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A B S T R A C T   

Al2O3-Cu/35Cr3TiB2 and 0.5Y2O3/Al2O3-Cu/35Cr3TiB2 electrical contact composites were prepared by vacuum 
hot pressing sintering endo-oxidation method. Both composites were over 98% dense with tensile strengths of 
395 MPa and 413 MPa and compressive strengths of 839 MPa and 898 MPa, respectively. The TEM results 
showed that Cr and TiB2 particles along with Al2O3 nanoparticles generated by internal oxidation were uniformly 
distributed in the Cu matrix. The addition of Y2O3 had almost no negative effects on the electrical conductivity 
and hardness of the composites. The electrical contact parameters such as arc energy, arc duration, and weld 
force between pairs of contacts were analyzed. The material transfer direction of both composite contacts was 
from cathode to anode. The average welding force of the contacts decreased by 24.6% after the addition of Y2O3, 
and the material transfer and loss decreased by 28.6% and 42% at 35 A current, respectively. The addition of 
Y2O3 reduced the arc energy and duration by 43.7% and 55.9% at 25 A and 35 A, respectively, and improved the 
stability of the contacts during disconnect and closure.   

1. Introduction 

Electrical contacts are one of the core components of all kinds of 
instruments and switchgear, mainly responsible for the task of turning 
on or disconnecting circuits and load currents [1–3]. When the current 
of the circuit is turned on and off, the arc discharge usually produces a 
high-temperature arc between the contact pairs, and under the com
bined action of impact load and thermal energy release, the contacts can 
fail, exhibiting wear, cracking, arc erosion, and contact welding [4]. 
With the rapid development of modern industry and the continuous 
improvement of production levels and power systems automatic con
trols, traditional contact materials have gradually become unable to 
meet the more stringent requirements. Therefore, it is of great signifi
cance to develop better performance electrical contact materials. In 
general, the basic requirements of electrical contact materials are: good 
electrical conductivity and thermal conductivity; low contact resistance; 

resistance to welding and oxidation; mechanical wear resistance and arc 
ablation resistance; certain hardness and tensile strength, etc. [5–9]. The 
mainstream preparation methods of electrical contact materials include 
powder metallurgy [10,11], internal alloy oxidation [12,13], spark 
plasma sintering [14], reaction synthesis [15,16], and infiltration [17]. 
Through comparative studies, it is found that the powder metallurgy 
method can result in the uniform distribution of reinforcing particles, 
avoiding the unfavorable factors such as poor bonding due to the non- 
wetting of the reinforcement and matrix, which makes it the most 
mature and widely used method for the preparation of particle- 
reinforced composites. 

At present, the copper matrix composites widely used as contacts are 
Cu-Cr [18–20], Cu-W series [21], and Cu-Mo [22] series alloys. Since the 
electric coil made of copper is usually seriously oxidized above 300 ◦C, 
in order to protect Cu from oxidation at high temperature, Wu et al. [23] 
prepared thin Cr film by high power and high vacuum arc ion plating, 
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which shows good oxidation resistance and excellent thermal stability. 
Papillon et al. [24] prepared Cu-Cr alloy by powder metallurgy and 
found that the addition of Cr hinders the sintering kinetics through 
mechanical effects. It can prevent the expansion phenomena by trapping 
the released oxygen in the solid chromium oxide, which makes the Cu-Cr 
more compact and leads to a better combination between Cu and Cr 
particles. Therefore, Cr has good comprehensive properties to optimize 
sintering performance and can absorb oxygen at high temperatures to 
reduce the oxidation of copper-based contacts, which is a key material to 
improve the breaking capacity of contacts. 

In the study of composition and proportioning of copper-based 
electrical contact materials, most of them will improve the properties 
and application range of contact composites by adding high melting 
point metal or ceramic reinforcement [25,26]. Common ceramic rein
forcing phases include Al2O3, TiB2, SiC, TiC and WC [27–33]. Fathy et al. 
[34] prepared Cu-Al2O3 composites with different mass fractions by 
thermochemical technology and powder metallurgy. It is found that 
Al2O3 nanoparticles are uniformly distributed in the copper matrix, and 
their distribution and quantity determine the thermal conductivity of 
the composites, and the thermal expansion coefficient of the composites 
can be effectively reduced by the good combination between the rein
forcement phase and the metal matrix. Tian et al. [35] prepared Cu- 
0.5Al2O3 composites by internal oxidation, whose electrical conductiv
ity and softening temperature reached 93% IACS and 800 ◦C respec
tively, and the ultimate tensile strength at 600 ◦C was 172 MPa. It was 
analyzed that the strengthening mechanism of Al2O3 was pinning grain 
boundaries and subgrain boundaries to inhibit recrystallization of the 
composites. The above studies have shown that the reinforcement of 
copper matrix composites by generating uniformly distributed Al2O3 
nanoparticles within the copper matrix by internal oxidation can obtain 
high thermal stability while retaining the high electrical and thermal 
conductivity of the copper matrix to a great extent. TiB2 has become one 
of the fastest developing high performance boride ceramics in recent 
years. It has high electrical wear resistance and lowest resistivity in 
super-hard ceramics [36–38]. Li et al. [39] prepared Ag-4 wt% TiB2 
contact materials and found that the addition of TiB2 improved the arc 
erosion resistance of the contact materials and reduced the amount of 
material loss and transfer after arc erosion. Pan et al. [40] successfully 
prepared Cu-Fe-TiB2 composites by Al-assisted in-situ incorporation of 
TiB2 nanophase and purification induced by Fe. The tensile strength and 
electrical conductivity reached 554 MPa and 62.4% IACS, respectively, 
realizing a good combination of mechanical and electrical properties. 
On the one hand, the use of TiB2 and nano-Al2O3 dual-scale ceramic 
particles to jointly reinforce the copper matrix can optimize the micro
structure and thermal stability of the composites. On the other hand, the 
synergistic effects of different sizes of ceramic particles in the matrix can 
improve the resistance of the composites to arc erosion during the 
electrical contact process. 

