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Abstract:

CuCer alloys with high contact performance for medium and high voltage vacuum circuit breakers are becoming
increasingly urgent. In this work, WC/CuCr30 composites were prepared by SPS process, and nanometer-sized
precipitated Cr phases were obtained by subsequent heat treatment. The microstructure and arc erosion behavior
were investigated. The results show that nano-Cr phase precipitated in copper matrix can effectively improve the
interfacial bonding strength between the Cu matrix and WC particles, and part of the precipitated nano-Cr phase is
combined with the C element in WC to form nano-Cr»3Cs. Both nanophases can improve the resistance to dislocation
and sub-grain boundary movement in the deformation process of WC/CuCr30 composite, thus improving the
hardness of the copper matrix with a slight decrease in electrical conductivity. The results of electrical contact show
that the addition of WC particles and nano-Cr precipitates can not only extend contact life of CuCr material, but
also help to disperse the arc to avoid concentrated erosion. The presence of Cr23Cs phase around WC particles
effectively improves the interfacial bonding between Cu phase and WC phase and reduces the probability of pore

existence at the interface, which is beneficial to vacuum breaking performance.

Keywords: WC/CuCr30 composites, nano-Cr precipitate, solution and aging heat treatment, arc erosion, welding

resistance

1 Introduction

CuCr alloys with high Cr content (20-50 wt%) have become the preferred material for medium voltage high
power vacuum circuit breaker contacts due to their excellent characteristics such as low resistance and high current
interrupting capability, high voltage strength and low cut-off current ['*). With the development of vacuum circuit
breaker towards miniaturization, high power and high reliability, the service life and stability requirements of
contacts are increasingly higher [6-8)

In recent years, researchers have focused on adding a third strengthening phase to improve the arc erosion
resistance of CuCr contact materials, such as Mol®!, W% CeOl'!], Cr,05'2 WCI3I, etc. Liang found that the welding
force of Cu30Cr10W composites was reduced when nano-CeO, doped with graphene oxide (GO) was introduced
(111, Han studied the effect of Cr,O; during in-situ preparation of homogeneous CuCr50 alloy by high temperature
self-propagating synthesis metallurgy and found that the relative density of prepared CuCr alloy increased from
90.9% to 98.5% with the increase of Cr,0s content ['?, Duan discovered that micron-sized WC particles in CuCr30
composites helped increase the melt pool area and prevent the continuous deepening of the melt pool of CuCr
contact in the arc erosion process ['*. Chang found that the average welding force of CuCr-W-C alloys was reduced

by more than 50% compared to that of the Cusy Crso alloy (. Cho found that the Cu-Cr-Mo alloy fabricated by an
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infiltration method had better physical properties than that produced by a sintering process ['3l. Zhang reported that
the deposition of a Cu-Cr-W coating on a pure Cu substrate could improve microhardness and tribological properties
1199, According to the Cu-Cr binary phase diagram, Cu and Cr have very little solubility in each other, implying that
a mono-phase CuCr alloy would be thermodynamically meta-stable. Therefore, a combined process of solutioning
and aging treatments could be an effective method to modify the material structure and subsequently optimize the
properties [1*181. Shan improved the high temperature mechanical performance of Cu-Cr alloy by introducing nano-
sized Cr residual precipitates into the matrix through the combination of mechanical alloying and spark plasma
sintering ['6]. Zuo found that a remarkable improvement in both mechanical and physical properties of W/CuCr0.5
composites is attributable to the synergistic effect of the concrete skeleton of particulate and fibrous W together with
the abundant coherent Cr precipitates in Cu matrix U7,

In this work, micro-WC particles were introduced into Cu-Cr composite as a third reinforcement. The
WC/CuCr30 composites were prepared by spark plasma sintering (SPS) and Cu-2wt.%Cr alloy powders were
selected to replace pure Cu powder, and the precipitated nanometer Cr phases were obtained by heat treatment of
solid solution and aging. The effects of micro-WC particles and nano-Cr precipitation on microstructure evolution
and compressive properties of WC/CuCr30 composites were analyzed and discussed. The arc erosion resistance of
WC/CuCr30 composites at different electric currents, such as arc energy, welding force and mass change was
investigated, and the mechanisms of electrical contact properties improved by micro-WC particles and nano-Cr

precipitation are outlined.

