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ARTICLE INFO ABSTRACT

Handling editor: P Rios To investigate methods for enhancing the resistance of electrical contact materials to arc erosion, this study
focuses on the preparation and properties of novel composites. Al;03-Cu/30Cr and 0.3GO-0.3Ag/Al;03-Cu/
30Cr composites were fabricated using vacuum hot press sintering. The composites achieved high relative
densities (99.82% and 99.6%), good electrical conductivities (47.8% IACS and 46.1% IACS), excellent hardness
(142 HV and 158 HV), and superior thermal conductivities (124 W/(m-K) and 188 W/(m-K) at 150 °C), with
compressive strengths of 693 MPa and 711 MPa. In addition, the addition of GO-Ag improved the resistance of
the material to arc erosion, and the transfer and loss of the material were significantly reduced. Under the 30 V
DC 30 A condition, the anode mass gain, cathode mass reduction and total mass loss decreasing from 3 mg, 3.73
mg, and 0.73 mg-1.97 mg, 2.30 mg, and 0.33 mg, respectively. Furthermore, the transmission electron micro-
scopy (TEM) and energy dispersive spectrometer (EDS) results show that Cr3Cy compounds effectively pin the
Cr—Cu interface. High thermal conductivity and good micro-interface improve the electrical contact properties of
the composites and help to improve the compression properties.
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1. Introduction

Metal Matrix Composites (MMCs) are a combination of metal matrix
materials and reinforcement. By selecting different reinforcement pha-
ses and appropriate preparation methods [1,2], the strength, hardness,
and other properties of metal matrix composites can be significantly
improved, so as to be widely used in aerospace, automotive, and elec-
tronic fields [3,4].

Copper matrix composites are ideal for high performance electronic
components and electrical connections due to their excellent electrical
and thermal conductivity. Dispersion strengthened copper matrix com-
posite is a kind of composite material that introduces fine dispersed

phase particles into the copper matrix so that the strength of the matrix,
especially the high temperature strength, can be greatly improved.
Common dispersion strengthening materials include Al,O3 [5,6]1, Y203
[71, ZrO4 [8-10], and so on, which help refine grains, improve density,
and enhance mechanical properties. Among these, nano-Al,O3 particles
produced by the internal oxidation are particularly effective due to their
thermal stability and strength [11]. Tian et al. [12] prepared Cu-0.5%
Al,03 composites by internal oxidation method with high electrical
conductivity, softening temperature, and yield strength up to 93% IACS,
800 °C, and 169 MPa, respectively. This is due to the fact that Al,O3
nanoparticles pinning dislocations inhibit the recrystallization of the
material, and thus the integrated performance of the material is greatly
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improved. To further improve the mechanical properties and thermal
stability of materials, graphene (Gr) is a highly effective reinforcement
for metal matrix composites [13]. However, poor wettability between
the Cu matrix and Gr often leads to agglomeration. Graphene oxide (GO)
helps solve this issue, and under high temperatures, GO is reduced to
reduced graphene oxide (RGO), resulting in restoring the structure of Gr
and improving material performance. Luo et al. [14] reinforced copper
composites with Ag-modified RGO using vacuum hot press sintering,
showing that 1.6 vol% Ag-RGO had the best corrosion resistance. Chu
et al. [15] added RGO to Cu-Cr composites and found that Cr;Cs at the
interface improved bonding, heat resistance, and mechanical properties.
Nazeer et al. [16] used powder metallurgy to prepare Cu-RGO com-
posites and showed that 0.5 wt% GO significantly improved tensile
strength, ductility, thermal conductivity, and hardness. These studies
suggest that the right amount of GO significantly enhances composite
performance. This lays the foundation for its application in the field of
electrical contacts. Through the use of different reinforcement materials,
such as ceramic particles, graphene, etc., the mechanical properties and
thermal stability of copper matrix composites have been effectively
improved.

Electrical contact materials are materials used for electrical
connection and exchange, which are required to have excellent prop-
erties in temperature rise, arc erosion resistance, and fusion welding
resistance. To ensure the safety and stability of electrical contact ma-
terials in switches, relays, circuit breakers, and other electrical equip-
ment [17-19]. This requires that the electrical contact material itself
must have high electrical and thermal conductivity, arc erosion resis-
tance and stable contact resistance [20-24]. Copper matrix composites
are favored because of their excellent electrical conductivity and wear
resistance. Thus, developing new vacuum contact materials is essential
to meet these urgent requirements. Recently, copper-based electrical
contact material systems mainly include Cu-Cr [25,26], Cu-W [27], and
Cu-Mo [28] systems. The Cu-Cr system is especially notable due to
chromium’s properties, such as high melting point, hardness, and low
solubility in copper, which enhance resistance to arc erosion [29]. Inada
et al. [30] investigated the relationship between two-dimensional elec-
tron and metal vapor density distributions and chromium content over a
vacuum arc generated between Cu-Cr electrodes, it found that vacuum
arc performance was improved when Cr content is between 25 wt% and
35 wt%. Papillon et al. [31] prepared Cu—Cr alloys by powder metal-
lurgy and showed that Cr reacts with oxygen during sintering, reducing
alloy expansion and creating a denser Cu-Cr material, enhancing the
high arc-breaking capacity. Thus, the addition of chromium has a sig-
nificant effect on sintering densification and arc-breaking ability. Zhu
et al. [32] also found nano-Al;Os3 particles improved the mechanical
properties and arc resistance of composites. To optimize electrical
conductivity and strength, silver (Ag) is often added to copper matrix
composites due to its superior conductivity. Giiler O et al. [33,34] pre-
pared Al,Og reinforced copper matrix composites by electroless plating
and hot pressing, and showed that Ag had a positive effect on the con-
ductivity and oxidation resistance of the composite. Ma et al. [35] found
that Ag reduced resistivity in composites, and Zhou et al. [36] showed
that adding Ag to Cu-Al;O3 refined the structure and improved both
conductivity and strength. The combination of nano-Al;O3 and Ag
effectively enhances the overall performance of copper matrix com-
posites, improving electrical contact properties. The above research
shows that by optimizing the material combination and preparation
process, the overall performance of electrical contact materials can be
significantly improved to meet the needs of high load and high fre-
quency applications.

