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Electrical contacts are used in general electrical applications such as circuit
breakers, switches, relays, connectors, etc. Repeated separations of the parts (anode
and cathode) of these contacts under input power can damage their contact materials.
The objective of this work is to study the influence of the input electric power (100
W and 256W) and the contact sizes (hemispherical contacts with diameters D=5mm
and D=8mm) on the variation of the arc energy and the damage of the contact
surfaces by oxidization or by erosion. These parameters are decisive for selecting the
best arc-resistant contact sample. Experimental results, SEM, and EDX analysis
show that high input power leads to more degradation of contact surfaces. Also, the
smaller and the larger contact diameters generate similar arcing energies with similar
erosion sizes and oxidation rates, but contact with a small diameter has a higher
lifetime (1215 operations) and oxidizes less quickly than the one with a large
diameter that has a lower lifetime (374 operations). Experimental and numerical
analyses demonstrate that arc mobility is one of several factors influencing the
change in contact lifetime.
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1. Introduction

Electrical connectors are used in many general applications (information
technology, aeronautics, automotive, etc), and our interest is to study the
connectors used in automobiles. The pluggable connector contains two separable
parts (anode and cathode) [1], [2].

In the case of a closed contact, the two parts are in contact, and an electric
current passes through it. When this connector is submitted to a high current, Joule
heating will be generated in the closed contact surfaces, leading to an increase in
the contact temperature that can cause the melting of the contact surfaces. Since
the Joule heat generation depends proportionally on the electrical contact
resistance and the square of electric current (current fixed by the specifications
and cannot be changed), the tendency then is to minimize electrical contact
resistance; therefore, Joule heating and contact temperature. The authors [3]-[6]
investigated the minimization of the electrical contact resistance of a closed power
contact by acting on contact forces, contact shapes and geometries, contact
materials, and the dimensions of connection cables.

This power contact is also exposed during its functioning to the vibration that
can cause the corrosion of contact surfaces by fretting. Numerous researchers [7]-
[9] studied this phenomenon to limit its devastating effect on power electrical
contact.

In the case of a disconnection or an opening of the two contact parts under high
voltage or high current, a phenomenon will appear. This phenomenon is the
ignition of an electric arc between the anode and the cathode of the power contact.
When the energy and temperature of this arc are high, they can damage contact
surfaces and provoke heating, melting, high core temperature, erosion or welding,
corrosion, and electrical insulating of contact surfaces after several opening-
closing operations [10]-[14]. Damage of the contact material by the electric arc
and the effect of the metal vapor on the net emission coefficient of the plasma, on
the transport properties of the arc, and the contact material damage, are
investigated by several researchers [15]-[20].

Electric arc has several negative consequences, such as the generation of
radiated electromagnetic interference [21]-[22] that affects an electrical circuit or
an electronic device by electromagnetic induction and can be detrimental to the
functionality of this device. Arc can cause an increase in electrical contact
resistance [23], fire, harmful radiation to the eyes, and no immediate interruption
of the electric current in a circuit breaker either by the persistence of the arc
between the relay contact terminals or by their welding, etc. In addition, arc fault
or unintentional arc will have a disastrous effect if it is not well mastered. An arc
can be affected by many factors, such as oxides, metal oxides, oxide films, gas
environment (nitrogen, oxygen ...), chemical gases, humidity, erosion, wear, etc.
The presence of oil, grease, dust particles, or dirt on the contact surfaces can even
influence the arc [24]-[26].
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More investigations took place to minimize the disastrous effect of the electric
arc on contact surfaces. The author [27] studied the electric arc and its
consequences on contact surfaces of different electrodes, having a tip shape and a
tip-flat shape with diverse sizes. A conclusion was drawn by [27] that an input
power of 45kW can lead to a faster erosion of the small electrode with an increase
in gap distance. Also, the electrode with a tip shape facilitates arc initiation
compared to an electrode with a tip-flat shape.