Rare earth elements, also known as “industrial vitamins”, which 
have unique physical properties and chemical activity, and are often 
used as trace additives to purify the matrix, refine grains, improve 
corrosion resistance in materials [41,42]. Zhou et al. [43] prepared 
nano-Y2O3 reinforced Cu-Cr-Y alloys and found that the Y2O3 nano
particles could hinder the grain boundary and dislocation motions, and 
because of the thermodynamic stability of the Y2O3 dispersions and the 
inhibition of the growth of the Cr particles, the alloys obtained a good 
combination of strength and thermal conductivity at high temperatures. 
Mu et al. [44] demonstrated that the addition of Y2O3 can inhibit the 
growth of copper grains and improve the hardness and density of the 
material, while Y2O3 can be more uniformly distributed in the matrix, 
resulting in improved electrical properties and arc resistance of the 
samples and the contact resistance of the composite is minimized when 
0.5 wt% Y2O3 is added. These findings indicate that Y2O3 can effectively 
improve the strength and high-temperature stability of composites, 
thereby enhancing the electrical contact performance, which is of great 
significance for the development of contact materials. 

Based on the above research, this study decided to adopt the process 
of ball milling powder mixing and rapid hot-pressing sintering, adding 
Cr, TiB2 and nano-Al2O3 formed in situ by internal oxidation to 
strengthen the copper matrix. At the same time, in order to further study 
the effects of Y2O3 on the electrical contact properties of copper matrix 
composites, Al2O3-Cu/35Cr3TiB2 and 0.5Y2O3/Al2O3-Cu/35Cr3TiB2 
composites were designed, and their comprehensive properties, micro
structure and electrical contact behavior were analyzed and 
characterized. 

2. Experiments 

2.1. Composites fabrication 

The raw materials for the composites prepared in this paper include 
Cu-0.4Al (Al 0.4 wt%) alloy powder with an average particle size of 37 
μm, Cu2O 2–5 μm powder, Cr 37 μm powder, 50 nm Y2O3 powder of and 
3–5 μm TiB2 powder. The purity of these powders is more than 99.9%, as 
shown in Fig. 1(a-d). Among them, the addition of Cu-Al and Cu2O 
powders is to form dispersed Al2O3 particles by internal oxidation in the 
sintering process, and to strengthen the copper matrix. The addition of 
Cr, TiB2 and Y2O3 powder is to further improve the strength and elec
trical contact properties of the composites. The specific process of 
composites preparation is shown in Fig. 2. First, the powder needed for 
the preparation of composite materials is weighed according to different 
proportions (Table 1) and placed into the ball milling jar. Then pure Cu 
balls of different diameters (the mass ratio of ball to powder is 5:1) are 
added as grinding medium. Second, the ball mill jar is sealed and placed 
in a QQM/B light ball mill to grind at the speed of 50 rpm for 6 h to make 
the powder fully and uniformly mixed as shown in Fig. 1 (e, f). Putting 
the evenly mixed powder into the graphite mold for a certain degree of 
prepressing can discharge the air between the powders, increase the 
heat transfer rate, shorten the heating and curing time and so on. Finally, 
the graphite mold was placed into FHP-828 fast hot pressing sintering 
furnace and sintered under 1 Pa vacuum. The specific process parame
ters are as follows. When the vacuum was lower than 1 Pa, the sintering 
furnace program was started with heating and applying longitudinal 
pressure at the same time. The heating rate was 100 ◦C/min. After 8 min, 
when the temperature and pressure reach 800 ◦C and 40 MPa, respec
tively, the heat was held for 2 min. Then the temperature was raised to 
950 ◦C, and the pressure reached the maximum 45 MPa value, kept for 
15 min. Then, there is a cooling process, where the program ends when 
the temperature and pressure drop to 500 ◦C and 40 MPa, respectively, 
after 20 min. The mold is slowly cooled to room temperature with the 
furnace, and the cylindrical sintered composite of Φ30 mm × 12 mm 
was obtained. 