Based on previous research, this study aims to design and investigate
two novel composites: Al;03-Cu/30Cr and 0.3GO-0.3Ag/Al;03—Cu/
30Cr. Using Als03-Cu/30Cr as the matrix and trace amounts of Ag and
GO as reinforcing phases, the composites were synthesized via vacuum
hot-press sintering and internal oxidation. The comprehensive perfor-
mance and microstructure were characterized, and the electrical erosion
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properties were studied. The effects of Ag and GO on dispersed
Al;03-Cu/30Cr composites were studied in this work, which provides
valuable insights and a theoretical basis for the development of electric
contact materials.

2. Experimental materials and methods
2.1. Preparation of composite materials

The pristine materials used in the experiment included Cu-0.35 wt%
Al alloy powder (average particle size 37 pm), CupO powder (1-5 pm),
Cr powder (10 pm), Ag powder (3 pm), and GO (average thickness
0.8-1.2 nm, sheet diameter 0.5-5 pm). All raw materials had a purity
greater than 99.9%. Table 1 details the composition ratios required for
the composites, while Fig. 1 illustrates the composite preparation
process.

The Cu-0.35 wt% Al alloy, Cuz0, Cr, Ag powders, and GO were
weighed according to the specified ratios and loaded into a homemade
plastic ball milling jar, which contained zinc-copper balls with di-
ameters of 5 mm and 3 mm in a 2:1 ratio, with a ball material ratio of
5:1. The sealed jars were ground for 6 h in a roller ball mill at 65 r/min.

After milling, the composite powder was loaded into 30 mm cylin-
drical graphite molds and initially compacted using a small hydraulic
press. The molds were then placed in a rapid hot press sintering furnace.
The furnace operated at a heating rate of 100 °C/min, starting with a
pressure of 35 MPa. The second heating stage reached 700 °C for 3 min,
followed by a third stage at 950 °C for 15 min at 45 MPa. The process
then included cooling and pressure reduction: the temperature
decreased to 500 °C, the pressure to 25 MPa, and the vacuum in the
furnace was maintained below 3 Pa. After completing the program,
pressure was released, and the specimen was allowed to cool with the
furnace to below 150 °C before removal.

2.2. Performance testing of composite materials

The two end surfaces of the sintered (GO, Ag)/Al,03—Cu/30Cr
composites were sandpapered to achieve a smooth finish. A polishing
machine was then used to ensure that the surfaces were free of oxida-
tion, pits, or scratches before testing the composite material for its basic
properties.

The conductivity of the sintered composites was measured according
to ASTM B193-16 using a Sigma2008B1 digital conductivity tester, with
measurements taken at 10 evenly spaced locations along the diameter
for averaging. The actual density was first determined in accordance
with ASTM B311-22, and the relative density was calculated as the ratio
of actual density to theoretical density. Vickers hardness was measured
using the HVS-1000 microhardness tester per ASTM B384-17, applying a
load of 500 g for 10 s, with an average of 8 measurements per sample.

Room temperature compression tests were conducted following
ASTM EO9-19 standards using a Shimadzu AGI-250 kN universal testing
machine, with three samples prepared for each specimen. The sintered
composite specimens were wire-cut into cylindrical standard samples
(®12.5 mm x 2.5 mm) for thermal conductivity analysis, performed
with an LINSEIS LFA 500 Laser thermal conductivity measuring in-
strument at 25 °C and 150 °C and a ramp rate of 5 °C/min, averaging
three measurements for each specimen. The instrument was calibrated
with a quartz rod, and argon was used as a protective gas during testing.

Table 1
Composition of (GO, Ag)/Al;03-Cu/Cr composites (wt.%).
Composites Cu-0.35 wt% Al Cr Cu0 Ag GO
Al,03-Cu/30Cr 66.7 30 3.3 / /
0.3G0O-0.3Ag/Al,03-Cu/30Cr 66.1 30 3.3 0.3 0.3
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Fig. 1. Schematic diagram of the composite materials preparation.

