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The aim of this study is to observe the organization and properties of Al,0;—Cu/WSiC
—Y,05; composites and to investigate the effect of Y,0; incorporation on the electrical
contact properties of the composites. Preparation of Al,03—Cu/30W3SiC(0.5Y,03) com-
posites by rapid hot-pressing sintering technique. The conductivity of the composites is
59.3 %IACS and 58.3 %IACS, respectively. Hardness is 179 HV and 183 HV, respectively.
Thermal conductivity is 108 W/(m-k) and 275 W/(m-k), respectively. The dense structure of
the composites and the homogeneous distribution of reinforcing phases give the com-
posites excellent overall performance. The addition of Y,03 increases the resistance of the
materials to arc erosion. The amount of material transfer and loss is significantly reduced,
and the arc ablation phenomenon is reduced. The arc duration was significantly reduced
from 4.48 ms to 0.44 ms, 5.72 ms—4.68 ms, 6.23 ms—5.52 ms, and 12.5 ms—8.59 ms,
respectively; and the melt force was significantly reduced to 58.9%, 81.4%, 87.5%, and 89.4%
of the original.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Electrical contacts are significant components of high-voltage
circuit breakers, contacts, and electrical line protectors. The
performance of electrical contacts directly affects the quality
and service life of electrical components and is closely related
to the reliability of power systems [1,2]. With the development
of science and technology and production improvement, it is
important to develop electrical contact materials with better
performance. Combining excellent properties and synergistic
strengthening mechanisms of multiple materials is
commonly used for new materials design and development.
Metal matrix composites are new materials that take two
or more materials and combine them by physical or chemical
methods to obtain excellent properties, thus meeting the
increasing performance. Compared with metals, the perfor-
mance of metal matrix composites is much better [3—7]. The
common methods for the preparation of metal matrix com-
posites include spark plasma sintering (SPS) [8], powder met-
allurgy [9], magnetron sputtering [10], stir casting [11], hot
extrusion [12], hot isostatic pressing [13], and in situ growth
[14]. Copper is widely used in aerospace and electronics in-
dustries due to its excellent electrical, thermal, and machining
properties. Copper matrix composites have been gradually
replacing silver matrix composites and other electrical con-
tact materials [15—17]. Dispersion-strengthened copper ma-
trix composites have excellent comprehensive mechanical
properties. In recent years, many researchers have studied the
types and strengthening mechanism of dispersion-
strengthened copper matrix electrical contact materials,
including Al,05, Y,03, and Cr,03 as dispersion phases [18—21],
which provide remarkable strengthening effects. For example,
Tian et al. [22] prepared nano-dispersed Al,O3; copper matrix
composite by internal oxidation. The softening temperature of
Cu-0.5 vol% Al,0; composite obtained by internal oxidation
reached 600 °C and the electrical conductivity reached 93%
IACS, compared with pure copper, with significantly improved
yield strength and tensile strength. Through the study of the
strengthening mechanisms, it was found that nano Al,O; in-
hibits recrystallization by napping grain boundaries and sub-
grain  boundaries  with  high-density  dislocations,
strengthening the matrix. Zhou et al. [23] prepared a Cu—Al,03
composite by a novel method of in-situ reaction synthesis at
liquidus temperature. The obtained composite had superior
mechanical properties, tensile strength, yield strength, Rock-
well hardness, and electrical conductivity. Zhang et al. [24]
prepared copper matrix composites by vacuum hot-pressing
sintering and internal oxidation. The dislocation entangle-
ment was caused by the Al,03 nanoparticles pinning. The arc
erosion morphology was affected by W content, the fusion
welding force decreased with W content, the arc burning time
was shortened, and the welding resistance was improved. Mu
et al. [25] studied the effects of the Y,03; content on the
properties of copper-based electrical contact materials. The
hardness and density of the samples increased with the Y,03
content when an appropriate amount of Y,03; was added. The
addition of Y,03 is beneficial to hinder the growth of copper
particles. Due to the grain size refinement, the distribution of
Y,05; in the matrix was more uniform, which improved

electrical properties. Compared with traditional electrical
contact materials, the contact resistance of the samples con-
taining Y,03 was lower. Li et al. [26] studied the effects of Y,05
content on the mechanical properties and microstructure of
the W—Ni—Cu—Y,0; alloy processed by cold pressing and
sintering. The increase of Y,0; content refined the alloy
grains. When Y,05 content increased to 0.5%, W grains began
to grow and the porosity of the alloy increased. The density
and mechanical properties of the alloy were enhanced with
the Y,0; addition.

