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The method of formation of the dissipative structures (DS) consisting of wear
products obtained during the frictional interaction of solid bodies in a mag-
netic field (MF) is presented. A physical model of the local influence of MF on
the mechanism of formation of the wear-surface DS of a ferromagnetic (steel
45) paired with a diamagnetic (glass) during sliding friction without lubrica-
tion is presented. The parameters of the movement and fixation of wear
products on the worn surface depending on the direction of MF are deter-
mined. As established, the intensity of wear is subjected to the physical laws
of the impact of MF on the magnets, which are on the path of its magnetic
lines through the actual contact surface.
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IIpencraBieHo MeTOAWMKY (DOpPMYBaHHS AumcunatTuBHuUX cTpykryp (IC), 1o
CKJIQIAaIOTHCSA 3 IMIPOAYKTiB 3HOCY, OJlep:KaHUX IIiJ yac (PpUKITiiiHOI B3aemMozii
TBepAuX Tin y marHerHomy mouii (MIT). BubynoBaHo ¢disuunuii momesns JioKa-
abuoro BrauBy MII Ha mexauism popmyBanua [[C 3HoITyBaHOI MOBEpPXHIi (e-
pomarHeTuka (Kpuiid 45) y mapi 3 gisMaraeTukKoMm (CKJIOM) i yac TePTsa KOB-
3aHHA 0e3 3MalllyBaHHsA. BusHaueHO mapaMeTpu mHepeMillleHHA Ta (Qixcaiii
IIPOALYKTiB 3HOCY Ha 3HOIIIyBaHil moBepxHi 3ayexHo Bix Hanmpamky MII. Bera-
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HOBJIEHO, IO iHTEHCUBHICTH 3HOIIYBAHHS IiAIMOPAAKOBYETHCA Gi3UUHUM 3a-
KoHOMipHOCTAM BiiuBy MII Ha MarHeTuku, AKi 3HaXOAATHCA Ha ILIAXY IIPO-
XOIKeHHSA HOoT0 MarHeTHUX JIiHill uepe3 (aKTUUHY ILJIOITY KOHTAKTY.
Karouori croBa: MarHETUK Y, TEPTSI, MarHeTHE 0JIe, HAHOCTPYKTYpPa, IPOAYK-
TY 3HOIITYBAHHA.

(Received 25 October, 2023, in final version, 14 October, 2024 )

1. INTRODUCTION

Any structure used in mechanical engineering is designed to perform a
specific job of transmitting forces and loads. Therefore, it is always in an
unbalanced tense state. This causes the need for additional energy costs
with further reflection in the change of surface topography under the
action of deformation components [1-3]. In this regard, energy support
of the structure is necessary to ensure appropriate operating parameters.

The most stable and not subject to premature changes method of such
support is the use of an external static magnetic field (MF). The energy
state of the specified field practically does not change over time. It is sta-
ble in terms of internal parameters, but it has different effects on mag-
nets in the area of its influence. With regard to such a design as a tribo-
mechanical system, the action of the MF manifests itself in a change in
the atomic structure of the magnets from which its triboelements are
made, as well as the components of the specified structure. This is inevi-
tably reflected in the conditions and parameters of the formation of dis-
sipative structures (DS) in the zone of frictional interaction, which, in
turn, ambiguously affect the structural components of magnets.

The effect of MF on the deformation parameters and wear products
(WP) of the surface is most conveniently detected in sliding friction
without lubrication.

From the energy point of view, the tribomechanical system refers to
an open type relative to the environment, from which energy is sup-
plied by mechanical, chemical (interaction with the environment),
thermal (both from friction and from the outside) method, as well as
activation using an external magnetic field in combination with the
Earth’s magnetic field (0.0005 T). The energy conditions of such a sys-
tem are characterized by an increase in entropy, due to the contact
spots of the actual contact surface (ACS), developed in the process of
frictional interaction.

The basis of the conducted research was the development of a physi-
cal model of the tribomechanical system, which takes into account the
location of its energy flows relative to the ACS. Research technology
using a ferromagnetic—diamagnetic friction pair, in which the latter is
transparent to the passage of light, and its characteristics are close to a
completely solid body, is presented in the work [4]. This makes it possi-
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ble to monitor the process of formation of DS in the air, as well as the
influence of MF on the placement of WP in the zone of frictional inter-
action, which depends on the structure of protective tribological films.

