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Abstract

The article considers the processes of current collection and wear in the sliding electrical contact system
"contact wire - current collection insert" of a trolleybus. It is shown that the destruction of contact surfaces has a
complex electromechanical nature and is caused by the simultaneous action of mechanical, electrical and thermal
factors. The main mechanisms of electrical and mechanical wear of contact elements are analyzed, in particular,
electroerosion, abrasive, fatigue and molecular-mechanical wear. The influence of contact pressure, current
collector speed, traction current magnitude and properties of contact pair materials on the intensity of destruction
of surface layers is considered. It is shown that the uneven distribution of current in the contact zone leads to local
overheating of the surface and the formation of electric arcs, which accelerate the electroerosion destruction of
contact elements. It is established that the formation of a thin graphite film on the surface of the contact wire can
partially reduce the friction coefficient and wear intensity. The results obtained can be used to increase the
durability of current-collecting elements of electric transport and optimize their operating modes.

Keywords: current collection; current collection insert; contact wire; electrical wear; mechanical wear;
electrical erosion; sliding electrical contact; electric transport.

Introduction

Electric transport, in particular trolleybuses, is widely used in urban transport systems due to its high energy
efficiency and environmental friendliness. One of the most important elements of such systems is the contact
network, through which electrical energy is transmitted from the power supply network to the rolling stock. The
transmission of current from the contact wire to the electrical equipment of the vehicle occurs through pantographs
equipped with current-collecting inserts that are in constant sliding contact with the contact wire (Fig. 1).
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Fig. 1. Tribocontact pair "contact wire-current collector insert"
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During operation, a complex interaction of mechanical, electrical and thermal processes occurs in the
contact zone of the contact wire and the current collector insert. Under the action of contact pressure, electric
current and friction forces, the surface layers of materials are subjected to intense plastic deformation, local heating
and electrical erosion. This leads to the gradual destruction of the contact surfaces, which manifests itself in the
form of wear of the contact wire and current collector elements. The intensity of wear of the contact pair largely
depends on the design parameters of the contact network, the stability of the contact pressure of the current
collector, the speed of the vehicle and the magnitude of the electric current. An important role is also played by
the physical, mechanical and electrophysical properties of the materials of the contact elements, in particular their
electrical conductivity, hardness, thermal conductivity and melting point. The study of wear processes in a sliding
electrical contact allows us to determine the main mechanisms of destruction of contact surfaces and develop
effective methods for increasing the durability of current collector elements. This is important for reducing the
costs of maintenance of the contact network and increasing the reliability of electric transport. In this regard, the
purpose of this work is to analyze the main mechanisms of electrical and mechanical wear of the contact pair
"contact wire - current collector insert" and determine the factors that most affect the intensity of destruction of
contact surfaces during the operation of trolleybus transport.

Literature review

The problem of wear of the contact pair "contact wire - current collector insert" of electric transport is
important for ensuring the reliability of current collection systems and the stability of the operation of the contact
network. It is known that in a sliding electrical contact, mechanical, electrical and thermal processes
simultaneously operate, which determine the intensity of destruction of the contacting surfaces [1].

Studies of the characteristics of a sliding electrical contact in the "current collector - contact wire" system
have shown that the stability of current collection is largely determined by the parameters of contact pressure,
electric current and temperature in the contact zone. At the same time, a change in these parameters leads to an
uneven distribution of current over the contact surface and an increase in contact resistance [1,7].

Experimental studies of the tribological interaction of current-collecting inserts with the contact wire have
shown that the wear mechanism is complex and includes abrasive, adhesive and electroerosion processes. As a
result of local overheating of the surfaces in the contact zone, electric arcs may occur, causing melting of the
material and the formation of craters on the surface of the contact wire [3,10].

The speed of movement and the electrical load play an important role in the wear processes. It has been
shown that with increasing current, the intensity of electrical erosion of contact surfaces increases, while an
increase in contact pressure leads to an increase in the mechanical component of wear [3,4].

A number of works have investigated the influence of geometric and dynamic parameters of current
collectors on the processes of destruction of contact elements. It has been established that uneven contact pressure
and oscillations of the current collector can cause local overloads of the contact zones and accelerate the wear of
current collection inserts [4,5].

Considerable attention in modern research is paid to predicting the service life of contact inserts. The
proposed mathematical models and machine learning methods allow assessing the influence of the main
operational parameters on the wear rate and predicting the moment of reaching the limit state of contact elements
[6].

A review of modern research shows that the wear of the contact pair "pantograph - contact wire" is a
complex electromechanical process that depends on the material of the contact surfaces, the operating mode and
the parameters of the contact network [7].