The author [28] compared the arc energy and arc duration for two contacts
having pellet (pad) and rivet shapes; his results show that pellets that are
somewhat larger than rivets will allow high mobility of the arc. Another author
[29] focused his work on producing next-generation contact materials in the form
of nanostructured composites that will resist erosion by arc for various contacts in
the form of rivets; [30]-[32] were interested in studying the influence of several
contact materials on erosion by an arc of different contact shapes to select the most
erosion-resistant material.

This paper aims to analyze the effect of the electric input power and the contact
diameter of the degradation of the contact surfaces by an electric arc. In this work,
an experimental study was carried out on electrical contact samples in the case of
an opening contact; the material of these contacts is pure copper.

Contact samples have the same hemispherical contact shape with two different
diameters (D=5mm and D=8mm) and are submitted to two input powers
(P»=100W and P;=256W).

Through the previous papers, no one had studied contacts with the same shape
and different sizes. For this reason, we are going to test different contact samples
having the same shape with diverse sizes. Yet, in our experimental study, arc
current, arc voltage, and arc duration are measured for several contact opening-
closing operations. Arc power and arc energy were then deduced. A comparison
between the results of the two applied electric powers and the two diameters of
contact samples is presented in this paper to evaluate the predominant parameter
that accelerates the degradation of the contact surfaces and consequently reduces
the service lifetime of the contact. This experimental research is an original
contribution to the science which had not been investigated before. It can
concretize the hypothesis of the severity of arc mobility on the degradation of
contact surfaces.

2. Shape and dimensions of the contact samples

Fig. 1 shows the dimensions in millimeters of the used hemispherical contacts.
These contact samples are manufactured by ourselves. Two diameters of the
hemispherical contact samples are tested; the first diameter is equal to 5 mm.
However, the second is equal to 8 mm.

This article has been accepted for publication in a future issue of AME, but has not been fully edited.
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Fig. 1. Dimensions of the used contact samples

3. Materials of the tested contact samples

Table 1 presents the mechanical, electrical, and thermal properties of pure
copper Cu 99.9% (the material of the tested contact samples). The choice fell on
this material because pure copper is a classic material that does not contain any
additional element. It is less expensive and has good thermoelectric and
mechanical properties.

Table 1. Mechanical, thermal, and electrical properties of the pure copper material [1], [2]
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4. Experimental bench

Fig. 2 shows the experimental bench used to measure arc parameters (arc
current and arc voltage) of our contact samples submitted to two DC input powers
(100 W and 256 Watt). The experimental bench is composed of two parts: the first
part is the mechanical system, and the second part is the electrical system. As
shown in

Fig. 2, the experimental bench is composed of two parts: the mechanical part
and the electrical part.

This article has been accepted for publication in a future issue of AME, but has not been fully edited.
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Fig. 2. Experimental bench for arc parameters measurement

4.1. Mechanical part of the experimental bench

The two contact parts are mounted on the jaws of the tensile testing machine
named Lloyd Instruments LS1. The anode is fixed in the immobile lower jaw,
whereas the cathode is fixed in the mobile upper jaw. To carry out the contact
opening-closing operations (

Fig. 2), a mobile crosshead ensures the movement of the ascent and descent of
the cathode. Contact force is measured by a sensor having a precision of 0.01 N
and a maximum measuring capacity of 1 kN. In our test, the applied contact force
F. is equal to 20 N while the opening velocity Vopen is fixed to 5 mm/s.

An integrated displacement sensor is used to measure the displacement of the
mobile jaw. During the entire test, the value of the opening gap d is fixed at 5 mm.
This machine is monitored by a computer using the software Nexygen-Plus.