2 Materials and Methods
2.1 Raw materials

The starting materials were Cu-2wt.%Cr alloy powder (purity 99.9 wt%, particle size 40 um, Hunan Huabang
Powder Materials Co., Ltd), Cr powder (purity 99.9 wt%, particle size 75 pm, Xi'an Sirui Advanced Copper Alloy
Technology Co., Ltd), and WC powder (purity 99.9 wt%, particle size 10 um, Shanghai Puwei Applied Materials
Technology Co., Ltd). The morphologies and XRD patterns of raw powders are shown in Fig. 1. Fig.1(a)(a;) shows
the Cu-2wt.%Cr alloy powders with an average particle size of 40 pm, which have the fcc structure and a lattice
parameter of a =3.621 nm. Fig.1(b)(b:) shows Cr powders with a bcc structure and a lattice parameter of a = 2.886
nm, which are 75 um in average size with regular block structure. Fig.1(c)(c1) shows WC powders with a hexagonal
crystal structure and a lattice parameter of a = 2.906 nm, and the powders are in the shape of round granules with

an average size of 10 pm.
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Fig. 1. Morphologies and XRD patterns of raw powders. (a)(a;) Cu-2wt.%Cr, (b)(b1) Cr, (c)(ci) WC

2.2 Preparation of WC/CuCr30 composites

A powder metallurgy process was applied to fabricate the WC/CuCr30 composites. Firstly, the WC particles,
Cu-2wt.%Cr alloy powders and micro-Cr powders were ball-milled using a planetary ball milling machine (YXQM-
8L, Changsha Migi Instrument Equipment Co., Ltd, China), with a mass ratio of 6:64:30, and then milled for 24 h
at 40 r/min with the ball-to-powder ratio of 5:1. Secondly, the mix powders were compressed and sintered at 950 C
for 10 min under 40 MPa in vacuum conditions of 1.1 Pa, using a fast hot-pressure sintering furnace (FHP-828,
Shanghai Hateng Electric Furnace Equipment Co. , Ltd., China). The block samples produced were 20 mm in
diameter and 10 mm in length. Thirdly, the sintered compact was heated to hold at 900°C for 1h and then aged at
450°C for 3h in an SX2-2.5-10 box type resistance furnace. Moreover, a CuCr30 compact composed of Cu powders

(70 wt%) and Cr powders (30 wt%) was also prepared by the same fabrication process to serve as a reference sample.

2.3 Microstructure characterization and property testing

The phase identification of raw powders was evaluated by X-ray diffractometer (XRD, D8-Advance). The
microstructure and erosion surface of WC/CuCr30 composites and CuCr30 composites were characterized by
scanning electron microscopy (SEM, JSM-5610LV, JEOL). The element distribution of composites was acquired
by energy dispersive spectrometer (EDS) attached to field emission scanning electron microscope (FE-SEM, JSM-
7800F, JEOL). The nano phases distribution and dislocations in composite were characterized on the transmission
electron microscope (TEM, JEM-2100, JEOL). The relative density was measured utilizing the Archimedean
method. The hardness was tested on a 320HBS-3000 Brinell hardness tester under the load 250 kg. The electrical
conductivity was measured on a Sigma 2008B1 digital conductivity meter. To ensure the accuracy of these

measurements, each test was repeated five times to obtain the mean value and deviation.

2.4 Electrical contact testing

Electrical contact tests were carried out using an electrical contact tester (JFO4C, Kunming Institute of Precious

Metals, China) in atmospheric environment, as schematically shown in Fig. 2. The anode and cathode corresponded
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to the movable contact and stationary contact, respectively. And the anode and cathode with a diameter of 3.8 mm
and a length of 10 mm were machined from the as-prepared specimens. Each contact pair was performed 5000 times
under a voltage of 24 VDC and currents of 15 A, 20 A and 25 A, respectively, with the operation frequency of 1 Hz,
electrode gap of 2 mm and contact force of 50 cN. Data on arcing duration, arc energy, and welding force was
automatically recorded by the system. Five contact samples were tested to ensure the repeatability of the test. A
scanning electron microscope (SEM, JSM-5610LV, JEOL, Japan) was used to observe the arc erosion morphologies

of the dual contacts.
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Fig. 2. Schematic of JF04C electric contact material testing system.