The mechano-physicochemical process of the surface-film formation
mechanism is determined in the scientific works of B. I. Kostetskyi [5],
according to which, during friction, wear particles are dispersed with
their subsequent sintering in the ACS zones.

At the same time, the geometric sizes of the particles acquire a wide
spectrum of fractions from dozens of a micron to hundredths of a mil-
limetre [6], from which their conglomerate clusters are subsequently
formed (Fig. 1): the larger the size, the lower the surface energy of the
particles during deformation of the conglomerate. Nanoparticles (up
to 10 nm) in such a conglomerate have a higher surface energy[7].

Materials formed in the parameters of nanoparticles are characterized
by significantly better physical properties compared to monolithic metal:
magnetic, surface energy, anisotropy, etc. [8]. Particles of micron-sized
materials can be compared to near-surface atoms, therefore, in such sys-
tems, excess surface energy appears, which leads to the appearance of a
highly defective state of individual nanoparticles. Nanoparticles of fer-
romagnetic metals Fe, Co, Ni and alloys oxidize very quickly in normal
atmospheric conditions, so they are protected by a coating comparable in
thickness to the size of the particles themselves [9].

Thus, in the conditions of the applied research technology, it is nec-
essary to take into account the chemical activity of nanoparticles, as a
drawback of nanoclass materials.

In the conditions of sliding friction, a wide range of WP fractions is
formed, but particles larger than 500 um are filtered out due to the ac-
tion of centrifugal forces, as well as the presence of filters in lubrica-
tion, fuel and hydraulic systems.

2. STATEMENT OF THE PROBLEM AND OBJECTIVE
OF THE RESEARCH

The primary parameter that characterizes the conditions of operation
of a tribomechanical system is the presence of DS in the contact zone
capable of ensuring that it performs the relevant technical functions
[10]. The determining factor in the formation of DS is the presence of a
donor of its elements with the necessary properties. Donor elements
must be subject to directed movement in the contact zone under the in-
fluence of external energy flows. During sliding friction without lu-
brication, the worn surfaces are subjected to the directed action of aux-
iliary energy flows and the deformation component in the unstable
structure of the ACS.

The purpose of the study is studying the regularities of the for-
mation of dissipative surface structures during the frictional interac-
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tion of solid bodies in an external magnetic field, which will contribute
to increasing the wear resistance of the tribosystem.

The research hypothesis is based on the restoration of triboelements
in the process of frictional interaction due to the formation of nano-
coatings from wear products on their surfaces under the directed ac-
tion of the energy flow of the external MF.

3. MATERIALS AND RESEARCH METHODS

Two materials are used in the studied tribomechanical system: the first
is a sample made of martensite-hardened ferromagnetic steel 45, the
second is a counter-body made of diamagnetic glass. Using a solid
transparent substance (glass), it is possible to monitor the kinetics and
mechanism of wear and formation of DS on the surface of the ferro-
magnetic sample (Fig. 1). Tribological studies of the sample on the
counter-body were carried out at a relative displacement speed of
V=0.1m/s and a normal load of 1 N per sample area of 7.56 mm?. The
topography of the surface of steel 45 is shown in Fig. 1, on which pre-
sent a significant deposit of a conglomerate of iron oxides [11].

Formatted during the relative movement of triboelements, WP are
located in the gaps between their surfaces, forming DS from conglom-
erates that fill the depressions of the roughness on them.

3.1. Determination of Tribological Characteristics of Ferromagnetic WP
Depending on the Direction of Influence of MF on the ACS Zone

The effect of MF and its direction in the process of friction without lubri-

Fig. 1. Friction surface of steel 45 in dynamic mode when moving on glass
without the influence of a magnetic field.
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Fig. 2. Scheme: configuration of the magnetic field of the magnet used in the
experiment (from the hard drive) (a), passage of ML through a bipolar mag-
net, glass and the body of a ferromagnetic sample (b).