2.3. Electrical contact experiments

The two end surfaces of the cylindrical specimen (©3.8 mm x 10
mm) of the electrical contact were ground until smooth and then pol-
ished. The JF04C electrical contact test system was used for testing, and
its testing process was protected by argon gas, as shown in Fig. 2. The
anode is the moving contact, and the cathode is the static contact.
Contact opening and closing for a test, the number of tests is 5000 times.
The mass of each electrical contact before and after the test is m; and mj,
respectively, weighed with an analytical balance with an accuracy of
0.1 mg, and the mass difference (Am = my-mj) is calculated as the basis
for mass transfer. The test parameters are DC 30V, 10A, 204, 25A, 30A,
the frequency of splitting and closing is 60 times/min, and the range of
dynamic and static contact closing pressures is controlled between 0.40
N and 0.60 N. The welding force, contact resistance, arc energy, and
other data of the testing process are monitored in real time.

2.4. Microstructure characterization

The crystal structures of the original powder and sintered state
composites were analyzed using D8-advanced X. And the surface
morphology of the composites in powder state, sintered state, and after
arc erosion were observed and analyzed using the JSM-IT100 scanning
electron microscope. The surfaces of the specimens in the sintered state
and after arc erosion were analyzed by EDS energy spectroscopy using
the JSM-7800F field emission scanning electron microscope. The three-
dimensional surface image of the specimen was obtained with the

Upward and Bownward

Upper fixture

Shielding gas (Argon)' Movable contact

Stationary contact

Lower fixture

Forward and Backward

Left and Right

Fig. 2. JF04C contact material testing system schematic diagram.
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PA53MET-3D high depth-of-field optical microscope. And the micro-
structure of the samples was examined using the Zeiss LIBRA-200FE
transmission electron microscope.

3. Results
3.1. Microstructure and integrated properties of composite materials

Fig. 3 shows the SEM of the pristine powder of the prepared com-
posite. Fig. 3(a—d) show the morphology of different phase powders.
And the morphologies of two composites mixed powders can be seen
from Fig. 3(e and f), which are the composite powders of Al,03-Cu/30Cr
and 0.3G0O-0.3Ag/Al;,03-Cu/30Cr composites. Various powders were
mixed uniformly, and there was no obvious agglomeration of powder.
Thus, it is indicated that the reinforcement phases uniformly distribute
in matrix during sintering process.

Fig. 4 shows the SEM images and EDS results of Al,03-Cu/30Cr and
0.3G0-0.3Ag/Al>,03-Cu/30Cr composites. Uniform distribution of each
phase for both composites can be observed in Fig. 4(a and b). Fig. 4(c)
shows the point-scan and surface-scan images of the Al;03—Cu/30Cr
composite, which shows that the boundary between the Cu matrix and
the second reinforcing phase Cr particles is clear, and no Al;Os-enriched
area is found; the line scan of the 0.3G0O-0.3Ag/Al,03-Cu/30Cr com-
posite is shown in Fig. 4(d), which shows that there exists a certain
degree of mutual solubility of the reinforcing phase Cr and the Cu
matrix.

Fig. 5 shows the X-ray diffraction (XRD) scans of Al,03—Cu/30Cr and
0.3G0-0.3Ag/Al,03—Cu/30Cr composites. In Fig. 5(a), four diffraction
peaks with 20 = 43.3°, 50.4°, 74.1°, and 89.9°(PDF#04-0836) were
detected within the scanning angle of 25°-95° corresponding to the
(111), (200), (220), and (311) crystal planes of Cu, respectively. The
three diffraction peaks at 260 = 44.3°, 64.6° and 81.7°(PDF#06-0694)
correspond to the (110), (200), (220) and (211) crystal planes of Cr,
respectively. Compared with Fig. 5(a), the (111) (PDF#74-1230) crystal
plane of Cuy0 in the small diffraction peak fraction of the composite
powder disappears in Fig. 5(b). It indicates that the internal oxidation
occurs in the sintering process, and the related chemical reactions are
shown in Equation (1) (2) (3) [37].

2Cu0 = 2Cu + 1/20, (@]
Cuy0 = 2Cu + 1/20, ()]
2Al + 3/205—=Al1,04 3

Due to the small amount of Ag and GO addition, and the low content
of Al,O3 generated by internal oxidation, their diffraction peaks were
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Fig. 3. SEM images of the different powders: (a) Cu-0.35 wt % Al; (b) Cr; (c) CuxO; (d)Ag; (e) Al,03-Cu/30Cr composite; (f) 0.3GO-0.3Ag/Al,03-Cu/

30Cr composite.

not scanned. And no miscellaneous peaks such as oxides were detected
from the XRD spectra, indicating that the raw materials were not
oxidized by contamination.

The comprehensive properties of (GO, Ag)/Al;0s—Cu/Cr composites
are shown in Table 2. The relative densities of both Al,03-Cu/30Cr and
0.3G0O-0.3Ag/Al,03-Cu/30Cr were above 99%. And the latter shows a
slight decrease in the electrical conductivity of the composites compared
to the former. However, the compressive strength and hardness were
improved by 2.6% and 7.3% respectively. and thermal conductivity of
the composites is increased by 26.1% at 25 °C and 51.6% at 150 °C with
the addition of Ag and GO, respectively.