3 Results and discussion
3.1 Microstructure and comprehensive properties of WC/CuCr30 composites

Fig.3 shows the microstructure of the fabricated WC/CuCr30 and CuCr30 composites. Among the dispersed
reinforced particles, the Cr phases show black spots and WC particles show the smaller white spots in Fig.3(a). The
Cr and WC particles both exhibit uniform distribution in the copper matrix, whereas the compact is dense showing
no cracks and pores. To further prove the elements and their distribution status, the energy spectrum analysis and
elemental mapping of Cu, Cr, WC in WC/CuCr30 composite are shown in Fig.4. As seen from Fig. 4, the WC phase
and Cr phase are dispersed uniformly in the copper matrix. And the content of Cr is 29.6 wt.%, and that of W is 6.2
wt.%, which is consistent with the designed content of 30 wt.%Cr and 6 wt.%WC.
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Fig. 4. SEM image and EDS analysis WC/CuCr30 composite

Fig.5 and Fig. 6 show line scan images and elemental analysis of Cr phase and WC phase, respectively. As
known, the binding force between metal phase and metal phase is greater than the binding force between metal and
ceramic particle. As seen Fig.5(b), the Cr phase has a well interface bonding with copper matrix, due to the metallic
phase of both Cu matrix and Cr phase. As seen in Fig.6, the line scan shows an intermediate zone between the WC
and the Cu matrix, indicating diffusion of Cr, Cu and WC at the WC-Cu interface, and there is a narrow transition

zone of "Cr" between Cu and WC. It proves that the layer of "Cr" phase around the WC particles is helpful to
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improve the interface bonding between the Cu phase and the WC particles.
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Fig. 5. SEM image and Cr line scans spectrum of WC/CuCr30 contact material.
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Fig. 6. SEM image and WC line scans spectrum of WC/CuCr30 contact material.
Fig. 7 shows a TEM bright field (BF) image and three patterns of related selected area diffraction (SAD) of the
WC/CuCr30 composite. As seen, the SAD patterns match the Cu phase, Cr3Ce phase (mark B) and Cr phase (mark

C) in Fig. 7(a), respectively. The characterization shows that the nano-Cr particles precipitate during heat treatment,

and compounds of Cr23C¢ are also formed through chemical reactions. It is because the binding force between
element C and element Cr is greater than that between element C and element W, and the micron-scale Cr phase in
the matrix and precipitated nano-Cr phase are easy to react with element C in WC to generate phase CrzCs 1.
Combined with Fig.6, the "Cr" phases gather around WC particles, forming a layer of Cr, and part of Cr phase is
combined with the C element in WC to form Cr»3Cs. The Cr element is mainly precipitated in two forms in the alloy
powder, one is mainly precipitated in the form of nano-Cr on the Cu matrix, and the other is mainly precipitated
around the WC particles. As seen in Fig.7(b), the precipitated nano-Cr particles and compounds of Cr23Cg are mostly
pinned at grain boundaries and interfaces with particle sizes ranging from 20nm to 100 nm. According to the Smith-
Zener pinning principle 2%, the pinning effect can effectively inhibit grain boundary migration and grain growth,

improve the interfacial bonding strength between the Cu matrix and WC particles.
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Fig.7. TEM image of WC/CuCr30 composite.

(a) SAD of the WC/CuCr30 composite; (b) distribution of nano Cr phases and Cr23Cs cOmpounds

Table 1 shows the comprehensive properties of WC/CuCr30 and CuCr30 composites at different states. The
density of WC/CuCr30 and CuCr30 composites in both hot pressed and aged states are above 99%. After heat
treatment, the hardness of WC/CuCr30 and CuCr30 composites significantly increases about 14%, and the electrical
conductivity increases smoothly. As seen in Table 1, the addition of WC particles obviously enhanced hardness of
CuCr30 composite, especially after aged heat treatment, the hardness of WC/CrCr30 composite reaches 145.4 HB.
There are two reasons for the enhancement. Firstly, WC ceramic particles not only have thermal and chemical
stability (melting point 2993 K), but also have good wettability with copper, which can substantially improve the
mechanical properties of the copper ?!. Secondly, nano-Cr phase participated and nano compounds of Cr;Cy are
also formed through chemical reactions in copper matrix. Both nano phases can improve the resistance of dislocation
and sub-grain boundary movement in the deformation process of WC/CuCr30 composite, thus improving the
hardness of copper matrix. Fig. 8 shows the dislocation crossing and entanglement caused by the pinned dislocation
of Cr nanoparticles. The introduction of nanoscale Cr phase can hinder the resistance of dislocations and sub-grain
boundary movement during the deformation process of WC/CuCr30 composite materials, thereby increasing the
hardness of the copper matrix. However, the addition of WC particles leads to more crystal defects in copper matrix,
damages the lattice structure integrity of copper matrix, obstructs electron motion, and increases electron scattering,
resulting in the light decrease of conductivity of WC/CuCr30 composite, as seen in Table 1. Deng constructed a
model of the relationship between interface density and hardness and resistivity of composites, and its expression is

