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Abstract: With the rapid development of the copper-
based composite in the field of electrical contact material
industry, the problem of poor arc erosion resistance of the
copper-based material becomes more and more prominent.
Improving the arc erosion resistance of the copper-based
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composite is an urgent problem to be solved. Cu-ALOs/
30Mo/3SiC and 0.5Y,05/Cu-Al,03/30Mo/3SiC electrical con-
tact composites were prepared in a fast-hot-pressing sin-
tering furnace. The microstructure and phase structure of
the composites were analyzed by using a scanning electron
microscope, transmission electron microscope, and X-ray
diffraction meter, respectively. The arc erosion properties
of the composites at 25 V, DC and 10-30 A were investigated
by using a JFO4C electric contact tester. The mass loss of the
composites was reduced by 77.8%, and the arc erosion rate
was reduced by 79.6% after the addition of nano-yttrium
oxide under the experimental conditions of 25V, DC and
30 A. At the same time, the arc energy and welding force
of the composite after switching operations decreased, indi-
cating that the addition of nano-yttria improved the arc
erosion resistance of the composite. This work provides a
new method for improving the arc erosion resistance of the
copper-based composite contact material.

Keywords: copper-based composite, nano-alumina parti-
cles, electrical contact, nano-yttria, 0.5Y,05/Cu-Al,0s/
30Mo/3SiC

1 Introduction

With the rapid development of the power industry, ultra-
high-voltage, large capacity, and long-distance power trans-
mission have gradually become the trend of energy-saving
power transmission [1,2]. Vacuum high-voltage switchgear
plays an important role in high-voltage power transmis-
sion apparatus and equipment [3,4]. Vacuum high-voltage
switches are also called vacuum circuit breakers, and the
key component is their contact material [5]. The perfor-
mance of electrical contact materials directly affects the
technical level of power generation, transmission, and
transformation equipment [6]. Electrical contact refers to
the physical and chemical phenomena in which two con-
ductors contact each other and transmit current or signals
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through the contact interface [7]. Due to the limitation of
its working environment, the contact material should have
some basic characteristics: excellent electrical conduc-
tivity and thermal conductivity [8,9], low contact resis-
tance and high temperature [10], excellent breaking ability
[11], resistance to welding and environmental media pol-
lution [12], and good physical and mechanical processing
performance [13]. The traditional electrical contact mate-
rial is silver-based composites, which have a high cost
[14,15]. Therefore, all countries are committed to devel-
oping a variety of new electrical contact materials to
meet the requirements.

Copper-based composite for electrical contact use
appears in the public eye [16,17]. Copper (Cu) has excel-
lent electrical conductivity and thermal conductivity. In
recent years, with the rapid development of copper-based
composite, the copper—tungsten (Cu-W) series, copper—
molybdenum (Cu-Mo) series, and copper—chromium (Cu—Cr)
series as the mainstream have been gradually developed [18].
Molybdenum (Mo) has the characteristics of a high melting
point and high hardness. Molybdenum can form an “artificial
alloy” with copper. The Cu-Mo series composite is mainly
used in vacuum switch tubes [19]. Biyik milled the powder
containing 25 wt% Mo in a high-energy planetary-type ball
mill to achieve homogeneously mixed Cu25Mo composite
powder [20]. The nanocrystalline powder was obtained after
ball milling for 30 h, which is helpful to improve the proper-
ties of composites. Alumina diffusion-reinforced copper (Cu-
Al,03) can greatly improve the strength of the substrate. The
introduction of diffusely distributed alumina particles into the
copper matrix can impede dislocation movement and inhibit
recrystallization [21]. Cu-Al,Os prepared by the internal oxida-
tion process is widely used in electrical contact materials. For
example, Wang et al. [22] investigated the effect of alumina
particles on the deformation behavior of copper-based mate-
rials by the nano-indentation method. It was found that the
displacement recovery ratio and elastic work ratio are 6 and
9% higher for the 5 wt% Cu-Al,0; composite compared with
the pure copper material, respectively. Hussain et al. [23]
prepared the Cu-Al,O; composite with different contents (O,
1%, 3%, and 5%) of alumina by the powder metallurgy
method. It was found that with the increase of alumina con-
tent, the relative density, micro-hardness, friction, and wear
resistance of the composites were significantly improved.
Wagih et al. [24] prepared Cu-ALOs/graphene nanoplatelets
(GNPs) coated silver nanocomposite with different GNP con-
tents. The compressive strength and hardness of the compo-
site increase by 88.1 and 55.2% with the increase of the GNP
content, respectively. Silicon carbide (SiC) is the second
particle of copper-based composite and it has great poten-
tial in the field of advanced electronic packaging material.
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The electric conductivity of the silicon carbide-reinforced
copper-based composite does not decrease while the strength
and high-temperature strength are improved. Akbarpour
et al. [25] investigated the influence of the silicon carbide
content on the microstructure, mechanical, and magnetic
properties of the Cu_,SiC (x = 0, 2, 10, and 15 wt%) compo-
site powder. It was found that when the silicon carbide
content is 15 wt%, the Vickers micro-hardness reaches a
maximum value of 135.22 HV. Dong et al. [26] prepared the
15 vol% SiC,/6061Al composite by the pressure infiltra-
tion method and found that this composite demonstrates
high strength (over 1,000 MPa). Feng et al. [27] investi-
gated the effect of SiC addition on the Al,03/Cu composites
and found that a small amount of SiC addition can improve
the strength of the composites. At the same time, relevant
studies have shown that the addition of some secondary
additives (e.g., nano-yttria (Y,03), boric oxide (B,0s), and
cerium oxide (Ce0,)) can limit the negative arc effect
and prolong the contact life of electrical contact mate-
rials [28-30].