X

cation was studied according to the method [4] on the tribological com-
plex. The sample was placed in positions (A or B, Fig. 2, b) in such a way
that the magnetic lines (ML) crossed the friction plane perpendicularly.
The results of determining the intensity of wear during tribocontact
without lubrication of steel 45 on glass under conditions of sliding
friction according to the finger-plane friction scheme are shown in Fig.
3 (curve 1). In the same Figure, the curves characterizing the influence
of the change in the direction of MF from the sample (MF-SN curve) and
into the sample (MF-N'S curve) on the wear intensity are presented.
Therefore, in the position of sample A (Figure 2), MF, which is directed
into this sample and corresponds to MF-NS curve (Fig. 3), contributes to
the minimum value of the intensity of wear. The position of sample B on
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Fig. 3. Intensity of wear of steel 45 during friction sliding on glass: curve 1—
friction, without the influence of MF, MF-SN with SN direction, MF-NS with
Ngsreferral.
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the pole of SN magnet (Fig. 2) reflects the direction of MF from the sam-
ple in which the intensity of wear increases (Fig. 3, curve MF-SN).

The curve 1 is characterized by the greatest intensity of wear due to
the action of the created oxide conglomerates (Fig. 1) [11] and rapid
oxidation of FeO, Fe 03, Fes04. The activation of oxygen in the contact
zone is due to the following factors: increased energy state of the sur-
face of iron nanoparticles, saturation of the contact zone with para-
magnetic oxygen, which under the influence of MF concentrates in ar-
eas of the ACS.

Thus, the ferromagnetic sample forms a layer of nanoparticles of
ferromagnetic DS based on iron oxide Fe3;04 between the surfaces of
triboelements.
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Fig. 4. Profilogram of the friction track on the glass (see Fig. 2, plane B) and to-
pography of the surface with the direction of the external MF in the direction of
the SN glass (a), the scheme of the location of wear products in the directed MF
on the pole SN corresponds to plane B of Fig. 2 (b), scheme-model of the transi-
tion zone of friction between the sample and the glass in the resulting MF (c).
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3.2. Physical Model of the Mechanism of Tribomagnetic Contacting

The influence of MF on the formation of the structure under the action
of dynamic loads and deformation movements is perceived by different
materials individually. The passage of MF through a ferromagnetic
medium significantly increases its induction due to the peculiarities of
the structural structure of the crystal lattice and the presence of a sig-
nificant number of free electrons, which by their excitations create an
internal MF, which is much larger than the external MF. Due to this,
the magnetic susceptibility of the material (y) increases, which in Fig.
4, ¢ in the 1-2—-3—4 zone is represented by the concentration of ML,
both in the metal and in DS zone. Since the ACS contact is always char-
acterized by an elevated temperature up to the level of welding bridges
due to a significant deformation component between the protrusions of
the interacting surfaces.

However, above the Curie temperature, the ferromagnetic proper-
ties changes dramatically to paramagnetic. Such structural transfor-
mations are formed in the areas of ACS during the relative movement
of the surfaces even under insignificant loads and velocities.

At the same time, taking into account that the magnetic susceptibil-
ity of a ferromagnet is always significantly greater (ym~>> 1) than that
of air (ym < 1), therefore MF is concentrated in the sample at ACS tran-
sitions, which in the total area are realized on the plane of 0.1% of the
total contact, on which ML are formed into a dense magnetic flux, the
value of which is the sum of the ACS points of the contact (shown on the
example of one touch ACS (Fig. 4, b) in the volume of space 1-2—-3—4).

So, at the point of contact 3—4 in Figure 4, ¢ between steel and DS,
the direction of MF does not change, however, a change in the specified
direction is observed around the contact areas. This happens due to a
decrease in the strength of the magnetic flux, as well as a smaller value
of the magnetic permeability of paramagnetic air compared to a ferro-
magnetic. The change in the direction of the magnetic field can occur
not only around ACS zones, but also near them [12]. If we take into ac-
count that the contact planes occupy 0.1% of the working plane, then a
significant magnetic potential is concentrated on them [13], which can
reach up to 30 Wb instantaneously. At the same time, DC are formed
under the influence of a significant magnetic flux (Fig. 4, b, zone 1-2—
3—4), as well as the surface energy of nanoparticles. Small ferromag-
netic particles (1-100 um) are attracted to the glass and are located on
the surface in the form of a track of magnetized conglomerates, which
mechanically ‘are smeared’ in the direction of movement of the sample
across the glass surface (Fig. 4, a)[14].