as follows 2%

HV=660525+108 (1)

p=po [1+3aly (1-p)/4(8/nS,-d)] @)
Where, S, is interface density, nm?>/nm?; p, is the resistivity without interface scattering; p is the probability of an
electron scattering elastically at the interface (the elastic scattering factor); (1-p) is the probability of an electron
scattering inelastically at the interface; [, is the mean free path of electrons. As seen from the equations (1) and
(2), the greater number of grain boundaries, the greater the crystal deformation resistance. The grain boundaries will
increase the scattering probability of electrons and increase the resistivity. The introduction of WC reinforcement
phase particles increases the interface density, and the nano Cr phases can hinder dislocation slip, both aspects will

make WC/CuCr30 with a higher hardness and a lower conductivity than CuCr30.
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Fig. 8. TEM image of dislocations in WC/CuCr30 composites. (a) dislocations accumulation; (b) dislocations
tangles.

Table 1 Relative density, hardness, and electrical conductivity of WC/CuCr30 composites.

Composite Relative density Hardness Electrical conductivity
(%) (HB) (%IACS)
Hot- pressed  Heat treatment Hot-pressed Heat treatment ~ Hot-pressed  Heat treatment
WC/CuCr30 99.18 99.17 128.17+£1.48 145.4+2.7 47.19+0.47 48.92+0.15
CuCr30 99.21 99.24 123.40+£1.14  140.8+1.48 49.03+0.27 52.08+0.26

3.2 Arc erosion behavior of WC/CuCr30 composites
3.2.1 Arc energy, arc duration and arc stability

Fig.9 shows the average arc energy and arc duration of heat-treated WC/CuCr30 and CuCr30 composites under
different current conditions. As seen, the average arc energy and arc duration of WC/CuCr30 composites are
significantly lower than that of CuCr30 composites, which indicates that the addition of WC particles can
significantly reduce the arc energy and arc duration of the CuCr30 composites. Especially under a low current of
15A, the arc energy and arc duration of WC/CuCr30 composites are almost half of CuCr30 composites, while
reaching the considerable degree of CuCr30 composites under a high current of 25A. It needs to be pointed out that
only 3835 operations were performed for CuCr30 composite due to failure caused by welding, which lead to a
smaller difference of arc energy and are duration between WC/CuCr30 composite and CuCr30 composite under a

high current of 25A.
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Fig. 9. Average arc energy and arc duration of WC/CuCr30 and CuCr30 composites under different currents.

(a) make arc energy (b) make arc duration
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Fig.10 shows the variation of arc energy and arc duration of WC/CuCr30 and CuCr30 composites against
operation times. The make arc energy shows the same changing trend with its make arc durations. The make arc
energy of CuCr30 composites show smooth variation at first, followed by a sharp increase with violent fluctuations.
The make arc energy of the WC/CuCr30 are much lower than that of the CuCr30 composites with smaller volatility
against operation times, especially at high current of 25A. The results indicate that the WC/CuCr30 composite has
better stability against arc erosion. At 15 A, the make arc energy of WC/CuCr30 composites are the lowest, which
are equivalent to 31.7% and 47.5% of CuCr30 composites. At 20 A, the make arc energy of WC/CuCr30 composites
decreased by 30.3% and 51.1% compared with CuCr30 composites. Meantime, it needs to be pointed out that only
3835 operations were performed for CuCr30 composite due to failure caused by welding, as seen in Fig.10(a)(a1).
The influence of current on arc energy is mainly reflected in arc current, the arc energy increases with the increasing
of arc injection current 2323, When the current is 15 A, on one hand, the introduction of WC particles can better
disperse the arc and avoid concentrated arc erosion, and the ability of WC particles to disperse the arc plays a
dominant role; On the other hand, low current generates less heat, heat is easy to dissipate in WC/CuCr30 composites,
and the effect of current on arc energy is relatively low. When the current increases to 25 A, the arc energy and heat
are very high, and the limited heat conduction capacity of WC/CuCr30 composite is not enough to fully dissipate
heat, which intensifies the arc erosion on surface of contacts, and the heat conduction performance of WC/CuCr30

