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Abstract: The contact materials in high-voltage vacuum interrupter require properties such as high
conductivity, high density, and high hardness to minimize arc heat damage. In this study, copper—
molybdenum-chromium alloys contact materials are examined for a high voltage contact material.
Ball milling process was carried out after analyzing the raw materials of copper, chromium, and
molybdenum powders. A green compact was produced using a high press with the mixed powder.
Afterwards, composite was produced by sintering method according to temperature and infiltration
method according to Cu content in green compact. The composite of sintering method showed a
density of 8.55 g/cm3 (relative density 93%) a hardness of 217 HV, and an electrical conductivity of
40.7 IACS% at 1200 °C. The composite of 10 wt.% Cu produced by the Cu infiltration method
showed a density of 8.7 g/cm3 (relative density 94%), Hardness of 274HV and electrical conductivity
of 39 IACS% at 1300 °C. The measurements of physical properties showed the new possibility of
using the Cu—Cr-Mo alloy as a contact material for high-voltage vacuum interrupters.

Keywords: Electrical contact material; Cu-Cr-Mo; Liquid phase sintering; Infiltration method;
Hardness; Electrical conductivity

1. Introduction

The insulation and arc extinction properties during a contact operation are important for contact
materials used in high-voltage vacuum interrupters, and the mechanical properties of the electrical
contact materials are critical in meeting their requirements. If arc occurs during the on/off operation
of the electrical contact point, arc heat causes local melting of the material surface, resulting in
damage and breakage at the contact point. Since materials require thermal and electrical conductivity,
high hardness, and high density to avoid damage from arc heat, two or more materials must be
combined [1-3].

Copper (Cu) is a critical material in power devices due to its outstanding thermal and electrical
conductivity, corrosion resistance, and excellent machinability. However, Cu has low hardness and
limited industrial applications due to segregation that takes place during solidification. The hardness
of Cu could be increased by adding an alloy element, but this could reduce its conductivity.
Therefore, in order to maintain high conductivity, copper and insoluble alloying elements should be
added [4]. Chromium (Cr) and Molybdenum (Mo) have a high melting point, so they have excellent
workability even at high temperatures. Very fine and uniform Cr-Mo in Cu-matrix interface can
provide properties such as high strength, fracture toughness, good ductility and corrosion resistance.
In addition, Cr and Mo can be made stable alloys in the Cu—Cr-Mo system. This is because Cr and
Mo is a homogeneous solid solution with a BCC crystal structure, same number of valence electrons,
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and similar chemical properties. If mixed in any ratio, Cr-Mo exists as a single phase even at high
temperatures [5-7]. The widely used manufacturing methods of contact materials such as the Cu—Cr
system and the copper-tungsten (Cu-W) system include melting, infiltration, and sintering. During
the melting process all metals are melted in a vacuum, but a large difference in the melting point
between metals could potentially result in a non-uniform structure during the solidification process
even if they become a uniform liquid phase. Hence, it is technically very difficult to obtain a uniform
dispersion of metals by the melting method [8-12].

Therefore, this study produced a green compact by mixing raw materials and pressurizing them
to produce Cu—Cr-Mo system contact materials. Then, we compared a composite made by the liquid
phase sintering of the Cu—Cr-Mo mixture and a composite made by the infiltration of Cu into the Cr-
Mo—-Cu green compact body. The X-ray and microstructure of composite materials and their
important mechanical properties including electrical conductivity, hardness, and density were
analyzed.

2. Materials and Methods

2.1. Materials

Figure 1 shows scanning electron microscopy (SEM) images of raw materials of Cu (Avention®,
99.9% purity, 28 um average particle size), Cr (Avention®, 99.9% purity, 27 pm average particle size),
and Mo (Avention®, 99.9% purity, 20 pm average particle size) composite powders generated by
sintering and infiltration.

(a) Copper (b) Chromium . (c)Molybdenum

Figure 1. SEM images showing powders used in the study: (a) Cu (b) Cr and (c) Mo.

2.2. Experimental process

The sintering method (case (a)) of composite is represented in Figure 2(a). For the sample
preparation of the liquid phase from the Cu—Cr-Mo mixture, sintering was done by mixing each
powder with 60 wt.%Cu — 30 wt.%Mo — 10 wt.%Cr, followed by ball mill mixing at 200 rpm for 4 h
with a ball to material ratio of 5:1. Then, the mixed powder was loaded into a steel mold and
pressurized at 148.5 MPa for 210 s to produce an 82 mm diameter green compact. After putting the
green compact into an alumina crucible, it was heated at a rate of 10 °C/min and maintained at 1100
°C and 1200 °C for 3 h under Ar atmosphere.

