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A B S T R A C T   

Al2O3-Cu/25Cr1Zr and Al2O3-Cu/25Cr3Zr electrical contact materials were fabricated by internal oxidation and 
fast hot press sintering. The prepared composites have uniform dense structure with over 98% density, 40.5 IACS 
% and 31.8 IACS% electrical conductivity, 141 HV and 154 HV hardness. TEM results show that internal 
oxidation during sintering generates diffusely distributed nanoparticles of γ-Al2O3, pinning dislocations and 
strengthening the matrix. In the 25 V DC, 10–40 A electrical contact tests, Al2O3-Cu/25Cr1Zr and Al2O3-Cu/ 
25Cr3Zr composites show an increase in anode mass and a decrease in cathode mass, with the transfer direction 
of the material being from cathode to anode. Under the same experimental conditions, Al2O3-Cu/25Cr3Zr 
showed superior resistance to arc erosion. With the Zr content increased from 1 wt% to 3 wt%, the mass transfer 
of the electrical contact material decreased by 14.2%, 28.5%, 27.2%, and 8.2%, respectively, and the average arc 
duration was reduced from 0.4 ms to 0.24 ms, 4.35–2.46 ms, 4.91–3.53 ms, and 5.8–4.58 ms.   

1. Introduction 

Metal matrix composites are materials made by combining a certain 
metal or its alloy as the matrix, and then adding other metal or non- 
metal reinforcements. Compared with pure metals, metal matrix com
posites have excellent comprehensive properties, not only possessing the 
properties of the matrix itself, but also possessing the excellent proper
ties of various reinforcing phases [1–3]. However, due to the perfor
mance differences between each component in the material, the 
preparation process of metal matrix composites is relatively complex, 
and the preparation process has a significant impact on the material’s 
performance [4]. Common preparation methods for metal matrix com
posites mainly include powder metallurgy [5], hot extrusion [6], plasma 
sintering [7], hot pressing [8], mechanical alloying [9,10], and in-situ 
growth [11]. Choosing a suitable preparation process based on the 
performance characteristics of various materials to obtain low-cost and 
excellent comprehensive performance metal matrix composite materials 

has always been the goal pursued by researchers. 
Metal matrix composites, as a new type of material, are also widely 

used in the field of electrical contacts. Electrical contacts are important 
core components of high-voltage circuit breakers, contacts, and other 
components, playing an important role in making and breaking circuits, 
transmitting signals, and carrying current. The excellent performance of 
electrical contact materials has a significant impact on the reliability, 
stability, and service life of the overall electrical system [12,13]. When 
the electric contact is made and then broken, it will not only be subject 
to mechanical force, but also to high-temperature arc erosion, leading to 
fusion welding, ablation, wear and other phenomena [14]. Once the 
electrical contact fails during operation, it can cause accidents and 
serious consequences. Therefore, it is necessary to develop and prepare 
high-performance electrical contact materials. Silver-based composites 
are excellent electrical contact materials, but the high cost of silver 
limits their widespread applications [15]. Copper is cheaper than silver, 
and has excellent thermal and electrical conductivity, as well as 
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excellent processing properties, gradually becoming more widely used 
[16,17]. 

Among them, adding some metal oxides to the copper matrix to 
prepare dispersed reinforced copper matrix composites has broad 
research prospects for preparing good electrical contact materials [18]. 
Copper matrix composites with metal oxides such as Al2O3 [19–21], 
Y2O3 [22,23], ZrO2 [24–26] and Cr2O3 [27] as the reinforced phase have 
been studied by researchers. The dispersion copper-based composites 
reinforced by Al2O3 nanoparticles generated through internal oxidation 
have excellent comprehensive performance. Al2O3 particles have good 
thermal stability, good strength and hardness at high and room tem
peratures, and is a good high-temperature corrosion resistant material 
[28,29]. Tian et al. [30] prepared Cu-0.5% Al2O3 composites by internal 
oxidation and vacuum sintering. The conductivity of the prepared 
composites reached 93% IACS and the softening temperature reached 
800 ◦C. Through research on the strengthening mechanisms, it was 
found that nano-Al2O3 pinned grain boundaries and subgrain bound
aries to suppress recrystallization and strengthen the matrix. Zhu et al. 
[31] prepared Al2O3-Cu/30Mo3SiC and 0.5 Y2O3/Al2O3-Cu/30Mo3SiC 
composites, and found that internal oxidation generated nano γ-Al2O3 
particles dispersed in the copper matrix. The Al2O3 generated by inter
nal oxidation and the added nano-Y2O3 particles synergically strengthen 
the copper matrix. These dispersed reinforcement phase particles can 
effectively improve the mechanical properties, strength and improve 
wear resistance, along with better arc erosion resistance and fusion 
welding performance of the composites. Li et al. [32] prepared copper 
matrix composites reinforced by Al2O3 particles by internal oxidation. 
The mass loss and ablation diameter of H62 copper sample are greater 
than the Al2O3-Cu composite under the same ablation current. The 
anchoring and protecting function of uniformly dispersed Al2O3 parti
cles in the Cu matrix can improve the arc ablation performance of the 
composite. 