Rare earth metals have the ability to promote recrys-
tallization, refine grains, strengthen the matrix, and pos-
sess high melting points and good stability [31,32]. Liu
et al. [33] added Ce,O and graphene oxide (GO) to the
copper—chromium (Cu-Cr) composite to prepare the GO-
Cu/0.5Ce,030Cr composite. The composite showed excel-
lent electrical contact properties and anti-fusion welding
properties. Liang et al. [34] introduced GO and Ce,0 into
the Cu30Cr10W composite contact material with excellent
mechanical properties and welding resistance. As a typical
rare earth metal oxide, nano-yttria has attracted extensive
attention in recent years [35,36]. Nano-yttria is an ideal
reinforcing phase for copper-based composite with excel-
lent thermodynamic stability, wettability, and chemical
stability [37-39]. Huang et al. [40] prepared the Cu-10
vol% Y,05; nanocomposite by the traditional mechanical
alloying (MA) method. The micro-hardness of the Cu-10
vol% Y,05; nanocomposite reached 209.6 HV, with a com-
pressive strength of 655MPa and a plasticity of 33.4%.
Huang et al. [41] found that the addition of yttrium oxide
to the copper-based composite can refine its grain. At the
same time, with the increase of the Y,05 content, the relative
density and Vickers hardness of the composite increased.
Y,05 shows an excellent reinforcing effect in copper-based
electrical contact material. Mu et al. [42] found that the arc
erosion resistance of composites was significantly improved
after the addition of Y,0;. The contact resistances of the
composite still kept a lower value after 20,000 switching
operations.

At present, the commonly used methods for preparing
particle-reinforced composites include the external forcing



DE GRUYTER

method and the internal autogenous method. The external
strengthening method includes the powder metallurgy
method [43] and MA [44]. The internal autogenetic method
includes the in situ autogenetic method [45], internal oxi-
dation method [46], and chemical coating on the particle
surface [47]. The composite can show the best comprehen-
sive performance by formulating the preparation process
[48]. In the process of preparing composites by powder
metallurgy, in order to improve the compactness and
sintering shrinkage of mixed powder and to increase the
density of composites, more liquid phase sintering compo-
nents can be added to the alloy. The commonly used rein-
forcement is SiC [49,50], titanium carbide (TiC) [51], and
boron nitride (BN) [52].

The above research status and the previous research
work of our group [17] showed that the composites with
the addition of 30 wt% refractory metals have more excel-
lent comprehensive properties. The addition of a small
amount of SiC can improve the performance of electrical
contact materials without sacrificing the physical proper-
ties [27]. The addition of a small amount of Y,05; can
reduce the contact resistance of electrical contacts and
exhibit superior electrical contact performance [42]. In
this work, Cu-Al,05/30Mo/3SiC and 0.5Y,03/Cu-Al,05/
30Mo/3SiC composites were prepared by powder metal-
lurgy and internal oxidation methods. The relative density,
electrical conductivity, and Vickers hardness were mea-
sured. The microstructure and electrical contact proper-
ties, including the mass transfer, arc duration, arc time,
and welding force, of the two composites were investi-
gated, respectively.