The infiltration method (case (b)) of Cu into the Cr-Mo—Cu green compact is represented in
Figure 2(b). The ball mill mixture and green compact were created under the same conditions as the

sintering process after mixing 10 wt.%Cr — 30 wt.%Mo — 10 wt.%Cu (50 wt.% Cu block) and 10 wt.%Cr
- 30 wt.%Mo - 30 wt.%Cu (30 wt.% Cu block) powders. Then, to fill the remaining Cu content, Cu
blocks (99.9% purity, 82mm diameter) were placed on top of the green compact and put in a graphite
mold (inner diameter, 82 mm). The infiltration process was performed for 3 h at 1300 °C under Ar
atmosphere at a heating rate of 8 °C/min without pressure.
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Figure 2. Schematic diagram of: case(a) the sintering, and case(b) infiltration of Cu processes.

2.2. Analysis technique

The density of composites produced by the sintering and infiltration processes was measured
using the Archimedes method as shown in Eq. (1) where p is density, W, isthe weight of the sample
in air, W, is the weight of the sample in liquid, and p; is liquid density.

- M X 1
p_Wa_VVl Pi 1)

Hardness was measured by pressurizing the composites for 10 s with a test load of 0.1 kgf using
a Vickers hardness tester (Mitutoyo, HM210A) as represented by Eq. (2) where F is the test load (kgf),
S the diameter of the penetrator (mm), d the average diagonal of indentation (mm), and © the face
angle of the diamond indenter (136°).

F 2Fsin g @)
HV =c=—fj 8544ﬁ

Electrical conductivity was analyzed by passing an eddy current across a cross-section using an
electric conductivity meter (SIGMASCOPE, SMP350). The electric conductivity was calculated in
%IACS (International Annealed Copper Standard) as shown in Eq. (3), where ppgterias is the
electrical conductivity (MS/cm), ppyre copper iS the resistivity (u€-cm)

1
%(IACS) = ————— X Ppure copper (3)

Pmaterial
Microstructure of composite and quantitative evaluation of the present impurities was observed
through scanning electron microscopy/energy-dispersive X-ray spectroscopy (SEM/EDS, JEOL, JSM-
7100F) and X-ray diffraction (XRD, BRUKER AXS, D§ ADVANCE) after mechanical polishing of the
composite surface.

3. Results and discussion

3.1. Materials

Figure 3 shows EDS images of Cu, Cr, and Mo material powders mixed by ball milling. The
SEM-EDS analysis showed that the powders were combined, and the shape of the Cu particle
changed from coral to plate due to ball milling as Cu has higher ductility than Mo and Cr. Mo particle
diameter was separated to less than 5 um. In many studies on milling, the mixing time was crucial
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and increasing the mixing time could result in more homogeneous particles and stability and
refinement of materials during post-processing [12-14].

) pm

Cu m ﬁ Electron

Figure 3. SEM-EDS image of Cu-Cr-Mo after ball milling.

3.2. Shrinkage

Photographs of macroscopic features of composites produced by sintering and Cu infiltration
methods are shown in Figure 4. The heat treatment temperature was varied for both methods because
Cu came out of the green compact and the shape was not maintained when the sintering temperature
was set at 1300 °C. Therefore, the sintering temperature was set to 1100-1200 °C, given the fluidity of
Cu in liquid phase, and to 1300 °C for the infiltration method. The four composites that were
produced showed decreased diameters after the heat treatment process. The reason is that sintering
at a temperature higher than Cu’s melting point transformed the dispersed solids into liquid phase,
causing shrinkage through the pulling force of the particles. Furthermore, the composite was
contracted horizontally because it received more vertical pressure than horizontal pressure during
the green compact fabrication process [15]. Based on the shrinkage ratio analysis, the 1200 °C sample
generated by the sintering method had the largest diameter shrinkage ratio of approximately 9%,
followed by the composite of 1300 °C 30 wt.% Cu, composite of 1100 °C and composite of 1300 °C 10
wt.% Cu as shown in Table 1.

Figure 4. Actual shapes of composites that were produced via sintering - case (a) and infiltration -
case (b) methods: (a)1100 °C for 3h, (b) 1200 °C for 3h, (c) 10 wt.% Cu at 1300 °C for 3h, and (d) 30
wt.% Cu at 1300 °C for 3h.
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Sample 10Cu-10Cr-30Mo + 50
1300 1
. . (No. 3) Cu block
Infiltration Case (b)
Sample 30Cu-10Cr-30Mo + 30
1300 5
(No. 4) Cu block

Table 1. Shrinkage rates of composites produced by sintering and infiltration methods

3.3. Sintering (case (a))

To investigate the alloying and impurities of the composite produced by the sintering method,
a study was conducted using X-ray diffraction. Figure 5 shows the XRD patterns in the composite
produced by 1100 °C and 1200 °C according to the temperature by liquid sintering. The diffraction
shows the peaks of the Cu phase and the Mo-Cr phase. The composite sintered at 1100 °C (sample
no.1) has a lower diffraction intensity of the Mo-Cr phase than the composite of 1200 °C(sample no.2).
Because the temperature was low, the sintering between Mo-Cr interface was not sufficiently
performed, it shows that the intensity is low and the full width at half maximum (FWHM) is broad.
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Figure 5. XRD of composites produced by the sintering method.