This article has been accepted for publication in a future issue of AME, but has not been fully edited.
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4.2. Electrical part of the experimental bench

A stabilized TDK-Lambda ZUP60-7 power supply provides a maximum output
current of 14A with a maximum output voltage of 60V and a maximum electric
power of 840 Watts. Firstly, in our case, the open voltage was fixed at 20V with
a DC current of 5A, which can give an input power of 100 Watts. Secondly, the
voltage was fixed at 32V with a DC current of 8A, which can offer an input power
of 256 Watts. The value of our invariable resistance is R=4 Q) (

Fig. 2). A Metrix Mx26 multimeter is used to measure and control the input
current of the closed contact, and to detect the separation of the electrodes; at this
stage, the current will become zero. A Tektronix DP07104C Digital Phosphor
Oscilloscope (1 GHz bandwidth, maximum sampling rate: 20 GSa/s) is used to
measure during the contact opening the arc voltage with a voltage probe (500 MHz
bandwidth and x10 attenuation). For our test, the chosen sampling rate is equal to
1 MSa/s, allowing one measure by 1us; this is the time of one sampling period.
The arc current is measured based on the Hall effect with a Tektronix TCPA300
current probe amplifier (

Fig. 2).

All the acquired data during one contact opening operation like the arc current and
the arc voltage were processed later using a Python program to determine the arc
duration, arc power, and arc energy for this operation. The acquisition of these
data goes for all the opening-closing operations. The instrumentation and data
collection part allow the automation of tests and the acquisition of data
continuously. The bench is equipped with a portable PC connected directly to the
machine via a USB interface; it is used for setting the test parameters such as the
opening and closing speed, the applied contact force, the contact displacement,
the opening gap, etc.

4.3 The adopted protocol to carry out our experimental tests

Before each experiment, the sample surfaces are cleaned with an alcohol bath
to remove any dirt, and insulating film... present on the contact surfaces. Before
starting the tests, the electrodes mounted in the machine’s jaws must be aligned
with high precision. We noticed that the severity of the arc during the contact
closing is too low compared to that measured for the contact opening; the arc is
almost extinguished during contact closure. For this reason, the electric current
has not been cut off during the contact closure operations. It should be noted that
contact opening-closing operations and the acquisition of results only stop until
the end of the contact sample lifetime. All the tests were carried out at room
temperature of 25°C and under atmospheric air having moderate humidity with a
pressure of 1 bar.

This article has been accepted for publication in a future issue of AME, but has not been fully edited.
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5. Results and discussion
5.1 Arc current 1,,. & arc voltage V.

During all the tests, opening arc current /... and arc voltage V. are measured
for all the opening-closing operations of the contact samples. For example, Fig. 3
shows, for operation number 300, the variation during the opening time of the /.
and V. of the copper contact sample with a diameter D=5Smm submitted to an
input power P;, of 100 Watts. This power is equal to the open-voltage V=20V
multiplied by the applied DC current /=5A. Arc voltage and current
measurements on break show fluctuations in their signals. These fluctuations are
due to the variation during the time of the metal vapor pressure of the arc, which
has been diffused in the surrounding air near the contact zone [33] and [34]. Also,
the density of the metal vapor plays a role in this fluctuation.

22
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Fig. 3. Arc voltage Varc & arc current Iu. for contact opening-closing operation N°300 (D=5mm,
Piu=100W)

One can conclude from the above figure that the variation of /4 and Ve is not
linear. Various shapes of the electric arc are due to the nonlinearity of the arc
current or the arc electric field. Arc always seeks the less resistive or more
conductive path, even if it deforms. We can deduce from the latest figure an arc
duration At equal to 17.64 ms.