Although the electrical conductivity of Ag is higher than that of Cu,
the addition of trace amounts of Ag to the composites enhances the
electron scattering at the interface between the matrix, which leads to a
decrease in the electrical conductivity. In addition, the added GO was
reduced to R-GO at high temperatures. It provides C and then C combine
with Cr to produce Cr-C compounds in the matrix, resulting in lattice
distortion. It caused stress concentration and enhanced scattering of
electrons, leading to a decrease in the electrical conductivity, but the
resulting Cr-C compounds pinned dislocations and form dislocation
packages, which impeded the dislocation motion and improve the
strength and hardness of the material.

Wang et al. [38] investigated G/Cu composites with different gra-
phene contents and showed that graphene improved the thermal and
electrical conductivity of the composites. The thermal conductivities of
silver and copper were 429 W/(m-K) and 401 W/(m-K), respectively.
The thermal conductivity of the added elements is higher than that of
the copper matrix, and the experimental results show that the thermal
conductivity of the composites is increased by 26.1% at 25 °C and 51.6%
at 150 °C with the addition of Ag and GO, respectively. It shows that the
thermal conductivity is very sensitive to the temperature. It is generally
believed that the electrical conductivity is consistent with the thermal
conductivity, but in this experiment, the addition of a trace amount of
Ag solid-solved in the matrix has a small effect on the electrical
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conductivity enhancement and the formation of impurity defects en-
hances the thermal resistance, which will reduce the thermal conduc-
tivity. However, Akbari et al. [39] suggested that the thermal
conductivity of the heat-treated and pressed GO surface is 2025
W/(m-K). The added GO is R-GO after internal reduction to restore the
properties of Gr. It was shown that the thermal conductivity of Gr is as
high as 5000 W/(m-K) [40]. Therefore, the enhancement of thermal
conductivity by R-GO is much greater than the reduction of Ag and plays
a dominant role in the overall thermal conductivity improvement of the
composites.

3.2. Transfer of substances

Fig. 6 shows the mass transfer of each pair of cathode-anode contacts
of both composites before and after 5000 times tests at different cur-
rents. It can be seen that as the current increases, the anode mass
gradually increases and the cathode mass gradually decreases. However,
the decrease in cathode mass is higher than the increase in anode mass.
It shows that the mass transfer of both composites is from cathode to
anode, and part of it was lost in the environment, and the mass transfer
and loss of cathode and anode contacts are gradually increasing with the
increase of current. When the current is much more 10 A, it can be seen
that the addition of trace amounts of GO and Ag significantly reduces the
mass transfer and loss of contact material. In particular, the anode mass
increase, cathode mass decrease and total mass loss of 0.3GO-0.3Ag/
Aly03-Cu/30Cr composites were reduced by 34.3%, 38.3% and 54.8%,
respectively, when compared with Al;03-Cu/30Cr at a current of 30 A.

The mass change results indicate that erosion and transfer of contact
material occurred during electrical contact. The cathode material
transfer is mainly affected by the combined effects of arc transfer, liquid
bridge transfer, oxidation weight gain, material vaporization. At a cur-
rent of 10 A, the current density is low, and the gasification temperature
is not reached, so mass transfer mainly occurs through arc transfer and
oxidation. When the current increases 20-30 A, the arc energy increases,
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Table 2
Comprehensive properties of (GO, Ag)/Cu-Al,03/Cr composites.
Composites Relative Density % Electrical conductivity %IACS Vickers hardness HVg 5 Thermal conductivity W/(m-K) Compressive strength MPa
25°C 150 °C
Cu-Al,03/30Cr 99.82 47.8 142 176 124 693
0.3GO-0.3Ag/Al;03-Cu/30Cr 99.60 46.1 158 222 188 711
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Fig. 6. The result of mass transfer after arc erosion: (a) Al,03-Cu/30Cr; (b) 0.3GO-0.3Ag/Al,03-Cu/30Cr.

and the surface temperature rises rapidly due to the Cu matrix on the
contact surface to melt and evaporate. Upon disconnection, the liquid
bridges break unevenly, leading to mass transfer. As the current in-
creases, the extent of mass transfer also rises.

Arc transfer refers to the movement of metal atoms from the cathode
to the anode along the direction of electron flow in a high-current-

density arc, explaining the consistent mass transfer from the cathode
to the anode. When the current was 30 A, the mass changes result from
the combined effects of arc transfer, liquid bridge formation, vapor-
ization, and oxidation.

For the 0.3G0-0.3Ag/Al;03-Cu/30Cr composites, the solid solution
of Ag and the formation of Cr-C compounds were occurred due to the
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Fig. 7. The relationship of the welding force to the operation numbers: (a) 30 V DC,10 A; (b) 30 V DC,20 A; (c) 30 V DC, 25 A; (d) 30 V DC, 30 A.
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incorporation of GO and Ag, which enhances the mechanical properties
of the materials while improving the high temperature stability, reduces
the mechanical wear of the composites as well as the degree of melting
at high temperatures, and reduces the spattering of the metal droplets,
which reduces the mass transfer and the loss of the materials.