An important direction for increasing the reliability of current collection systems is the improvement of
contact insert materials. Studies have shown that the use of composite materials based on graphite with metal
additives allows improving electrical conductivity and reducing the intensity of wear of contact surfaces [8].

Some works are devoted to increasing the wear resistance of contact elements by restoring and
strengthening their surface layers. It has been shown that the use of modern technologies for restoring and
modifying the surface allows to significantly increase the service life of contact units of electric transport [9].

Thus, the literature analysis shows that the wear process of the contact pair "contact wire - current collector
insert" is determined by the complex interaction of mechanical, electrical and thermal factors. Despite a significant
amount of research in this area, the issues of increasing the wear resistance of current collector inserts and
predicting their resource remain relevant and require further research.

Main material

Electrical wear of sliding contact

Electrical wear of a sliding contact is mainly caused by electrical erosion. Electrical erosion is the
destruction of contacting materials associated with the melting and transfer of metal in a gaseous and liquid (in

the form of small droplets) state from one contacting surface to another under the action of electrical discharges.
Electrical erosion is especially significant in DC circuits. It can lead to the formation of growths and craters on
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the contact surfaces. The higher the value of the specific heat capacity, melting point, specific heat of fusion and
sublimation temperature of the contacting materials, the lower their electrical erosion. It was noted above that
more thermal energy is required to melt aluminum than to melt the same mass of copper, although copper has a
higher melting point. This is explained by the fact that the specific heat capacity and specific heat of fusion of
aluminum are higher than those of copper.

The intensity of electrical wear of sliding contact materials depends not only on their nature, but also on
the current density, contact pressure force and contact design. The surfaces of breaking and sliding contacts always
have irregularities (roughness) as a result of mechanical processing, wear, plastic deformation. In addition, they
are covered with a film of oxides and sulfides formed under the influence of atmospheric oxygen, ozone and
sulfur-containing gases and liquids, as well as various accidental pollutants. The thickness of such a film depends
on many factors and is usually 10-...10"° mm; its specific electrical resistance is not less than 10> Ohm m. The
distribution of current over the contacting surfaces is uneven, since the structure of the surfaces is inhomogeneous.

The surface structure of an electrical contact consists of four main types of contact areas (spots) (Fig. 2):
contact spots with a metal contact (1), through which electric current flows without noticeable transition resistance;
contact spots covered with adhesive and chemisorbed monomolecular films are quasi-metallic contacts (2), which
easily pass electric current due to the tunneling effect; contact spots covered with electrically insulating relatively
thick films of oxides and sulfides (3) and do not pass electric current; non-contact areas 4.

The contact parts touch only in areas 1, 2, forming a real contact surface. In areas g, there is no contact
pair. The total area of the electrical contact consists of the sum of the areas of all spots (1+2 + 3+4) and is an
imaginary contact surface formed by the crushing of the roughness protrusions of the contact surfaces under the
action of contact pressure (pressure). At low voltages, the electric current actually passes only through areas (spots)
and 2 of the real contact surface. In strong electric fields, due to the breakdown of thick films of oxides and sulfides
(areas) and air layers (areas 4), they also become electrically conductive. In this case, part of the electrical energy
is transmitted in contact through arc discharges, which cause electrical wear of the contacting surfaces and
determine the efficiency and quality of current collection. Therefore, the smaller the contact pressure, the larger
the area of non-contact areas, the higher the power of the electric arc and the more intense the electrical wear.

.

Fig. 2. Scheme of the contact surface: 1 - metal spots (areas); 2 - quasi-metallic spots; 3 - spots of insulating
thick films of oxides and sulfides; 4 - non-contact areas

Since the electric current in the contact passes only through metallic and quasi-metallic areas, the current
lines are distributed unevenly over the entire geometric surface of the contact. They are contracted to areas with
metallic and quasi-metallic conductivity and are bent. As a result, the current density in these areas increases,
which leads to the emergence of the resistance of the current lines to contract Rcon (constriction resistance). In
this regard, the total contact (transition) resistance Rc consists of the resistance of the conductive microcontacts
and the resistance arising from the contraction of the current lines. The contact pressure force F, the state of the
contacting surfaces, and the magnitude of the current I directly affect the value of Rcon and, accordingly, the total
contact resistance Rc and the heating temperature of the contacts when an electric current flows. With an increase
in the contact pressure F, a decrease in the roughness of the contact surfaces and the proportion of areas covered
with insulating oxide and sulfide films, the value of the contact resistance Rc can significantly decrease.