In recent years, more mature copper matrix composites have been 
formed with Cu-W, Cu-Mo and Cu-Cr systems as the mainstream. Among 
them, Cu-Cr composites are considered to be the main electrical contact 
materials for medium-voltage high-current vacuum interrupters due to 
the high melting point, oxygenophilicity, hard and brittle qualities of Cr 
and the small solid solubility between Cu and Cr, which forms a two- 
phase organization of Cu and Cr at room temperature. This provides a 
guarantee of the closure-disconnection of the electrical contacts [33]. 
Inada et al. [34] found that the Cr content between 25 wt% and 35 wt% 
is suitable for vacuum arc interruption, and Cr content between 35 wt% 
and 50 wt% can be used for diffusion arc interruption. Zhu et al. [35] 
prepared Cu/Cr20 composite materials using spark plasma sintering and 
studied their morphology and mechanism after arc erosion. The study 
found that there are molten pools, pits, cracks, and coral-like structures 
distributed on the surface of the electrical contact. The material eroded 
by the arc was transferred from the cathode to the anode. Ag, Co, Zr and 
other metals can be added in the preparation of composites by powder 
metallurgy, along with TiB2, SiC and other ceramic particles to further 
improve the mechanical properties of the composites and the resistance 
to arc erosion. These additions can also refine grains, so that the com
posite material is denser [36–39]. Camara et al. [40] prepared Cu-SiC 
composites and it was found that SiC could deform Cu severely, SiC 
particles were crushed and embedded in Cu, which refined the Cu par
ticles, and the size of Cu particles was reduced from 23.6 nm to 21.5 nm. 
Guo et al. [41,42] found that TiB2 particle size has an important effect on 
the mode of material transfer, and the composites with fine grain TiB2 
particles had lower mass change than with coarse TiB2 particles. It was 
also found that TiB2 particles increase the viscosity of the melt pool, 
which can reduce the material mass loss and erosion pits on the com
posite surface. 

Zr has high melting point and corrosion resistance. Zr and its alloys 
have good high temperature stability. Cu-Zr alloys have attracted much 
attention because of their excellent comprehensive properties. It is 
found that the solubility of Zr in Cu matrix is very low at room 

temperature, and the precipitated CuZr phase is distributed in Cu ma
trix, which hinders the movement of dislocations and the migration of 
grain boundaries, therefore, the mechanical properties of the material 
can be significantly improved [43,44]. Watanabe et al. [45] investigated 
the effect of Zr on the properties of Cu-Cr alloys and showed that Zr 
formed Cu5Zr phase in the alloys, while refining the Cr-rich phase, 
which improved the strength. Mahdavinejad et al. [46] prepared 
W/Zr/Cu electrical contact materials using powder metallurgy and 
found that the addition of Zr reduces the mass loss due to arc erosion and 
largely reduces the heat concentration and arc erosion on the surface of 
the electrical contacts. Yang et al. [47] found that Zr can strengthen the 
Cu/W interface and Cu-rich zone, and during the arc erosion process, the 
addition of Zr can improve the arc, which increases the arc life of the 
material. Deng et al. [48] prepared Cu-10Cr-0.4Zr alloys and their 
in-situ composites, and found that the addition of Zr can refine the 
grains, which can produce smaller as-cast Cr dendrites. 

To sum up, in this work, we combined the advantages of the above- 
mentioned reinforcing phases. Two composites, Al2O3-Cu/25Cr1Zr and 
Al2O3-Cu/25 Cr3Zr, were designed by using Al2O3 dispersed Cu as ma
trix and adding Cr and Zr reinforcing phases. The aim is to investigate 
the effect of synergistic reinforcement of various reinforcing phases on 
the microstructure and electrical contact performance of composite 
materials, especially the effect of Zr content on the electrical contact 
performance of composite materials. Develop a copper based composite 
material with excellent comprehensive performance and good resistance 
to arc erosion. Provide reference for the design and development of low- 
cost copper based electrical contact materials with excellent 
performance. 

2. Materials and methods 

2.1. Preparation of composites 

The original materials used in the tests include Cu-0.4 wt% Al alloy 
powder (purity ≥99.9%, particle size ≤25 µm), Cu2O powder (purity 
≥99.9%, average particle size 2–5 µm), Cr powder (purity ≥99.9%, 
particle size ≤48 µm), Zr powder (purity ≥99.9%, particle size ≤25 µm).  
Table 1 shows the composition ratios of the composite materials 
required for the experiment. The powder was proportionally weighed 
and poured into a ball milling jar. To avoid contamination of the powder 
during the mixing process, a self-made plastic ball milling tank is used. 
And a number of 5 mm and 3 mm diameter copper balls were added to 
the ball milling jar, with a ball-to-material ratio of 5:1. The mixing jar 
was then placed on a QQM/B lightweight ball mill to mix the powder for 
6 h at a speed of 60 rpm. The mixed composite powder was placed into a 
round graphite mold of Φ 30 mm, and the powder was first pre-pressed 
with a small hydraulic machine to compact the powder in order to 
discharge part of the air inside. Then it was sintered by vacuum hot 
pressing in FHP-828 rapid hot pressing sintering furnace. The vacuum in 
the furnace was controlled below 10− 2 Pa during the sintering process. 
First, the mold was heated to 800 ◦C for 8 min, and at the same time, the 
pressure was increased to 40 MPa for 3 min. Then, the temperature was 
raised to 950 ◦C, and the 40 MPa pressure was maintained for 15 min. 
Finally, cooling and depressurization started. After the temperature 
dropped to 550 ◦C and the pressure dropped to 25 MPa, the sample was 
taken out after cooling to room temperature in the furnace. The prepa
ration process of the composites is shown in Fig. 1. 