It was found that introduction of SiC, WC, TiC, and other
hard ceramic particles can significantly improve the hardness
and friction resistance of composite materials [27-31].
Akbarpour et al. [32] investigated the effect of different sizes of
SiC on the wear resistance of Cu—SiC composites. Found that
the mixed-size material has higher wear resistance, lower
friction coefficient and higher strength compared to single-
size composites. Delamination wear is the main wear mech-
anism of the material. Zhang et al. [33] added SiC particles
using hot pressing sintering to improve the service life of the
copper matrix electrical contact materials. To improve the
service life of electrical contacts with copper matrix, the
continuous copper film was sputtered over B-SiC powder,
improving the interfacial wettability between silicon carbide
powder and copper matrix. Palma et al. [34] studied the creep
behavior of the Cu-2 vol% TiC alloy and found that the acti-
vation energy of the alloy prepared by reaction and milling
was 109 kJ/mol and 156 kJ/mol, respectively, and the corre-
sponding stress index of the material was 3.1 and 6.3. Li et al.
[35] studied the effects of SiC nanoparticles on the properties
and solid solution behavior of 1 wt% nano-SiCp/Al—Cu com-
posites and found that SiC showed excellent mechanical
properties at a higher solution temperature, and the tensile
strength and yield strength of the materials were increased by
16.3% and 34.6%, respectively. Deshpande et al. [36] prepared
WC particles-reinforced Cu/W composite by infrared osmotic
technology. The volume fraction of WC was 53%, the density
of the material reached 99.9%, and the microhardness was
between 360 HV and 370 HV. The wear resistance of the ma-
terial was much better than an ordinary Cu/W composite.

W has a high melting point and is insoluble in Cu. The
Cu—W composites have high hardness, good high-
temperature performance, wear and corrosion resistance,
and have been utilized in aerospace, industrial metallurgy,
and other fields [37,38]. W can enhance the high-temperature
performance of Cu alloys or copper matrix composites and is
an ideal reinforcing phase for electrical contact materials
[39,40]. Amalu et al. [41] used SPS to produce tungsten-copper
and molybdenum-copper composite materials. Compared
with traditional liquid phase sintering and osmosis technol-
ogy, the electrical conductivity of the samples prepared by
SPS was significantly higher than by other methods, and the
densification was very high with 99.1-100% relative density.
Zhuo et al. [42] used spherical initial powder to prepare Cu/W
alloys through continuous processes such as powder mixing,
cold pressing, sintering, and infiltration. Compared with
other commercial alloys, the hardness of the synthesized Cu/
W composite was increased by 7.3%, electrical conductivity
by 23.3%, and strain by 8.8%. Huang et al. [43] studied the
creep, friction, and wear behavior of WCu pseudo-alloy at
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high temperatures, and observed that the Cu phase was
evenly distributed around the W skeleton. The WCu alloy
creep resistance decreased with lower W content while
increasing Cu content helped to enhance the cohesion of the
W—Cu phase and improved the deformation capacity of W.
The friction coefficient decreased with Cu content and
applied load. Han et al. [44] developed ultra-fine grain Cu/W
composite materials with 1200 MPa compressive strength,
48.6% IACS electrical conductivity, and 357 HV microhard-
ness. The grain refinement, dislocation hindrance, and stress
transfer are the main strengthening mechanisms. Peng et al.
[45] studied the deformation mechanism, relative density,
and uniformity of Cu/W composite powder under quasi-
static compression by using the multi-particle finite
element method. Wang et al. [46] designed a porous W
structure on the surface of copper by osmotic method and
prepared a new type of CuW/Al composite material. The ef-
fects of temperature and holding time on the microstructure
of the interface were studied. Hiraoka et al. [47] observed the
microstructure evolution and deformation behavior of the W-
80 vol% Cu composite. The deformation of W particles was
small, and the porosity of the composite decreased after
deformation.

When designing the composition of the material, we syn-
thesized the existing studies and found that reinforcing pha-
ses such as W, SiC, Al,O0; and Y,03; were added to the Cu
matrix. The incorporation of W gives the composite excellent
high temperature properties. The introduction of W phase in
Cu resulted in excellent performance of the material in terms
of mechanical properties and resistance to arc erosion. The
SiC ceramic phase has good chemical stability. Cu—SiC com-
posites can significantly increase the mechanical properties of
the material, such as high strength, good wear resistance, low
coefficient of thermal expansion and significant high tem-
perature properties. Al,O particles have high hardness. In the
copper matrix, Al,O; exhibits chemical inertness and ther-
modynamic stability. It can hinder the slip of dislocations in
the copper matrix, thus strengthening the copper matrix. The
dispersive copper matrix composites with Al,O5 as the rein-
forcing phase have excellent overall performance. Y,03 can
refine Cu matrix grains. It improves the wettability of Cu and
enhances the electrical contact properties of Cu matrix
composites.

