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Abstract

The article summarizes the results of studies of tribotechnical properties of detonation coatings based on
magnesium orthosilicate under conditions of constant load in the sliding velocity field. The structural and phase
composition of the coatings was studied using modern physical analysis methods. The developed and studied
coatings based on magnesium orthosilicate have high and stable antifriction properties in the entire load-velocity
range of tests. It is emphasized that the result of antifriction under friction conditions is the additive effect of both
the carbide graphite film and dispersed surface oxide structures, the synthesis of which provides modification of
the surface of the structure, which is capable of self-lubrication and at the same time limits the development of
unacceptable destruction processes.
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Introduction

Magnesium compounds, due to their exceptional properties, are widely used in innovative technologies.
Without them, the functioning of technical structures from alloys and chemical current sources to fireproofing and
military equipment systems is impossible [1-2]. Their use in tribotechnical materials science is associated with
modern achievements in tribology. Thus, as structural components of coatings, they are used to protect machines
and mechanisms from the manifestation of destructive wear processes during friction [3-4]. Widely used methods
of reducing friction forces and combating wear are the use of a lubricating medium in the friction contact zone. In
modern tribotechnical systems, contact interaction in the absence of lubricants is practically not carried out. The
effective functioning of friction units of machines and mechanisms is ensured mainly by the use of various
lubricants, which significantly reduce friction parameters, and the use of which is determined in each specific case
by their lubricating properties. Thus, polymer lubricants are an effective material from room temperature to 300°C;
laminar solid lubricants extend the range to 450°C; graphite, being a layered solid material, is an exception, since
it provides lubricating ability at temperatures exceeding 450°C. Stable fluorides and metal oxides are used at
temperatures from 500°C to 1000°C [5-6]. Despite the positive results in achieving the quality of antifriction
materials through the use of solid lubricants, the applied problems of friction and wear of machines remain the
most complex technical areas of knowledge that have to be solved during the operation of modern technology. A
significant need arising from current production tasks and the internal logic of scientific development requires new
solutions in the study of the general material science imperative, which determines the relationship between the
chemical composition and structure formation with the technology of formation and functional properties of
materials. At the same time, the use of coatings containing solid lubricants is becoming increasingly necessary to
ensure the long-term operation of moving joints [7]. Summing up, it can be noted that the development of powder
compositions for high-quality antifriction coatings is a priority area of modern tribotechnical materials science and
a relevant task related to the extension of the operational life of machine parts in industrial production conditions.

The purpose of the work is the determination, within the framework of the phenomenological approach,
of the patterns of friction and wear of composite coatings based on magnesium compounds with structurally free
magnesium carbide, the study of the structural and phase composition and its influence on the formation and self-

organization of surface structures that have self-lubricating ability.
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Materials and research methods.

Deserved attention in the field of tribotechnical materials is attracted by compounds of complex oxides and,
first of all, compounds with magnesium oxide due to their high thermo mechanical properties. As a basis for self-
lubricating coatings, studied in the work, magnesium orthosilicate (forsterite) with the chemical formula
2MgO-SiO, was purposefully used, which exists in only one modification, that is, as a material, it does not have
polymorphic transformations. Doped impurities from chromium, zirconium, nickel, titanium, aluminum, silicon
and carbon powders were added to magnesium orthosilicate, as a basis. The initial composition of crystalline
powders of complex chemical composition for subsequent spraying was obtained by the method of
mechanochemical synthesis (MCS). The use of which made it possible to obtain a nanocomposite conglomerate
of micron-sized base particles and nanosized doped phases. To the powder conglomerate obtained in this way, a
magnesium compound was added in the appropriate proportion, namely structurally free carbide (MgC,), and the
resulting mechanical mixture was mixed until the structural components were completely and uniformly
distributed. Magnesium orthosilicate-based coatings were formed by the detonation-gas method on samples of
high-strength steel type 30HGSNA. Steel 65G (HRC 62-65) was used as a counter body. The physical and
mechanical properties and patterns of friction and wear of orthosilicate-based coatings were studied using the end-
face scheme in the continuous sliding mode at a constant load of 14.5 MPa. At the same time, the research program
provides for a comparative analysis of the friction parameters of the developed coatings with the values of coatings
based on tungsten carbide type WK15 and coatings of alloyed nichrome. The adhesion strength was determined
by the pin method, which for coatings based on magnesium orthosilicate was over 93 MPa with a porosity of about
0.5%, along with this, after preliminary finishing grinding, their initial roughness was Ra 0.32-0.63.