Table 1 
Composition ratio of Al2O3-Cu/(Cr, Zr) composites, wt%.  

Composites Cu-0.4 wt%Al Cu2O Cr Zr 

Al2O3-Cu/25Cr1Zr  70.48  3.52  25  1 
Al2O3-Cu/25Cr3Zr  68.57  3.43  25  3  
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2.2. Materials performance testing 

Sintered Al2O3-Cu/(Cr, Zr) composite materials were polished with 
400, 800, 1200, and 2000 mesh sandpaper on both sides using a pol
ishing machine to remove surface oxide layers, pits, or scratches. The 
following performance tests were conducted using these composite 
materials. 

The conductivity of the sintered composites was tested according to 
the GB/T 351–2019 conductivity test standard using a Sigma 2008B1 
digital conductivity tester. In order to ensure the reliability of the data, 
10 measurements were performed to find the average value. 

The Vickers hardness of the sintered specimens was measured using 
an HVS-1000 microhardness tester at 300 gf load and 10 s loading time 
in accordance with the GB/T 4340–2009 Vickers hardness test standard. 
Each sample was measured 8 times to obtain the average value. 

The actual density of the sintered state composites was tested ac
cording to GB/T 3850–2015 metal material density test standard. The 
dry and wet weights of sintered samples were measured using the 
MS304S hydrostatic balance based on the Archimedes principle. The 
actual density of the sintered samples was calculated using Eq. (1). In 
order to ensure the accuracy of the data and reduce errors, the dry 
weight and wet weight of the material were tested five times each to 
obtain the average value. 

ρr =
ma

ma − mb
(ρw − ρL)+ ρL (1) 

Here, ρr is the actual density of the material in g/cm3, ma is the dry 
weight in g, mb is the wet weight in g, ρw is the density of deionized water 
in g/cm3, and ρL is the density of air in g/cm3. 

The sintered specimens were machined into Φ5 mm × 10 mm cyl
inders, and room temperature compression tests were performed using a 
Shimadzu AGI-250 kN universal testing machine at a compression rate 
of 1 mm/min, and three compression samples of each specimen were 
prepared for the compression tests, according to the GB/T 7314–2005 
room temperature compression test standard. 

2.3. Electrical contact testing 

The electrical contact tests were conducted using the JF04C contact 
testing system. The sintered specimen was machined into a 
Φ3.8 mm × 10 mm cylinder as the movable and static electrical con
tacts of the electrical contact experiment. The upper movable contact 
was the anode and the lower static contact was the cathode. Before the 
experiment, the surface of the electrical contact was polished. The mass 
of the electrical contact m1 before the test and m2 after the test was 
measured using an FA2004B balance with a 0.1 mg accuracy to calculate 
the change in the mass of the electrical contact before and after the test 
Δm. The test parameters are 25 V DC, 10,000 times of making and 
breaking contact under 10–40 A conditions, with a frequency of 1 Hz. 
The closing pressure range of the electrical contact was controlled 

between 0.4 N and 0.6 N. The working schematic diagram of the JF04C 
contact testing system is shown in Fig. 2. 

2.4. Microstructure characterization 

The JSM-IT100 scanning electron microscope was used to observe 
and analyze the surface morphology of raw powder, composite powder, 
sintered samples, and after arc ablation. Energy-dispersive X-ray spec
troscopy (EDS) analysis was performed on the sintered and arc-eroded 
samples using a JSM-7800 F field emission scanning electron micro
scope. The three-dimensional morphology of the sample surface after 
electrical contact was observed using a PA53MET-3D high-field optical 
microscope. The specimens were ion-thinned using a Gatan 695 ion 
miller. The microstructure of the samples was analyzed using a Zeiss 
LIBRA-200FE transmission electron microscope. 

3. Results 

3.1. Microstructure of composites 

Fig. 3 shows the SEM morphology of the original powder and mixed 
composite powder of the Al2O3-Cu (Cr, Zr) composite material. The Cu- 
0.4 wt% Al and Cu2O powders are spherical or ellipsoidal, while the Cr 
and Zr powders are lumpy particles with irregular morphology. It can be 
seen from Fig. 3(e) and (f) that after ball milling and mixing, the two 
composite powders were mixed uniformly and no powder agglomera
tion occurred. 

In order to observe the structure morphology and distribution state 
of the two composites after sintering, SEM and EDS analysis was carried 
out on the sintered, Al2O3-Cu/25Cr1Zr and Al2O3-Cu/25Cr3Zr 

Fig. 1. Preparation process of composite materials.  