5.2 Arc power Py, arc duration Ar & arc energy E,.

From the two curves of /.. and V.. (Fig. 3), we can calculate the electric arc
power P _(t) by the following relation:

This article has been accepted for publication in a future issue of AME, but has not been fully edited.
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Parc(t) = Varc(t)']arc(t) (1)
The arcenergy E_ () is calculated by the following relation:
E,. ()= [ P (it = [V, ()., (1))t @)

Using equation (1), we can draw the variation of arc power during its arc
duration for any opening operation. For example, Fig. 4 gives the change of arc
power during the time for operation number 300 and for the two input powers
100W and 256W. The black curve presents the product of /.. and V. illustrated
previously in Fig. 3. One can see in the following figure (Fig. 4) that the arc power

P and the arc duration Af vary proportionally with the input electric power

arc
Pi,. From this figure (Fig. 4), we can also determine the maximum value of the arc
power pMa

arc

80
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Fig. 4. Arc power for two input powers (D=5mm, Pi»=100W & 256W) (Operation N°300)

Using ]-':,}Z“" and its corresponding arc duration Af, the maximum arc energy

can be calculated by:
EM®™ = pMe At 3)

arc arc

For constant input power, the values of Af and P;Z“” fluctuate during all the
operations; this is due to the nature of the gas imprisoned between contact surfaces
and its degree of ionization that depends on the temperature, humidity, pressure,
... of this gas. Moreover, the fluctuation of A and P is due to the morphology

arc
of the contact surfaces and the nature of the conductive layer material of these
contact surfaces. It is interesting to note that there is no proportionality from one

This article has been accepted for publication in a future issue of AME, but has not been fully edited.
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operation to another between the arc duration Af and the maximum value of arc
power. Consequently, our results will be analyzed by the maximum arc energy
E ffx that contains the two previous terms Af and an" (see equation (3)). After
obtaining all the results of /u., Var, and Pa. for all the opening operations, then
we proceeded to calculate E{ffc“" for each operation and plotted them in the
following figure (Fig. 5) for the different test cases: Contact samples with D=5mm
submitted to input power of 100W and 256W, and contact samples with D=8mm
submitted to the same input powers.

This figure (Fig. 5) shows a comparison between the maximum arc energies
EM* for the first 200 opening operations.

13
12 A

CuD5 100 W
CuD8 100 W
Cu D5 256 W

] Cu D8 256 W

10 A
9 -
8 -

Sl

4_

Maximal Energy of Arc (Joule)

0 50 100 150 200

Operation Number

Fig. 5. Maximum arc energy for the two input powers (100W & 256W) and for the two diameters
(D=5mm & D=8mm)

We can notice in the above figure that the maximum arc energy EY* varies

proportionally with the input electric power. In addition, for the same input power,
the diameter of the contact sample does not influence the arc energy; there is not
enough difference between the two arc energies for the two diameters D=5Smm
and D=8mm.

Table 2 gives the lifetime of various contact samples having different

diameters submitted to different input powers; it shows a comparison between
different averages of: Az, PM* and EY* . The maximum number of the opening

arc

operations 7 cited in this table corresponds to the last operation before the end

This article has been accepted for publication in a future issue of AME, but has not been fully edited.
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service life of the contact. The contact reaches its end lifetime when its contact
surfaces become electrically insulating.

Table 2. Different arc results for different contact samples.

Diameter Input Maximum number | Average of Average of Average of
D (mm) | power P of the opening all At all pMa all gMa
(Watt) operations (lifetime (ms) o i
of the contact (Watt) (Joule)
sample)
n
5 100 13550 8.83 56.65 0.49
256 1215 60.56 99.43 6.01
8 100 7019 8.14 57.39 0.45
256 374 57.39 99.24 5.69

One can see in Table 2 that the contact sample with a large diameter has a
lower lifetime compared to a contact sample with a small diameter. To understand
this phenomenon, we started to verify the cumulative frequencies of all the values

of E :fc‘,”‘ for the two contacts.
Fig. 6 shows the cumulative frequency in the percentage of the operation
numbers for a given interval of the F fffx values.
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(a) P,=100W

0,981-->4,626  4,626-->8271 8,271-->11,916 11,916-->15,561

Maximum Arc Energy (Joule)

(b) P,=256W

Fig. 6. Histograms of the cumulative frequency versus maximum arc energy for contacts with
diameters D=5mm & D=8mm submitted to two input powers