2.2. Material performance testing 

The two ends of the sintered composites were polished smooth with 
sandpaper of different particle sizes, and polished using the polishing 
machine to remove the oxide layer, impurities, scratches and other de
fects that affect the test results on the surface of both ends of the sample. 
The electrical conductivity of each sample was tested using a digital 
conductivity meter, and to ensure accurate data, 10 different zones were 
selected for testing each sample and then the average of these values was 
taken as the final conductivity of the sample. 

The Vickers hardness of each sample was tested by HV-1000 
microhardness tester in accordance with the GB/T 4340.4–2022 stan
dard at 300 N load and 10 s loading time. Each sample was tested in 10 
different areas and the average values were calculated. 

The mass of different samples in air and liquid medium (deionized 
water at 21 ◦C) was measured by MS304S densitometer, and the average 
value was taken after each sample was measured for 5 times. Then the 
actual density of the composite was calculated by using Archimedes 
drainage method, and the ratio of the actual density to the theoretical 

Z. Ma et al.                                                                                                                                                                                                                                      



Materials Characterization 207 (2024) 113474

3

density is the relative density of the composite. 
After the sintered composite samples were cut into dog bone shape 

and Φ8 mm × 10 mm standard samples, the tensile strength and 
compressive strength of the composites were tested using the AGI- 
250KN universal testing machine according to the GB∕T228.1–2021 
and GB/T 7314–2017 standards. The testing rate was 0.2 mm/min, and 
the average value was taken after each sample was tested three times. 

Fig. 1. Scanning electron microscopy images of the feedstock powder: (a) Cu-0.4 wt% Al; (b) Cr; (c) TiB2; (d) Cu2O; (e) mixed powder of Al2O3-Cu/35Cr3TiB2; (f) 
mixed powder of 0.5Y2O3/Al2O3-Cu/35Cr3TiB2. 

Fig. 2. Preparation process of composite materials.  

Table 1 
Nominal composition of composites.  

Composites Cu-0.4 wt%Al Cu2O Cr TiB2 Y2O3 

Al2O3-Cu/35Cr3TiB2 59.05 2.95 35 3 0 
0.5Y2O3/Al2O3-Cu/35Cr3TiB2 58.57 2.93 35 3 0.5  
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2.3. Electrical contact testing 

The sintered composite material is cut into Φ3.8 mm × 10 mm cy
lindrical electrical contacts, and the surface of the contact samples was 
polished and placed into ethanol solution to ultrasonically clean it for 
15 min, so that the contact surface between the cathode and the anode is 
smooth and free of oxide layers and impurities, thus ensuring the ac
curacy and rigor of the electrical contact test. Using the JF04C contact 
material test system, the electric contact tests were carried out at 25 V 
constant voltage and 10 A, 20 A, 25 A, 30 A, 35 A current. The whole test 
was carried out under the protection of argon atmosphere in Fig. 3. The 
anode was the moving contact and the cathode was the static contacts. 
The opening and closing of the contacts are regarded as a contact test, 
and 10,000 electrical contact cycles were conducted for each pair of 
contacts, and the parameters such as arc energy, arc duration and 
welding force were monitored in real time. During the test, the closing 
pressure was maintained between 0.4 N and 0.6 N, and the contact 
frequency was 1 Hz. The electronic balance with 0.1 mg precision was 
used to weigh each contact before and after the test. After weighing each 
contact 5 times, the average value was taken as the final mass of the 
contact. In order to accurately obtain the mass change of the samples 
before and after the test, the value of the material loss and transfer 
during the test is expressed by Δm: 

Δm = mb − ma (1) 

Here, ma is the mass of the sample before the test, and mb is the mass 
of the samples after the test. 

2.4. Microstructure characterization 

The microstructure of the composites was characterized using a 
LIBRA-200FE transmission electron microscope, while the surface 
morphology and elemental distribution of the samples were observed 
before and after the experiments using a JSM-5610LV and a JSM-7800F 
scanning electron microscope, and finally, the three-dimensional 
morphology of the contact surfaces of the samples after arc erosion 
was established using a PA53MET-3D microscope. 

3. Results 

3.1. Material properties and microstructure 

Table 2 shows the comprehensive properties of the Al2O3-Cu/ 
35Cr3TiB2 and 0.5Y2O3/Al2O3-Cu/35Cr3TiB2 composites. Their relative 
density is above 98%. With the addition of Y2O3, the electrical con
ductivity of the composites slightly decreased, while the microhardness 

increased to a certain extent. On the one hand, the electrical conduc
tivity of Y2O3 is much lower than Cu, so the addition of Y2O3 will 
decrease the electrical conductivity of the composites to a certain extent. 
On the other hand, the addition of Y2O3 will reduce the density of the 
composites and produce more voids, while voids and hard Y2O3 particles 
will affect the integrity and continuity of the copper matrix and form a 
stress field in the matrix. All these factors will enhance the electron 
scatters, thus reducing the electrical conductivity. On the contrary, the 
hard Y2O3 particles in the matrix can pin dislocations to form dislocation 
cells and hinder the movement of dislocations, thus improving the 
strength and hardness of the composites. 