In this work, we combined the advantages of some of the
above-mentioned reinforcing phases. Cu was used as the
matrix, Al,Os. W and SiC were used to improve the high
temperature mechanical properties of the composites, and
Y,05 was used to improve the arc erosion resistance to design
the Al,0;—Cu/WSiC—Y,03; composites. The aim of this study is
to synthesize the synergistic strengthening effects of various
strengthening phases. To investigate the structure properties
and microstructure of Al,0;—Cu/WSiC—Y,03 composites. To
investigate the electrical contact properties of the materials,
especially the effect of Y,05 on the electrical contact proper-
ties of copper matrix composites. Develop a copper matrix
composite with excellent overall performance and good
resistance to arc erosion. Cater to the trend of silver saving or
silver substitution in the field of electric contact materials,
and contribute to the development of copper-based electric
contact composites.

2. Experiments
2.1. Preparation and characterization of composites

Starting materials were Cu-0.2 Al alloy powder (purity>99.9%,
mean particle size<38 um); W powder (purity>99.95%, mean
particle size<5 um); SiC powder (purity>99.95%, average par-
ticle size: 3—5 um); Cu,O powder (purity>99.95%, mean parti-
cle size: 2—5 um); Y,03 nano-powder (purity>99.99%, average
particle size<5 nm). In the sintering process, Cu,0 provides an
oxygen source, and the nano Al,0O; dispersion-reinforced
copper matrix was produced by the internal oxidation
method, where W, SiC, and Y,03 particles further strengthen
the matrix. Fig. 1 shows the morphology characterization of
the original powder by using a JSM-5610 L V scanning electron
microscope.

The desired powder was weighed and placed into a
homemade ball mill. To avoid the contamination of the alloy
powder during the ball milling process, homemade plastic ball
milling tanks were used. In addition, pure copper balls were
used as ball milling media with a ball-to-material ratio of 4:1.
After the powder and ball milling media were loaded, the jar
was sealed and placed in the QQM/B light-duty ball mill for 6 h.
After mixing, the alloy powder was placed into a graphite
mold with an inner diameter of 30 mm, and the powder was
vacuum sintered in the FHP-828 fast hot-pressing sintering
furnace. After the vacuum degree was reduced to 0 Pa, the
mold temperature was raised to 700 °C for 5 min, the axial
contact pressure was increased to 45 MPa, and the alloy
powder was heated to 900 °C for 1 min. Then the mold was
heated to 950 °C and kept for 10 min. During the sintering
heating process, the pressure was maintained at 45 MPa and
the heating rate was 100 °C/min. After 9 min the temperature
and pressure of the mold were reduced to 500 °C and 30 MPa,
respectively. After the mold was cooled to room temperature,
composites were taken out. The composite samples were wire
cut to the specified dimensions according to the subsequent
experimental requirements. Fig. 2 shows a schematic diagram
of the composite preparation process.

2.2. Material performance testing and characterization

To test the properties of the sintered composite samples,
sandpaper is used to polish the sintered samples smoothly
before the measurement to reduce the experimental error.
The conductivity of the sample is measured using a Sigma
2008B1 conductivity meter. 8 areas are selected on the surface
of the sintered sample and the conductivity is measured and
averaged. The density of the sample is measured by Archi-
medes method using MS304S density meter, and the average
value is taken after 5 measurements for each sample. Using
HV-100 Vickers hardness tester to measure the hardness of
the sample, 7 different areas are selected on the surface of the
sample and the hardness of the sample is measured sepa-
rately, and the sample hardness is averaged. The thermal
conductivity values of the materials are measured using the
LFA 457 MicoFlash Thermal Conductivity Analyzer at 150 °C.
Each sample is measured three times and the results are
averaged. X-ray diffraction (XRD) of D8-ADVANCE with Cu
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Fig. 1 — Morphology of the original powders: (a) Cu-0.2 wt% Al; (b) W; (c) SiC; (d) Cu,0.

target as X-ray emitter was used for the physical phase anal-
ysis of the sample, with a scan rate of 60/min and a scan range
of 15°-90°. Using an electric thermostatic chamber furnace,
the specimens were charged at a constant temperature of
150 °C for oxidation performance testing, with an oxidation

time of 20 h. Analysis and determination of sample micro-
structure and element distribution using JSM-7800 F scanning
electron microscope (SEM). The sample microstructure was
analyzed using a FEI Tecnai F30 field emission transmission
electron microscope (TEM).