2 Experimental details

2.1 Composite fabrication

The feedstock of the composite included the copper—0.2
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composition of the Cu-0.2% Al alloy powder is shown in
Table 1. The contents of trace impurity elements, iron (Fe),
aluminum (Al), zinc (Zn), tin (Sn), lead (Pb), and nickel
(Ni) in the —0.2% Al alloy powder were determined by
inductively coupled plasma-atomic emission spectroscopy
(ICP-AES). Table 2 shows the specific component content
of the Cu-Al,03/30Mo/3SiC and 0.5Y,03/Cu-Al,03/30Mo/
3SiC composites; 30Mo represents 30 wt% Mo, 3SiC repre-
sents 3 wt% SiC, 0.5Y,05 represents 0.5 wt% Y,0s, and the
rest for Cu-Al,0s. The fabrication processing routine of the
two composites is as follows (Figure 1). The Cu-0.2% Al
alloy powders, cuprous oxide, molybdenum, silicon car-
bide, and nano-yttria powders with different mass per-
centages were put into a self-made ball grinding tank.
The composite powders were ball milled. A traditional
QQM/B light ball mill was used in the process of ball
milling. The test parameters were set as follows: contin-
uous ball milling for 4 h, rotating speed of 50 rpm, and
the ratio of composite powders and copper balls was 1:3.
No coolant was used during ball milling to maintain the
original morphology of the powders. A certain amount
of composite powders after ball milling was weighed
and placed in a graphite grinding tool. A layer of gra-
phite paper was wrapped in the inner ring of the gra-
phite abrasive in order to avoid powders sticking on the
graphite wall. The graphite grinding tool was sintered in a
fast hot press sintering furnace (FHP-828). The vacuum
degree in the furnace was controlled below 10 Pa, the sin-
tering pressure was 45MPa, and the heating rate was
100°C/min. The sintering process was divided into three
stages: the sintering temperature was set to 700°C, held for
10 min, and then continued to heat up to 950°C and held
for 10 min; finally the composite was took out when the
temperature in the furnace cooled to 100°C.

Table 2: Composition of copper-based composites (wt%)

Wt% aluminum (Cu—0.2% Al) alloy powder with an average ~C°MPosites (C)“l;o/ Al Mo  SiC  Cu0  Y,05
particle size of 37 pm, cuprous oxide (Cu,0) powder of i
2-5 um, molybdenum powder of 5-8 um, silicon carbide Cu-Al,05/30Mo/3SiC  65.2 30 3 1.8 /
powder of 3-5pum, and nano-yttria powder of 50 nm. 0.5Y205/Cu-Al,05/ 64.7 30 3 18 0.5

. . . 30Mo/3SiC
These powders were commercially available. The chemical
Table 1: Chemical composition of the Cu—0.2% Al alloy powder (wt%)
Elements Fe Al Zn Sn Pb Ni
Mass percent 0.004522 0.242343 0.000536 0.021612 0.000776 0.00117
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Figure 1: Schematic illustration of the preparation process of Cu-Al,05/30Mo/3SiC and 0.5Y,03/Cu-Al,05/30Mo/3SiC composites.

2.2 Mechanical and physical properties

In order to avoid the influence of surface and roughness
on the basic properties, the sintered composite ingots
were polished with sandpaper of different grit sizes and
then mechanically polished with W 0.5 diamond abrasive
paste. The following basic properties tests were per-
formed on the composites after the above operations.
Eight measurements were taken for each composite ingot
using a Sigma 2008 B1 digital conductivity meter and the
average was taken. The actual density of the composites
was determined with a hydrostatic balance (MS105) using
deionized water under 21°C as the liquid medium. The rela-
tive density of the composites was calculated according to
the principle of Archimedes’ drainage method. The Vickers
hardness of the composites was measured with an HV-1000
microhardness tester, and each composite was measured
eight times and averaged. The test force was 50 g with a
loading time of 10s.

2.3 Microstructure characterization

The original powder, composite powder, and microscopic
morphology after arc erosion were observed under a scan-
ning electron microscope (SEM, JSM-IT100). The signal
source of the SEM was a secondary electron with an accel-
eration voltage of 20 kV, a working distance of 11 mm, and
a probing current of 50 nA. The composite samples used in
SEM were polished to 2,000 mesh with sandpaper. Mirror
polishing was carried out with the W 0.5 diamond scrub
cream.

The surface morphology of sintered and arc erosion
composites was observed under a field emission scanning
electron microscope (FESEM, JEOL JSM-7800F). The ele-
mental distribution on the surface of the composites after
sintering and arc erosion was analyzed by energy disper-
sive X-ray spectrometer (EDS, 20 mm? X-Max" Silicon
Drift Detector) with a FESEM. FESEM was performed

with accelerating voltages ranging from 0.01 to 30kV
and a probing current of 200 nA (15kV).

The crystal structure of the composite powder and
sintered composites were analyzed by X-ray diffraction
(XRD, D8 advanced X). XRD tests were performed using
copper Ka radiation, operating at 40 kV and 40 mA, with
a step size of 0.2° and a scan range (26) of 30-92°.

The dislocation structure and microstructure of dif-
ferent phases were characterized by transmission elec-
tron microscopy (TEM, FEI Talos F200X). The microscope
used worked below 200 kV. The composite samples used
for TEM with 500 pm in thickness sheets need to be manu-
ally polished to about 100 um and then ion thinning. lon
thinning was performed on a Gatan 695 ion thinning
instrument. A starting voltage of 5keV and an ion gun
angle of +8° were used for trenching and initial thinning,
and the electron gun angle was reduced to 4.5 keV +6° for
5min of thinning, 4 keV +4° for 5min of thinning, and
5min of thinning at 3 keV +3° to obtain TEM samples.