composite will play a dominant role.
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Fig.10 Variation curves of arc energy and arc duration of WC/CuCr30 and CuCr30 composites under different

currents. (a)(al) CuCr30 composite, (b)(b1) WC/CuCr30 composite

3.2.2 Welding force and material transfer analysis

Fig.11 and Fig.12 show the average welding force and the variation of welding force of WC/CuCr30 and

CuCr30 composites under different currents. The welding force of WC/CuCr30 composite increases with the
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increase of current, and WC/CuCr30 composites have better welding resistance and stability than that of CuCr30
composites. At 15 A and 20 A, the average welding force of WC/CuCr30 composite is 9.08% and 9.00% lower than
that of CuCr30 composite, respectively, and the fluctuation of welding force is smaller than CuCr30. At 25 A, it can
be seen from Fig. 12(a) that operation times of WC/CuCr30 composite reaches 5000, while the operations times of
CuCr30 composite is only 3835 due to failure. The results improve that the addition of WC and nano-Cr precipitation
extend the service life of CuCr30 composite. The contact welding is always associated with arc erosion during the
service, resulting in the failure of the contact pairs. Fig.13 shows mass changes of WC/CuCr30 and CuCr30
composites under different currents. For WC/CuCr30 composite, the mass transfer is from cathode to anode, and
the mass loss increases with increasing of current. At low current of 15 A, the mass changes of the anode and cathode
of WC/CuCr30 composite reaches the lowest, which were + 0.3mg and -0.3mg, respectively. However, the transfer
direction of CuCr30 composite occurred from anode to cathode, the anode and cathode mass loss of CuCr30 material
were -0.13 mg and +0.34 mg, respectively. With the current increase to 20 A and 25 A, both CuCr30 and WC/CuCr30
composite transfer from cathode to anode, and the mass loss increase with increasing of current. Especially for
WC/CuCr30 materials, the mass loss of both anode and cathode is much more than that of CuCr30 composite. The
results show that the CuCr30 composites have less material transfer than WC/CuCr30 materials at high currents. It
needs to be pointed out that only 3835 operations were performed for CuCr30 composite due to failure caused by

welding, which lead to a lower average welding force of CuCr30 composite under a high current of 25A.
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Fig. 11 Average welding force of WC/CuCr30 and CuCr30 composites under different currents.

When the current is low, the local area melts to form a tiny molten pool under lower the arc energy, while the
anode and cathode metal vaporization, in the arc electromagnetic force and the role of surface tension stirring at the
same time caused by local droplet spatter, the material from the cathode to the anode all transfer occurs. When the
current is higher, the heat accumulation on the contact surface intensifies the metal vaporization process under the
higher the arc energy. In addition, the increase in electric field strength between the cathode and anode indirectly
increases the arc electromagnetic force, which in turn leads to the contact cathode droplet spraying into the
surrounding environment, and the contact loss is more obvious. During mass transfer, droplets spattered from the

cathode are oxidized in air, which can lead to excess mass transfer by depositing more mass at the anode than is lost

at the cathode 20281,
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Fig. 13 Mass change of WC/CuCr30 and CuCr30 composites under different currents
3.2.3 Arc erosion morphologies and analysis