The sintered samples of two composites were characterized by X-ray 
diffraction (XRD) with the range of scanning angle and scanning speed 
of 20◦ ~ 95◦ and 1◦/min, respectively, and the clear diffraction re
flections were obtained in Fig. 4. The diffraction reflections match the 
expected components, and no impurities reflections such as oxides were 
found, indicating that the powder was not contaminated by impurities 
and did not oxidize during sintering. The detected diffraction reflections 
correspond to (111), (200), (220) and (311) crystal planes of Cu, (110), 
(200) and (211) crystal planes of Cr, (001) crystal plane of TiB2, (123) of 
Al2O3 and (112) crystal plane of Y2O3, respectively. 

Fig. 5 shows the scanning electron microscopy (SEM) backscatter 
images and energy dispersive X-ray spectroscopy (EDS) analysis results 
of the two kinds of composites. It can be seen that the structures of the 
two composites are compact, the copper matrix is continuously 
distributed, and there are no defects of pores and powder agglomeration. 
The three initial Cr, TiB2 and Y2O3 phase particles, and the Al2O3 
nanoparticles formed by internal oxidation are uniformly distributed in 
the copper matrix. The alumina nanoparticles were successfully scanned 
at the point scan of Fig. 5(c), and the composition analysis data are 
shown in Fig. 5(d). From the line scan in Fig. 5(g) and (h), the interface 
between strengthening phase Cr, TiB2 particles and Cu matrix is rela
tively dense, and there is a certain degree of miscibility. 

In order to further investigate the microstructure of the composites, 
the 0.5Y2O3/Al2O3-Cu/35Cr3TiB2 contact materials was characterized 
using transmission electron microscopy (TEM) in Fig. 6. It can be seen 
from Fig. 6(c) and (d), that the nano-Al2O3 and Y2O3 are uniformly 
distributed in the matrix, and these hard particles will pin grain 
boundaries and sub-grain boundaries and inhibit the dynamic recrys
tallization of the composites, since the nanoparticles are more concen
trated at the grain boundaries in Fig. 6(b). At the same time, these 
nanoparticles impede the movement of dislocations, which can be seen 
in Fig. 6(a) where the dislocation density near the hard phase particles 
increases significantly and causes dislocation stacking, which will lead 
to an increase in the resistance during the deformation of the matrix, 
thus improving the strength of the composite. The results after fast 

Fig. 3. JF04C contact material testing system schematic diagram.  
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Table 2 
Comprehensive properties of composites.  

Composites Hardness HV Electrical conductivity % IACS Relative density % Tensile strength MPa Compressive strength MPa 

Al2O3-Cu/35Cr3TiB2 174 42.5 98.38 395 839 
0.5Y2O3/Al2O3-Cu/35Cr3TiB2 178 41.7 98.26 413 898  

Fig. 4. XRD patterns of the composites: (a) Al2O3-Cu/35Cr3TiB2; (b) 0.5Y2O3/Al2O3-Cu/35Cr3TiB2.  

Fig. 5. SEM image and EDS analysis of sintered composites: (a, b) Al2O3-Cu/35Cr3TiB2; (e, f) 0.5Y2O3/Al2O3-Cu/35Cr3TiB2.  
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Fourier transform of the Region 2 in Fig. 6(e) are shown in Fig. 6(f), 
where the diffraction spots correspond to γ-Al2O3 and Y2O3, respec
tively. γ-Al2O3 has a high thermal stability and is widely used in many 
high-temperature and high-pressure environments, so that composites 
with the Al2O3-Cu matrix have become critical materials in the field of 
electrical contacts. Fig. 6(c) shows the TiB2 phase distributed in the 
matrix and the diffraction spots at its Region 1. It can be seen that the 
bonding state of the copper matrix and TiB2 particles is good, the 
interface is clear, and there is no transition layer present. 

3.2. Material transfer 

Fig. 7 shows the mass change of each contact sample after 10,000 
contact tests at different current, as well as the total mass change of each 

pair of contacts. It can be seen that the mass change of the two kinds of 
contacts is almost the same, but the change amplitude is different, in 
which the mass of the anode contacts always increases, while the mass of 
the cathode contacts always shows a decreasing state, which indicates 
that the material is transferred from the cathode to the anode during the 
test, and the amount of increase of the anode can be regarded as the 
amount of transfer of the material in the test process. At all currents, the 
total mass of the contact pairs shows a decreasing trend, which means 
that there is material loss during the test. As the current increases from 
10 A to 35 A, the amount of material transfer and loss also tends to in
crease. In addition, it can be seen from Fig. 7 that the magnitude of the 
mass change is not steadily increasing as the current rises, rather there is 
a tendency for a sudden increase at 25 A, after which the increase tends 
to stabilize. 

Fig. 6. TEM and HRTEM images of 0.5Y2O3/Al2O3-Cu/35Cr3TiB2 contact materials: (a, b, c, d) TEM images of composite material; (e) HRTEM image of (d); (f) FFT 
of region 2 of (e). 