2.4 Arc-erosion tests

Cylindrical composite samples with 3.8 mm in diameter
and 10 mm in height were used as the anode and cathode
of the electrical contact test. To ensure the accuracy of the
experimental data, the samples were manually polished
and mechanically polished with a W 0.5 diamond scrub
cream before the test. The masses of the composites
before and after electrical contact were weighed with an
electronic balance (FA2004B), and each composite was
weighed five times to obtain the average value. The
change in the mass of the composites before and after
the electrical contact test was expressed as Am as follows:

Am = me — my, 1)

where m, represents the composite mass after the switching
operations and mj, represents the composite mass before
the switching operations.
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The arc erosion experiment was carried out after
5,000 switching operations on a JFO4C electrical contact
experimental device. The moving contact was the anode
and the static contact was the cathode. The test voltage
was 25V, DC, and the currents were 10, 20, 25, and 30 A,
respectively. The contact force was maintained between
40 and 60 cN.

The model three-dimensional (3-D) morphology of
the cathode and anode after the electric contact experi-
ment was characterized by a nano focusing 3-D topo-
graphy instrument.

3 Results

3.1 Microstructure

The original powder morphology of Cu-0.2% Al, molyb-
denum, silicon carbide, and cuprous oxide are shown in
Figure 2. It was found that the Cu—0.2% Al alloy particles,
molybdenum particles, and cuprous oxide particles were
generally spherical, while the morphology of silicon car-
bide particles had irregular sharp shapes with a wide
range of size. The morphology of Cu-Al,05/30Mo/3SiC
and 0.5Y,03/Cu-Al,05/30Mo/3SiC composite powders after
ball milling are shown in Figure 2(e) and (f). It can be
found that the different particles in the composite powder
were uniformly distributed when the ball/material ratio
during the ball milling process was 3:1. The morphology
of the various powders did not change significantly before
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and after ball milling. The spherical shape of the particles
can ensure that the composites maintain better flowability
during the sintering process, which is conducive to improving
the relative density of the composites.

The XRD analysis results of Cu-Al,03/30Mo/3SiC and
0.5Y,03/Cu-Al,03/30Mo/3SiC powders and as sintered
composites are shown in Figure 3. From Figure 3(a) and
(b), it can be seen that the (111), (200), (220), (311) diffrac-
tion peaks of the copper matrix are higher than the (110),
(200), (211), (220) diffraction peaks of the main strength-
ening phase molybdenum, irrespective of the composite
powder before sintering or the compact body after sin-
tering, although molybdenum also has a higher diffrac-
tion peak. Interestingly, it is found that small diffraction
peaks have changed between 35° and 40° as shown in
Figure 3(c) and (d). The results indicate that the reaction
of Cu,0 is complete after sintering. Other particles are not
shown in the XRD spectrum as small amounts were
added.

Figure 4 shows the microstructures and EDS results
of sintered Cu-Al,05/30Mo/3SiC and 0.5Y,05/Cu-Al,05/
30Mo/3SiC composites, respectively. Molybdenum particles,
silicon carbide particles, and nano-yttria particles were evenly
distributed on the copper base without obvious agglomeration,
pores, and other defects, as shown in Figure 4(a)—(d). From the
line scanning EDS results of molybdenum particles and silicon
carbide particles, the copper base was closely combined with
the main reinforcing particles, as shown in Figure 4(f) and (g).
Figure 4(e) and (h) shows the EDS data of Cu-Al,05/30Mo/3SiC
and 0.5Y,05/Cu-Al,05/30Mo/3SiC composites.

Figure 5 shows the TEM, HRTEM images, and EDS
point sweep data of the 0.5Y,05/Cu-Al,03/30Mo/3SiC

Figure 2: SEM images of feedstock and composite powders: (a) Cu-0.2% Al alloy, (b) molybdenum, (c) silicon carbide, (d) cuprous oxide,
(e) Cu-Al,05/30Mo/3SiC composite, and (f) 0.5Y,03/Cu-Al,05/30Mo/3SiC composite.
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Figure 3: XRD spectrum of Cu-Al,05/30Mo/3SiC and 0.5Y,05/Cu-Al,05/30Mo/3SiC powders and as sintered composites. (a and c¢) XRD
spectrum of composite powders as milled and (b and d) XRD spectrum of composites as sintered.