Various powders Ball milling Mixed powder

S— >
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Fig. 2 — Schematic diagram of the composite preparation process.
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2.3. Electrical contact experiments

Electrical contact is formed between two conductors and in-
volves electrical current flow. Proper electrical contact per-
formance is important in electrical appliances, power,
automatic control, and information systems [48—50]. In order
to test the electrical contacts, sintered samples were pro-
cessed into ©3.8 x 10 mm standard-size electrical contacts.
The JF04C system was used to test the electrical contact
behavior. Before the experiment, the surface of the electrical
contacts was polished smooth with sandpaper to reduce the
experimental error. An electronic balance with an accuracy of
0.1 mg was used to measure the mass of each contact sample
before and after the test. Each contact was weighed 5 times
and the mass was averaged. The mass difference before and
after the test, Am, was used to represent the material loss and
transfer during the electrical contact process.

Am=m, —my (1)

Here, my, is the mass of electrical contacts before testing,
and m, is the mass of electrical contacts after testing. Four
groups of samples were tested for each component. The test
process was carried out in the constant current mode, the
experimental voltage was 25 V, and the current was 10 A, 20 A,
25 A, and 30 A, respectively. Each group of samples was sub-
jected to 5000 contact opening and closing cycles, in which the
upper contact was the moving anode, and the lower contact
was the static cathode. During the electrical contact, the
contact force was 0.4—0.6 N. The arc erosion characteristics
and three-dimensional morphology of the contact surface
were observed after the test. The arc burning time and arc
burning energy of the contact material during the opening and
closing process were dynamically monitored. The experi-
mental data were analyzed after the test.

3. Results and discussion
3.1.  Material properties and microstructure

Table 1 lists the comprehensive properties of the Al,0;—Cu/
30W3siC and Al,0;—Cu/30W3SiC-0.5Y,03 composites,
including relative density, electrical conductivity, micro-
hardness and thermal conductivity. The density of the sam-
ples prepared by the fast hot-pressing sintering was above
98%. After adding 0.5 wt% Y,03, the density and conductivity
of the material were slightly reduced, but the microhardness
was improved. The electrical conductivity of the two materials
was 58.3% IACS and 59.3% IACS, respectively, and the Vickers
microhardness was 179 HV and 183 HV, respectively. Y,05
particles can increase the diffusion barrier of the Cu matrix to
a certain extent, delay the formation and growth of sintering

necks, and inhibit the sintering of Cu [51]. On the one hand,
Y,05 has good thermal stability and poor electrical conduc-
tivity, so the addition of Y,05 will hinder the continuity of the
matrix interface and increase the scattering effect of free
electrons, thereby reducing the conductivity of the material.
On the other hand, Y,03 hinders the growth of material grains,
refines the grains, and acts as a secondary phase particle to
hinder the movement of dislocations, which has a positive
effect on the hardness. The thermal conductivity of Al,05—Cu/
30W3SiC and Al,03—Cu/30W3SiC-0.5Y,03; composites are
108 W/(m-k) and 275 W/(m-k), respectively, and the addition
of Y,03 increases the thermal conductivity of the materials by
154%. The thermal conductivity of the composite is substan-
tially improved. It makes the material dissipate heat better
and work more stably in the process of use.

Cu is easily oxidized in the air to form non-conductive
oxides. During the work of the electrical contacts, once a
large number of oxides are formed, the contact resistance of
the electrical contact material rises and the material gener-
ates a lot of heat. The stability and reliability of the use of
electrical contact materials have a certain impact. Using an
electric thermostatic chamber furnace, the specimens were
charged at a constant temperature of 150 °C for oxidation
testing, and the oxidation time was 20 h. The surface of the
specimen was polished smooth and washed with anhydrous
ethanol to remove surface impurities before testing. Calculate
the value of oxidation weight gain per unit surface area of
materials.

n=(M; - M) )

The formula n is the oxidation weight gain per unit surface
area of the material; M, is the mass of the specimen before
oxidation; M, is the mass of the specimen after oxidation; S is
the surface area of the specimen.

After testing, the oxidation weight gain per unit surface
area of Al,0;—Cu/30W3SiC and Al,03;—Cu/30W3SiC-0.5Y,03
composites were 9.3 mg/cm? and 8.4 mg/cm?, respectively. On
the one hand, the composites have high density and dense
structure. It is difficult for oxygen atoms to enter into the
surface layer of the material along enough pores. W, SiCitself
has a high antioxidant capacity, which can improve the
antioxidant performance of the composites. On the other
hand, Al,05 and Y,0; are diffusely distributed in the material
matrix tissue, which have a pegging effect on composites
matrix structure. It hinders the outward diffusion of metal
ions, which makes the oxidation of composites mainly rely on
the inward penetration of oxygen atoms. The oxidation rate of
composites is reduced, thus improving the oxidation resis-
tance of composites.