The cumulative frequency can be defined as the percentage of the number of
opening operations that give values of E;ff" comprise in a given interval. This

This article has been accepted for publication in a future issue of AME, but has not been fully edited.



www.czasopisma.pan.pl P N www_journals.pan.pl

N
S~
KADEMIA NAUK

Investigation on contact surfaces damage of copper contacts by an electric arc 11

cumulative frequency is calculated with respect to the total number of operations
n.
Take, for example, the histogram (Fig. 6 (a)) corresponding to a power input

of 100W. In this example, F ‘ffc‘“ values lower than 0.56 Joule were obtained for

67% of n for the contact sample with a diameter D=5mm, while it is equal to 59%
of n for the contact sample with a diameter D=8mm. Hence, for the two input
powers and all the arc energy intervals, the cumulative frequency values for the
two diameters (D=5mm and D=8mm) are not far away from one another (Fig. 6
(a) & (b)). So, for any input power, the two contacts with diameters (D=5mm and
D=8mm) have nearly the same arc energies (Fig. 5) and almost the same
cumulative frequencies (Fig. 6). Thus, the last two parameters are not the ones
that make the difference between the service lifetime for the two contact diameters
(D=5mm and D=8mm); this leads us to search for another factor that will make
this difference.

We will carry out further investigations to better understand this phenomenon
through analyzes of the damaged surfaces with microscopic, SEM, and EDX
techniques.

5.3 Microscopic, SEM &EDX analyzes

Before giving detailed demonstrations on identifying the reason why the
opening contact lifetime decreases with the increase in the hemispherical contact
diameter. First, we are going to provide some details on the influence of the input
power on oxidation, erosion, and contact surface damage.

5.3.1 Oxidation of contact surfaces

The end lifetime of the contact sample corresponding to the last opening
operation will occur when the contact surfaces become insulating, i.e., the contact
surfaces don’t transmit any electric current. At this stage, the contact surfaces are
fully oxidized; this is confirmed by the analyses of the contact surfaces using SEM
and EDX techniques (see Fig. 7).

Fig. 7 shows the mass proportions of the metal and the oxide present on the
contact surfaces obtained at the end lifetime of our contact samples (D=5mm and
D=8mm) submitted to an input power of 256W. The measures have been held on
contact surfaces using a scanning electron microscope SEM JEOL JSM 6610LA.
From Fig. 7, an oxygen rate higher than 43% was obtained at the end of their
lifetimes except for the cathode with D=8mm, which means that its contact surface
remains poorly conductive. EDX and SEM results indicate that the contact
surfaces are oxidized and do not pass electric current. Furthermore, EDX spectra
confirm the presence of the carbon element in the contact surfaces.

This article has been accepted for publication in a future issue of AME, but has not been fully edited.
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5.3.2 Influence of the input power on the contact lifetime

When the two contact electrodes start to move away from each other, a contact
opening state will occur, and the contact area between the two electrodes
decreases progressively. Hence, contact resistance, current density, and contact
temperature increase, leading to the formation of molten metal bridge MMB
between the contacts. After the rupture or the explosion of this bridge, a part of
the exploded MMB transfers to the cathodic or the anodic contact causing the
erosion of the contacts, and the other part of the exploded MMB participates in
the formation of a very high-pressure, high-temperature metal vapor which
releases electrons allowing the ionization of metal vapor (plasma) and the
initiation of arc. In this arc, the DC electric current and energy are carried mainly
by electrons and very little by metal and gas ions.

By the chemisorption process and at high arc temperature, the copper and the
carbon existing on the contact surfaces absorb the air oxygen to form oxide layers
on the contact surfaces. Both carbon dioxide CO, and carbon monoxide CO can
be found and released from the contact surfaces [35] and [36]. Also, copper oxides
CuO and Cu,O have been seen on the contact surfaces. Note that the essential
presence of carbon dioxide CO- and dioxygen O, initiates the copper oxidation
reaction, which will be accelerated with the increase in temperature.

