0GO-Cu/0.5Ce0230Cr were located at 285.23 eV, 287.03 eV, 287.63
eV and 288.93 eV, corresponding to the carbon double bond and single
bond (C=C/C-C), epoxy group (C-0), carbonyl group (C=O) and
carboxyl group (COOH) of sp? and sp®, respectively [60-62]. In order to
find the reduction of GO during SPS, the content percentages of different
functional groups were calculated. Compared with GO, it can be seen
from Table 1 that the proportions of C—C/C-C bonds in both composites
increase, while the proportions of C=0 and C-O bonds decrease. This
shows that most of GO is reduced to RGO during SPS, which is a great
significance to restore the conductivity of graphene. Fig. 4(g—i) show the
O 1s spectra of GO and two composites. The characteristic peaks of
oxygen atom appear in the O 1s spectrum of the composites, as shown in
Fig. 4(g), in addition to the lattice oxygen of ceria at 532.23 eV, an
obvious shoulder peak is observed at 530.58 eV, representing the oxygen
absorbed in hydroxyl, carboxyl and epoxy groups, the same is true in
Fig. 4().

3.3. Analysis of mechanical properties of composites

The comprehensive properties of relative density, conductivity,
Vickers hardness and tensile strength of the two composites are shown in
Table 2. Compared with the conductivity of Cu/0.5Ce0230Cr without
GO doping, the conductivity of the composite doped with 0.5 wt% GO
reaches 64.59 %IACS, which is increased by 12.88%. In the sintering

Table 1

Area percentages of different carbon bonds.
Sample C=C/C-C Cc-0 c=0 COOH
GO 36.65% 28.23% 26.96% 8.16%
0.5G0-Cu/0.5Ce0,30Cr 61.97% 16.15% 11.44% 10.44%
1.0GO-Cu/0.5Ce0,30Cr 49.70% 19.32% 17.74% 13.24%
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Table 2
Comprehensive properties of composites.
Sample Relative Electrical Vickers Tensile
density/% conductivity/% hardness/ Strength/
IACS HV MPa
Cu/ 98.14 57.22 110.88 247.86
0.5Ce0,30Cr
0.5GO-Cu/ 99.05 64.59 133.02 358.91
0.5Ce0,30Cr
1.0GO-Cu/ 98.37 60.19 167.18 326.54

0.5Ce0230Cr

process, GO can be reduced into RGO with good conductivity. In addi-
tion, according to the XPS analysis, the content of GO decreased, and the
effect of RGO on the conductivity of the composite was more significant
than GO, so the conductivity of the composite doped with GO was
improved. Although the functional groups of GO cannot completely
remove during SPS sintering process, which will lead to a slight decrease
in conductivity, the relative density of the composites was improved
because the pressure reached 30 MPa during SPS sintering process.
These factors are the reasons for the slight increase in conductivity of the
composites doped with GO. In addition, the composites doped with 1.0
wt% GO have low conductivity due to the agglomeration of GO. The
Vickers hardness of the two composites with GO was increased by
19.97% and 50.78% respectively. The dispersed nano-CeO, and Cr3Co
particles can RGO to strengthen the composites, inhibit dislocation
movement and improve the hardness of the composites. Good electrical
contact must have good mechanical properties and processing perfor-
mance. Too low tensile strength will lead to mechanical wear perfor-
mance degradation of electrical contact, and cannot meet the
requirements of harsh service conditions. The tensile test results of the
composite are shown in Fig. 5. Compared with Cu/0.5Ce0230Cr com-
posites, the tensile strength of the two kinds of GO composites increased
44.80% and 31.73% respectively. It means that the strengthening effect
of adding 0.5 wt% GO is much better under the existing experimental
conditions.

3.4. Microstructure analysis of composites

The SEM image and EDS diagram of the composites 0.5GO-Cu/
0.5Ce0,30Cr, 1.0GO-Cu/0.5Ce0230Cr are shown in Fig. 6. It can be
seen that the Cr particles are evenly distributed on the dispersed copper
matrix without obviously agglomeration. In addition, the surface of the
substrate is compact without voids.

Fig. 7 shows the TEM and HRTEM images of 0.5GO-Cu/0.5Ce0230Cr

400 [-em=== Cu/0.5Ce0,30Cr
| =—0.5G0-Cu/0.5Ce0,30Cr

p ===1.0GO-Cu/0.5Ce0,30Cr
300

350

250
200
150

100

Engineering stress(MPa)

50

0o 1 2 3 4 5 6 7 8 9 10
Engineering strain (%)

Fig. 5. Tensile stress-strain curves of different composites.
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Fig. 6. SEM images and EDS analysis data of as sintered composites. (a, b) 0.5GO-Cu/0.5Ce0,30Cr; (c, d) 1.0GO-Cu/0.5Ce0,30Cr; (e) EDS data.