In order to explore the existing state of the elements of the
two composite materials after sintering, XRD was used to
analyze the phases of the sintered composites. As seen in

Table 1 — Comprehensive properties of composite materials.

Composite Relative Electrical Vickers Thermal
density, % conductivity, % IACS hardness, HV conductivity, W/(mk)

Al,05—Cu/30W3SiC 98.6 179 108

Al,03—Cu/30W3SiC-0.5Y,03 98.1 183 275
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Fig. 3 — XRD patterns of the composites: (a) Al,0s—Cu/30W3SiC; (b) Al,0;—Cu/30W3SiC-0.5Y,05.

Fig. 3, within the 15-90° diffraction angle range, XRD re-
flections corresponding to the Cu, W, and SiC strengthening
phases were found. The XRD diffraction reflections at
26 = 40.7°, 58.8°, 73.7°, and 97.6° correspond to the (110), (200),
(211), and (220) crystal planes of W, while at 26 = 36.4° and
38.4° they correspond to the (004) and (102) crystal planes of
SiC, respectively. The XRD phase analysis results of the two
composite materials are practically the same. Due to the low
content of Y,03 and Al,Os, their characteristic reflections are
not visible in the XRD energy spectra, and no other impurity
reflections were found in the spectra.

In order to observe the sintering of powder and the
microstructure of the sample, SEM images and EDS data of the
sintered samples were analyzed. Fig. 4(a) and (c) are SEM im-
ages of the Al,0;—Cu/30W3SiC and Al,03—Cu/30W3SiC-
0.5Y,05; composites, respectively, with white being the W
phase and black being the SiC phase. Fig. 4(b), (e), (d), and (f)
are the corresponding EDS layered images, respectively. The
two electrical contacts have a dense structure and no obvious
defects such as holes and powder agglomeration were found.
W particles and SiC hard strengthening phase are distributed
in the copper matrix and Al,O3 is generated.

After the material was mechanically and ionically thinned,
the transmission electron microscopy analysis of the relevant

thin regions was performed. Fig. 5 shows the transmission
electron microscopy (TEM) and high resolution TEM (HRTEM)
images of the Al,03—Cu/30W3SiC-0.5Y,0; composite. The
movement of dislocations is the microscopic form of material
deformation, and blocking the movement of dislocations is
one of the most important ways to strengthen materials. As
seen in Fig. 5(a), many Al,O3; nanoparticles are generated in
the copper matrix by internal oxidation, pinning the grain and
subgrain boundaries to inhibit the nucleation of dynamic
recrystallization. The dislocation movement needs to bypass
or cut through the Al,0; secondary phase particles, which
increases the resistance of the dislocation movement, thereby
hindering the dislocation movement and causing the dislo-
cation accumulation. The addition of Al,05 particles plays a
role in dispersion strengthening, inhibiting the movement of
grain boundaries, thereby inhibiting the recrystallization and
grain growth of the Cu matrix, and increasing the compre-
hensive mechanical properties of the material. Fig. 5(b) shows
the diffraction spots corresponding to the copper matrix and
the Al,O; dispersed phase after the fast Fourier trans-
formation (FFT), where the crystal band axes of Cu and Al,O3
are [01 1] and [1 1 0], respectively. Fig. 5(c) shows the TEM
image of W and SiC and the corresponding selected area
electron diffraction (SAED) pattern, which determined the W

Fig. 4 — SEM images and EDS layered images of composite materials. (a, b, and e) Al,05-Cu/30W3SiG; (c, d, and f) Al,05-Cu/

30W3SiC-0.5Y,03.
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Fig. 5 — TEM and SAED images of the Al,0;—Cu/30W3SiC-0.5Y,0; composite. (a) Morphology of nano Al,O; particles, (b) FFT
of Cu and Al,03, (c) microstructure and SAED of W and SiC, (d) twins and their lattice parameters, (e, f) dislocation tangles.

phase by calibration, and the lattice parameters are
a=b=c=0.31648 nm, o = p =y = 90°, [001] ribbon axis. W and
Cu are immiscible with each other. With high hardness and
good wear resistance, W is uniformly distributed in the Cu
matrix as a strengthening phase, as W hinders the movement
of dislocations, causing dislocation accumulation and
increasing the hardness of the material. As a kind of hard

ceramic particle with excellent properties, SiC can signifi-
cantly improve the hardness and service life of materials.
Twins are also present in Fig. 5(d), where the lattices on both
sides of the twin boundaries are mirror-symmetrical, and the
existence of twins has a positive effect on the strength and
hardness of the material. The strengthening mechanism by
twin boundaries effectively hinders dislocation movement,
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Fig. 6 — Cathode, anode, and total mass changes before and after the electrical contact experiments: (a) Al,0;—Cu/30W3SiG;

(b) Al,05—Cu/30W3SiC-0.5Y,0;.

thereby strengthening the material. Fig. 5(e) and (f) show the
entangled dislocations in the copper matrix. Because of the
various reinforcing phases in the material, the movement of
dislocations is hindered, and dislocations are entangled with
each other during the movement to form dislocation walls
and cells. The greater the dislocation density, the stronger the
ability of the metal to resist plastic deformation, which is the
main way to enhance its performance.