Due to the heating of the contact wire during interaction with the current-collecting elements,
recrystallization and strengthening of copper occur to a certain depth (0.54-0.16 mm) within several days of
operation. Later, when the contact wire wears out to the limit value, the strengthening of the surface layer in depth
remains constant.

In the operating conditions of the trolleybus contact network, the electrical wear of the contact pair "contact
wire - current collector insert" is largely determined by the instability of the electrical contact and the occurrence
of short-term electric arcs. Such phenomena can occur when the contact is locally broken due to surface
irregularities, current collector oscillations, changes in contact pressure or contamination of the contact wire
surface. At the moment of microcontact rupture between the conductive sections, an electric arc is formed, which
leads to local heating, melting and evaporation of the material of the contacting surfaces.
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At the same time, characteristic microcraters, molten metal inflows and oxidation products are formed on
the surface of the contact wire and current-collecting insert, which change the microgeometry of the surface and
increase the contact resistance. This subsequently leads to an even greater current concentration on individual
areas of the contact surface and intensification of electrical erosion. These processes are especially intense at high
current values, unstable contact pressure and increased speeds of rolling stock.

Additionally, it should be taken into account that the electrical resistance in the contact area is largely
determined by the phenomenon of current line contraction in the microcontact area. According to the classical
Holm theory of electrical contacts, the contact resistance of one microcontact can be estimated by the formula:

R =X
2a
where p is the electrical resistivity of the contact material, a is the radius of the contact spot.
When an electric current flows through microcontacts, their local heating occurs, which can be estimated
using the Joule-Lenz law:

O=I’Rt

where / is the current strength, Rc is the contact resistance, ¢ is the current flow time.

Local heat release in the microcontact zone causes an increase in the temperature of the surface layers of
the material, which can lead to their melting, the formation of microcraters and the intensification of electroerosion
wear of the contact pair.

In addition, an important role in the process of electrical wear is played by the electrophysical properties
of the current collector insert material, in particular electrical conductivity, thermal conductivity, melting point
and the ability to form stable protective films on the surface. The use of graphite-based composite materials allows
reducing the intensity of electrical erosion due to their ability to form a thin graphite film on the contact wire,
which partially stabilizes the contact and reduces the local current density.

Mechanical wear of sliding contact

Mechanical wear of contact wires and current-collecting elements occurs as a result of friction of surfaces
that contact and slide relative to each other. The main types of mechanical wear of materials in sliding contact are
oxidative, fatigue, abrasive and molecular-mechanical. Oxidative wear is associated with the destruction of thin
oxide films on friction surfaces and their formation again. Fatigue wear is associated with deformation, cracking
and removal of a heavily hardened (hardened) layer of rubbing surfaces. Abrasive wear is caused by the ingress
of solid particles from the outside (dust, sand, etc.) between the rubbing surfaces, as well as wear products (metal
oxides and particles from the destroyed heavily hardened layer). Molecular-mechanical wear is explained by the
processes of seizing, tearing and tearing out of particles of contact materials. This causes deformation and heating,
which causes the contact surfaces to oxidize. The lubricant significantly reduces molecular-mechanical wear.

In sliding contact, under the influence of processes caused by friction, plastic deformation and hardening
of the surface layer of the contact wire occurs. As a result, the density of dislocations and the heterogeneity of
their distribution increase in the surface layer of the contacting surface, which leads to the formation of
microregions. During further operation, the formed microregions are crushed and disoriented. Outside their
boundaries, the concentration of internal stresses increases, which lead to the formation of microcracks. Behind
them, the destruction of the surface layers occurs with the separation of mechanical particles that participate in the
abrasive wear of the contacting surface of the contact wire. The intensity of the formation of microregions and the
subsequent destruction of the contacting surface increases with increasing speed of movement and the force of
pressing the current collector on the contact wire.

Destructive processes caused by plastic deformation and hardening of the surface layer, as well as abrasive
wear, largely depend on the nature of the contact wire metal. In a contact wire made of alloyed copper, the plastic
deformation of the surface layer is less than in pure copper, therefore, there are fewer and further destructive
processes. As a result, the resistance of the contact wire to mechanical wear increases. In alloyed copper, the
tendency to set is also reduced. Since the hardness and hardening temperature of copper increase during alloying,
the resistance to abrasive wear increases and the upper limit of the operating temperature increases.

The intensity of mechanical wear increases with increasing contact pressure, and decreases with improving
the quality of the lubricant in the contact. Therefore, this indicator is greatly influenced by the nature of the
materials of the contact pair and, first of all, their hardness. The most unfavorable in this respect are contact pairs
made of the same material (for example, the contact pair "copper contact wire - copper current-collecting plate").