The directional MF affects the relative displacements of WP of the
ferromagnetic, which at the transitions between the friction surfaces
change their direction and location relative to the rough surface of the
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Fig. 5. The friction surface: on the glass at SN pole (a), on steel 45 in the di-
rection of SN magnetic field (b), x100.

steel [14]. At the same time, the density and direction of ML changes
depending on the magnetic permeability of the ferromagnetic material
(u>>10%-10°).

The ML direction vector and the magnetic susceptibility of steel and
glass in their own way affect the location of the WP in the contact zone
and around it.

Thus, the movement of the magnetized WP creates a DC on the sur-
face of the model counter-body—glass (Fig. 4, a). The wear products of
ferromagnetic steel 45, kept in the contact zone. They are pressed to
the glass by the directed field from the ferromagnet (Fig. 4, b, ¢, zone
1-2, Fig. 5, a) and, forming into conglomerates on its surface, reduce
wear and the coefficient of friction [15]. At the same time, the surface
of the sample is characterized by structured DS and the presence of lo-
cal thin deposited zones (Fig. 5, b).

If the direction of the magnetic field is changed to the opposite, i.e.
from NS pole of the magnet to the sample (Fig. 2), on which the near
end will form SN pole, and the opposite one will take on the value of
NS, then the character of the friction surface (Fig. 6, a) will take the
form of curve MF-NS (Fig. 3).

In this position, WP are accumulated not only near the sample, but
are also drawn into the contact zone, while the wear is reduced by ap-
proximately 2.5—3 times, compared to the wear (curve MF-SN, Fig. 3).
This is explained by the forced retention of PW by the directed flow of
the magnetic field (zone 1-2-3—4, Fig. 6, b), which is directed into the
body of the ferromagnetic from the surface of the steel 45.

At the same time, there is a significant decrease in the coefficient of
friction to the level of 0.07—0.1 is observed. On the friction surface of
the sample, WP is held by MF, followed by their dispersion to the fin-
est fractions on the sample (Fig. 7, a). Larger particles (size 10—20 um)
repeatedly enter the friction zone and contribute to increased wear re-
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External MF

Glass Diamagnetic

Fig. 6. Profilogram of the friction track on the glass (plane No. 3, Fig. 3) and
topography of the surface with the direction of the external MF in the direction
of NS glass (a), the scheme of the location of wear products in the directed MF
near NS pole corresponds to plane No. 3 of Fig. 2 (b), scheme of the transition
zone of friction between the sample and the glass in the resulting MF (c).

sistance [13]. Considering that WP conglomerates are oxides created
under the influence of high local temperatures and pressures, they de-
posited on the glass, which is accompanied by the formation of protec-
tive oxide films on it (Fig. 7, b).

Further operation of the tribomechanical system during friction
without lubrication on NS pole is accompanied by the formation of DS
on the metal sample (steel 45). The dynamics of this process is shown in
(Fig. 8), from which it can be seen that initially continuous protective
films are formed (Fig. 8, a—c). After that, they are divided into sepa-
rate areas, which are located on a significantly smaller plane (Fig. 8, d,
e). This process ends with peeling of these films from their areas, and
the appearance of dark oxide zones in their place, as well as powder
from the products of their dispersion.

This mechanism of tribomagnetic contacting is subject to the laws of
oxidative wear. When applying an external magnetic field directed from
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Fig. 7. Appearance of the friction surface on NS pole: on the sample (a), on
glass (b). The speed of friction is 0.1 m/s, normal load P =0.1 kg, x90.

NS pole toward the surface of the sample, dense oxide-type tribological
films prevail [15] due to the presence of paramagnetic oxygen, which is
drawn into the zone of frictional interaction by the magnetic field.

Thus, the process of formation of surface films with structural ad-
aptation under the influence of MF consists in the gradual formation
of DS, which, under the influence of the magnetic plastic effect, re-
duce their strength and increase the deformation component up to
15% [16, 17].