3.2. Electrical contact experiments and analysis

During electrical contact, the arc erosion resistance of the
contact material and the amount of material transfer and loss
directly affect the service life of the components [52,53]. Fig. 6
shows the mass change of Al,0;—Cu/30W3SiC and Al,05;—Cu/
30W3SiC-0.5Y,05 electrical contact materials at 25 V DC under
different current conditions of 10 A, 20 A, 25 A, and 30 A after
5000 opening-closing contact cycles. The mass change trend
of the two materials is the same. At different currents, the
mass of the anode material increases while the mass of the
cathode decreases, which indicates the transfer of material
from the cathode to the anode during the electrical contact.
The total mass change is negative, indicating that some ma-
terials enter the surrounding environment, and as the current
increases, the amount of material transfer and loss increases.
The loss mechanism of the material was explored, and it was
found that when the contact moved from the closed to the
open position, the contact surface and conductive surface of
the cathode and anode contacts decreased, and the corre-
sponding contact resistance of the contacts increased. When
contact is about to disconnect, the I°R energy is concentrated
at an extremely small area, which will rapidly increase the
contact temperature above the melting point of the metal,
causing metal bumping and explosive gasification. When the
cathode and anode are filled with metal vapor, an arc will be
formed, and the contact material will evaporate and splash.
The positive ions in the arc column bombard the arc root area
of the cathode at high speed. The contact gap can be relatively
long, several times the average free travel of the gap electrons.
The collision of electrons between the arc columns causes
energy loss before reaching the anode, and the energy is
greatly reduced after reaching the anode. The positive ions

between the arc columns are accelerated by the electric field
and electrons and bombard the surface of the cathode contact
at a high speed. The cathode material evaporates more than
the anode, and the material is transferred from the cathode to
the anode and partially to the surrounding environment,
resulting in material transfer and mass loss [54]. At the
moment before the cathode and anode contacts are discon-
nected, the energy of the liquid bridge of the metal arc column
is:

UL()i(t)dt 3)

Here, t; is the duration of the liquid bridge current before
the contact is disconnected, U.(t) is the voltage across the
liquid bridge before the contactis disconnected, and i (t) is the
current through the liquid bridge before the contact is
disconnected.

Adding W with a high melting point and low saturated
vapor pressure to the Cu matrix will increase the melting
point of the material. When the temperature of the contact
increases sharply during the electrical contact process, the W
particles deform to form a needle-like W skeleton [1], which
restricts the fluidity of the melt, thereby increasing the arc
erosion resistance of the material and reducing the mass
transfer and loss of the material. Fig. 6 shows the mass
changes of the cathode and anode and the total mass of the
two materials before and after the electrical contact experi-
ment at different currents. It can be seen from Fig. 6 that when
the 0.5 wt% Y,05 were added, the mass transfer and loss of the
material were reduced. This is because the high temperature
generated by the arc during the breaking process of the con-
tacts will partially melt the surface of the electrical contacts.
Y,05; has good high-temperature stability and copper melt
wettability, which can reduce the splash of copper melt,
reduce the mass transfer of cathode and anode, and the loss of
material to the surrounding environment, thereby improving
its arc resistance. The addition of nano Y,03 can enhance the
material through the dispersion strengthening mechanism,
but due to the poor conductivity of Y¥,03; and the scattering
effect on free electrons, it has a certain impact on the con-
ductivity of the material. In this experiment, the amount of
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Y,05 added is less, which has little effect on the electrical
conductivity.

Fig. 7 shows the low-magnification morphology and cor-
responding three-dimensional topography of the cathode and
anode contacts of the two composite materials after being
opened and closed 5000 times at 25 V DC and 30 A. There are
many protrusions on the surface of the anode contact, and
there are many pits on the cathode contact. It can also be seen

100 pm

from the three-dimensional topography that when 0.5 wt%
Y,05 is added, the degree of anode protrusion and cathode
depression of the contacts is reduced. All these indicate that
the addition of Y,05; improves the arc erosion resistance of the
material.