composite. A large number of alumina nanoparticles
were formed in situ in the composite and evenly distrib-
uted on the copper matrix, as shown in Figure 5(a) and
(g). Figure 5(b) shows the HRTEM image of the part area
of Figure 5(a). Figure 5(c)—(e) shows the point scan data
of the corresponding areas in Figure 5(a) and (b); so it is
evident that area A, is of the MoC particle, area B, is of the
copper base, and area C; is of the silicon carbide particle.
The formation of the hard-phase MoC particles facilitates
the improvement of the mechanical properties of compo-
sites. In Figure 5(f), it can be determined by fast Fourier
transform that the internal oxidation process generated
y-alumina. In Figure 5(g), alumina nanoparticles are dis-
persed on the copper base, pinning dislocations and
causing dislocation tangling. The size of these alumina
particles is about 5-20nm and the spacing is about
25-60 nm. Nano-dispersed particles and spacing can act
as a source of dislocations and increase the dislocation
density of the substrate during cold deformation, which
hinders the dislocation and grain boundary motion. When a
large number of nanoparticles are dispersed on the copper
matrix, they will nail dislocations and form dislocation
stacking and high-density dislocations. The high-density

dislocations are interwoven to further form dislocation
units, thus acting as dispersion reinforcement and improving
the high-temperature performance of the contact. Figure 5(h)
shows some high-density dislocations and dislocation cells.

3.2 Mechanical and physical properties

The relative density, electrical conductivity, and micro-
hardness of the two composites are shown in Table 3. The
relative density of the Cu-Al,03/30Mo/3SiC composite
was only 97.14% before the addition of nano-yttria, and
the relative density of 0.5Y,03/Cu-Al,03/30Mo/3SiC com-
posite could reach more than 98% after the addition of
nano-yttria. Spherical nanoparticles of nano-yttria have
good mobility, and can be evenly distributed in the
copper matrix [53]. In the sintering process of the com-
posite material, the pores generated by the accumulation
of matrix particles can be filled. The relative density of
composites is increased. Compared with the composites
without nano-yttria, the electrical conductivity of the
composites with nano-yttria is improved. This is mainly
because the electrons are less hindered from moving
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Figure 4: SEM images and EDS maps of as-sintered composites. (a, b, f) Cu-Al,05/30Mo/3SiC composite, (c, d, g) 0.5Y,03/Cu-Al,05/30Mo/
3SiC composite, (e) EDS map data of two composites, and (h) EDS lines data of the two composites.

while there are fewer pores in the composite material
while moving. When the scattering of electrons by pores
decreases, the resistance inside the composite decreases
and the conductivity increases. Nano-yttria has good
thermal stability and does not grow during the sintering
process [54]. Meanwhile, nano-yttria can inhibit the growth
of copper grains since it is often distributed around grain
boundaries. Thus, it acts as a fine-grained reinforcement
[55]. These factors promote the increase of microhardness
of composites.

3.3 Mass transfer of electrodes

When the contact electrodes repeatedly open and close
the circuit, erosion, and wear will occur. Meanwhile,

some phenomena such as metal-liquid bridging arcing
and spark discharge will occur. Metal transfer, splashing
and vaporization, and mass loss and deformation occur
on both sides of the electrode. It seriously affects the
service life of the contact. However, the existing weigh
test methods cannot accurately measure the erosion of
composite; therefore, the mass transfer of contacts is often
used to measure the severity of the material loss [56].
Figure 6 shows the mass change of Cu-Al,03/30Mo/
3SiC and 0.5Y,03/Cu-Al,05/30Mo/3SiC composites after
5,000 times switching operations under 25V, DC and
10-30 A test conditions, respectively. It can be seen
from Figure 6 that the mass of the two composites shows
a trend of the mass increase of the anode and mass loss
of the cathode, indicating the phenomenon of cathode
material transfer to the anode. The mass of the cathode
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and anode of composites gradually increase while the
current increases from 10 to 30 A. The mass loss of the
cathode and anode of the 0.5Y,05/Cu-Al,03/30Mo/3SiC
composite is generally lower than that of the Cu-Al,05/
30Mo/3SiC composite without the addition of nano-yttria,
which shows that the addition of nano-yttria improves
the arc erosion resistance of the composition. The den-
sity, electrical conductivity, and microhardness of the
0.5Y,05/Cu-Al,03/30Mo/3SiC composite are improved to

a certain extent after the addition of nano-yttria. The
structure of the 0.5Y,03/Cu-Al,05/30Mo/3SiC composite
is more compact, which reduces the mass loss of the contact
poles during the switching operations. The increase of elec-
trical conductivity is beneficial to the current transmission
of the composite contact material during the switching
operation. The increase in the current transfer efficiency
facilitates the improvement of the composite material’s
ability to resist arc erosion. It is found that the total mass

Table 3: Physical and mechanical properties of copper-based composites

Composites Theoretical True Relative Electrical conductivity/ Vickers
density/g cm™3 density/g cm 3 density/% % IACS hardness/HV