Both the wear intensity and friction coefficient, as well as the condition of the working surfaces, were
used as criteria for the performance of magnesium silicate-based coatings. When studying the patterns of friction
and wear, when explaining the technology-structure and structure-properties relationships, a complex of modern
physicochemical methods of structural-phase analysis was used, which are capable of determining the
consideration of surface layers at the macro- and microscopic levels. In this case, the complex research
methodology included metallography (optical microscope "Neophot-32" with a prefix); durometric analysis
(hardness tester M-40 from LECO); scanning electron microscopy (scanning electron microscope JSM-840); X-
ray structural phase analyzer (diffractometer DRON-UM1).

Research results and their discussion.

The main factors on which the patterns that determine the course of friction and wear processes depend
are external influences. They determine the degree and gradients of elastic-plastic deformation, temperature,
activation level, a number of accompanying phenomena, and ultimately determine the leading type of wear.

The test results of the studied coatings (fig. 1) are presented in the form of graphs of functional average
values of wear intensities and friction coefficients obtained in a field of monotonically increasing sliding velocities
at a constant load, which corresponds to 14.5 MPa.
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Fig. 1. Dependences of wear intensities (a) and friction coefficients (b) on the sliding speed of coatings based on
magnesium compounds (1, 4), WK15(2, 5) and alloyed nichrome (3, 6) at P=const=14.5 MPa.
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In the working range of the studies, the values of the controlled parameters for coatings based on
magnesium orthosilicate compared to the control coatings are minimal and stable (curves 1 and 2, respectively),
which determines normal mechanochemical wear.

The micro geometry of the working plane of silicate-based coatings in combination with the physical and
mechanical properties of the surface sphere determines their operational state. The results of the studies showed
that during the running-in process, the initial technological relief disappears, the chemical composition, structure
of the surface layer and its geometry radically change. It is possible to determine that running-in is one of the
manifestations of the self-organization process, in which the quasi-relaxation of the surface structure from the
equilibrium state will pass to a stable state. At the same time, a new surface quality is formed, characterized by the
formation of a balanced roughness, which is not only optimal for specific friction conditions, but also ensures
stable wear in the entire test range. Thus, the initial technological roughness is transformed into an optimal
operational roughness, which for silicate-based coatings corresponds to the value of Ra 2.5-1.5. At the same time,
the sprayed layer is distinguished by a heterogeneous finely dispersed structure with a quasi-ordered lamellar
appearance, which tightly adheres to the base and copies the surface relief, at the same time, no accumulation of
films, slag inclusions and other contaminants, as well as defects in the form of micropores and micro cracks, was
detected.

From the results of micro X-ray structural analysis (MRSA), it was established that the studied coatings
have a multicomponent fine-grained aggregate, the basis of which consists of homogeneous hexagonal magnesium
orthosilicate and an almost uniformly defined significant amount of finely dispersed inclusions of carbides,
especially silicon carbide (SiC) and a fine conglomerate of strengthening compounds, which are silicides CrSis,
CrSiy, ZrsSi,, TiSi, TiSi, and aluminides TiAls, TiAl, ZrAls, CrAls, as well as intermetallic formations such as
ZrCry, ZrV>, NiTi. In addition, the presence of high-temperature compounds of mullite Al,SiO4 was established,
which, in our opinion, is formed with the appearance of cristobalite 3-SiO, with a further increase in temperature,
and particles of B-tialite were also found, which should have formed as a result of the interaction of solid solutions
according to the reaction: Al,O3; + TiO, = Al;TiOs. Thus, a heterophase finely dispersed layered structure was
established, which has increased physical, thermal and chemical properties both at normal and elevated
temperatures. Also, the studied structure consists of small fragments of ternary compounds of transition metals in
the form of Cr;SiC, TIiAIC, TiZrC, SiZrC, in addition, reflexes corresponding to magnesium aluminate (MgAl;0.)
were found against the background of solid solutions, the crystals of which have a spinel structure and correspond
to increased thermodynamic properties.

a b
Fig. 2. Cross-sectional microstructure of coatings sprayed with composite powder based on magnesium orthosilicate
(a- x120; b - x5000).