Fig. 7. Mass change of two kinds of contacts under different current conditions: (a) Al2O3-Cu/35Cr3TiB2; (b) 0.5Y2O3/Al2O3-Cu/35Cr3TiB2.  
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The material transfer is realized mainly through the arc transfer and 
liquid bridge transfer in two ways. The liquid bridge transfer is when the 
contacts contact discharge, the heat generated will first melt the contacts 
part, and then because of the surface tension to form a liquid Cu liquid 
bridge, when the contact pairs is broken, the liquid bridge is elongated 
until broken, because the fracture is not uniform, resulting in the 
transfer of materials. Arc transfer refers to the phenomenon that the 
metal atoms in the contact pairs transfer along the direction of electron 
movement in the case of arc produced by high current density. That is, it 
is transferred from the cathode to the anode. As the current rises, the 
number of liquid bridges and the tendency of arc transfer also rise, 
resulting in an increase in the material transfer of the contacts. It is 
worth noting that material transfer is not a single transfer from one 
contact to another, but a dynamic process of mutual transfer, affected by 
contact materials and load conditions and other factors. The material 
loss is because there is a high temperature arc during opening and 
closing the electrical contact, so that the contact surface temperature 
rises sharply. When the temperature rises to the melting point or even 
the boiling point of copper, will lead to the Cu contact surface melting 
and splashing or evaporation to the surrounding environment. As the 
current rises, the arc energy generated by the test as well as the 
instantaneous temperature will also rise simultaneously, so that the loss 
of contact, evaporation and splashing increases. 

In addition, when the current is small, the Joule heat released from 
the arc is not enough to melt Cu, and at this time, the material transfer 
mode is mainly arc transfer. However, when the current reaches a level 
where the heat released from the arc can melt the Cu, the material 

transfer will be realized through the joint action of the two modes, and 
thereafter, as the current rises, the liquid bridge transfer gradually 
dominates. Compared with the arc transfer, the liquid bridge transfer 
has a greater effect on the contacts mass change. Thus, the reason for the 
sudden increase in the mass change is that at 20–25 A, the material 
transfer method of the contacts changes from arc transfer to the syner
gistic effect of liquid bridge transfer and arc transfer. This phenomenon 
is also well illustrated by the fact that there is almost no trace of arc 
erosion on the contact surfaces of contacts with test currents under 20 A. 
Remarkably, when the current was 20 A, the mass change of the contacts 
without Y2O3 was significantly larger than the contacts with Y2O3, 
which suggested that the Al2O3-Cu/35Cr3TiB2 contacts changed the 
material transfer mode earlier than the 0.5Y2O3/Al2O3-Cu/35Cr3TiB2 
contacts as the current was elevated. In other words, Y2O3 improves the 
thermal stability of the composite, which makes the critical current 
value for the occurrence of the melting phenomenon become larger. 

Comparison of Fig. 7(a) and (b) shows that the addition of Y2O3 
significantly reduces the magnitude of the mass change of the contacts, 
resulting in lower material transfer and loss. At 30 A and 35 A, the 
addition of Y2O3 decreased the mass transfer of the contacts by 33.2% 
and 28.6%, respectively, and the material loss during the test decreased 
by 25.7% and 42%, respectively. This is due to the fact that on the one 
hand, Y2O3 has high thermal stability, which can reduce the melting 
degree of the composite at high temperature and increase the viscosity 
of the liquid metal, thus reducing the splashing of liquid droplets and 
accelerating the fracture of liquid bridges. On the other hand, the low 
density of Y2O3 floats up to the surface of the molten metal liquid, 

Fig. 8. SEM low magnification images of arc erosion of contacts: (a, c) Al2O3-Cu/35Cr3TiB2; (b, d) 0.5Y2O3/Al2O3-Cu/35Cr3TiB2.  
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hindering the generation of liquid bridges and the splashing of metal 
droplets, so that the amount of material transfer and loss is reduced. 

3.3. Arc erosion 

In order to further analyze the mass transfer mechanism of contact 
materials, the surface of the sample after electrical contact test under DC 
25 V and 35 A was characterized by SEM. As shown in Fig. 8, as in the 
case of several other current test groups, the area and degree of arc 
erosion of the contacts with 0.5Y2O3 are significantly smaller than 
without Y2O3 at the same voltage and current. Fig. 9 shows the three- 
dimensional morphology of the contact surfaces of the two kinds of 
composites after the test under DC 25 V and 35 A. Most of the anode 
contact surfaces show a raised state, while the cathode has more de
pressions, and most of them correspond to each other, which further 
proves that there is material transfer during the contact test process. The 
height difference between anode and cathode of Al2O3-Cu/35Cr3TiB2 
contacts after arc erosion is 210 μm and 213 μm, respectively, while for 
the 0.5Y2O3/Al2O3-Cu/35Cr3TiB2 contacts after testing it is 123 μm and 
87 μm, respectively. This shows that the addition of Y2O3 can effectively 
improve the arc erosion resistance of the composite. 