Cu-Al,05/30Mo/3SiC 8.70 8.45 97.14 50.75 194

0.5Y,03/Cu-Al,05/ 8.67 8.54 98.46 51.59 206

30Mo/3SiC
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Figure 6: Mass change under 25V, DC and 10-30 A test condition of composites. (a) Cu-Al,03/30Mo/3SiC electrical contact and (b) 0.5Y,05/

Cu-Al,05/30Mo/3SiC electrical contact.

change of the two composites is negative, indicating that a
few materials are lost during the test. Interestingly, the mass
loss of the composite was reduced by 77.8% when the cur-
rent intensity reached 30 A. The mass loss of the composite
material is mainly due to material migration or evaporation
[57]. There is a less mass loss in this experiment compared
to the work of Liang et al. [34]. This may be due to the
formation of a high melting point molybdenum skeleton
on the contact surface during arc erosion. These molyb-
denum skeletons are difficult to evaporate and vaporize.

Reticularskeleton .

10{unt,

3.4 Arc erosion morphology

Due to the arc heat flow input and arc force during the
test of the contact material, the contact material will
separate from the contact body in the form of evapora-
tion, liquid splashing, or solid falling off. Arc erosion is
the main form of contact material loss.

Figure 7 shows the erosion morphology of the contact
surface of the composite after 5,000 switching operations
under 25V, DC and 30 A. Figure 7(a) and (b) shows the

500um

Figure 7: SEM images showing arc-eroded surface morphologies up to 5,000 switching operations at currents up to 30 A. (a, b, e, f) Cu-

Al,03/30Mo/3SiC and (c, d, g, h) 0.5Y,05/Cu-Al,05/30Mo/3SiC.
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anode and cathode arc erosion morphology of the Cu-
Al,05/30Mo/3SiC composite, respectively, whereas Figure
7(c) and (d) shows that of the 0.5Y,05/Cu-Al,05/30Mo/3SiC
composite, respectively. Figure 7(e)-(h) represents the
partially enlarged view of the ablation morphology of the
two composites, showing typical arc erosion morphology
such as the reticular skeleton, droplet, bulge, pore, paste
peak, and coral structure.

Figure 8 shows the 3-D arc erosion surface mor-
phology of the composite after 5,000 switching operations
at 25V, DC and 30 A. The scanning range is 1,600 mm x
1,600 mm. Figure 8(a) and (b) shows the 3-D morphology
of the anode and cathode of the Cu-Al,03/30Mo/3SiC
composite, respectively, whereas Figure 8(c) and (d)
show that of the 0.5Y,03/Cu-Al,05/30Mo/3SiC compo-
site, respectively. It can be seen from the diagram that after
5,000 switching operations, the anode surface is convex
and the cathode surface is concave. There were many
mountain-like protrusions on the anode surface and
many canyon-like pits on the cathode surface, indicating
that the material on the electrode surface migrated from
the cathode to the anode.

In order to explore the element distribution on the
electrode surface after arc erosion, the element distribu-
tion on the electrode surface is further analyzed by EDS,
as shown in Figure 9. The droplet-like material is mainly
composed of copper. Copper has a low melting point and
could be spattered in the form of droplets during elec-
trical contact. The droplets rapidly cool in the air to form

DE GRUYTER

copper balls. Molybdenum has a relatively high melting
point. It realizes rapid solidification in an argon environ-
ment after melting, which mainly forms the network ske-
leton in the eroded surface morphology. At the same time,
in addition to the copper base, the nano-yttria, alumina,
and silicon carbide are also redistributed on the skeleton,
which indicates that in the process of the electrical con-
tact, the surface achieves a redistribution of elements.

3.5 Arc duration and energy

The main form of arc erosion is the evaporation and
splashing of the contact material due to local overheating
under the action of the arc, resulting in material loss. Arc
erosion is the most important factor affecting the contact
life of the switchgear [58]. Therefore, it is necessary to
discuss the arc duration and arc energy during arc erosion.

The arc current, contact material, contact surface
condition, and contact separation speed will affect the
arcing duration [59,60]. This work focuses on the varia-
tion of arc duration for different contact materials after 5,000
contact tests at 25 V, DC and 30 A. Figure 10(a) and (b) shows
the variation rule of arc duration and arc energy with contact
times. The arcing duration of the Cu-Al,03;/30Mo/3SiC
composite shows an upward trend at about 1,300 times,
a downward trend at about 1,700 times, and then it is in a
stable state. While the 0.5Y,05/Cu-Al,05/30Mo/3SiC com-
posite shows an upward trend at about 700 times and a

Y RS

Figure 8: 3-D surface morphology of composites operating at 25V, DC and 30 A. (a and b) Cu-Al,03/30Mo/3SiC and (c and d) 0.5Y,03/Cu-