3.3. Welding force

Fig. 7 illustrates the variation of the welding force of the two com-
posites at different currents during the 5000 times electrical contact
tests. Each point represents the average value of 100 breaking opera-
tions. As can be seen in Fig. 7(a—d), the welding force of the two ma-
terials fluctuates above and below the mean value with the increase of
the number of tests, and the welding force of the 0.3GO-0.3Ag/
Aly03-Cu/30Cr contacts is relatively low and more stable. Among them,
the addition of Ag and GO decreased the average welding force by
21.1% and 20.4% when the current was 10 A and 25 A, respectively.

The reason for this phenomenon is that as the current rises, a large
amount of Joule heat is released, thus melting the metal on the surface of
the contacts, and the welding force is generated when the molten layer
of the two contacts cools increases. As the contact position inevitably
shifts during contact, the contact area of the two contacts varies greatly
due to the severely erosion of the sample surface. When the contact
position is the tip produced by erosion, the contact area decreases, and
the current density increases, more Joule heat is produced, plastic
deformation was occurred under the action of the externally applied
force resulting in severe adhesion. It is the high degree of difference in
erosion surface morphology that causes the welding force to fluctuate.

Journal of Materials Research and Technology 35 (2025) 235-249

However, the addition of GO and Ag to the contact materials improved
the high temperature stability properties of the materials, and the
erosion surface was relatively flat with better disconnecting ability,
which improved the anti-melt welding performance of the contact
materials.

3.4. Contact resistance

Fig. 8 shows the relationship of the contact resistance to the opera-
tion numbers of Aly03-Cu/30Cr and 0.3GO-0.3Ag/Al,03-Cu/30Cr
composites under 30 V DC, 10-30 A. At a constant voltage of 30 V, the
contact resistance of the Al,03~Cu/30Cr and 0.3GO-0.3Ag/Al,03-Cu/
30Cr decreased gradually with the increase of current during the elec-
trical contact tests. In Fig. 8(a), at low current, the contact resistance of
the Aly03-Cu/30Cr contact shows a trend of decreasing and then
increasing followed by a flat region. Although the average contact
resistance is lower than that of the 0.3G0-0.3Ag/Al;03-Cu/30Cr con-
tact, the fluctuation of the contact resistance is large. In Fig. 8(b and c),
the average values of contact resistance of 0.3GO-0.3Ag/Al;03-Cu/30Cr
contacts at currents of 20 A and 25 A are relatively low. In Fig. 8(d), the
difference between the contact resistance of the two materials is very
small when the current is 30 A. Generally, the contact resistance of the
0.3G0O-0.3Ag/Al,03—Cu/30Cr contacts is much lower and stable. This is
because the contact resistance of the contact material is related to the
oxidation resistance of the contact interface, as well as the stability of
the oxide film. The addition of GO and Ag improves the oxidation
resistance of the material, thus it less likely to oxidize and the oxide film
to rupture in the contact process. At low current, the 0.3GO-0.3Ag/
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Fig. 8. The relationship of the contact resistance to the operation numbers: (a) 30 V DC, 10 A; (b) 30 V DC, 20 A; (c) 30 V DC, 25 A; (d) 30 V DC, 30 A.
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Al,03-Cu/30Cr contact material plays a more obvious role on the con-
tact resistance, and the contact resistance shows low and stable; at high
current 30 A, due to the extremely high energy of the arc, the oxide film
is seriously damaged, and the test parameter plays a dominant role on
the contact resistance, that is to say, under the same parameter, there is
not much difference in the contact resistance of the two materials at high
current.

3.5. Arc energy and arc duration

The arc energy and arc duration can reflect the arc extinguishing
ability of the material. The smaller of arc energy and the shorter of arc
duration, the stronger of arc extinguishing ability of the material [41,
42]. It can be seen in Fig. 9(a and b) that the average arc energy and
average arc duration for both materials increase with increasing current.
Under the same test conditions, the average arc energy and average arc
duration of 0.3GO-0.3Ag/Al;03-Cu/30Cr contact materials were
significantly lower than those of AloO3-Cu/30Cr. At a current of 30 A,
the average arc energy and average arc duration of the 0.3GO-0.3A-
g/Al,03-Cu/30Cr contact material were 16.8% and 12.7% lower than
those of the AlO3—Cu/30Cr contact material, respectively.

Fig. 10 exemplifies the variation of arc energy and arc duration for
two contact materials at currents of 10 A and 30 A. It can be seen that the
current increases, the arc energy of the two materials is increased. The
arc energy of the 0.3G0-0.3Ag/Al,03-Cu/30Cr contact material is low
and stable under the same test parameters.