3.3. Analytical Substantiation of the Results of Tribological Research

Friction conditions are realized in the process of molecular-mechanical
interaction in the surface layers of contacting bodies. The density of
the energy balance is concentrated in the thin surface layers, therefore
the properties of the deep layers of the material differ significantly,
both structurally and energetically.

As the load increases, ACS, which takes part in the process of fric-
tional interaction of the surfaces, expands, but its value does not ex-
ceed 0.1% of the total contact area. Energy costs are spent on overcom-
ing the deformation components of the surface layers and creating an
intermediate film with a defect-free structure at a minimum thickness
[19]. In the contact zone, DS (Fig. 8, a) [20] are constantly being devel-
oped, which are sprayed on the friction surface, forming protective
structures on it (Fig. 8, b—e). Further enrichment of the surface film
with a fine fraction of DS ferromagnetic steel (Fig. 8, f) together with
paramagnetic oxygen initiates chemical reactions, as a result of which,
under the influence of frictional deformation and elevated tempera-
ture, different phase iron oxides are formed.
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Fig. 8. Step-by-step formation of a protective oxide film on the surface of steel
45, when rubbing against a (model) counter body—glass, x500 (photos taken
in dynamic mode).

Determination of phase changes of the friction surface under the
influence of MF was carried out by the method of quantitative phase
analysis of the formation of the percentage content of the a-Fe phase in
the ferrite-pearlite structure of steel 45 before and after exposure to
MF (Table 1).

Depending on the direction of the field, changes in the atomic struc-
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TABLE 1. Phase composition, texture coefficient and lattice periods of steel
45 after friction in a magnetic field.

Quantitative phase composition (% by mass),
texture coefficient t and period of the crystal
N Mate- lattice phases (nm) Direction of MF
O-| rial |a-Fe ferromagnetic |f.c.c./y- Fe paramagnet- (Fig. 2, b)
component ic component
a, nm % mass | a, nm ‘ T | % mass
1 St45 0.2868 59.36 0.3701 0.48 40.64 N
2 St45 0.2866 52.11 0.3693 0.49 47.89 N/S
3 St45 0.2867 73.42 0.3694 0.40 26.58 S
4 St45 0.2871 100 Without MF
5 St45 0.28708 100 Without MF
Volume-centred Cubic face-centred lat-
crystal lattice tice

ture of steel 45 are observed in the zone of its active deformation and
the effect of high temperature in the process of friction on the glass
(Table 1).

In addition, under the influence of MF under conditions of magneto-
striction, the parameter of the crystal lattice decreases in comparison
to without MF a =0.28708-0.2872 nm to a =0.2866—0.2868 nm

The crystal lattice is formed from magnetically dependent elemen-
tary particles that are part of each atom. According to the Pauli prin-
ciple, the spin of an electron (atom or molecule) in the quantum me-
chanical state always appears near the source of rotation [21]. Elec-
trons occupy only specific discrete orbital positions around the nucle-
us, creating the atomic shell. The closer the electrons are to the nucle-
us, the stronger they are attracted to it, so more energy is needed to
move them to other orbits.

The orbital closest to the nucleus can accommodate only two elec-
trons with oppositely directed spins, which provides them with differ-
ent quantum states. In the absence of an external magnetic field, the
electron spins of the same level compensate for the total electric
charge. The influence of the magnetic field directed parallel to the spin
magnetic moments reduces the potential energy of the electron com-
pared to the opposite direction of the field. As a result, the first elec-
tron will be in an energetically more stable state than the electron
paired with it [22].

Since entropy AS is always positive, MF increases the energy of the
system. The placement of the electron at the appropriate level must
satisfy the condition of minimum potential energy. Due to this, the or-
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bital radius decreases: the more energy a common pair of electrons has,
the closer they must be to the nucleus of the atom, which, in turn, con-
tributes to reducing the distance between lattice nodes. What, in par-
ticular, is indicated by the results of the analysis of the a-Fe phase
composition (Table 1).

When the temperature increases (T > 0 K), the internal structure of
a real crystal differs significantly from the ideal one. Defects can dis-
rupt both the short- and long-range order of the crystal lattice (Fig. 8,
e, f). The appearance of defects in a real crystal is explained by ther-
modynamic factors.