Fig. 2. Schematic diagram of the JF04C contact testing equipment.  
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composites, as shown in Fig. 4. The structure of the prepared composites 
is dense, the Cr and Zr particles are uniformly distributed in the Cu 
matrix. The Cu matrix is gray, the large black particles are the Cr par
ticles, and the small bright white particles are the Zr particles, and there 
are no obvious pore spaces or agglomeration. It can be seen from the line 
scan results of Cr and Zr particles in Fig. 4(e) and (f), that the dispersed 
copper matrix is tightly bound to Cr and Zr, and there is no oxide at the 
interface. The steep line scan data of Cu and Cr indicate that there is no 
mutual solubility between the two, while Cu and Zr form a certain solid 
solution. 

The TEM images of the Al2O3-Cu/25Cr3Zr composite are shown in  
Fig. 5. It can be seen from Fig. 5(a) that a large number of nano particles 
are dispersed in the Cu matrix. and after selective area electron 

diffraction (SAED) and calibration (Fig. 5(b)), these nanoparticles were 
identified as γ-Al2O3 generated by internal oxidation. These γ-Al2O3 
nano particles are diffusely distributed in the Cu matrix, pinning dislo
cations, increasing the resistance to dislocation motion and strength
ening the matrix. W. S. Barakat et al. [49] studied the nano Ag/Cu 
coated nano Al2O3 reinforced aluminum matrix composite material and 
found that the in-situ generated Al2O3 can effectively hinder the 
movement of dislocations, greatly improving the strength and hardness 
of the material. The presence of twins in the material is also found, and 
the twins can hinder the dislocation movement well, thus strengthening 
the material. Another type of nanoscale particles was also found in the 
Cu matrix, whose HRTEM image is shown in Fig. 5(e). After FFT and 
calibration, it is determined that the nanoparticles are Cu10Zr7 phase 

Fig. 3. SEM morphology of the original and composite powders: (a) Cu-0.4 wt%Al; (b) Cu2O; (c) Cr; (d) Zr; (e) Al2O3-Cu/25Cr1Zr composite powder; (f) Al2O3-Cu/ 
25Cr3Zr composite powder. 

Fig. 4. SEM morphology and EDS elemental analysis of sintered composites: (a, c) Al2O3-Cu/25Cr1Zr; (b, d) Al2O3-Cu/25Cr3Zr; (e, f) EDS line scans.  
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formed by Cu and Zr. Gao et al. [50] prepared Cu-0.2 wt% Zr-0.15 wt% 
Y alloy, and identified a large amount of Cu10Zr7 phase generated in the 
Cu matrix through TEM analysis. Tian et al. [51] prepared Cu-1 wt%Zr 
alloy and found that the generated Cu10Zr7 phase can lead to lattice 
mismatch and increase the strength of the material, which plays an 
important role in strengthening the material. Due to various strength
ening phases pinning dislocations and hindering their movement, dis
locations entangle with each other in the Cu matrix, as shown in Fig. 5 
(f). The entanglement of dislocations leads to an increase in the density 
of dislocations in the material, further strengthening the material. 

3.2. Properties of composites 

Table 2 shows the comprehensive properties of the two composites in 
the sintered state. The relative density of both Al2O3-Cu/25Cr1Zr and 
Al2O3-Cu/25Cr3Zr composites is above 98%. The conductivity of the 
two composite materials is 40.5 IACS% and 31.8 IACS%, respectively, 
and the hardness is 141HV and 154HV. Compared with pure copper, the 
conductivity decreases while the hardness increases. The decrease in 
conductivity is due to the distribution of Al2O3, Cr, and Zr particles 
generated by internal oxidation on the Cu matrix, causing lattice 
distortion and greatly increasing matrix defects, thereby increasing 
electron scatter. Moreover, the resistivity of Cr and Zr is much higher 
than Cu, which is the main reason for the decrease in electrical con
ductivity. Another important factor affecting electrical conductivity is 
the porosity of the material. The presence of pores hinders the move
ment of charges in the material, thereby reducing conductivity. The 
increase in hardness is due to the fact that the diffusely distributed Al2O3 

and Zr particles in the Cu matrix pinch dislocations and cause disloca
tion entanglement buildup, which leads to an increase in the hardness of 
the composite. M. Ali et al. [52,53] prepared Cu-Ni/Al2O3 nano
composites through in-situ synthesis. The in-situ generated Al2O3 was 
dispersed in the copper matrix, and the high bonding between the 
interface between the nano Al2O3 nanoparticles and the matrix was the 
main reason for the increase in material hardness and maintaining good 
conductivity. 

During the process of electrical contact, collisions between moving 
and stationary contacts can cause bouncing and mechanical wear, and 
good wear resistance is one of the main performance requirements of 
electrical contact materials. The presence of in-situ generated nano 
Al2O3 particles, Cr and Zr particles in the Cu matrix increases the 
hardness of the composite material, making it difficult for the surface of 
the composite material to deform, thereby improving the wear resis
tance of the composite material [54,55]. In addition, the electrical 
contact material also needs to have high strength, and too low strength 
can lead to a decrease in the mechanical wear performance of the ma
terial, making it unable to meet certain specific service conditions [56]. 
Since it is more common for electrical contacts to be subjected to pres
sure during operation, room-temperature compression tests were per
formed on both composites. Fig. 6 shows the compression stress-strain 
curves of Al2O3 Cu/25Cr1Zr and Al2O3 Cu/25Cr3Zr composites. The 
compressive strength of Al2O3-Cu/25Cr1Zr and Al2O3-Cu/25Cr3Zr is 
706 MPa and 815 MPa, respectively. The compressive strength increases 
by 15.4% with increased Zr content. 

