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Abstract. This work deals with investigations of thermal plasma of electric arc discharge between
sintered composite Cu-Cr electrodes, which can be used in electrical contacts of vacuum circuit breakers.
Breaking arcs between composite Cu-Cr as well as single-component copper electrodes were used to
study the electrical properties, plasma optical emission and electrodes surface modification behavior. In
particular, the temporal evolution of plasma emission spectra of electric breaking arcs in air atmosphere
was investigated by Optical Emission Spectroscopy (OES). Scanning Electron Microscopy (SEM) with
Energy-dispersive X-ray Spectroscopy (EDXS) were applied to analyze the cross-section of working
layer of electrodes surface modified by the heat flux from the discharge.
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1. Introduction

Composite materials based on two metals, one of
which provides the required electrical conductivity
(Ag, Cu) and the other has the appropriate temper-
ature resistance (Mo, W) are widely used in various
electrical power industry applications. Composites,
where chromium is used as a refractory component,
are widely used as contact materials in vacuum arc
quenching chambers in high and medium load sys-
tems [1, 2]. The erosion resistance of such materials
depends on the operating conditions, their formula-
tions and manufacturing methods. The study of the
processes taking place during the interaction of com-
posite materials and high temperature sources will
contribute to the improvement of production technolo-
gies and the optimization of the development of these
materials.

At present, the improvement of production tech-
nologies and the study of the optimal composition of
these materials is still underway.

For example, in a few past decades, several methods
of Cu-Cr developing, such as, casting [3], arc-melting
[4], mechanical or surface alloying [5, 6], inducing by
electron beam [7] etc, are proposed. Nowadays, the
most common method of such composite production
is powder metallurgy [2, 8, 9].

In particular, such composite materials can be pro-
duced by sintering and/or infiltration technologies.
Small residual porosity can take place (as rule) in Cu-
Cr contact materials [2] produced by such methods,
which, in turn, can increase the delayed interruption

characteristics at high voltages. In some applications,
this may affect the breaking ability of the switch-
ing device. The electrical and thermal conductivity
characteristics can be improved by reduction of the
porosity after sintering, for example by pressing [10].
The reduced porosity is advantageous for the breaking
capability of the device. In addition, material porosity
can be reduced by the temperature increase during
sintering [11].

The composite material can be optimized by chang-
ing the amount of copper with respect to chromium
and find the most appropriate composition to specific
applications. As it was found in [12], the erosion re-
sistance of Cu-Cr electrodes increases with increasing
of chromium content. The component dependence
of electrodes’ materials wear was studied in [13], in
which it was shown that Cu-45-50%Cr material pro-
vides the lowest electrode wear. However, the best
interruption rate is provided by Cu-25%Cr [14], while
the increasing of chromium content leads to high num-
ber of failures. If it is important for effectiveness of
arc quenching at both low and high frequencies at low
interrupt current, the required content of chromium
is 25% by the mass [1, 2, 15]. However, if erosion re-
sistance and high durability are important, chromium
content of 40-60% by mass should be used [10].

According to information of the Cu-Cr composite
electrodes developers e.g. [10], the erosion properties
of the aforementioned materials play a key role in the
efficiency of switching devices in power grids due to
important properties as:
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Figure 1. Power circuit and electrical values measurement scheme.

Electrodes

e mechanical strength;

e low gas content;

e perfect resistance to arc erosion;

e high possibility to short-circuit current scattering;
e low penchant to welding;

e breaking ability up to 63 kA;

e maximal interrupt current <6 kA.

This paper is focused on investigations of plasma
optical emission of electric arc between composite Cu-
Cr (35% Cu and 65% Cr by the mass), pressured at
sintered temperature of 750°C, and single-component
Cu electrodes as well as in studies of the peculiarities
of the working surface of the electrodes affected by
the thermal action of the discharge plasma. Specifi-
cally, the spectral composition of plasma radiation in
the optical range and its time evolution are studied
by OES. SEM with EDXS are used to investigate
the surface structure and elemental analysis of the
cross-section of the working layer of Cu-Cr and Cu
electrodes modified by the heat flux of a direct current
electric discharge.

2. Peculiarities of experimental study

Experiments were performed in High current labora-
tory at Brno University of Technology (BUT), Czech
Republic. The main target of the facility is high power
experimentation in developing and testing of a wide
range of switching devices.

The power circuit and electrical parameters mea-
surement were realised according to scheme in Fig. 1.

Synchronous generator G, protected with a vacuum
circuit breaker VB, was used as the DC power source
at current up to 5 kA. The main switching was per-
formed by thyristors TH1. Values of current and time
constant were adjusted using loads (medium voltage
side coils Lvn and resistors Rvn and low voltage side
coils Lnn2 and resistors Rnn2). The medium voltage
of 6 kV, produced by the power generator, was reduced
to the required level by short-circuit transformer with
in series connected six pulse rectifier TT2 and Dynl.
The electrodes assembly was mounted to the ZS2 test
bench. Voltage and current were measured by the
data acquisition system (DAQ) with a sampling rate
of 50 kHz.
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The experimental device consisted of the upper
fixed holder of electrode (cathode) and the another
one (moving) holder of electrode (anode), which is
controlled by a pneumatic drive, see Fig. 2.
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Figure 2. Scheme of experimental device.
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Figure 3. Oscillogram of voltage and current of elec-
tric arc discharges between single-component Cu and
composite Cu-Cr electrodes.