The stable state of the system is characterized by the minimum
Gibbs energy: AG=AH — TAS at a certain concentration of defects in
the crystal structure (depends on the material and environment). A
certain amount of energy (AH) is spent on heating a defect-free crystal,
which increases its Gibbs energy, which indicates the formation of de-
fects on the friction surface (Fig. 8, d, e¢). Therefore, the enthalpy fac-
tor does not contribute to an increase in the number of defects. On the
other hand, single vacancies in lattices (concentration of vacancies
=102 per 1 mole of substance) lead to a decrease in the total energy of
the system and an increase in the entropy AS of the crystal. This is due
to the presence of a significant number of nodes of the crystal lattice,
where vacancies of this type can appear. The mathematical relation-
ship between entropy and the probability of the formation of a vacancy
is expressed by the formula S = EInW, where W is the probability of the
formation of a single vacancy, which is proportional to the number of
nodes of the crystal lattice of a given type, k is the Boltzmann con-
stant. That is, the entropy factor (TAS) at a temperature above 0 K
leads to a decrease in the Gibbs energy of the crystal and contributes to
the formation of defects in the crystal structure. Bearing in mind that
it far exceeds the enthalpy factor, in which the energy is spent to form
a single vacancy, the overall quantitative entropy parameter domi-
nates, increasing the entropy of the crystal.

Since the temperature in ACS zones significantly exceeds point A1l
(Fe—C state diagram), there is a change in the micro- and macro-
structure of the steel, in particular, as a result of ferrite (a-Fe)—
pearlite (o-Fe+ FesC) hardening the structure becomes martensitic.
However, the energy state of the martensitic structure is lower than
that of austenite (y-Fe) [20]. The transition of a-Fe to y-Fe begins when
the steel 45 is heated to about 810°C and continues up to a temperature
of about 1450°C, where the austenite structure is maintained. This in-
dicates a significant energy advantage of the free energy in y-iron over
o-iron, which depends on the temperature level.

During the frictional interaction of surfaces in ACS zones, a sharp
increase in temperature and high-speed deformation of the surface
layer occur in an instant. The rupture of the zones during the move-



22 M. M. SVYRYD, V.I. DVORUK, O. O. MIKOSYANCHYK et al.

ment of the surfaces leads to their rapid cooling by removing heat into
the metal matrix and the environment, which is accompanied by the
creation of a structure with a tetragonal crystal lattice—martensite.
Under the influence of MF and the processes of cooling and defor-
mation of the rough steel surface, a more energy-intensive structure of
austenite (y-Fe) is formed in it at the level of Ra parameters.

When the magnetic field direction is changed, the ratio of the phase
composition on the friction surface changes and the largest proportion
of y-Fe is observed in the bifurcation zone of ML at the position of sam-
ple B (see Fig. 2, b) (Table 1, position No. 2, N/S f.c.c./y-Fe=0.49),
which indicates the most unstable structural state of the surface under
the influence of the energy of the external MF.

Bearing in mind that friction is the relative movement of triboele-
ments, and MF is imposed on both of their materials, it is necessary to
create conditions under which the mechanical and chemical interaction
of surfaces would have the least impact on the tribosystem. Investigat-
ing the kinetics of the formation of tribomagnetic films on friction
surfaces, we come to the conclusion that the dynamics of the gradual
build-up of surface films must be formed under the conditions of the
influence of MF on a single material. That is, with a significant differ-
ence in the magnetic susceptibility of MF materials. Diamagnetic
(glass) reduces the effect of magnetic field on the contact zone when
paired with steel. The chemical interaction of iron with oxygen occurs
in three stages. First, iron oxide FeO is formed, which contains 22.7%
oxygen and also has the ability to dissolve in iron. Further accumula-
tion of oxygen forms iron oxide Fe;O; with an oxygen content of
30.06% . A mixture of FeO and Fe;O3 in MF has paramagnetic proper-
ties. The next stage takes place with the use of atomic oxygen to create
Fes;04 oxide, which contains 27.7% oxygen and acquires ferromagnetic
properties in MF. Mechanochemical processes during rubbing of steel
and glass under the influence of MP cause active deformation of the
surface and accumulation of oxygen in the contact zone, which signifi-
cantly affects the formation of surface protective films, the presence
of which, according to the classification of B.I. Kostetskyi, corre-
sponds to oxidative wear.