Fig.14 and Fig.15 show the cathodic and anodic arc erosion morphologies of WC/CuCr30 and CuCr30
composites under different currents, respectively. As seen in Fig.14, the cathodic erosion surface on CuCr30
composite is obviously more rough and uneven than that on WC/CuCr30 composite. At low current of 15 A and
20A, the erosive areas of WC/CuCr30 composite are smaller and smoother than those of CuCr30 composite, and
large erosion pits can be seen on the erosive area on surface of CuCr30 composite, which is mainly due to mass
transfer during the arc erosion process. Fig.15 shows the anodic erosion morphologies of WC/CuCr30 and CuCr30
composites under different currents, respectively. As seen, the erosion area of WC/CuCr30 and CuCr30 composites
are basically the same, while there are more obvious erosion pits and ablation marks on the surface of CuCr30
composites. When the current increased to 25 A, the number of CuCr30 composite operation was only 3835 times,
so the erosion had little change compared with that of 20 A. The erosion area of WC/CuCr30 composite increases
with the increase of current. There are serious bumps on the anode erosion surface of CuCr30 than that of
WC/CuCr30 composites, and large ablation pits in the erosion center of the cathode (Fig.14(c1)). Combined with

Fig.12, the addition of WC particles and nano-Cr precipitation can not only extend contact life of CuCr material,
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but also be helpful to disperse the arc to avoid concentrated erosion. In addition, Cr and WC particles with high
melting point increase the motion resistance of molten metal, which reduces the emission number and size of
droplets and particles on the surface of the contact during arc erosion, and reduces the density of metal vapor, thus
improving the breaking ability of the contact material.

Welding is one of the main forms of contact failure. During the contact process, the formation of arc makes the
metal on the surface of the cathode and anode contacts melt and form welding. Research found that the melting
point, latent heat of melting, latent heat of vaporization and thermal conductivity of the contact material are directly
proportional to the welding resistance 23!, In addition, the arc energy also has a certain influence on the welding

performance of the contact. The arc energy input to the surface of the contact could be expressed as follow 2],

W= [ “uidt 3)
Where, W is arc energy, i is arc current, u is arc voltage and ¢, is arc duration. The arc action on the contact surface
will cause macroscopic effects such as temperature rise, phase transition (evaporation, melting, etc.) and droplet
spatter. These effects will consume arc energy, cause the change of the surface microstructure of the contact, and
then make the contact welding. Therefore, the energy consumed per unit mass can be expressed as the following

formula,

w=[; Cp dT + Hy, + H, + Q; )
Where, fTZ Cp dT is heat enthalpy, which represents the arc energy absorbed by the temperature rise of the contact

surface; Cp is the specific heat of constant pressure; H,, is the latent heat of melting, representing the arc energy
absorbed by the contact material per unit mass during melting. H, is the latent heat of vaporization, representing the
arc energy absorbed when the contact material evaporates; O, is the energy consumed by the oxide decomposition

reaction.
Jywi de = m(f; CodT + Hy + Hy + Qy) (5)

Where, m is the mass of the material where the thermal effect occurs. The larger the load current, the longer the arc
duration, the greater the arc energy input to the contact surface, the higher the temperature rise of the contact surface,

and the more possibility of contact welding.
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Fig.14 Cathodic erosion morphologies of WC/CuCr30composite(a-c) and CuCr30 composite(al-c1) under
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different current. (a)(a:) 15A; (b)(b1) 20A; (c)(ci) 25A.
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Fig.15 Anodic erosion morphologies of WC/CuCr30composite(a-c) and CuCr30 composite(ai-c1) under different current:
(a)(a1) 15A; (b)(b1) 20A; (c)(c1) 25A.

Fig. 16 shows the amplified morphologies and corresponding energy spectrum analysis of typical arc erosion
morphologies of WC/CuCr30 composite. The results show that mark Al and A2 on anode of WC/CuCr30 composite
are coral structure and its roots. The high O content in the coral structures (Fig. 16(a)) indicates that atmospheric
oxygen is dissolved in the coral structures. During arc erosion, vaporization and liquid evaporation sputtering effects
result in the absorption of large amounts of oxygen in gaseous Cu or tiny Cu droplets. Previous research showed
that CuO and Cu,O can be found on the surface of copper matrix contacts B2 And for WC/CuCr30 composite, the
high O content in the coral structure further confirms the existence of oxidation. Fig.16(b) shows the amplified
morphologies of cathode of WC/CuCr30 composite. As seen, there are droplets, skeletons, and pores on the erosion
surface. The bumps (Mark B3) are mainly formed by the Cu droplets sputtered in the arc erosion process. The
formation of pores is mainly due to the escape of gas from the melt pool as the temperature decreases, and the holes
are mainly formed by the aggregation of pores. As seen in Mark B1 and B2, except for the matrix Cu phase and
oxidation phase, the skeletons mainly consist of a Cr phase. In the service of high-temperature, Cr and O show a
huge affinity, promoting the formation of Cr,Os and significantly improving the anti-oxidation performance. At the
same time, the presence of Cr,0; can also increase the contact resistance of the contact 24, It is worth mentioned
that there are a small amount of W element and C element found in the energy spectrum, that is because the presence
of WC particles. At high temperatures, WC decomposes into tungsten and carbon, and the W element is oxidized