Testing procedure description:
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Figure 4. The temporal evolution of arc discharge plasma emission at arc current of 120 A between: a) and b)
single-component copper electrodes; c¢) and d) composite Cu-Cr electrodes (spectral range: a) and c) 457-467 nm; b)

and d) 510-525 nm).

1. Tested electrodes were preliminary weighed (op-
tionally) on the scales (Radwag AS60/220.R2) and
put into electrode holders.

2. Electrodes were short-circuited before the begin-
ning of each test.

3. A voltage was switched on by the thyristors and
applied between the input and output terminal.
A current, limited by loads, was started to flow
through the circuit with shorted electrodes.

4. The pneumatic drive was activated after approx-
imately 30 ms, which is the starting point of arc
ignition process in the gap between the electrodes.

5. Plasma optical emission spectra were recorded
during short initial arcing time period (see Fig. 3).

6. Tested electrodes were removed from the elec-
trode holders and weighed (optionally) on the scales.

As one can see from Fig. 3, the energy, applied to
both type of electrodes are the same in the entire
period of emission spectra recording. This fact allows
to provide a qualitative comparison of emission of
electrodes materials under the same conditions.

It must be noted, due to short time of arc combus-
tion, the mass changes were too small for its accuracy

measurement. Moreover, the number of experiments
was insignificant due to limited quantity of specimens,
which did not allow reaching the necessary statistics
of the obtained results and obtaining the accurate
values of electrode‘s mass.

The spectrograph Andor Shamrock 500i was used
for emission spectra registration. This spectrograph
can achieve a high temporal resolution, up to about
10 000 spectra per second with fast-kinetics mode. A
grating with 150 lines per mm and blaze of 800 nm was
used and the spectral range was chosen from 400 nm
to 800 nm.

3. Results and discussions

The spectra of plasma optical radiation registered in
narrow spectral range (457-467 nm and 510-525 nm)
starting from arc ignition are shown for comparison
of spectral emission in plasma between electrodes
manufactured of different materials (Fig. 4).

As one can see, the emission spectra of plasma be-
tween Cu-Cr composite electrodes differ from those
obtained in plasma between single-component copper
electrodes in the same spectral ranges. This difference
is caused by the presence of chromium lines in the
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spectrum (see Fig. 4 ¢, d). In addition, it should be
emphasized that the emission intensity (in arbitrary
units) of the Cu I spectral lines for the discharge
plasma between the single-component copper elec-
trodes is much higher than between the composite
electrodes (see Fig. 5). This may indicate that the
concentration of copper vapor in the plasma volume is
higher for the discharge between the single-component
copper electrodes, and consequently, the composite
electrodes have better resistance to erosion caused by
the heat flux from the electric arc discharge.
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Figure 5. The temporal evolution of radiation intensi-
ties of Cu I 515.8, 521.8 nm and Cr I 520.6, 540.9 nm
spectral lines in the plasma between composite Cu-Cr
electrodes (right azis) and single-component Cu elec-
trodes (left axis).

In addition, as can be seen in Fig. 5, the time evolu-
tion of the emission intensities of each spectral line in
the discharge plasma between the single-component
copper electrodes achieves a faster saturation com-
pared to the Cu-Cr plasma. This phenomenon, once
again, confirms the assumption that the Cu-Cr elec-
trodes have the better resistance to arc erosion in
comparison with Cu electrodes. The observed oscil-
lations of the emission intensity temporal evolutions
can be explained by according character of current
oscillation (see Fig. 3).

The metallography study were carried out by SEM
with EDXS at the microscope voltage of 20 kV (see
Fig. 6-10). The view field and scaling of the pictures
were up to 30 ym and 5 pm, respectively (see the
legend for a) and b) images in Fig. 6, 8 and 10).

The structure images of non-modified surface of
such electrodes are prepared to determine the be-
haviour of each composite component (Fig. 6 and 7).
As one can conclude, the chromium component is
predominant in Cu-Cr composite material according
to fabrication. It can be stressed, that the different
components of the composite materials are sharply
bordered before treated by arc discharge.

Fig. 8 and 9 show that the structure of composite
electrodes is essentially changed after influence of the
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heat flux from the dicharge. Specifically, depleted
copper area is formed in the composite cathode work-
ing layer modified by thermal plasma in comparison
with non-modified surface (Fig. 7). This phenomenon
occurs due to the fact that copper has lower melting
temperature than chromium [16]. Due to this fact the
copper component of composite electrodes is melted
faster than chromium under influence of the heat flux
from the discharge.
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Figure 12. The temporal evolution of radiation inten-
sities of 521.8 nm and Cr I 520.6 nm spectral lines
for the plasma of discharge between composite Cu-Cr
electrodes.