3.3. Mass change 

Fig. 7 shows the mass change of the Al2O3-Cu/25Cr1Zr and Al2O3- 
Cu/25Cr3Zr composite materials after 10,000 opening and closing tests 
under 25 V DC and 10–40 A. It can be seen from Fig. 7(a) that the 
cathode mass of the Al2O3-Cu/25Cr1Zr composites decreases and the 
anode mass increases, which indicates that the material transfer direc
tion is from the cathode to the anode during the electrical contact pro
cess. The decrease of the cathode mass is always larger than the increase 
of the anode mass, which suggests that there is part of the material loss 
splattering into the surroundings during the electrical contact process. 

Fig. 5. TEM images of Al2O3-Cu/25Cr3Zr composites in sintered state. (a) Morphology of γ-Al2O3 nano particles; (b) SAED of Cu and γ-Al2O3; (c) twins; (d) HRTEM 
image; (e) FFT of (e); (f) dislocation tangles. 

Table 2 
Comprehensive properties of Al2O3-Cu/(Cr, Zr) composites.  

Composites Electrical 
conductivity 
IACS% 

Hardness 
HV 

Actual 
density 
g/cm3 

Relative 
density 
% 

Compressive 
strength MPa 

Al2O3-Cu/ 
25Cr1Zr  

40.5  141  8.13  98.86  706 

Al2O3-Cu/ 
25Cr3Zr  

31.8  154  8.06  98.59  815  
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When the current is 10 A, the mass transfer of the contact material is 
small because of the small current. With the increase of the current, the 
mass transfer of the material shows an increasing trend. It is worth 
noting that the change in the mass transfer of the electrical contact 
material is relatively small when the current rises from 20 A to 30 A, 
whereas there is a very large increase in the mass transfer of the material 
when the current increases from 30 A to 40 A. This phenomenon can be 
explained as follows. The mass transfer of electrical contact materials 
during the electrical contact process is the result of a combination of 
liquid bridge transfer, arc transfer, material gasification, and oxidation 
weight gain. Before the current is 30 A, the temperature of the electric 
contact is low, the melting gasification on the surface of the electric 
contact is less, and the transfer and loss of material are mainly realized 
through the arc transfer and a small amount of oxidation weight gain. 
When the current exceeds 30 A, the heating of the electrical contact 
intensifies, and the surface melting and evaporation are severe. At this 
time, the material transfer is not only through arc transfer and oxidation 
but also through liquid bridge transfer and material gasification. 
Therefore, a large amount of material splashes and evaporates into the 
surrounding environment during the opening and closing process of the 
electrical contact, exacerbating the mass transfer of the electrical con
tact material. The Al2O3-Cu/25Cr3Zr composite in Fig. 7(b) has a similar 
pattern of mass variation. 

By comparing Fig. 7(a) and (b), it can be found that the quality 
change of the Al2O3-Cu/25Cr3Zr composite material is lower than 
Al2O3-Cu/25Cr1Zr under different current. As the Zr content increased 
from 1 wt% to 3 wt%, the mass transfer of the electrical contact material 
decreased by 14.2%, 28.5%, 27.2%, and 8.2% under 25 V DC and 

10–40 A, respectively. This is because Zr has a high melting point and 
high-temperature stability. An increase in Zr content can effectively 
suppress the flow and splashing of molten Cu, reduce material mass 
transfer and loss to the surrounding environment, and improve the arc 
erosion resistance of the composite material. 

3.4. Arc erosion morphology 

Fig. 8 shows the SEM morphology of arc ablation of two kinds of 
composites under 25 V DC and 30 A. Fig. 9 shows the three-dimensional 
shape contour after arc erosion at 25 V DC and 30 A. After the electrical 
contact test, the contact surfaces are uneven and with significant 
changes. It can be seen that the surface of the anode is mainly composed 
of some protrusions, while the surface of the cathode shows some pits, 
which is consistent with the direction of mass transfer. It can also be seen 
from the three-dimensional morphology after arc ablation in Fig. 9 that 
with the increase in Zr content, the height of the anode’s bulge decreases 
from 75 µm to 59 µm, and the depth of the cathode’s pit decreases from 
73 µm to 55 µm. This indicates that the resistance energy of the elec
trical contacts to arc ablation improves significantly with the Zr 
addition. 