Fig. 8 is a high-magnification scan of the surface of the
cathode and anode contacts after being opened and closed
5000 times at 25 V DC and 30 A. At high magnification, the arc

3 T e i e g O

T N

Fig. 7 — SEM images and corresponding 3D profiles of the arc erosion morphology on the contact surface (a, c, e, and g)

A1203—Cu/30WSSiC; (b, d, f, and h) A1203—Cu/30w35iC-0.5Y203.
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Fig. 8 — Typical morphological characteristics of electrical contact surface (a, b) anode; (c, d) cathode.

erosion morphology and some typical features of the material
can be seen, such as bulges, depressions, holes, droplets,
cracks, and coralloid structures formed by arc ablation. Since
the material is transferred from the cathode to the anode, the
protrusions mainly appear on the surface of the anode con-
tacts, and the depressions mainly appear on the surface of the
cathode contacts. When the material is in contact, the arc
between the contacts causes the thermal effect to increase the
temperature of the arc column area, and the material in this
area undergoes bumping and splashing. However, the tem-
perature in the area outside the arc column is far lower than in
the arc center. When the molten and splashed liquid metal
enters the lower temperature area, the cooling rate of the
material is extremely fast, and the liquid metal on the contact
surface has solidified before it can be spread out. The larger
molten metal will form a coral-like structure, and the smaller
molten metal will solidify to form droplets, as seen in Fig. 8(b)
and (d). Due to the fast cooling rate and thermal stress
gradient of the molten layer on the surface of the contact,
holes and cracks will be generated on the contact surface,
which are common morphological features on all contact
surfaces. The existence of holes and cracks has a negative
impact on the arc erosion resistance of the contacts. The ex-
istence of holes will reduce the mechanical strength of the
molten layer of the contacts, thereby causing cracks. Cracks
are dangerous morphological features on the surface of elec-
trical contacts. Once the cracks extend, the material on the
surface of the contacts may fall off, accelerating the failure of
the contacts. The addition of Y,03 improves the wettability of
the copper matrix, which inhibits the generation of these

undesirable topographical features and increases the service
life of the contacts.

In the process of electrical contact, when the current and
voltage reach a certain value, the fuse link is just melted and
disconnected, and an arc will be formed between the two
contacts. Due to the Joule heating, the center temperature of
the arc is very high, which leads to erosion of the contact
surface and accelerated failure. Therefore, it is particularly
important to improve the arc-extinguishing ability of the
electrical contact material. The arc-starting and arc-
extinguishing ability of the material can be illustrated by
the arc duration during electrical contact. The longer the arc
duration, the more arc erosion the material will experience
and the earlier the contacts will fail. Fig. 9 shows the change
of arc duration during 5000 cycles of opening and closing
contact at 25 V DC and 10 A, 20 A, 25 A, and 30 A for two
materials. Each time the contacts are opened and closed 100
times an average is taken. In general, the arc duration of the
two materials is kept at a low level. With the increase of the
current, the arc duration increases, and the arc erosion is
more serious. W has a high melting point, good thermal
conductivity, and high heat capacity. The addition of W to
copper-based electrical contact materials reduces the hot
electron emission and metal vapor in the arc. This inhibits
material dissociation and increases arc resistance, allowing
for faster arc initiation and breaking of electrical contacts.
Fig. 9(d) shows the average arc duration of the electrical
contacts of the two materials during the electrical contact
process. The average arc duration of the electrical contacts
with the Al,0s—Cu/30W3SiC composition is 4.48 ms, 5.72 ms,
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Fig. 9 — Variation of arc duration of materials during electrical contact:(a) 10 A; (b) 20 A; (c) 25 A; (d) 30 A; (e) Average arc

duration.

6.23 ms, and 12.5 ms, respectively. The average arc duration
of the electrical contacts with the Al,053—Cu/30W3SiC-0.5Y,03
composition is 0.44 ms, 4.68 ms, 5.52 ms, and 8.59 ms,
respectively. In comparison, after adding Y,0;, the arc
duration of the material is greatly reduced, and the resistance
to arc erosion is enhanced.

Fusion welding between contacts is one of the main forms
of switch failure. During the process of opening or closing the
circuit, the liquid metal bridge is generated between the
contacts due to the pre-breakdown arc during closing or the
arc formed during the bouncing of contacts or fusion welding
due to arc heat flow melting the contact surface [52,55]. When
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the switch is opened and closed, the force that must be exceeding 0.5 N, and the welding force is significantly reduced
applied to separate the moving and static contacts becomes after the addition of Y,03. Under the experimental conditions
the welding force of the material. The magnitude of the of different currents of 10 A, 20 A, 25 A, and 30 A, the material
welding force can be used to evaluate the welding phenome- fusion welding force after adding Y,0; was 58.9%, 81.4%,

non of the material. Fig. 10 shows the change of the welding 87.5%, and 89.4% of that without Y,03, respectively. On the
force of the two materials in electrical contact and the welding one hand, the internal oxidation disperses Al,03 particles in
force of the material increases with the current. However, the the copper matrix. Adding a high melting point W with high
welding force of the two materials is at a low level, not thermal conductivity and heat capacity, and low chemical
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Fig. 10 — Variation of welding force of materials during electrical contact:(a) 10 A; (b) 20 A; (c) 25 A; (d) 30 A; (e) Average
welding force.
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Fig. 11 — TEM micromorphology, SAED, and EDS analysis of the Al,0;—Cu/30W3SiC-0.5 Y,03 composites: (a) EDS analysis;
(b) element distribution of (a); (c) micromorphology and SAED of Y,03; (d) EDS analysis of area 1; (e) EDS analysis of area 2.