4. Discussion
4.1. Relationship between arc duration and arc energy

It can be seen that the arc duration and arc energy of the two ma-
terials have similar trends from Fig. 10. In order to specifically explore
the relationship between arc energy and arc duration, the linear fitting
of the arc duration versus arc energy for Al,03-Cu/30Cr and 0.3GO-
0.3Ag/Al»03-Cu/30Cr under the test condition of 30 V DC, 30 A was
carried out as shown in Fig. 11. From the figure, it can be seen that arc
energy and arc duration are linearly related, and the degree of correla-
tion is greater than 0.99, and the fitting equations obtained are as
follows:

E1 = 116.96t+25.21 R? = 0.997 4)
E, = 117.33t+43.78 R% = 0.996 5)

According to the above equations, the point of intersection T = -

800

Journal of Materials Research and Technology 35 (2025) 235-249

50.18 < 0, since ky > kj, (ki, ko are the slopes of E;, E; respectively), so
the equation E; is always above E; when T > —50.18, which means is T
> 0. That is to say, the composite 0.3G0O-0.3Ag/Al;03-Cu/30Cr has a
shorter arc duration when E; = E; under 30 V DC, 30 A (T > 0) test
conditions. When the arc energy E = 500 mJ, 1000 mJ, 1500 mJ, the
composites AlpO3-Cu/30Cr and 0.3GO-0.3Ag/Al,03—-Cu/30Cr at 30 V
DC, 30 A correspond to the arc duration T; and Ty, respectively, and the
calculations are listed in Table 3, and the arc duration after the addition
of GO and Ag decreases by 4.0%, 2.3% and 1.6%, respectively. It is
shown that 0.3GO-0.3Ag/Al,03-Cu/30Cr and Al;O3-Cu/30Cr are
comparable in their ability to inhibit the arc duration at 30 V DC, 30 A
when the arc energy is constant.

4.2. Arc erosion mechanism

In order to further analyze the variation mechanism of the mass of
the electrical contact materials, the surfaces of the two composites were
characterized by SEM after 30 V DC, 30 A electrical erosion, as shown in
Fig. 12. The anodes of both composites mainly exhibit a raised shape and
the cathodes mainly exhibit a concave shape. Fig. 13 shows the 3D
morphology of the contact surface after erosion under this experimental
condition. As shown in Fig. 13(a—c), the height difference corresponding
to the anode and cathode of the Alp03-Cu/30Cr composite after arc
erosion is 164 pm and 102 pm, respectively, whereas in Fig. 13(b-d), the
height difference corresponding to the anode and cathode of the 0.3GO-
0.3Ag/Al,03-Cu/30Cr composite after arc erosion is 97 pm and 67 pm,
respectively. The 0.3G0-0.3Ag/Al;03-Cu/30Cr composites showed
better resistance to arc erosion at the same voltage and current.

Fig. 14 shows the SEM images of the two composites after arc
erosion. Typical electrical erosion morphologies can be seen for both
composites, such as drop, humps, pits, cracks, pores, skeletons, coral
structures, etc. The Al,03-Cu/30Cr composite has fragments and rela-
tively wide microscopic cracks compared with the morphologies of the
0.3G0-0.3Ag/Al,03—Cu/30Cr. In addition, the skeleton structure of
Aly03-Cu/30Cr is relatively less, which indicates that the addition of
trace amounts of Ag and GO largely improves the arc erosion resistance.
The inputting of the arc heat increases the temperature of the contacts.
Consequently, it forms a regional melting melt layer area.

The copper matrix melts first, and spherical droplets are formed by
splashing during the contact opening and closing process. With the
extremely fast cooling rate, the liquid metal solidifies during the
spreading process, and the spreading droplets are formed. And the result
is an uneven surface in the molten layer. Cracks are produced by rapid
cooling contraction of the molten liquid metal, as shown in Fig. 14(a).
Many coral-like morphologies can be observed at the edges of the eroded
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Table 3 areas, formed due to the oxidation of the sputtered liquid metal during
able

Arc duration corresponding to different arc energy of two materials.

the low-temperature cooling process at the edges. The formation of air
holes is due to the overheating and melting of the substrate copper under

Arc Energy, mJ T1, ms Tz, ms the action of the electric arc, the liquid copper has a higher solubility for
500 4.05 3.89 oxygen compared to the solid copper and absorbs a large amount of Oy
1000 8.33 8.14 from the air, and a chemical reaction occurs at high temperatures by
1500 12.61 12.41

following equation [43]:
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(©) Cathode

Fig. 13. Three-dimensional images after 30 V DC, 30 A erosion:(a, ¢) Al,03—Cu/30Cr; (b, d) 0.3GO-0.3Ag/Al;,03-Cu/30Cr.