In order to observe the arc erosion morphology after electrical con
tact testing, higher magnification SEM observations were performed in  
Fig. 10. The surface of the electrical contact material forms typical arc 
erosion morphology such as bulges, droplets, holes, cracks, and liquid 
spreading. Due to the low melting point of Cu, it melts first at higher 
temperatures and splashes into the low-temperature zone during the 
contact closure and disconnection, forming droplets and protrusions 
seen in Fig. 10(a). Under the action of an arc, high temperatures are 
generated, and the metal on the surface of the electrical contact material 
melts to form a liquid spread. After the arc is ignited, it rapidly cools and 
solidifies, forming the morphology of the liquid spreading in Fig. 10(b). 
Cracks appear in Fig. 10(c), which due to the large difference in the 
thermal expansion coefficients between the Cu matrix and the two 
added Cr and Zr reinforcing phases, generating large thermal stresses 
during the liquid-solid transformation process and leading to cracks 
under the joint action of the contact force during the closure of the 
electrical contacts. In Fig. 10(c) a large number of gas holes and erosion 
pits are generated due to a large amount of gas dissolved in the molten 
pool during the arc erosion process. When the temperature decreases 
rapidly after the contact is disconnected, the metal liquid solidifies 
rapidly, and the dissolved gas will escape from it, resulting in a large 
number of gas holes. And the erosion potholes occur because when the 
arc energy is high, a jet flow occurs in the molten pool. During the jet 
flow process, liquid droplets splatter, leaving a “volcanic crater” like 
erosion pothole on the contact surface. The coral structure in Fig. 10(d) 
is due to the evaporation loss of Cu under high-temperature conditions, 
and the Cr and Zr with high melting points gradually gather and 
condense into a loose coral structure. Due to the evaporative loss of Cu 
under high-temperature conditions, Cr and Zr gradually aggregated and 

Fig. 6. Compressive stress-strain curves of composite materials.  

Fig. 7. Mass change of electrical contacts before and after electrical contact: (a) Al2O3-Cu/25Cr1Zr; (b) Al2O3-Cu/25Cr3Zr.  
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condensed into the loose coral structure in Fig. 10(d). 
The EDS results of the contact surfaces after arc ablation in Fig. 11 

prove this further. Fig. 11(a) shows the SEM morphology and EDS sur
face scanning results of the eroded contact surface, and Fig. 11(b) shows 
the selected area EDS analysis of some typical arc ablation morphology. 
The surface protrusions and droplets are formed of melted and recon
densed Cu. After melting at high temperatures, Cr and Zr recondense and 
distribute on the contact surface. In Fig. 11(b) the Cu content in the 
erosion pits produced in Region 1 is greatly reduced. There are some Cr 
or Cr oxides, and the small droplets in Region 2 are the Cu droplets 
formed after sputtering at high temperatures. Cr absorbs oxygen at high 
temperatures, forming small particles of chromium oxides in Region 3, 
and the main elemental compositions of the coral structure in Region 4 
are Cr, O, and Zr. 

3.5. Welding force 

Fusion welding is the phenomenon of adhesive welding that occurs 
during the closing and opening of electrical contacts due to the melting 
of the contact surface caused by the arc heat flow. Electrical contacts are 
prone to failure due to fusion welding during contact. Therefore, elec
trical contact materials must also have good resistance to fusion welding 
[57]. Fig. 12 shows the changes in welding force of the Al2O3-Cu25Cr1Zr 
and Al2O3-Cu25Cr3Zr composites under 25 V DC, 10 A, and 40 A, with 
an average value taken for every 100 openings and closings. The fusion 
welding force of Al2O3-Cu25Cr1Zr and Al2O3-Cu25Cr3Zr composite 
materials at 10 A and 40 A conditions is 0.27–0.42 N and 0.32–0.57 N, 
respectively. The fusion welding force of both materials was relatively 
small, and they were able to consistently maintain good contact without 
fusion welding during the test. The welding force shows an increasing 

Fig. 8. SEM images of arc erosion morphology of electrical contacts at 25 V DC, 30 A: (a, c) Al2O3-Cu/25Cr1Zr; (b, d) Al2O3-Cu/25Cr3Zr.  

Fig. 9. Three-dimensional morphology of the surface of two kinds of electrical contacts after arc erosion at 25 V DC, 30 A: (a, c) Al2O3-Cu/25Cr1Zr; (b, d) Al2O3- 
Cu/25Cr3Zr. 
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trend as the current increases. At 40 A the fluctuation of welding force is 
very obvious, and it gradually increases with the number of contacts. 
This is because, at a fixed voltage, the electrical energy of the contact 
surface is converted into heat with increased current, which leads to the 
increase of Joule heat between the cathode and anode contacts. The 
wear of the electrical contact surfaces is more serious, the arc erosion is 
more obvious, and the heat generated between the electrodes will cause 
Cu to melt. When the contact is disconnected, the melted and cooled Cu 
will cause the contact surface of the two electrode contacts to stick, 
which will lead to an increase in the fusion welding force between the 
two electrodes. Under the same current, the fusion welding force of the 
Al2O3-Cu/25Cr1Zr composite is higher than the Al2O3-Cu/25Cr3Zr. For 
example, at 40 A, the average fusion welding force of Al2O3-Cu/25Cr1Zr 
and Al2O3-Cu/25Cr3Zr composites is 0.42 N and 0.33 N, respectively. 
This means that the average welding force decreased by 21.4% as the Zr 
content increased from 1 wt% to 3 wt%. The Al2O3-Cu/25Cr3Zr com
posites show better resistance to fusion welding. 

3.6. Contact resistance 

Contact resistance is the resistance generated by the cathode and 
anode electrical contacts after closure. Table 3 shows the average con
tact resistance of the Al2O3-Cu/25Cr1Zr and Al2O3-Cu/25Cr3Zr com
posites at 25 V DC and 10–40 A. The contact resistance is strongly 
related to the experimental parameters. At 25 V, the contact resistance 
of the Al2O3-Cu/25Cr1Zr and Al2O3-Cu/25Cr3Zr composites gradually 
decreases with current during the electrical contact process. 