Fig. 10 shows high-resolution SEM images of the contact surfaces of 
the samples after the electrical contact tests. It is worth noting that the 
arc erosion morphology of the two types of contacts is similar, and 
typical arc erosion morphology such as droplets, bumps, pits, pores, 
cracks, skeleton and coral-like structures can be seen in Fig. 10, but the 
addition of Y2O3 greatly reduces the degree of arc erosion of the contacts 
[45,46].The electric arc will be produced in the process of electrical 
contact, which will increase the local temperature of the contact sur
faces. Due to the low melting point of Cu, it first melts, and a small part 
of it is lost to the surrounding environment. Most of it is left in the low 
temperature zone of the surfaces and then rapidly solidified to form a 
droplet-like morphology. The coral structure is caused by the rapid 
cooling of the molten metal on the contact surfaces after the arc is 
extinguished, and its main component is Cu, which increases the contact 
resistance due to the absorption of a large amount of oxygen, which is 
one of the main reasons for the failure of electrical contacts. 

Because the molten Cu absorbs a large amount of gas from the 
environment, when the contact is disconnected, the temperature of the 

contact surfaces drops sharply, and the solubility of the gas in the Cu 
molten pool decreases, which leads to the gas escaping and forming 
bubbles, which breaks and forms pores after spilling out of the Cu 
molten pool under the action of pressure difference. If the arc energy is 
large and the arc lasts for a short time, the bubbles in the molten pool 
will expand sharply and explosively escape from the molten pool, 
forming gas eruption pits on the surfaces. At the same time, the existence 
of pores and gas eruption pits will reduce the mechanical strength and 
electrical conductivity of the contact surfaces, and it is also the stress 
concentration area, which can easily cause cracks and promote crack 
propagation under the action of thermal stress and impact load. The 
cracks caused by gas eruption pits can be clearly seen in Fig. 10(c). Crack 
is a very dangerous morphological feature after arc erosion, and it can 
even lead to large area shedding of contact surfaces. It is the result of the 
joint action of many factors, and is closely related to the structural 
properties and external service conditions of the material. According to 
the comprehensive comparison, it is found that the defects such as pores 
and cracks on the surface of 0.5Y2O3/Al2O3-Cu/35Cr3TiB2 contacts are 
less than Al2O3-Cu/35Cr3TiB2 contacts after arc erosion. In other words, 
under the same arc erosion, the addition of Y2O3 can effectively reduce 
the droplet splatter on the contact surfaces, and fewer pores and cracks 
make the contact material have higher stability and longer service life. 

Fig. 11 shows the SEM images and EDS analysis results of the anode 
of the 0.5Y2O3/Al2O3-Cu/35Cr3TiB2 contacts after 10,000 electrical 
contact tests at DC 25 V and 35 A. The oxygen content of the contact 
surface of the sample after the test increased significantly, because of the 
high-temperature arc generated during the opening and closing process 
of the two contacts, and the Joule heat released from the arc increases 
the temperature of the surfaces, and Cu is easily oxidized to form CuO2 
at higher temperatures. It can be seen from the area scans and line scans 
that the dominant element in the droplet-like morphology is Cu, and the 
dominant elements in the skeleton-like structure are Cr and O. Due to 
the high temperatures generated by the arc, Cu with a low melting point 
first melts and splashes and forms the droplets. Diffusely distributed Cr 
particles absorb oxygen at high temperature to form chromium oxide 
and become viscous semi-molten state, which slowly flows and meets 
and combines under the action of adhesion and gravity in the process of 
contact to form a continuously distributed skeleton structure. It can 
effectively limit the flow and splash of liquid Cu on the contact surfaces 

Fig. 9. Three-dimensional morphology of arc erosion of contacts: (a, c) 0.5Y2O3/Al2O3-Cu/35Cr3TiB2; (b, d) Al2O3-Cu/35Cr3TiB2.  
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and reduce the loss and transfer of material. At the same time, liquid Cu 
can be stored in the skeleton, which can reduce the quantity and area of 
Cu liquid when two samples are in contact, reduce the welding between 
the contacts, and obtain a better breaking capacity. The fine TiB2 par
ticles and Y2O3 nanoparticles in the molten pool can also increase the 
viscosity of the molten pool and effectively reduce the fluidity of the 
liquid Cu, so that the contacts can obtain better electrical contact 
performance. 