The specified structural components of coatings based on magnesium orthosilicate form solid solutions,
chemical compounds and mechanical mixtures and have increased temperature resistance, significant hardness
and strength, and corrosion resistance, which ensures their high wear resistance under friction conditions,
especially at elevated temperatures.

The problem of coating quality is inextricably linked to the assessment of reproducibility and optimization
of the spraying technological process. Changing technological modes leads to changes in the properties of coatings.
Based on the cause-and-effect relationships between technological and operational factors, for the formation of
high-quality coatings by optimizing the spraying mode, a comprehensive treatment of the main technological
parameters was implemented, including the granulometric composition, loading depth, barrel filling degree,
working gas ratio and spraying distance [8]. Thus, in the conditions of the technological process of forming the
studied coatings, not only the required chemical composition was implemented, but also the predicted stable
structure was obtained during spraying, which determines the set of properties that determine the stability of
structural adaptability. At the same time, the possibilities of obtaining constant quality were achieved, namely, the
variation of strength and plastic characteristics in samples of one batch that were sprayed was stably about 5-10%.
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Studying the physical mechanisms of formation and evolution of structural-phase states of secondary
structures under conditions of mechanochemical activation is one of the important tasks of controlling the surface
strength of coatings based on magnesium orthosilicate while regulating their tribotechnical properties.

For comprehensive and reliable information in the study of thin surface layers in which structural-thermal
activation processes occur, the secondary ion mass spectroscopy (SIMS) method was additionally applied, which
analyzed the change in the microstructure and established the nature of the phases, their crystal structure, and the
parameters of the elementary cells, which are necessary for identifying the composition within the regions of their
homogeneity.

The obtained results allowed us to generalize that the initiation of physicochemical transformations due
to elastic-plastic deformation is primarily manifested in the process of inversion of interaction with air oxygen
and, as a result, the reformation of secondary surface oxide films by additional formations that form within the
structure of the orthosilicate composition and, by stoichiometric composition, represent a complex in the form of
oxides AlO, SiO;, ZrO,, TiO2, Cr,03, MgO, which, interacting, form both solid solutions of the Cr,03-SiO2, ZrO,-
Al,O3 type, as evidenced by the coincidence of concentration maxima (fig. 3), and spinel phases NiCrO4, MgAIOs,
Zr,Si0a4, AlLSiOs, Cr,TiOs, in addition, the presence of binary compounds of the TiO-ZrO,, MgO-TiO;, MgO-
ZrO; type was identified, also not the probability of the presence of ternary compounds such as Mg-ZrO;-TiO,,
MgO-Al,O3-TiO; is excluded. It should be noted that the secondary oxide structures that have been detected are
characterized by significant strength, hardness, thermal stability and chemical inertness. In this case, the processes
of formation and destruction of oxide structures are in dynamic equilibrium and automatically self-regulate, which
determines the manifestation and stability of the phenomenon of structural adaptation [9]. However, due to
statistical regularities, the processes of decomposition of ultra disperse secondary structures on different parts of
the working surface as a result of contact discreteness do not coincide in stages. At the same time, there is an
opportunity to assume that the process of their formation does not take place on the entire tribosurface, but only
on separate uneven fragments of the actual working area, but their additive distribution is a stable structural-
temporal state.
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Fig. 3. Distribution of elements in the oxide film on the surface area of the orthosilicate-based coating

In order to study the state of the oxide surface layer, in which the activation processes occur during
friction, electron diffraction analysis was used, performed on the EPM-100 installation (reflection recording at
U=5 kV). Fig. 4 shows an electron diffraction pattern from the surface of the coating based on magnesium
orthosilicate, which records a change in the fine structure, which indicates the presence of intensity maxima on
diffusion halos. The studied thin-film layer represents an ultra disperse oriented structure. In this case, the micro
hardness of the surface layer is 21.0-23.0 GPa (with an initial one of about 16.0 GPa). Thus, low and stable values
of both friction coefficients and wear rates of coatings are ensured by the formation of a coherent dynamically
stable conglomerate of oxide structures that screen the adhesive-molecular interaction during friction and have a
finely dispersed structure and, under local contact pressures and temperatures, form dense heterogeneous heat-
resistant and sufficiently plastic surface structures without cracks and chips, which contribute not only to reducing
the oxidation rate and increasing heat resistance, but also play the role of solid lubricants during friction.