affinity with Cu to form a Cu—W pseudo-alloy can weaken the
welding force. On the other hand, Y,03 improves the wetta-
bility of the copper melt and reduces the welding force of the
material.

Adding 0.5 wt% Y,03 to the Al,0;—Cu/30W3SiC resulted in
a significantly enhanced arc erosion resistance of the material
with an obvious strengthening effect. Fig. 11 shows the TEM
microstructure along with SAED and EDS analysis of the Al,.
03—Cu/30W3SiC-0.5Y,03 composite. Fig. 11(a) shows the
qualitative and quantitative analysis of the elemental
composition of the selected area obtained by SEM and EDS.
Fig. 11(b) is the surface element distribution diagram. Both
Al,O05; and Y,03 are dispersed in the Cu matrix, and Y,05 is
found in Cu, W, SiC, and other strengthening phases. Fig. 11(c)
is the SEM image and the corresponding SAED analysis of the
material, and (d) (e) are the EDS analysis results corresponding
to the two positions 1 and 2 in (c), respectively. After calibra-
tion, itis found that there is the Y,03 phase with a crystal band
axis of [9 57| at the interface of Cu and SiC, and the lattice
parameters area =b =c = 1.06041 nm, o = =y = 90°. Y503 is
mainly at the interface because the addition of Y,0; will cause
lattice distortion, which will increase the system energy. In
order to minimize the free energy, Y,Os3 is distributed at the
boundary, and evenly dispersed Y,03 will also hinder the
growth of copper grains and refine the grains. While
increasing the mechanical properties of the material, the
refinement of the grains also makes the Y,0; more uniformly
distributed at the Cu boundary. Y,05; has good thermody-
namic stability and fluorite-like structure, coupled with its

unique copper melt wettability, which can significantly
improve the arc erosion resistance of electrical contacts.

Based on combined material structure characterization,
properties testing, material mass transfer during electrical
contact, arc erosion profile, arc burning time, welding force,
and many other experimental parameters, both Al,0;—Cu/
30W3SiC and Al,05;—Cu/30W3SiC-0.5Y,05 electrical contact
materials have good performance. The nano Al,0; generated
by internal oxidation contributes greatly to the strengthening
effects of the material, especially when Y,05 is added, the
material performs well during electrical contact, and the
material properties remain good and stable after 5000 contact
experiments, and there is a significant increase in the melt
welding resistance and arc erosion resistance of the material.
This work combines the previous work to develop copper
matrix composites with excellent performance, which pro-
vides a new idea for the development of electrical contact
materials and has important reference value.

4, Conclusions

1. Two kinds of electrical contact materials, Al,03—Cu/
30W3SiC and Al,03—Cu/30W3SiC-0.5Y,03, were prepared by
the fast hot-pressing sintering technology and internal
oxidation method. The density of the two kinds of composites
are over 98%, the electrical conductivity is 58.3% IACS and
59.3% IACS, and the microhardness is 179 HV and 183 HV,
respectively. Thermal conductivity is 108 W/(m-k) and 275 W/
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(m-k), respectively. The structure of the two electrical contact
materials is dense, and no obvious defects such as holes and
powder agglomeration are found.

2. The microstructure of Al,0;—Cu/30W3SiC-0.5 Y,03 was
characterized, and a large number of Al,0; nanoparticles was
dispersed in the copper matrix, which hindered the move-
ment of dislocations. In addition, it was also found that the
comprehensive properties of the matrix were further
enhanced by the uniformly dispersed W, SiC, and Y,03, which
hinder the dislocation movement inside the material.

3. The electrical contact experiment was carried out on the
electrical contacts composed of Al,0;—Cu/30W3SiC and Al,.
03—Cu/30W3SiC-0.5Y,03. Y,03 has good thermodynamic sta-
bility and wettability. Adding 0.5 wt% Y,Os; significantly
reduced the mass transfer and loss of the contact material
during the electrical contact process, and the arc duration and
welding force were also significantly reduced, which indicates
that Y,03 improves the arc erosion resistance.
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