Cu matrix

Twins

Fig. 7. TEM/HRTEM images of 0.5G0O-Cu/0.5Ce0,30Cr composites. (a, d, e, f, g, h) high resolution microstructure; (b, c) selected area diffraction pattern.

composite. It can be seen from Fig. 7(a) that the copper matrix, RGO and
carbon chromium compound Cr3Cy formed by carbon and chromium
combine well after SPS. Fig. 7(b) shows the diffraction pattern of copper
matrix. In Fig. 7(a) and (d), some particles adhere to the corrugated
sheets of RGO. Electron diffraction pattern in Fig. 7(c) shows that the
particles formed in situ between copper and RGO are Cr3Cs. Cr3Csy has
high hardness, good wettability to copper and strong oxidation resis-
tance. Therefore, these Cr3Cy particles play an important role in
enhancing the interface bonding, and significantly improve the me-
chanical properties. In Fig. 7(d), it can be seen that the dislocation is
fixed by CeO,, particles. They have a strong pinning effect, which hinders
the movement of dislocations and improves the strength of copper ma-
trix. Fig. 7(e) shows the TEM image of CeO, nanoparticles with clearer
resolution, which effectively confirms the crystal structure of the ma-
terial. From the figures, we can clearly observe a series of lattice planes
with lattice spacing of 0.31 nm, which correspond to the (111) crystal
plane of CeOy cubic fluorite structure. It can be seen from Fig. 7(f) that
the particle size of ceria nanoparticles ranges from 40 to 50 nm. In

addition, as shown in Fig. 7(g), some twins are formed in the copper
matrix, which can hinder dislocation movement and grain boundary
migration and play an important role in strengthening the material.
Fig. 7(h) shows partial dislocation entanglement, and high dislocation

density exists in some regions of the matrix, which improves the strength
and hardness of the composite.

3.5. Electrical contact properties of composites

Fig. 8 shows the SEM images and three-dimensional profiles of two
kinds of GO doped composite contacts after 5000 cycles under 25 V
voltage and 30 A current. It can be seen from Fig. 8, some bumps and
depressions are formed on the surface of anode and cathode.

Fig. 9 shows the erosion morphology of the electrical contact under
high power electron microscope. In Fig. 9(a and b), the typical arc
erosion characteristics such as splashing protrusions, pores, droplets,
and cracks are formed on the contact surface. At high arc temperature,
Cu first melts and splashes to form droplets or spreads and then solidifies
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Fig. 8. SEM images and corresponding three-dimensional profile: (a, b, e, f) 0.5GO-Cu/0.5Ce0,30Cr; (c, d, g, h) 1.0GO-Cu/0.5CeO,30Cr.

rapidly, resulting in a large amount of Cu erosion [63]. When the contact material surface to fall off. The cracks are the result of a variety of fac-

is disconnected, the porosity is that the surface temperature of the tors. Because the temperature of the metal surface decreases when it is
contact material drops rapidly, and the solubility of the metal to the gas disconnected, the liquid metal solidifies rapidly, resulting in the increase
also decreases, so that the gas breaks out from the metal and forms of dislocation density on the contact surface, the uneven distribution of
pores. Pores can reduce the mechanical strength of the contact surface, stress in each area of the material, and the crack source will be formed.
and even cause cracks. The cracks may extend in the matrix or cause the Fig. 10(a—c) shows the change trend of mass and total mass of
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cathode and anode contacts of Cu/0.5Ce0530Cr, 0.5GO-Cu/
0.5Ce0-30Cr and 1.0GO-Cu/0.5Ce0230Cr after electrical contacts tests
at DC 25 V and 10-30 A. It can be seen from the figures that the anode
mass of the two composite contacts increases, the cathode mass de-
creases, and the total mass change is reduced, which means that a small
part of the material is lost to the surrounding environment in the process
of closing and breaking, and the material transfer increases gradually
with the increase of the current from 10 A to 30 A. This is mainly because
the current generated in the contact process of the electric contact is
small, the arc column temperature is low, and the ionized charged
particles are less. The main reason for maintaining the arc combustion is
that the cations gather on the cathode surface which makes up for the
insufficient electric field emission. And the cations gather at the cathode,
and the continuous contraction of the arc increases the heat flux of the
arc into the cathode, which causes the cathode material to transfer to the
anode, and gradually increases with the increase of the current; the total
mass change is negative, which means that a small amount of material is
lost to the surrounding environment with the melting, evaporation and
splashing during the arc erosion process. The mass transfer of 1.0GO-
Cu/0.5Ce0,30Cr electrical contact samples under test conditions is
greater than 0.5GO-Cu/0.5CeO230Cr electrical contact. The main
reason is that the electrical conductivity of unreduced graphene oxide
sheet and Cr3C; and other new phases is not good under high temper-
ature conditions, and the heat generated by the arc cannot be effectively
dispersed, resulting in the deepening of contact erosion.