When the external MF is removed, the wear products are removed
from the zone of frictional interaction. Under such conditions, steel
wear occurs by the mechanism of friction without lubrication by the
smooth surface of the glass.

The scientific novelty of the article lies in the disclosure of the wear
mechanism of a ferromagnetic sample paired with glass (diamagnetic
material) under the directed action of an external magnetic field. The
effect of MF on the structural hierarchy of nanocoatings on the glass
surface was determined. The basis of the structural transformations is
the directed effect of MF on the deformation component, the mecha-
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nism of the formation of WP and the formation of servo-vital films of a
thin structure of tribological origin.

Practical Significance: monitoring of worn surfaces and restora-
tion of the tribomechanical system; creation of conditions for reducing
the wear of the tribomechanical system during operation.

4. CONCLUSIONS

1. An improved physical model of magnetic influence on the contact
zone is characterized by the location of wear products around the fric-
tion zone and opens up the possibility of using them in the wear process
to change the mechanism of formation of tribological protective nano-
coatings. The location of nanocoatings is observed at the transitions
between environments and materials of different magnetic nature
along the direction of the magnetic field lines. On the basis of the anal-
ysis of the mechanism of impact of MF on the contact zone located per-
pendicular to the passage of the lines of force, the process of placement
of wear products on the surface of the glass in the direction of MF from
the sample to the glass in SN pole is considered.

2. The direction of the magnetic field affects the ratio of the phase
composition of the friction surface, and the largest fraction of y-Fe is
observed in the bifurcation zone of the magnetic field lines (N/S
f.c.c./y-Fe=0.49), which passes during an unstable state of the surface
structure under dynamic by changing the energy of the external MF.
In this way, the parameters of the crystal bed are reshaped from vol-
ume-centred o-Fe to face-centred y-Fe (zone of the austenite struc-
ture). The rearrangement of the crystal bed takes place due to the rapid
heating of the friction surface at the points of ACS with subsequent,
rapid cooling (more than 1000°C/s) of the contact zone and the influ-
ence of the mobility of dislocations when the electronic structure
changes under the influence of MF. The created formation of a finely
dispersed structure significantly increases the tribological parameters
of the surface.

3. The conditions of influence of MP on the tribological properties of
ferromagnetic materials require further research.

REFERENCES

1. B. N. Mordyuk, O. O. Mikosyanchik, and R. G. Mnatsakanov, Metallofiz.
Noveishie Tekhnol., 42, No. 2: 175 (2020) (in Ukrainian).

2. 0. A. Mikosyanchik and R. G. Mnatsakanov, J. Friction Wear, 38: 279 (2017).

3. B. M. Mordyuk and O. O. Mikosyanchik, Metallofiz. Noveishie Tekhnol., 39,
No. 6: 795 (2017) (in Ukrainian).

4. M. M. Svyryd, S. M. Zanko, S. M. Zadniprovska, V. G. Parashchanov, and
L. B. Priymak, Prystriy dlya Doslidzhennya Materialiv na Tertya ta


https://doi.org/10.15407/mfint.42.02.0175
https://doi.org/10.15407/mfint.42.02.0175
https://doi.org/10.3103/S1068366617040109
https://doi.org/10.15407/mfint.39.06.0795
https://doi.org/10.15407/mfint.39.06.0795

24

®

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

M. M. SVYRYD, V.I. DVORUK, O. O. MIKOSYANCHYK et al.

Znoshuvannya [A Device for Researching Materials on Friction and Wear Utili-
ty], Utility Model Patent of Ukraine No. 36600 (Published October 27, 2008) (in
Ukrainian).

B. I. Kostetskiy, I. G. Nosovskiy, L. I. Bershadskiy et al., Poverkhnostnaya
Prochnost’ Materialov pri Trenii [Surface Strength of Materials under Friction]
(Kiev: Tekhnika: 1976) (in Russian).