Figure 6 shows the SEM/EDS images of the microstructure of the 60 wt.%Cu-10 wt.%Cr-10
wt.%Mo composite produced by the sintering method. When the microstructure of the 1100 °C
composite was examined, large pores were observed. There was not enough Cu in the high-viscosity
liquid at 1100 °C; that is why the unstable flow of copper melt resulted in segregation. In contrast, it
was found that in the microstructure of the 1200 °C composite, Cu, Cr, and Mo were uniformly
distributed with no large pores and little segregation. [15, 24].
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Figure 6. SEM/EDS images of microstructures of composites produced by the sintering method: (a)
and (c) 1100 °C for 3h; (b) and (d) 1200 °C for 3h.

Figure 7 shows the density, conductivity, and hardness of composites produced by the sintering
method. The composite that was kept at a sintering temperature of 1100 °C for 3h showed a density
of 7.0 g/cm3 (relative density: 73%), an electrical conductivity of 25 %IACS, and a hardness of 152 HV
(sample no. 1). The composite that was kept at a sintering temperature of 1200 °C for 3h showed a
density of 8.55 g/cm3 (relative density: 93%), a conductivity of 40.7% IACS, and a hardness of 217 HV
(sample no. 2) thus having properties with higher values. The reason is that although the melting
point of Cu is 1083 °C, the Cu phase is not sufficiently liquidized at 1100 °C, resulting in an unstable
bulk body and many pores. Furthermore, impurities present in the powder, including organic phases,
evaporate at high temperatures, creating expansion and the formation of pores. When the sintering
temperature was gradually increased, Cu is fully melted, and the viscosity of liquid Cu is decreased,
which further promotes the sufficient rearrangement of Cr-Mo particles. This means that high
temperatures contribute significantly to improving the degree of densification [15-18].

Not only does the formation of pores reduce density, but also because the Cu network is not
properly distributed around the pores, electron movement in the Cu is obstructed, thus adversely
affecting conductivity. The electrical resistance increased rapidly when the actual pore size increased,
but on the other hand it was negligibly affected by the pore size when the pore size was sufficiently
small [23]. Thus, when the temperature is 1200 °C rather than 1100 °C, the conductivity is higher due
to the uniform distribution of Cu and the small number of pores with smaller size.

If the composition content is the same, there is a higher hardness at a higher sintering
temperature. Hardness is correlated with density, and it is believed that pores cause stress
condensation and low density. Thus, the temperature for densification of sintering is advantageous
at 1200 °C rather than 1100 °C. It is clear that the homogeneous microstructure of composites sintered
at higher temperatures leads to high physical properties. [24].
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Figure 7. Comparison of mechanical properties (density, electrical conductivity, hardness) of
composites produced by sintering 60 wt.%Cu — 10 wt.%Cr — 30 wt.%Mo.

3.4. Infiltration (case (b))

The infiltration method requires the green compact to have low density because its efficiency
depends on pore volume. However, though pore volume is important, adequate pressurization is
also important because maintaining the shape of the green compact is critical. In this study, the green
compact was pressurized at 148.5 MPa, and the shape could not be maintained if it was pressurized

below this pressure. Also, the Cr-Mo green compact without Cu did not maintain its shape as well.

The XRD pattern of the composite produced by infiltrating Cu bulk in a green compact with a
Cu content of 10 wt.% Cu composite (sample no. 3) and 30 wt.% Cu composite (sample no. 4) is shown
in Figure 8. The diffraction shows the peaks of the Cu phase and the Mo-Cr phase. Both composite
did not show peaks of other compounds. The intensities of Cu peak (220) at 74.14 exhibited sample
no. 4 contained higher Cu contents compared with sample no. 3.

Intensity (a.u.)

@ Mo-Cr

20

Infiltration in 30wt.% Cu Compact
Infiltration in 10wt.% Cu Compact < Cu
7 (220)
@ (110)
v (111) ® a1
v (222)
V (200) @ (200)
T T T T

30 40 70 80 20

5I0 60
2 Theta (°

)

Figure 8. XRD of composites produced by the infiltration method.