The dependence of the degree of wear of the contact surface of contact wires made of bronze of CuAg0.1
and CuMg0.5 grades on the speed of movement (up to 50 km/h), contact pressure (up to 300 N) and current load
(up to 1000 A) was investigated. Studies have shown that at constant contact pressure (250 N) and constant current
load (300 A), the maximum wear of the contact wire surface occurs at a speed of movement of about 50 km/h. At
constant speed of movement (50 km/h) and constant current load (300 A), with increasing contact pressure, the
wear of the contact wire surface increases. At a constant speed (50 km/h) and constant contact pressure with a
force of 75 or 150 N, with increasing current load, the wear of the contact wires increases, and at a contact pressure
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with a force of 300 N and with an increase in current load from 100 to 150 A, the wear of the contact wires
disappears.

Studies show that when moving at high speed, with an increase in current load and contact pressure, the
service life of contact wires can be extended. With an increase in traction current to a certain value, other things
being equal, the intensity of contact wire wear decreases. This is explained by the "lubricating" effect of the
current, which occurs as a result of the formation of a graphite film on the surface of the contact wire. When
normalizing the speed of movement, it is possible to obtain a contact wire wear value of 1 mm per 100,000
pantograph passes. It also follows from these works that with an increase in current load, the electrical form of
contact wire wear increases, and with an increase in contact pressure, the mechanical form of wear.

When contact wires interact with current-collecting elements as a result of heating of the contacting
surfaces under the influence of high current loads, the surface layer of the contact wire can be strengthened to a
depth of 0.54...1.16 mm. The weakened layer of copper (bronze) that has formed will be subject to more intense
mechanical wear (abrasive and molecular-mechanical). Thus, structural changes in the metal (alloy) of the contact
wire caused by electrical wear increase the intensity of its mechanical wear.

Based on the above, it can be concluded that the intensity of electromechanical wear of contact wires and
current-collecting elements, in addition to their design and technical condition, mainly depends on: the uniformity
of the contact suspension of the wire in the span; the amplitude of the force of pressing the moving current collector
on the contact wire; the magnitude of the consumed current; the nature of the materials of the friction surfaces and
the quality of the lubricant.

One of the most important and largely determining the efficiency of electric traction parameters is the cost
associated with the cost of repairing worn contact wires and replacing them with new ones. These costs consist
not only of the cost of new contact wires (minus the cost of the material of the worn wires) and the labor costs for
their replacement, but also of losses due to delays in the traffic schedule, which are necessary for the performance
of basic works.

Under conditions of sliding electrical contact of the contact wire and the current-collecting insert,
mechanical wear is closely related to thermomechanical processes occurring in the surface layers of materials.
Under the action of contact pressure and tangential friction forces, significant local stresses arise in the contact
zone, which lead to intensive plastic deformation of the surface layer. As a result, a riveted layer with a changed
microstructure, increased dislocation density and increased hardness is formed.

During long-term operation of the contact pair, cyclic loading of the surface layers of materials occurs,
which leads to the development of microcracks due to contact fatigue. Further propagation of such microcracks
causes the separation of small particles of material, which accumulate in the contact zone and can act as abrasive
particles. In this case, the wear mechanism switches to a mixed mode, which includes elements of abrasive and
fatigue wear.

An important factor affecting the intensity of mechanical wear is the microgeometry of the surface of the
contact wire and the current-collecting insert. With increasing surface roughness, the number of local contacts
between the protrusions of micro-irregularities increases, which leads to an increase in contact stresses and
intensification of plastic deformation processes. At the same time, the probability of the formation of micro-
interference between the surfaces increases, which contributes to the development of adhesive wear.

In the contact pair "copper contact wire - graphite or composite current collector insert" an important role
is played by the formation on the surface of the contact wire of a thin layer of wear products containing graphite
and metal oxides. Such a layer can act as a solid lubricating coating, reducing the coefficient of friction and the
intensity of mechanical wear. At the same time, with excessive accumulation of wear products or ingress of solid
abrasive particles from the external environment (dust, sand), this layer can turn into an abrasive medium, which
accelerates the destruction of the surface of the contact wire.

In addition, it should be taken into account that mechanical wear in a sliding electrical contact is inextricably
linked to electrical and thermal processes. Heating of the contact zone under the action of a current load can lead
to a decrease in the strength of the surface layer of the contact wire material, which increases its susceptibility to
plastic deformation and accelerates the development of mechanical wear. Thus, the real process of destruction of
materials in the contact pair "contact wire - current-collecting insert" has an electromechanical nature and is
determined by the complex action of mechanical, electrical and thermal factors.