Al,03/30Mo/3SiC.
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Figure 9: EDS element maps after the electric contact experiment of the 0.5Y,05/Cu-Al,05/30Mo/3SiC composite operation at 25V, DC and
30 A. (a, i) BSE images, (b) Cu Kal, (c) Mo La1, (d) Al Kal, (e) C Kal-2, (f) Si Kal, (g) Y Lai, (h) O Kal, (j) dot scan of point one of (i), and (k) dot

scan of point two of (i).

downward trend at about 1,000 times, and then shows a
steady state. With the increase of contact times, the arc
burning time of the 0.5Y,05/Cu-Al,05/30Mo/3SiC compo-
site is shorter and more stable than that of the Cu-Al,O5/
30Mo/3SiC composite. Comparing Figure 10(a) and (b), it
can be seen that the arc duration and arc energy of the
contact material show a similar change trend, indicating that
the arc duration and arc energy may show a certain linear
relationship. Therefore, the scatter diagram of the corresponding
relationship between arcing duration and arcing energy of the
two composites was plotted, and the fitting equations were
established. Figure 10(c) and (d) shows the fitting curve of
arcing duration and arcing energy of the two composites. It
can be seen that there is a certain linear relationship between
arcing duration and arcing energy of the two composites. After
fitting the data, the results are as follows:

E, =75.74t - 11.42 R? =0.99, )]
E, = 67.41t - 6.71 R?=0.99. (3)

Equation (2) is the fitting equation of the Cu-Al,O5/
30Mo/3SiC composite, and equation (3) is that of the
0.5Y,03/Cu-Al,03/30Mo/3SiC composite. It can be seen

from the above equations that under the condition of
25V, DC and 30 A, when the arc duration is greater
than 0.57 ms, the 0.5Y,05/Cu-Al,03/30Mo/3SiC compo-
site has a shorter average arc duration than the Cu-
Al,05/30Mo/3SiC composite. This is consistent with the
results of Zhang et al. [17]. However, the arc burning
energy decreased with a short arc duration due to the
addition of nano-yttria in this experiment. This is mainly
because nano-yttria has a high melting point and good
chemical stability. At the same time, owing to the good
high-temperature stability of nano-yttria, it stably exists
in the copper base in the process of powder metallurgy
[61], which prevents the abnormal growth of grains, and
effectively improves the arc erosion resistance of the com-
posite. Therefore, the 0.5Y,05/Cu-Al,03/30Mo/3SiC com-
posite has better arc extinguishing ability.

3.6 Arc erosion rates

The form of arc erosion generally varies with different mate-
rials and current conditions [62]. The electrode surface of
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Figure 10: Relationship of the arc energy, the arc duration, and operation times of the two composites at 25V, DC and 30 A. (a) Variation of
arc duration of Cu-Al,03/30Mo/3SiC and 0.5Y,03/Cu-Al,05/30Mo/3SiC composites with operation times, (b) variation of arc energy of the
two composites with operation times, (c) relationship between arc duration and arcing energy of the Cu-Al,05/30Mo/3SiC composite, and
(d) relationship between arc duration and arc energy of the 0.5Y,05/Cu-Al,05/30Mo/3SiC composite.

the contact material mainly vaporizes when the current
passing through the test is small. When the current
increases, not only the gasification and evaporation of
the material but also the splashing of liquid metals
occurs. The strong droplet splashing will become the
main form of contact material erosion when the current
is further increased. Therefore, a large number of dro-
plets appear on the electrode surface at 25V, DC and 30
A in this work, as shown in Figure 7. The arc erosion rate
is an important parameter in characterizing the arc ero-
sion of the contact material, i.e., the ratio of the material
weight or volume loss to some characteristic value. Gen-
erally, the amount of material erosion per unit of arc
energy ¢ is used as the erosion rate:

Q= Am/W, (4)

where Am represents the mass change before and after
erosion and W represents the arc energy.

At 25V, DC and 30 A, 5,000 switching operations
were carried out on the two composites, and their mass
loss and arc energy change were discussed as examples:

(©)
(6)

@, = Amy/ Wy = 4.95 x 107g/],
@, = Amy/W; = 1.01 x 1077g/],

where ¢,, Am;, and W; represent the erosion rate, the mass
change before and after erosion, and the total arc energy,
respectively, of the Cu-Al,05/30Mo/3SiC composite. ¢,,
Am,, and W, are the erosion rate composite, the mass
change before and after erosion, and the total arc energy,
respectively, of 0.5Y,03/Cu-Al,05/30Mo/3SiC. At 25V, DC
and 30 A, the arc erosion rate of the composites decreased
by 10.45% after the addition of nano-yttria. It also shows
that the arc erosion resistance of the Cu-Al,05/30Mo/3SiC
composite improves to a great extent by the addition of a
small amount of nano-yttria.
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3.7 Welding force