The magnitude and fluctuation of contact resistance are also related 
to the oxidation resistance of composites at the contact interface. Ma
terials are prone to oxidation at the contact interface and the oxide film 
is prone to rupture, increasing the fluctuation of contact resistance. 
Under the same experimental conditions, the average contact resistance 
of the Al2O3-Cu/25Cr1Zr and Al2O3-Cu/25Cr3Zr materials does not vary 
much. In order to observe the changes in the closing resistance of the two 
materials more clearly, the variation of the closing resistance after 
10,000 opening and closing times under 10 A and 20 A is plotted in  
Fig. 13. It can be observed that at 10 A, the contact resistance 

fluctuations of Al2O3-Cu/25Cr1Zr and Al2O3-Cu/25Cr3Zr materials are 
relatively small. When the current was increased to 20 A, the contact 
resistance of both Al2O3-Cu/25Cr1Zr and Al2O3-Cu/25Cr3Zr composites 
was relatively smooth for the first 5000 times, while the contact resis
tance of the two composites fluctuated significantly after 5000 cycles. 
The contact resistance of the Al2O3-Cu/25Cr3Zr composite is smaller, 
more stable, and less fluctuating than the Al2O3-Cu/25Cr1Zr composite. 
This is because Zr can improve the oxidation resistance, making it more 
difficult for the contact interface to oxidize during the electrical contact 
process. 

3.7. Arc energy and arc duration 

The arc energy and arc duration when the electrical contact is closed 
and disconnected is also an important indicator of the electrical contact 
material. They have a great influence on the mass change of the contact 
after arc erosion and the surface morphology. The longer the arc burning 
time, the higher the energy, the more serious the contact material 
heating, and the possibility of fusion welding will become larger, 
resulting in serious contact erosion. Fig. 14 shows the changes of 
average arc energy and average arc duration of the Al2O3-Cu/25Cr1Zr 
and Al2O3-Cu/25Cr3Zr electrical contact composites at 25 V DC, 
10–40 A. When the current is low, the difference in average arcing time 
and energy between the two materials is not significant. However, as the 
current continues to increase, the average arcing time and energy of the 
two materials also gradually increase. The arcing time and arcing energy 
of the Al2O3-Cu/25Cr3Zr material are significantly lower than the 
Al2O3-Cu/25Cr1Zr. For example, when the current is 30 A, the average 
arc energy and average arc duration of Al2O3-Cu/25Cr3Zr are 20.1% 
and 28.1% lower than the Al2O3-Cu/25Cr1Zr, respectively. This shows 
that the increase of Zr can have a good effect of arc extinguishing. 

4. Discussion 

4.1. Relationship between arc energy and arc duration 

It can also be seen from Fig. 14 that the arc energy and arc duration 

Fig. 10. SEM images of arc erosion morphology at 25 V DC, 30 A:(a) droplets and bulges; (b) liquid spreading; (c) holes and cracks; (d) coral structure.  
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of the two materials have similar trends. The data fitting of arc energy 
versus arc duration of the Al2O3-Cu/25Cr1Zr and Al2O3-Cu/25Cr3Zr 
composites were carried out at 25 V DC, 20 A and 30 A. The corre
sponding fitted equations are shown in Eqs. (2)–(5), and the corre
sponding R2 is greater than 0.95, which indicates that the arc energy and 
arc duration during the electric contact process have a highly linear 

correlation. 

E1 = 71.48t1-28.24 R2 = 0.992 (2)  

E2 = 64.76t2-7.63 R2 = 0.959 (3)  

Fig. 11. EDS patterns of the surface of Al2O3-Cu/25Cr3Zr composite after 25 V DC, 30 A arc erosion:(a) EDS surface scanning; (b) EDS elemental analysis.  

Fig. 12. Welding force of the Al2O3-Cu/25Cr1Zr and Al2O3-Cu/25Cr3Zr electrical contact composites under different currents. (a) 25 V DC, 10 A; (b) 25 V DC, 40 A.  
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E3 = 87.74t3 + 2.02 R2 = 0.956 (4)  

E4 = 78.27t4-34.06 R2 = 0.991 (5)  

where E1, E2, E3, E4 are the arc energy, and t1, t2, t3, t4 are the arc 
duration. Eq. (2) is the fitting equation of the Al2O3-Cu/25Cr1Zr com
posite at 25 V DC,20 A, Eq. (3) is the fitting equation of the Al2O3-Cu/ 
25Cr3Zr composite at 25 V DC,20 A, Eq. (4) is the fitting equation of the 
Al2O3-Cu/25Cr1Zr composite at 25 V DC,30 A, Eq. (5) is the fitting 
equation of the Al2O3-Cu/25Cr3Zr composite at 25 V DC,30 A. 

Fig. 15 shows the relationship between the arc energy and arc 
duration of the two composites at 25 V DC, 20 A and 30 A. From the 
Fig. 15, in the case of the same arc duration, the arc energy of Al2O3-Cu/ 
25Cr3Zr is always lower than Al2O3-Cu/25Cr1Zr. For example, at points 

Table 3 
Contact resistance of the Al2O3-Cu/25Cr1Zr and Al2O3-Cu/25Cr3Zr composites.  