Conclusions

1. It is shown that the wear of the contact pair “contact wire — current-collecting insert” is of an
electromechanical nature and is determined by the complex action of mechanical, electrical and thermal processes
in the sliding contact zone.

2. It has been established that electrical wear of contact surfaces is mainly caused by electrical erosion,
which occurs as a result of local electrical discharges and uneven current distribution between surface
microcontacts.

3. It is shown that mechanical wear of contact elements occurs as a result of abrasive, fatigue and molecular
mechanical processes and largely depends on the contact pressure, the speed of movement of the current collector
and the properties of the materials of the contact pair.
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4. It has been established that the use of composite graphite materials for current-collecting inserts
contributes to the formation of a thin protective film on the surface of the contact wire, which reduces the friction
coefficient and the intensity of wear of the contact surfaces.
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Kostyn O.C., Hoaimyk A.Q. EnekrpomexaHiuHe 3HOIIYBAaHHS MapyW «KOHTAKTHUH MPOBi —
CTPYMO3HIMAJIbHA BCTABKa» €JICKTPOTPAHCIOPTY

Y crarTi pO3MISHYTO NPOLECH CTPYMO3HIMaHHS Ta 3HOLIYBaHHS B CHUCTEMi KOB3HOTO EJIEKTPUYHOTO
KOHTAaKTy «KOHTAaKTHHMH IIPOBil — CTpyMO3HIMaJbHa BCTaBKa» Tpojeidyca. [lokazaHo, mo pyiiHyBaHHS
KOHTAKTHUX IIOBEPXOHb Ma€ CKJIAIHUH ENEKTPOMEXaHIYHHH XapakTep 1 3YMOBIIOETHCS OIHOYACHONO Ii€0
MeXaHIYHUX, CNIEKTPUIHUX Ta TeroBuX (aktopiB. [IpoaHani3oBaHO OCHOBHI MEXaHI3MH EJIEKTPHUYHOTO Ta
MEXaHIYHOTO 3HOIIYBaHHA KOHTAKTHHX €JEMEHTIB, 30KpeMa eJeKTpOepo3ifo, abpa3WBHE, BTOMHE Ta
MOJICKYJIIPHO-MEXaHiYHe 3HOIIYBaHHA. PO3INSAHYTO BIUIMB KOHTAKTHOTO HATHUCKAHHA, IIBHUIKOCTI PyXy
CTpyMoOIlpuiiMaya, BeIMYNHH TATOBOTO CTPYMY Ta BIACTHBOCTEHl MaTepialliB KOHTAKTHOI apy Ha IHTEHCUBHICTh
pyHHYBaHHS TOBepxXHEBHX mmapiB. [lokazaHo, IO HEPIBHOMIPHICTH PO3MOAUTY CTPYMY y 30HI KOHTAaKTy
NPU3BOJUTH JI0 JIOKAJIBHOTO IEperpiBy IIOBEPXHI Ta YTBOPEHHS EJNEKTPUYHHUX YT, SIKI MPHCKOPIOIOTH
eJIEKTPOEpO3iiiHe pyiHYBaHHS KOHTAaKTHHUX €JIeMEeHTIB. BcTaHOBIIEHO, 1110 )OpMyBaHHS Ha HOBEPXHI KOHTAKTHOTO
JPOTy TOHKOI TpaiTOBOI ILTIBKM MOKE YaCTKOBO 3HM)KYBAaTH KOE(II[IEHT TEPTs Ta IHTEHCUBHICTH 3HOIIYBaHHS.
OTtpuMaHi pe3ybTaTh MOXKYTh OyTH BUKOPHUCTAHI JJIsl i IBUILIEHHS JOBrOBIYHOCTI CTPYMO3HIMAIIbHUX €JIEMEHTIB
€JIEKTPUYHOTO TPAHCIIOPTY Ta ONTUMI3allil PEKUMIB IX eKCILTyaTarii.

KarouoBi cioBa: cTpyMO3HIMaHHS; CTpyMO3HIMajbHa BCTaBKa, KOHTAaKTHHUH MPOBIJ; EJNEKTPHYHE
3HOLIYBaHHS; MEXaHIYHE 3HOIIYBAHH; SICKTPUYHA epO3isi; KOB3HUH eJCKTPUYHHI KOHTAKT; €ICKTPOTPAHCIIOPT.