Referring to Table 2, we notice that for any diameter of the contact sample, the

arc duration A7, the maximum arc power P"* , and the maximum arc energy

EM* increase with the increase of input power. Indeed, when the applied current

I or voltage V increases, the input power also increases. Consequently, just after
the opening operation, the electric field is very high, and contact surfaces heated
by the Joule effect emit enough free electrons with high energy from the cathode
to the anode. Also, these electrons will be accelerated by the high electric field.
Therefore, we will have more collisions between electrons and gas ions. So, more
ionization of the gas plasma will be confined between the contact surfaces, leading
to high arc energy.

Yet, high arc energy provoked by high input power has a disastrous effect on
the damage of the contact surfaces by oxidation and erosion. High input power or
high arc energy induces high temperature in the contact material; therefore, the
oxidation of the metallic contact surfaces will be accelerated by the rise of this
temperature and will lead to a rapid failure of the contact (Table 2). In addition,
high input power induces high arcing energy, leading to excessive degradation of
the contact surfaces by erosion. Fig. 8 provides a comparison between contact
surface images taken by an optical microscope at the end lifetime of the contact
samples. These contacts have a diameter of D=5 mm and are submitted to the two
input powers 100 and 256W. These images were taken on the anode and cathode
parts of the contact. One can see that the contact surface submitted to an input
power of 256W (Fig. 8 (b)) is more eroded than the one submitted to an input
power of 100W (Fig. 8 (a)). The same conclusion can be drawn for the contact
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with a diameter D=8 mm. Also, we can see in the following figure (Fig. 8) that
the black color in the eroded zones refers to the copper oxide CuO (Copper(1l)),
while the red-brown color refers to the oxide Cu,O (Copper(I)).

Anode

Cathode

(a) Input power = 100 W (b) Input power =256 W

Fig. 8. Erosion of contact surfaces at the end of the contact lifetime (contacts with D=5mm,
Pi=100W & 256W)

5.3.3 Influence of the diameter of the hemispherical contact on the contact
lifetime

For constant input power, the contact lifetime decreases with the increase of
the contact diameter (see Table 2); this can be explained by the fact that if the
diameter increases, the surface of the hemispherical part of the contact increases,
and the arc will have more mobility on this surface, so more degradation. In fact,
more demonstrations and arguments will be given later in the following
paragraphs.

Fig. 9 gives a comparison between the sizes of the erosion zones for the contact
parts of the (D=8mm & D=5mm). These erosion sizes were measured at the end
of the lifetime of contacts; these contacts were submitted to an input power of
256W. For the two contact samples (D=8mm & D=5mm), the diameter of the
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erosion zone is estimated to be near 2.5 mm. Therefore, the dimensions of the
erosion zones are similar for the two contact samples. One can see in Fig. 9 (b),
that the erosion zone for the contact sample with a diameter of 8 mm does not
have a uniform circularity as the one obtained for a contact sample with a diameter
of 5 mm. It was observed during all the opening operations that the arc makes
turns with jumps on the contact surfaces for the contact sample with a diameter of
8 mm; this is confirmed by the presence of a notched shape at the edge of the
erosion zone (Fig. 9 (b)); this makes us think that the arc is more mobile for the
contact sample with a diameter of 8 mm.

Erosion zones

Notched

shape at

the edge
of the

erosion
zone

Cathode
(b) D=8mm
Fig. 9. Erosion of contact surfaces at the end of the lifetime of contacts (D=5mm & D=8mm, Pi» =
256W)

So, the two contacts submitted to identical input power (256W) generate
similar arc energies (Fig. 5) with almost the same erosion sizes (Fig. 9) and
oxidation rates, while the contact sample with D=Smm has a lifetime of 1215
operations. However, the other one (with D=8mm) has a lifetime of 374
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operations; this can confirm that the contact surface with D=8mm oxidizes rapidly
compared to the contact with D=5mm.