temperature. It is not easy to decompose, which means it has good high

4Cr + 305 = 2Cry03 ) temperature stability. As the arc is extinguished, the heat of the melting
) ) o ) zone is rapidly dissipated in the surrounding environment. However, the
In the equation, chromium oxidation generates CrOz at high absorption of excess Oy will not be immediately discharged. Hence the
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Fig. 15. SEM images and EDS results of the 0.3G0O-0.3Ag/Al;03—Cu/30Cr after erosion under 30 V DC, 30 A.
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solid-liquid intersection of Oy saturation is very high, and so on the
contact cycle again to produce arc overheating, the region is prone to
produce bubbles. In addition, depending on the viscosity of the molten
metal, the gas escape rate and the pore size after the bubble rupture are
different, and the shape of the formed pores varies. Such as pits, holes,
etc., as shown in Fig. 14(c), where broken pieces are also clearly
observed, this is because the porosity reduces the mechanical strength of
the molten layer, which is highly susceptible to initiating cracks, which
in turn lead to the formation of large cracks, resulting in the peeling of
the surface layer of the material. Comparing with Fig. 14(d), the 0.3GO-
0.3Ag/Al203-Cu/30Cr contact material has a small amount of porosity
and it is difficult to find the gas eruption pits, which further proves that
the incorporation of GO and Ag reduces the mass transfer and loss of the
electrical contact material. Arc erosion morphology is the result of a
variety of factors, and is closely related to the internal structure of the
material, performance and external conditions of use. In summary,
under the same electrical erosion conditions, the cracks, pits and other
defects of the 0.3GO-0.3Ag/Al;03-Cu/30Cr contact material are
significantly less than those of the Al,03-Cu/30Cr contact material,
which further indicates that the addition of trace amounts of GO and Ag
can improve the thermal stability of the contact material in order to
extend the service life of the contacts.

Fig. 15 shows the SEM images and EDS results of the 0.3G0-0.3Ag/
Aly03-Cu/30Cr after erosion under 30 V DC, 30 A. The elements of the
contact surface were mixed uniformly after the test, and at the same
time, the oxygen content increased significantly. Due to the two contacts
were in the conditions of air blowing argon, the high-density current to
produce high-temperature arc result in the surface of the melting layer
area, thus it will absorb the atmospheric oxygen and the matrix Cu el-
ements oxidized to CupO. It plays a role in the arc to achieve the
redistribution of elements. From the point and area scans, it

Anode

Matrix

BES 20.0kVWD15mmP.C.50 HV  x300 S50pum  —

Cathode

BES 20.0kVWD16mmP.C.50 HV  x300 50pm  —
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demonstrates that the coral-like shape is mainly formed by the oxidation
of sputtered Cu droplets during the erosion process. Region 2 in Fig. 15
(i) is the skeleton structure, mainly Cr and O at high temperatures to
generate CroOs3 in the contact process under the action of gravity and
adhesion slowly flow and combined to form a continuous distribution of
the skeleton structure, the copper liquid will penetrate into the skeleton,
thus inhibiting the flow of Cu and splashing to reduce the loss and
transfer of materials [44]. It also reduces the soldering between the
contacts and improves the breaking capacity between the two contacts.
The added GO and Ag can improve the viscosity of the molten layer,
which effectively reduce the flow of Cu, thus enabling the contacts to
obtain superior electrical contact performance.

In order to further explore material transfer and failure mechanisms,
the contact was cut longitudinally after the electrical erosion, then the
sub-surface layer of the contact after the electrical erosion was observed,
as shown in Fig. 16. From Fig. 16(a) and (c), it can be seen that the anode
surface is partially covered by Cr, the cathode surface has obvious pits,
vertical cracks and covered by Cr enhanced phase. What’s more,
elemental redistribution has occurred on cathode and anode surfaces.
Thus, it was verified that the material was transferred from cathode to
anode. Fig. 16(b) and (d) show an enlarged view of region 1 and 2,
respectively, where many pores, vertical cracks and liquid droplets are
clearly seen. The reason for this phenomenon is that the electrical
contacts in the process of opening and closing, ionization between the
contacts, arc discharge, the resulting arc heat makes the material melt at
high temperatures, the contacts between the metal liquid-bridge will be
generated. Under the influence of the combined factors of electron
bombardment, electric field, and electromagnetic force plasma flow
force of the high-energy arc. The cathode will emit electrons to the
anode. And the cations will bombard the cathode surface, resulting in a
higher density of heat flow on the cathode surface, which is much larger

Vertical cracks

BES 20.0kVWD15mmP.C.50 HV  x1,000 10pm ==

Drop

Vertical cracks

/

BES 20.0kVWD16mmP.C.50 HV  x1,000 10pm  —

Fig. 16. Microscopic morphology of the sub-surface layer after erosion under 30 V DC, 30 A: (a)anode; (b) region 2 of (a); (c) cathode; (d) region 2 of (c).
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than the anode heat [45,46]. The macroscopic manifestation is that the
material on the surface of the cathode contact will be transferred to the
surface of the anode with the liquid bridge as well as sputtered to the
environment during the contact process, resulting in a pitted surface of
the cathode contact and a raised surface of the anode. Due to the exis-
tence of a huge heat flow density during the ignition arc, the metal
surface is expanded by thermal stress. While absorbing a large amount of
oxygen, the anode is transferred to the material melted at high tem-
perature with mobility. After the arc is extinguished as the temperature
decreases, the material shrinks, the surface of the fast-cooling will pro-
duce cracks. The subsurface of the excess gas can’t escape immediately,
with the result that there are holes in the subsurface layer. And the
stomatal holes are basically distributed in the Cu-rich area, as shown in
Fig. 16(b). Defects such as porosity and cracks are important factors in
the failure of contact materials.