In the process of the electrical contact test, the electrical
contacts of the cathode and anode are continuously and
repeatedly opened and closed. A contact force of 40-60 cN
is applied between the cathode and anode in this work.
Liquid metal bridging and melting to a certain extent will
occur between the contacts under this contact force. It is
the welding process of the contact material. The welding
force is the force required to separate two fused contacts.
However, welding of the contact material will seriously
damage the service life of contacts, so it is necessary to
reduce the welding force to improve the service life of
the contact material. To improve the comprehensive
performance of contacts, the most effective measure is
to increase the anti-fusion weldability of contacts besides
improving the breaking operation force of contacts. The
main ways include improving the electrical conductivity
and heat transfer characteristics of the contact, increasing
the melting point and hot melting, and reducing the fusion
welding force of the contact material.

Figure 11 shows the relationship between the welding
force of Cu-Al,03/30Mo/3SiC and 0.5Y,05/Cu-Al,03/30Mo/
3SiC composites and the operation times of contact dis-
connections during the electrical contact test at 25V, DC
and 10 A and 25V, DC and 30 A, respectively. Each data
point represents the average value of 100 cycles. It can be
seen from Figure 11 that the welding force tends to stabilize
as the number of operations increases. Assuming that the
tensile strength at the welding position is equal to that of
the contact material, the welding force depends on the
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current-carrying contact area and the tensile strength of
the contact material:

F = oS, (7)

where F is the welding force, 0 is the tensile strength,
and S is the current-carrying contact surface area.

It can be seen from Figure 11 that the welding force of
the 0.5Y,05/Cu-Al,05/30Mo/3SiC composite is generally
lower than that of the Cu-Al,05/30Mo/3SiC composite.
The calculation result shows that the average welding force
of the Cu-Al,05/30Mo/3SiC composite is about 38.06 cN,
and that of the 0.5Y,03/Cu-Al,05/30Mo/3SiC composite is
about 34.40cN at 25V, DC and 10 A. The average weld-
ing force of the Cu-Al,03/30Mo/3SiC composite is about
38.20 cN and that of the 0.5Y,05/Cu-Al,05/30Mo/3SiC com-
posite is about 36.76 cN at 25 V, DC and 30 A. It can be found
that the average welding force of the 0.5Y,03/Cu-ALQs/
30Mo/3SiC composite is slightly lower than that of the Cu-
Al,05/30Mo/3SiC composite. This shows that the addition of
nano-yttria can reduce the welding force and improve the
welding resistance of the Cu-Al,03/30Mo/3SiC composite.
The main reason is that the conductivity, density, and
microhardness of the 0.5Y,05/Cu-Al,05/30Mo/3SiC compo-
site are better after the addition of nano-yttria. These
improvements synergistically acted on the fusion welding
resistance of the Cu-Al,Os/30Mo/3SiC composite. Simulta-
neously, the affinity of nano-yttria particles to Cu is small.
Nano-yttria particles were dispersed in the 0.5Y,03/Cu-
Al,05/30Mo/3SiC composite, which reduced the fluidity of
copper in the composites. It is difficult to splash copper
droplets during an electrical contact. Also, it is difficult for

60
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(b) 25V DC, 30A ,
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Figure 11: Relationship between the welding force and operation times of Cu-Al,05/30Mo/3SiC and 0.5Y,05/Cu-Al,03/30Mo/3SiC com-

posites: (a) 25V, DC and 10 A and (b) 25V, DC and 30 A.
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the welding process to proceed smoothly when the droplets
are not splashed, which reduced the welding force. The
results of Mu et al. [42] also showed that the addition of
yttria can reduce the welding force of the material.

4 Conclusion

1) The Cu-Al,03/30Mo/3SiC and 0.5Y,05/Cu-Al,03/30Mo/
3SiC composites were prepared by fast-hot-pressing
sintering technology combined with the internal oxida-
tion method. TEM analysis indicates that the alumina
nanoparticles disperse on the copper base.

2) The relative density of the composite reaches more
than 98%, and the microhardness reaches 208 HV
after the addition of nano-yttria nanoparticles. This is
mainly due to the dispersion distribution of nano-yttria
nanoparticles and alumina nano precipitate during sin-
tering and the internal oxidation process.

3) Under the experimental conditions of 25V, DC and
10-30 A, the mass of the cathode decreases, the mass
of the anode increases, and the total mass change increases.
The addition of nano-yttria improves the mechanical and
physical properties of composites. These improved proper-
ties reduce the loss of the material during the electrical
contact and decrease the fusion force of the composite.

4) By characterizing the element distribution on the elec-
trode surface before and after the electrical contact
test, it can be found that the element distribution on
the electrode surface changes significantly before and
after the electrical contact, which shows that the ele-
ment redistribution occurs during the process of the
electrical contact.
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