by air into WO, further increasing the content of O element and contact resistance of the material.
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Fig.16 EDS analysis on erosion morphologies of WC/CuCr30composite (a) anode; (b) cathode

3.3 Mechanism of arc erosion resistance

Recent studies have demonstrated that the Cr phase in CuCr contact materials is the preferred attachment point
of cathode arc for it belongs to the weak current dielectric phase [*>*3]. Fig.17 shows a schematic diagram of erosion
mechanism of WC/CuCr30 composites. For CuCr30 composite without WC addition and nano-Cr precipitation, arc
trajectory along electron emission site is shown in the red arrow in the Fig.17(a), and arc erosion is concentrated
within the red dotted box, which is easy to lead to concentrated arc erosion. In the WC/CuCr30 composite, the
precipitation of nano-Cr increases the preferential electron emission sites of Cr phase under the action of applied
electric field. Consequently, the arc diffusion follows the direction of the red arrows, and arc erosion expands to
large area (Fig.17(b)). Therefore, the precipitation of nano-Cr in WC/CuCr30 composite can promote the motion of
cathode arc and accelerate the arc dispersion efficiency. Arc discharge is not concentrated in a local area. Instead, it
can spread to a larger area as far as possible to reduce the deterioration of arc erosion performance. As seen in Fig.14,
the precipitation of nano-Cr can delay the formation of bumps and pits in the erosion morphology by reducing the
arc energy concentration of Cr phase. The presence of Cr23Cs phase around the WC particles effectively improves
the interfacial bonding between Cu and WC phases and reduces the chance of pores at the interface. In the process
of arc ablation, the pore easily becomes the anchor position of arc root, so that the cathode arc stays for a long time,
thus forming rapid local ablation. Secondly, the gas released by the pores in the process of high-temperature arc
breakdown will affect the vacuum degree in the arc extinguishing chamber, resulting in a sharp deterioration of the
vacuum circuit breaker performance, which is especially easy to occur in the process of multiple large current breaks
34351 In addition, as WC particles are uniformly dispersed in the copper matrix, these particles strengthen the Cu
matrix to a certain extent. Meanwhile, the Cr becomes the weak electric dielectric phase in the WC/CuCr30
composite. It was reported that the addition of WC particles increased the molten pool's viscosity, decreased the

flow of Cu during the arc erosion process, stabilized the WC/CuCr30 composite's microstructure uniformity, and
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further enhanced the arc erosion resistance of the material 7).

(a) (b) nano-Cr
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Fig. 17. Schematic diagram of arc spread path. (2)CuCr30; (b) WC/CuCr30

4 Conclusion

(1) WC/CuCr30 composite with uniform and dense microstructure was prepared by spark plasma sintering
(SPS). The nano-Cr phase precipitated in copper matrix can effectively improve the interfacial bonding strength
between the Cu matrix and WC particles, and part of the precipitated nano-Cr phase combines with the C element
in WC to form nano-Cr23Cs. Both nano phases can improve the resistance of dislocation and sub-grain boundary
movement in the deformation process of WC/CuCr30 composite, thus improving the hardness of copper matrix with
a light electrical conductivity decrease.

(2) The addition of WC particles and nano-Cr precipitation can not only extend contact life of CuCr material,
but also be helpful to disperse the arc to avoid concentrated erosion. In addition, Cr and WC particles with high
melting point increase the motion resistance of molten metal, thus improving the breaking ability of the contact
material.

(3) The precipitation of nanometer Cr in WC/CuCr30 composite can promote the motion of cathode arc,
disperse the arc erosion, and reduce the deterioration of arc erosion. The presence of Cr23Cs phase around WC
particles effectively reduces the probability of pore existence at the interface, which is beneficial to vacuum breaking

performance.
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