During the experimental tests, we observed that the arc is too mobile for the
contact with a diameter of 8 mm than the contact with a diameter of 5 mm. In fact,
the arc mobility increases with the increase of the contact diameter because the
arc is too mobile for the contact with a diameter of 8§ mm; consequently, the struck
point oxidizes rapidly by the hot free air, and the arc root seeks another less
resistive path and strikes several random points with the principle of turn jumping
(principal described previously in Fig. 9 (b)). When all the points are oxidized,
the contact surface of the arc mobility zone or the erosion zone becomes
electrically insulating. Therefore, the contact reaches the end of its lifetime. One
can conclude that the contact surface with D=8mm oxidizes rapidly by an arc too
mobile compared to the contact with D=5mm. For this reason, the service lifetime
of the contact with D=8mm is much lower than that of a contact with D=5mm. To
confirm these experimental observations and conclusions concerning the arc
mobility, a numerical MHD model was developed in the next section to calculate
the arc mobility for the two contacts (D=5mm and D=8mm).

6. Numerical simulation of the arc for the two diameters (D=5mm
and D=8mm)

To start, we give some theoretical notions on the arc motion. The arc mobility

depends on the magnetic force £ generated by the interaction between the

induced magnetic field B , and the current density J . B is due to the arc motion
and the passage of the electric current / inside the arc column (Fig. 10). The current

that flows through the arc is /.. This current is the origin of the distribution of

the electric current density J of the arc at the contact surfaces.

—_

The relationship between the magnetic field B and the current density J gives

birth to a term which is called the Lorentz magnetic force F (N/m?); the formula
of this force is given by:

F=JAB 4)
Moreover, we can see in the above equation that the arc mobility force or the
arc Lorentz force varies proportionally with the arc current density and

the arc magnetic field; Y (A/m?) and B (Tesla or N.m'.A") depend on the
applied current and the contact dimensions. Yet, Ohm’s law that defines the
current density is given by:

- 1
J=—F=0, E=-—"— 5
S e
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—

Where £ is the electric field (V/m), e 18 the arc current (A), p, (Q.m)

and o, (S/m) are respectively the electrical resistivity and the electrical

arc

conductivity of the arc plasma gas, S, is the cross-sectional area of the arc

c

column and 7 is the normal unit vector to the surface .S, . Fig. 10 shows the arc

mobility force or the arc Lorentz force created by the magnetic field once the
current flows through the arc.

Cathode

Luenn

—_

Fig. 10. Magnetic field B , electric arc current / and Lorentz force £ of the arc

arc’

The theoretical calculation of the current density distribution is laborious since
we have no information about the dimensions of the arc column and its electrical
conductivity. For this, we use the numerical calculation of this distribution using
a 3D MHD numerical model developed by finite volume software (Fluent V18.1).

This model can calculate the distribution of the arc electric current density J at
the contact surfaces for the opening arcs of the two copper contacts (D=5mm
and D=8mm) under an input power of 256W. The objective of the current density
calculation is to see how the arc mobility force will vary through this density for
the two contacts. The numerical results presented in the following figure (Fig. 11)
confirm that the contact with a large diameter (D=8mm) has a higher distribution

of the current density near the contact surfaces (J gg" =5e+05 A/m?) compared
to the contact with a small diameter (D=5mm) which has a maximum current
density (J pe* =4.05e+04 A/m?) (see the below Fig. 11); this high current density

will generate a higher arc magnetic force which makes the arc too mobile.

As we have observed experimentally and demonstrated numerically, the
mobility of the arc is higher for the contact with a large diameter. Consequently,
we will have rapid oxidation for this contact. To explain the impact of this arc
mobility on the degradation of contact surfaces, we have presented in the
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following figure the difference between the arc mobility for the two contact
samples (D=5mm and D=8mm) and its consequence on the degradation of contact

surfaces.