Fig. 11 shows the welding force variation curves of the three com-
posites at DC 25 V and 10-30 A. The welding force variation ranges of
Cu/0.5Ce0230Cr, 0.5GO-Cu/0.5Ce0230Cr and 1.0GO-Cu/0.5Ce0230Cr
are 0.24 N-0.52 N, 0.27 N-0.48 N and 0.28 N-0.47 N, respectively. It
can be seen from the curves that the welding force of various contacts
increases gradually with the increase of test current, and under each test
condition, the welding force of Cu/0.5Ce0230Cr is the largest, followed
by 1.0G0O-Cu/0.5Ce0230Cr composite, and the welding force of 0.5GO-
Cu/0.5Ce0,30Cr composite is the lowest, which means that the contact
material has the best welding resistance. In addition, the tensile strength
of 0.5GO-Cu/0.5Ce0230Cr composite is higher than 1.0GO-Cu/
0.5Ce0230Cr composite, and its hardness is lower than 1.0GO-Cu/
0.5Ce0,30Cr composite.

3.6. Discussion

Based on the above analysis, a possible carbide formation/evolution
mechanism of GO-Cu/0.5Ce0,30Cr composite is proposed, as shown in
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Fig. 12. GO was prepared by oxidation of graphite with strong oxidants
such as potassium permanganate and concentrated sulfuric acid. After
mixing with copper powder, chromium powder and nano ceria, GO was
sintered by SPS. During the sintering process, some functional groups of
GO were reduced and transformed into RGO. Nano ceria particles
attached to the surface of RGO, which plays the role of strong pinning
effect can effectively hinder the movement of dislocations, enhance the
interface bonding, and improve the mechanical properties of compos-
ites. During the sintering process, the surface of RGO will be slightly
damaged and amorphous carbon will be formed. Once the amorphous
carbon layer is formed, Cr atoms first diffuse to the amorphous carbon
layer region. When the Cr concentration reaches the critical value, Cr
atoms react with the active carbon atoms in the amorphous carbon layer
to form Cr3Cp. The growth process continues until all the active carbon
atoms are exhausted. Because the growth of Cr3Cs is accompanied by the
generation of new amorphous carbon, the new amorphous carbon
formed between adjacent Cr3C; layers/nanoparticles is transformed into
new Cr3Co, which serves as a bridge to connect the Cr3C; layers/nano-
particles. In this case, Cr3Cy may coalesce to form larger Cr3Cyz nano-
particles. These Cr3Cy particles play an important role in enhancing the
interface bonding and coupling between RGO and Cu, and significantly
improve the mechanical properties.

In the process of using electrical contact, the change of material
quality directly affects the quality and efficiency of electrical contact.
When the current is small, the contact material emits electrons on the
cathode surface, and the cations gather on the cathode surface to
improve the electric field strength. The arc in the cathode area shrinks
and the current density increases, which makes the area near the cath-
ode ionize and makes up for the deficiency of electric field emission. The
accumulation of the final cations causes the increase of the heat flux, and
transfer of cathode material to anode. When the current increases, the
temperature of the arc column increases and the number of charged
particles needed to maintain the arc increases. It is no longer dependent
on the emission of electrons from the cathode and the ionization of the
cathode contraction region, and the phenomenon of arc contraction in
the cathode region disappears. In order to maintain the arc and mini-
mize its voltage, the arc column in the anode region shrinks, and the arc
has instantaneous and concentrated heat input to the anode contact, so
that the material is transferred from the cathode to the anode. The
contact material melts under the action of arc heat, which makes it easy
to observe the splash phenomenon in the test. Because when the arc
discharges, the arc heat melts part of the contact material and produces a
molten pool. In this way, the metal splashes out from the contact area in
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Fig. 12. Schematics of the possible carbide formation/evolution mechanism in composite.
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the form of small droplets, resulting in melt splashing, leading to mass
transfer and loss [64]. The total mass change of the two composites is
negative, which indicates that there is environmental loss when the melt
splashes out of the anode. In addition, at each current, the mass transfer
of contact containing 1.0 wt% GO is the largest at each current, because
the conductivity of the contact containing 1.0 wt% GO is lower.

4. Conclusion

(1) GO with good quality was prepared by improved Hummers

(2)

(3

(€))

method. Graphene oxide, cerium oxide nanoparticles, copper and
chromium composite powders were obtained by freeze-drying,
which ensured the complete structure and uniform dispersion
of GO.

GO-Cu/0.5Ce0230Cr was prepared by spark plasma sintering and
metal powder solidification during the sintering process, GO is
reduced to RGO. Cr3C, fixed dislocations formed in situ enhance
the interface bonding and cause work hardening by coupling.
The relative density of the two composites doped with GO is more
than 98%, the Brinell hardness is increased by 19.97% and
50.78%, the tensile strength is increased by 44.80% and 31.73%.
Some bumps and depressions are formed on the surface of anode
and cathode respectively. The material transfer direction of the
two composites is from cathode to anode. 0.5GO-Cu/
0.5Ce0230Cr composite has the best welding performance.
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