Figure 9 shows SEM images of the microstructure of 10 wt.% Cu and 30 wt.% Cu composites
produced by the infiltration method. The dark gray represents the Cu area and the bright gray
represents the Cr-Mo area. Traces of infiltration can be found in the microstructure of 10 wt.% Cu,
and the distribution of some Cu is non-uniform. The microstructure of 30 wt.% Cu composites have
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a relatively uniform distribution of Cu, but has a higher number of pores. The uniform distribution
and high content of Cu can improve the conductivity, but the pores can reduce the density [10].
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Figure 9. SEM images of microstructures of composites produced by the infiltration method. (a),(c):
10 wt.% Cu (sample no. 3) and (b), (d): 30 wt.% Cu (sample no. 4).

Figure 10 shows the density, electrical conductivity, and hardness of the composites generated
by the infiltration method. The 10 wt.% Cu composite that was kept at a sintering temperature of
1300 °C for 3h showed a density of 8.7 g/cm3 (relative density 94%). The 30 wt.% Cu composite
showed a density of 8.2 g/cm3 (relative density 89%). The 10 wt.% Cu composite had a slightly higher
density than that of the 30 wt.% Cu composite. It seems that open pores in green compacts of the
sample with 10 wt.% Cu were more secured than in that of the 30 wt.% Cu sample. Also, in the 30
wt.% Cu composite, it was observed that some Cu flowed out after the end of the experiment. It is
ascribed that the Cu content in the green compact flowed out due to pressure by Cu block. This is
understood to be a phenomenon caused by the high Cu content, which results in a greater rate of
escape than the infiltration rate in the liquid phase process. The large pores of sample. no 4 observed
in the SEM image are also judged to be the result of this, and the low relative density of the sample
no. 4 is also described as the result of the formation of these pores. Thus the 10 wt. % Cu composite
achieved higher relative density because the pore size was significantly lower.

The sintered composite from green compacts with 10 wt.% of copper contained showed lower
electrical conductivity than that with 30 wt.% copper. The 30 wt.% Cu composite (sample no. 4)
showed higher electrical conductivity. This is because the electrical conductivity depends on the
distribution and content of Cu. The 30 wt.% Cu green compact has a higher Cu content between Mo-
Cr contacts than the 10 wt.% Cu green compact. Thus, the electrical conductivity of 30 wt.% Cu
composite (sample no. 4), which is uniformly distributed after Cu infiltration, was found to be higher
despite larger pore size [18-20].

In the case of hardness of a composite, it is expected that Mo—Cr compositional ratio in green
compacts is more predominant because the ratio of Mo-Cr in 10 wt.% Cu is relatively higher than 30
wt.% Cu in the process of making the green compact. Also the high density of the sintered composite
is the main reason for high hardness. Therefore, the 10 wt.% Cu composite (sample no. 3) was
considered to have a high hardness [21-25].
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Figure 10. Comparison of the mechanical properties (density, electrical conductivity and hardness)
of the composites produced by the infiltration method, depending on the amount of Cu added in the
green compact.

4. Conclusions.

In this study, Cu-Cr-Mo system alloys were produced using liquid phase sintering and
infiltration methods to develop high-voltage vacuum interrupter contact materials. The mechanical
properties, which are required of contact materials, such as density, hardness, electrical conductivity,
and microstructures were compared and analyzed. As a result, the following conclusions were
reached:

1) Shrinkage with a reduced diameter occurred for composites produced using sintering and
infiltration methods. Approximately 9% shrinkage was observed when the composites were
maintained at 1200 °C for 3 h in the sintering method.

2) The density, electrical conductivity, and hardness of the composite produced by sintering
method generated better properties at a sintering temperature of 1200 °C (sample no. 2) than
at 1100 °C (sample no. 1).

3) Large pores were found in the microstructure of composite at a sintering temperature of
1100 °C (sample no. 1). These composite at sintering temperature of 1200 °C (sample no. 2)
had a relatively homogeneous structure due to the sufficient liquefaction of Cu.

4) For composites made using the Cu infiltration method, 10 wt.% Cu (sample no. 3) had higher
density and hardness, while 30 wt.% Cu (sample no. 4) had higher electrical conductivity.

5) In the microstructure of the 10 wt.% Cu composite (sample no. 3) produced by the
infiltration method, some segregation was observed due to infiltration, and the
microstructure of the 30 wt.% Cu composite (sample no. 4) had a uniform Cu distribution,
but the number of pores increased.

6) Composites produced by the infiltration method have better mechanical properties
compared to composites produced by the sintering method.

7) The measurements of mechanical properties showed the new possibility of using the Cu-—
Cr-Mo alloy as a contact material for high-voltage vacuum interrupters, and further
research on this topic is needed.

6. Patents
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