This effect is shown in Fig. 12. As one can see,
the emission intensity of Cu I spectral line prevails
over Cr I spectral line over the time span of 9 ms and
than the intensity of chromium line becomes higher
in comparison with that of copper. The reason is
that, the emission of copper vapour is higher than
chromium vapour in the initial stage of the arcing
up to the moment, when copper evaporation from
cathode area in working layer and in its vicinity is
decreased due to its depletion (Fig. 9 a).

It must be noted, that the presence of gold and
carbon on EDXS mapping is to provide the necessary
electrical conductivity and to obtain the proper images
as a part of technological process of measurements.

Another effect that can be observed in Cu-Cr elec-
trodes is copper component behavior in anode. As
it was mentioned above, the components of initial
structure of composite electrodes have sharp borders
in electrodes volume. As one can see from Fig. 8 and
9, these borders are blurred in the area in vicinity of
working layer after modifying by the heat flux from
the discharge. It can be stressed, that melting of cop-
per in anode is realised not only in arc spot but in
the volume in vicinity of working surface.

This phenomenon is clearly observed in the cathode
surface as well. But, as it was mentioned above, copper
component is evaporated from the area in vicinity
to cathode working surface. The reason is that the
arc energy, transferred to the cathode, is higher in
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Figure 6. SEM cross-section images (a and b) and SEM cross-section images with elemental EDXS mappinng analysis
(c and d) of non-modified Cu-Cr composite electrodes layer: a) and c) - cathode surface; b) and d) - anode surface.
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Figure 7. SEM cross-section images with elemental EDXS mappinng analysis of non-modified Cu-Cr composite
electrodes layer: a) and b) - cathode surface; ¢) and d) - anode surface.

47



A. Murmantsev, A. Veklich, V. Boretskij et al. Plasma Physics and Technology

SEM HV: 20.0 kV WD: 8.99 mm LYRA3 TESCAN SEM HV: 20.0 kV WD: 9.02 m}rl LYRA3 TESCAN
View field: 20.0 ym Det: SE

Dep. of Physics, FEEC, BUT BI: 10.00 Date(m/dly): 12/05/19

View field: 20.0 ym Det: SE 5 pum

BI: 10.00 Date(m/dly): 12/05/19 Dep. of Physics, FEEC, BUT

Figure 8. SEM cross-section images (a and b) and SEM cross-section images with elemental EDXS mappinng analysis
(c and d) of Cu-Cr composite electrodes layer modified by thermal action of electric arc discharge: a) and c) - cathode

surface; b) and d) - anode surface.

Cu K series Cr K series Cu K series Cr K series
f S5pum ! f S5pm ! f S5pum ! f Spm !
[ I
a) b) c) d)

Figure 9. SEM cross-section images with elemental EDXS mappinng analysis of Cu-Cr composite electrodes layer
modified by thermal action of electric arc discharge: a) and b) - cathode surface; ¢) and d) - anode surface.
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Figure 10. SEM cross-section images (a and b) and SEM cross-section images with elemental EDXS mappinng
analysis (¢ and d) of single-component copper electrodes layer modified by thermal action of electric arc discharge: a)
and c) - surface of cathode; b) and d) - of anode.
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Figure 11. SEM cross-section images with elemental EDXS mappinng analysis of single-component copper electrodes
layer modified by thermal action of electric arc discharge: a) and b) - cathode surface; ¢) and d) - anode surface.
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comparison with anode in the arc energy balance.
To clarify the copper melting character in the single-
component copper electrodes the surface studies were
carry out as well (Fig. 10). Obviously, the oxide film
can be formed on electrodes working layer in condition
of air atmosphere, which is confirmed by the Fig. 11
b and d. Moreover, the area, depleted by copper, is
clearly observed in cathode working layer (Fig. 11).

4. Conclusions

The temporal evolution of plasma emission spectra of
electric breaking arcs at current of 120 A in air was
investigated by OES. SEM and EDXS were used to
study the cross-section of working layer of electrodes
surface modified by discharges heat flux.

It is concluded, that composite electrodes have bet-
ter erosion resistance to arc discharge heat flux. This is
confirmed by the higher emission intensities of the Cu I
spectral lines in plasma between single-component cop-
per electrodes in comparison with Cu-Cr composite
electrodes.

It was found, that the structure of composite elec-
trodes is changed after influence of discharge heat flux.
Specifically, the cathode surface is characterised by
depleted copper area formation. This phenomenon
is caused by intense evaporation from the electrode
surface, modified by the thermal action of the electric
arc plasma.

In the anode working layer the evaporation of the
composite components is significantly less in contrast
to the cathode. This can be confirmed by the presence
of a larger amount of copper in the anode compared
to the cathode after modifying by the heat flux from
the dicharge.

In addition, the melting of both metals occurs not
only in the arc spot, but also in the volume of the elec-
trode near the working surface, which is confirmed by
the blurred shapes of the components of the composite
electrodes.
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