Magnitude of J

Madnitude of J
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(a) Diameter D=5mm (b) Diameter D=8m:
Fig. 11. The distribution of the arc electric current density for the two contacts

S
“

Electric arc

is less _/’l

mobile

D=5mm

Electric
arc is too
mobile

Arc mobility zone in
the contact gurface

® Present the impact point of the arc T

O,

First At the First At the N*
anerati At operation operation
(a) Diameter D=Smm (b) Diameter D=8mm

Fig. 12. Arc mobility impact on the degradation of the contact zone of the two contact samples

(D=5mm & D=8mm)
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For the contact with diameter D=5mm (Fig. 12 (a)), the arc strikes the same
black target point from the first to the N”* operation (N can reach 25 operations or
more); this point remains conductive (i.e., not oxidized) until the N** operation.
After this operation, the first struck point oxidizes, and the arc does not pass
through this point. The arc seeks another less resistive path that corresponds to
another point very close to the first point (Fig. 12 (a)). On the other hand, for the
contact with a diameter D=8mm (Fig. 12 (b)), the arc is too mobile; it strikes
several random points with the principle of turn jumping (principal described
previously in Fig. 9 (b)), and with a frequency of two to three operations for each
point, a frequency much lower than that observed for the contact with a diameter
D=5mm,; this leads to rapid oxidation of the first struck point by the hot free air.
Hence, the other points oxidize one after the other (Fig. 12 (b)). When all the
points are oxidized, the contact surface of the arc mobility zone or the erosion
zone becomes electrically insulating. Therefore, the contact reaches the end of its
lifetime. One can conclude that the contact surface with D=8mm oxidizes rapidly
by an arc too mobile compared to the contact with D=5mm. For this reason, the
service lifetime of the contact with D=8mm is much lower than that of a contact
with D=5mm.

7. Conclusion

During the opening-closing operations, the service lifetime of an electrical
contact sample depends on the severity of the arc and its energy. High arc energy
leads to erosion, oxidation, and electric insulation of contact surfaces. The total
erosion of the contact interfaces is a combination of material transfer, material
vaporization, mechanical damage caused by the impact of the two contact parts,
material fatigue, wear, and the separation of the welded surfaces.

In this research paper, the impact of this arc on the damage of the contact
surfaces has been studied for hemispherical contact samples having two different
diameters (D=5mm and D=8mm) and submitted to two input powers 100W and
256W. Through this research paper, some interesting conclusions have been
obtained. It was shown that for any contact diameter, the arc energy is more
influenced by the input power; high input power leads to high arc energy, high arc
duration, high oxidation and erosion, and low service lifetime. SEM and EDX
results confirm that the failure of the contact sample will occur when the oxygen
rate in the eroded contact surface exceeds 43% (i.e. when this surface becomes
oxidized). It was concluded that the two contacts with two diameters (D=5mm
and D=8mm), which are submitted to an identical input power generate similar
arcing energies with almost the same cumulative frequencies. These contacts have
nearly the same erosion sizes and oxidation rates; whereas a contact with a small
diameter has a higher lifetime compared to one with a large diameter whatever the
input power.

It has been explained with the help of our numerical calculations and
experimental observations that contact with large diameter has high arc mobility;
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this accelerates the oxidation of the contact surfaces and leads to a rapid decrease
in the contact lifetime; this leads us to say that an opening contact with a small
diameter has better electric arc resistance than one with a large diameter, which is
the opposite of a closed contact where contact with a large diameter is preferred
over contact with a small diameter because its electrical contact resistance is low.

Finally, the combined usage of contact with a large diameter submitted to a
high input power provokes high arc energy with a high temperature and arc
mobility. All these lead to rapid degradation and damage of the contact surfaces
by oxidation, ultimately resulting in the device failure. Since copper is less
expensive than noble materials, the ability to use it in power opening contacts in
the form of a hemispherical contact with a small diameter is more interesting for
manufacturers of electric opening connectors.
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