4.3. Micro-strengthening mechanism

To investigate the micro-strengthening mechanism of the composite
materials, a detailed analysis of their microstructure was conducted.
Firstly, TEM analysis was performed on the 0.3GO-0.3Ag/Al;03-Cu/
30Cr composites. Fig. 17(a) shows the EDS results of Cr-containing
particles, it can be seen that the Cr element is consistent with the
signal of the O element, and the Al element is uniformly distributed in
the Cu matrix with aggregation around the Cr element. In addition, the C
element is mainly distributed at the interface, and the Ag is mainly in the
Cu matrix. According to the phase diagram of Cu-Ag system [47], the
equilibrium temperature of L(Ag) + (Cu) eutectic is 781 °C, and the
maximum solubility of Ag in Cu is 3.1 wt %. Because the sintering
temperature of this test is 950 °C, and the content of Ag is 0.3 wt %, so
that the Ag is completely dissolved in the Cu matrix.

Fig. 18(a) shows that large number of dislocation tangles within the
material, which significantly improves the mechanical properties of the
composite. The black region in Fig. 18(b) is Cr particles, and its selected
electron diffraction is shown in Fig. 18(c). Combined with Fig. 17(b), it
can be determined that the gray region is the Cu matrix. And it can be
seen that there are many y-Al,O3 nanoparticles diffusely distributed on
the Cu matrix, which can pin dislocations, impede the movement of
grain boundaries, as well as playing a role in the diffusion strengthening.
Combined with Fig. 18(d-f), it can be seen that the Cr-C compound
Cr3Cy is generated at the interface of Cu and Cr, which nails the interface
and is a ceramic compound with extremely high hardness and high
temperature stability. Furthermore, it can act transmitting force against
the force between Cu and Cr, resulting in scattering and absorbing the
thermal shock. And improving the composite’s mechanical properties
and thermal stability.

(a)
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In the Cr-C reaction, there are three possible reactions [48-50].

3Cr + 2C=Cr3Cy, AG = -58857 - 22.34T 7)
7Cr + 3C=Cr;C3, AG = -92067 - 41.5T (€)]
23Cr + 6C—=Cry3Cq, AG = -236331 - 86.7T )

where T (K) is the reaction temperature and AG (KJ/mol) is the Gibbs
free energy. When the hot press sintering temperature is 1223 K, the
Gibbs free energies of Cr3Cy, CryCs, and Crp3Ce are generated as —87.18
kJ/mol, —142.8 kJ/mol, and —342.36 kJ/mol, respectively, and the
Gibbs free energies are less than zero, and the stability Cry3Ce > Cr7C3 >
Cr3Cy. Fig. 18(d) is the high resolution of region 2 in Fig. 18(b), which
shows that there is an interfacial reaction layer at the boundary, and
Cr3Cy is generated between the Cu matrix and the reinforcing phase Cr
particles. Fig. 18(e) is a HRTEM enlarged image of area 3 in Fig. 18(d),
and its FFT is shown in Fig. 18(g). Fig. 18(d) shows the diffraction spots
of 4. Since the y-Al;03 particles in the Cu matrix are small, the image
after FFT transformation is fuzzy, and only the diffraction spots of Cu
can be accurately provided here. Through TEM analysis, the good micro-
interface improved the electrical contact properties of the composites
and helped to improve the compression properties.

5. Conclusion

(1) Al,03-Cu/30Cr and 0.3GO-0.3Ag/Al,03-Cu/30Cr composites
were prepared by rapid hot-press sintering internal oxidation
method. Their relative densities are greater than 99%. The
compressive strength and hardness of the 0.3GO-0.3Ag/
Aly,03-Cu/30Cr composite increased by 2.6% and 7.3%. The
thermal conductivity is increased by 51.6% at 150 °C.

(2) The incorporation of GO and Ag reduced mass transfer and loss in
the electrical contact materials. At a current of 30 A, the 0.3GO-
0.3Ag/Al;03-Cu/30Cr composite exhibited reductions of 34.3%
in anodic increase, 38.3% in cathodic decrease, and 54.8% in
mass loss compared to the Al,03-Cu/30Cr composite.

(3) The mass transfer from cathode to anode was observed in
Al;03-Cu/30Cr and 0.3GO-0.3Ag/Al,03-Cu/30Cr. After arc
erosion, the cathode surface was almost completely covered with
Cr-enhanced phases featuring vertical cracks, while the anode
surface showed localized coverage of Cr, indicating elemental
redistribution at both electrodes.

(4) Chromium-carbon compounds Cr3C;, were generated at the Cu-Cr
interface, enhanced the overall performance of the composites.

Fig. 17. EDS results of the 0.3G0O-0.3Ag/Al,03-Cu/30Cr composites containing Cr particles.
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Fig. 18. TEM images of the 0.3G0-0.3Ag/Al,03-Cu/30Cr composite: (a, b) Bright-field images of the composite; (c) SAED of region 1 in (b) (d) HRTEM of region 2 in
(b); (e) HRTEM of region 3 in (d); (f) Crystal plane spacing of Cr3C, of (e); (g) FFT of (e)
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