Composites Contact resistance, 10− 3 Ω 

10 A 20 A 30 A 40 A 

Al2O3-Cu/25Cr1Zr  1.01  0.49  0.32  0.23 
Al2O3-Cu/25Cr3Zr  0.98  0.47  0.31  0.23  

Fig. 13. Contact resistance changes of Al2O3-Cu/25Cr1Zr and Al2O3-Cu/25Cr3Zr electrical contact composites under different currents. (a) 25 V DC, 10 A; (b) 25 V 
DC, 20 A. 

Fig. 14. Average arc duration and average arc energy of the Al2O3-Cu/25Cr1Zr and Al2O3-Cu/25Cr3Zr electrical contact composites under different current: (a) 
Average arc energy; (b) Average arc duration. 

Fig. 15. Relationship between arc energy and arc duration for two composites. (a) 25 V DC, 20 A; (b) 25 V DC, 30 A.  
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A and B in the Fig. 15(b), the arc duration of the two materials is 50 ms, 
but the arc energy of Al2O3-Cu/25Cr3Zr is significantly lower than that 
of Al2O3-Cu/25Cr1Zr. With the same arc duration, the lower the arc 
energy, the less heat will be generated, and the erosion of the surface of 
the electrical contacts will be less severe with lower fusion welding 
probability. 

4.2. Arc erosion mechanism 

During the closing and opening process of the electrical contact, the 
temperature of the electrical contact increases due to arc discharge, and 
the low melting point Cu on the surface of the electrical contact melts 
and evaporates. The molten Cu forms droplets while boiling, and 
splashes and transfers during the closure and disconnection process of 
the electrical contact. Compared with Cu, Cr and Zr have higher melting 
points, which greatly limit the flow of Cu liquid and reduce the splashing 
of metal droplets. Arc erosion is a very complex process. Arc erosion can 
generate large protrusions and pits, leading to a decrease in contact area 
and thus damaging the connection of the circuit. This can lead to contact 
failure in severe cases [58], so it is necessary to explore the mechanism 
of arc erosion in composite materials. 

Fig. 16 shows a schematic diagram of the material transfer of the arc 
erosion mechanism. The gas between the electrical contacts ionizes 
during contact closing or opening, leading to arc discharge, in turn, the 
formation of a molten bridge of liquid metal between the cathode and 
anode contacts. The heat flow and energy borne by the contact material 
will increase, and the temperature of the contact surface will rise sharply 
and then led to arc erosion. When the temperature of the contact surface 
rises to a certain extent, local materials will melt and adhere to the 
contact surface to form a molten pool. Then evaporation and splashing 
occur as the electrical contact closes and opens. The arc discharge will 
become more severe with increased current, leading to intensified ma
terial melting and accelerated diffusion of the material into the sur
rounding environment, even leading to explosive evaporation. In this 
process, the electrical contact material will be affected by the electron 
bombardment of the high-energy arc, electric field, electromagnetic 
force, and other factors. In order to maintain the arc stability, it is 
necessary to rely on the cathode to emit electrons. At this time, the 
cations between the arc column in the electric field force and the role of 
the electrons to accelerate the bombardment of the cathode contact 
surface. There will be many cations gathered at the cathode surface with 
the arc column dramatically shrinking at the cathode surface, ultimately 
leading to higher heat flow density of the cathode. The cathode heat is 
far greater than the anode, the material from the cathode to the anode 
and some of the transfer to the surrounding environment, resulting in 
material loss of material and unevenness of the electrical contact surface 
[59,60]. As the number of contacts increases, the area of the molten pool 
also increases, and the protrusions and pits on the surface also continue 
to increase. When the electrical contact is closed, the tip that first con
tacts will first generate an arc, and surface erosion will become more and 
more severe, ultimately leading to failure. 

5. Conclusions 

(1) Al2O3-Cu/25Cr1Zr and Al2O3-Cu/25Cr3Zr composite materials 
were prepared using internal oxidation and rapid hot pressing sintering 
methods. The relative density is above 98%, the conductivity is 40.5 
IACS% and 31.8 IACS%, and the hardness is 141HV and 154HV, 
respectively. TEM analysis indicates that a large number of nano Al2O3 
particles are dispersed on the copper matrix, strengthening the Cu 
matrix. 

(2) After arc erosion, the anode and cathode surfaces were covered 
with bumps and pits, and the contact surfaces had a variety of sputtering 
droplets, holes, bulges, coral structures, and other types of arc erosion 
morphology. And the element distribution on the electrical contact 
surface changes significantly. 

(3) The mechanism of arc erosion during electrical contact is 
described. The material transfer direction is from the cathode to the 
anode during the electrical contact tests. Some materials were trans
ferred to the surrounding environment, resulting in an increase in anode 
mass, a decrease in cathode mass, and a decrease in overall contact mass. 

(4) Under the same experimental conditions, Al2O3-Cu/25Cr3Zr 
composite material exhibits better electrical contact performance. The 
increase in Zr significantly reduces mass transfer and loss during elec
trical contact, the arc duration and welding force are also significantly 
reduced, and the contact resistance is also more stable, which indicates 
that Zr improves the arc erosion resistance. 
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