M. M. Svyryd, O. Y. Sydorenko, V. V. Kozlov, and S. V. Cherepov, Metallofiz.
Noveishie Tekhnol., 44, No. 3: 365 (2022).

P. P. Savchuk, V. P. Kashitsky, M. D. Melnichuk, and O. L. Sadova, Kompozyini
ta Poroshkovi Materialy [Composite and Powder Materials] (Ed. P. P. Savchuk)
(Lutsk: FOP Telitsyn O. V.: 2017) (in Ukrainian).

S. P. Gubin and Yu. A. Koksharov, Inorganic Mater., 38: 1085 (2002).

K. M. Zhumaliev and N. T. Amanova, Stabilization of Magnetic Nanoparticles
(2009).

D. N. Baranovskyy, East European J. Enterprise Technologies, 3, No. 8: 28
(2009) (in Ukrainian).

H. Zaidi, M. Amirat, J. Frene, T. Mathia, and D. Paulmier, Wear, 263, Iss. 7—
12: 1518 (2007).

E. V. Charnaya, Cheng Tien, and Min Kai Lee, Phys. Solid State, 52: 1539
(2010).

H. Shi, S. Du, C. Sun, C. Song, Z. Yang, and Y. Zhang, Materials, 12, Iss. 1: 45
(2018).

M. M. Svyryd, O. Yu. Sydorenko, I. V. Smirnov, and S. V. Khizhnyak, Problems
of Frictions and Wear, No. 2: 80 (2021).

D. M. Nuruzzaman and M. A. Chowdhury, American J. Mater. Sci., 2, No. 1: 26
(2012).

E. V. Darinskaya, Magnitoplasticheskiy Effekt: Osnovnyye Svoistva i Fiziches-
kie Mekhanizmy [Magnetoplastic Effect: Main Properties and Physical Mecha-
nisms] (Thesis of Disser. for Dr. Sci. (Phys.-Math.)) (Moskva: Institut Kris-
tallografii im. A. V. Shubnikova RAN: 2004) (in Russian).

M. O. Vasiliev, Usp. Fiz. Met., 8, No. 1: 65 (2007) (in Russian).

V. 1. Alshits, E. V. Darinskaya, O. L. Kazakova, E. Yu. Mikhina, and

E. A. Petrzhik, Mater. Sci. Eng. A, 234—236: 617 (1997).

M. M. Svirid, A. P. Kudrin, S. M. Zadniprovska, A. M. Khimko, and O. Y. Yakob-
chuk, Sposib Vidnovlennya Poverkhni Tertya v Impul’snomu Magnitnomu Poli
[Method of Surface Rubbing in a Pulsed Magnetic Field], Utility Model Patent of
Ukraine No. 45918 (Published November 25, 2009) (in Ukrainian).

M. M. Svyryd, I. A. Kravets’, H. A. Volosovych, S. M. Zan’ko, and

L. B. Pryymak, Mashynoznavstvo, No. 8: 28 (2010) (in Ukrainian).

0. I. Tovstolytkin, M. O. Borovyy, V. V. Kurylyuk, and Yu. A. Kunyts’kyy,
Fizychni Osnovy Spintroniky [Physical Foundations of Spintronics] (Vinnytsia:
Nilan-LTD: 2014) (in Ukrainian).

1. M. Laptev and O. O. Parkhomenko, Metallofiz. Noveishie Tekhnol., 42,

No. 11: 1583 (2020).


https://doi.org/10.15407/mfint.44.03.0365
https://doi.org/10.15407/mfint.44.03.0365
https://doi.org/10.1023/A:1020950129165
https://doi.org/10.1016/j.wear.2007.01.081
https://doi.org/10.1016/j.wear.2007.01.081
https://doi.org/10.1134/S1063783410070310
https://doi.org/10.1134/S1063783410070310
https://doi.org/10.3390/ma12010045
https://doi.org/10.3390/ma12010045
https://doi.org/10.18372/0370-2197.2(91).15532
https://doi.org/10.18372/0370-2197.2(91).15532
https://doi.org/10.5923/j.materials.20120201.05
https://doi.org/10.5923/j.materials.20120201.05
https://doi.org/10.15407/ufm.08.01.065
https://doi.org/10.1016/S0921-5093(97)00307-9
https://doi.org/10.15407/mfint.42.11.1583
https://doi.org/10.15407/mfint.42.11.1583