4. Discussion 

4.1. Arc energy and duration 

Electrical contact test between the contacts in the arc energy and 
duration can be a certain degree of description of the material’s arc 
extinguishing ability. The smaller the arc energy, the shorter the arc 
duration, and the material’s arc extinguishing ability is stronger 
[47,48]. Fig. 12 shows the change of arc energy of two kinds of com
posite contacts under constant voltage and different current for 10,000 
tests, and the arc energy of each 100 tests is averaged as a data point in 
the figure. Meanwhile, the average value of the total arc energy is added 
to the graph to facilitate the comparison of the trend of its change. 
Compared with other composite materials, the arc energy of the two 
contact materials in this paper is at a lower level. With the increasing 
current, the average arc energy also increases. As seen in Fig. 12, under 
the conditions of constant 25 A and 35 A current, the arc energy of the 
contacts after adding Y2O3 is reduced by 43.7% and 55.9%, respectively, 
with stronger arc extinguishing ability. With the addition of Y2O3, the 

arc energy of the contacts has a smaller tendency to float up and down in 
its energy value, which means that the composite material is more sta
ble. If the contact is less affected by the arc erosion, then in the state of 
arc erosion, its conductivity and other properties will be more stable, 
which can effectively reduce the defects of contact failure due to non- 
conductivity. In other words, compared with Al2O3-Cu/35Cr3TiB2 
contacts, 0.5Y2O3/Al2O3-Cu/35Cr3TiB2 contacts can withstand a 
greater arc energy, that is, they can load a greater current in the stable 
state. 

In order to further analyze the relationship between the arc energy 
and arc duration, the arc energy of each contact test as the vertical co
ordinate and arc duration as the horizontal coordinate were mathe
matically fitted in Fig. 13, and the correlation coefficients of the fitted 
equations, R2, were all greater than 0.99. The arc energy and arc 
duration of different materials at different currents all show a certain 
linear relationship. Therefore, the addition of Y2O3 also reduced the arc 
duration of the contacts by 43.7% and 55.9% at 25 A and 35 A current, 
respectively. With the increase of current, the slope of the fitted equation 
has a tendency to increase. This is due to the fact that under the same arc 
duration, the arc energy released increases with the current. The slopes 
of the fitted equations for Y2O3 contacts are always lower than f the 
fitted equations for Al2O3-Cu/35Cr3TiB2 contacts at different current. 
This indicates that the contacts with added Y2O3 have a smaller arc 
energy for the same arc duration, and the longer the arc duration, the 
more obvious this trend is. For example, in Fig. 13(a), when the arc 
duration is T, then the arc energy of the two composite contacts is Ea and 
Eb, respectively, and Eb is larger than Ea. It is well known that when the 
arc energy of the material is lower, the speed of extinguishing the arc is 

Fig. 10. High magnification SEM images of arc erosion of contacts: (a, c) Al2O3-Cu/35Cr3TiB2; (b, d) 0.5Y2O3/Al2O3-Cu/35Cr3TiB2.  
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faster, which means that the arc extinguishing ability of the 0.5Y2O3/ 
Al2O3-Cu/35Cr3TiB2 composite is stronger. 

During the experiment, it was found that the arc energy is not the 
same when the contacts are closed and opened. Therefore, the average 
opening arc energy and the average closing arc energy of the two 
composite contacts at different current were calculated in Fig. 14. It was 
found that the closing arc energy was always greater than the opening 
arc energy. This is because when the two samples are in contact, it is the 
process of gradually reducing the contacts spacing. The contact surfaces 
of the two samples are not completely smooth, and before the load force 
reaches 0.4–0.6 N, it is always contacted by several raised points first. 
When the current passes through these contact points and connects the 
whole circuit, it will increase the current density, produce a larger 

instantaneous current, and the released arc energy will be larger. On the 
contrary, when the contacts are disconnected, it is a process of gradually 
expanding the distance. As part of the contacts Cu has been melted to 
liquid state by the Joule heat released by the arc, and the resistance of 
liquid Cu is much greater than the resistance of solid Cu, resulting in an 
increase in the overall contact resistance of the contacts. With the 
reduction of the contact area, the arc mainly acts in a smaller area, and 
the increase in contact resistance, so that the temperature of these areas 
rapidly rises to the melting point or even the boiling point of the metal. 
This leads to melting, evaporation and splashing of the material, and 
most of the energy generated by the arc is dissipated in the form of heat 
and kinetic energy. 

It can be found comparing Fig. 14(a) and (b) that the Y2O3 addition 

Fig. 11. EDS analysis of the surface of 0.5Y2O3/Al2O3-Cu/35Cr3TiB2 contacts after electrical contact test at 35 A condition: (a, i) BSE images; (b, c, d, e, f, g, h) 
Element distribution of (a); (j) scan of area 1 of (i); (k,l) scan of line 2 of (i). 

Fig. 12. Changes in arc energy of contacts when tested at different currents: (a) 25 V DC, 25 A; (b) 25 V DC, 35 A.  
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reduces the difference between the closed arc energy and the open arc 
energy, and the process of opening and closing will be more stable, 
which can effectively improve the service life of the contacts. When the 
maximum safe arc energy is certain, the 0.5Y2O3/Al2O3-Cu/35Cr3TiB2 
contacts can be loaded with a greater current range. For example, when 
the safe arc energy does not exceed 400 mJ, Al2O3-Cu/35Cr3TiB2 con
tacts can only load a current of less than 20 A, while contacts with Y2O3 
can load a current of less than 35 A. 

4.2. Welding force 

The arc energy is an important factor affecting the welding force of 
the composites [19,49], Fig. 15 shows the variation of the welding force 
of the two contacts when tested at different current, after averaging the 
welding force for every 100 tests as a data point in the figure. The 
welding force increases accordingly as the current rises, while the 
welding force of the 0.5Y2O3/Al2O3-Cu/35Cr3TiB2 contacts is always 
lower than the Al2O3-Cu/35Cr3TiB2 contacts for all currents. The reason 
for this is that more Joule heat is released when the current is elevated, 
resulting in a consequent increase in the degree and area of melting of 
the metal on the contact surfaces, and the mixing of the molten metal in 
the molten state and then cooling it will significantly increase the 

welding force of the contact pairs. However, the Y2O3 addition improves 
the high-temperature stability of the composites, reduces the area of the 
metal liquid on the contact surfaces, and decreases the degree of adhe
sion of the metal liquid, thus reducing the welding force. With the 
addition of Y2O3, the degree of decrease in the average weld force of the 
contacts at each current ranged from 17.8% to 29%, with an average 
decrease of 24.6%. 

Through the real-time monitoring of the welding force parameters, it 
was found that the welding force of the Al2O3-Cu/35Cr3TiB2 contacts at 
higher currents showed a fluctuating increase with the number of tests, 
and therefore further mathematical fitting of the scatter plots of the 
variation of the welding force was carried out in Fig. 15(b) and (c). It can 
be intuitively seen that the slope of the fitted Line for the Al2O3-Cu/ 
35Cr3TiB2 contacts is significantly larger than the 0.5Y2O3/Al2O3-Cu/ 
35Cr3TiB2 contacts, which indicates that the average welding force of 
the Al2O3-Cu/35Cr3TiB2 contacts has a tendency to rise withs the 
number of tests. However, the slope of the 0.5Y2O3/Al2O3-Cu/ 
35Cr3TiB2 contacts is relatively flat, and it can be seen that there is 
almost no change in the welding force with the number of tests. This is 
mainly due to the fact that as the number of tests increases, the contact 
surfaces are more severely eroded by the arc, resulting in an increased 
degree of surface unevenness. This leads to a reduction in the contact 

Fig. 13. Relationship between the arc energy and arc duration of contacts: (a) 25 V DC, 25 A; (b) 25 V DC, 35 A.  

Fig. 14. Average breaking arc energy and closing arc energy of contacts: (a) Al2O3-Cu/35Cr3TiB2; (b) 0.5Y2O3/Al2O3-Cu/35Cr3TiB2.  
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area during the test, which increases the current density, releases more 
Joule heat, and increases the welding force. In contrast, the Y2O3 
addition resulted in a significant reduction in the degree of arc erosion of 
the composite material in Fig. (8) and (9), so that the average weld force 
remained almost unchanged. 

It is worth noting that the average welding force of the 0.5Y2O3/ 
Al2O3-Cu/35Cr3TiB2 contacts increases significantly less than the 
Al2O3-Cu/35Cr3TiB2 contacts with increasing current, which indicates 
that the higher the current, the more the welding force of Y2O3 contacts 
decreases, and the more obvious the gap between the two types of 
contacts’ resistance to welding performance. It can be seen from Fig. 15 
(a, b, c) that the Y2O3 addition makes the welding force fluctuations 
more stable, which suggests that the contacts with Y2O3 have a better 
breaking capacity, and can effectively reduce the failure phenomenon 
due to melt welding. 

5. Conclusions 

(1) Al2O3-Cu/35Cr3TiB2 and 0.5Y2O3/Al2O3-Cu/35Cr3TiB2 elec
trical contact composites with relative densities above 98% pre
pared by rapid hot-press sintering and internal oxidation were 
characterized by conductivities of 42.5% IACS and 41.7% IACS, 
microhardnesses of 174 HV and 178 HV, and compressive 
strengths of 839 MPa and 898 MPa, respectively. The addition of 

Y2O3 had almost no negative effect on the overall performance of 
the composites.  

(2) The microstructure of 0.5Y2O3/Al2O3-Cu/35Cr3TiB2 composites 
was characterized, and the interfacial bonding state of the rein
forcing phases Cr and TiB2 particles with the Cu matrix was 
relatively dense, and the combined effects of the reinforcing 
phases and the uniformly distributed nanoparticles of γ-Al2O3 
and Y2O3 in the matrix impeded the dislocations’ movement and 
strengthened the comprehensive performance of the composites.  

(3) The direction of material transfer was from cathode to anode after 
electrical contact tests for both Al2O3-Cu/35Cr3TiB2 and 
0.5Y2O3/Al2O3-Cu/35Cr3TiB2 composites, and the addition of 
Y2O3 decreased the degree of material transfer and loss of com
posites by 28.6% and 42% at 35 A.  

(4) The addition of Y2O3 decreased the average arc energy and arc 
duration of the contacts by 49.8%, decreased the average welding 
force by 24.6%, reduced the degree of arc erosion of the contacts, 
and improved the stability between the open and closed arc en
ergies, which led to an increase in the range of applications and 
service life of the contacts. 
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