Fig. 4. Electron pattern from the surface of the contact ball orthosilicate-based coating at V=1.5m/s and P=14.5 MPa.
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When the sliding speed increases to 0.14 m/s, the specific work of wear reaches approximately 104
kJ/mm?, which corresponds to the necessary and sufficient condition for the thermal decomposition of magnesium
carbide and, as a result, fragments of structurally free a-graphite appear on the friction surface (fig. 5). The shape
of the particles of the graphite structure is close to scaly, consisting of polydisperse crystallites oriented in the
direction of friction. It should be noted that the strength of graphite as an antifriction material is its weak interaction
between the layers. Thus, running-in, in a certain sense, can be considered as a specific type of heat treatment
accompanied by graphitization.

The physical phenomenon that determines the mechanism of magnesium carbide decomposition is based
on the process of structural transformation in the solid phase, which develops as a result of thermal exposure. The
main factors that determine the limiting values of thermodynamic graphitization processes are, first of all, the level
of dispersion of structural components, specific pressure, operating temperature, ambient environment, the
presence of initiating elements (carbon, silicon, nickel, aluminum), in addition, the influence of internal factors
caused by the composition, structure, presence of_dfeqsetc.
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Fig. 5. Surface topography during graphit film formation (v=0.17 m/s).
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The elementary act of a high-temperature reaction in a unit volume of local contact, accompanied by the
formation of carbide graphite, due to the exothermic effect, causes the next elementary act, thus causing the ability
to self-propagate.

Self-lubrication of magnesium orthosilicate-based coatings depends on the formation of a graphite film,
the dynamic equilibrium of which is maintained by the further formation of graphite. At test speeds of more than
0.21 m/s, the frictional self-lubricating surface film of graphite covers more than half of the friction area and, at
the same time, is a layer of an ordered set of polydisperse graphite particles, the self-equilibrium of which is
maintained by their active formation as a result of pyrolysis. At the same time, the higher the temperature, the
greater the amount of carbon converted into a graphite-forming self-lubricating film, and the longer the contact
areas interact, the more graphite is formed.

Thus, the means of regulating wear and ensuring self-lubrication of coatings based on magnesium
orthosilicate are both the use of magnesium carbide, which, through its structure, affects the adaptation process
during friction by modifying the surface layers with carbide graphite, and the joint use of stable surface oxide
structures, which, with cooperative self-organization, provide an additive complex of heat-resistant surface
structures that prevent direct contact of surfaces and effectively reduce the friction force, wear intensity, and
prevent unacceptable destruction processes.

From the point of view of structural thermodynamics, the systemic ordering of self-adapting surface films
due to changes in composition and structure can be considered as adequate elementary physicochemical processes
and adaptation mechanisms in the process of structural adaptability [10].

Fig. 1 also presents the results of testing coatings of the type WK15 (curves 2, 4), sprayed with tungsten-
cobalt powder. Coatings of this type, as a classic wear-resistant material, are widely used to protect against wear
a significant range of different design and purpose of critical parts. As established, at sliding speeds of more than
1.9 m/s, the temperature factor has a tendency to reduce their speed against wear, which ultimately turns out to be
decisive in the development of destructive processes during friction.

For coatings based on nichrome (fig. 1, curves 3, 6) doped with aluminum and boron, a monotonic
increase in wear intensity with increasing speed is characteristic. The study of the phase composition showed the
presence in the coating composition of both a solid solution based on nickel and dispersed compounds of nickel
aluminides (NiAl, NizAl), chromium borides (Cr.B, CrsB3), as well as the presence of complex borides of the type
(Cr, Ni). The passive capabilities of secondary structures with increasing test speed are suppressed by the
development of plastic deformation and, as a result, the dynamic equilibrium shifts towards increasing activation
energy, and the type of wear changes qualitatively. According to metallographic analysis, their friction surfaces at
speeds of 1.8 m/s have random local tearing, scratches, characteristic of the initial development of setting
processes.
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Thus, the detonation coatings based on magnesium compounds, developed by the authors, are
characterized by high antifriction properties and significantly exceed the control coatings in terms of operational
capabilities, in addition, they are characterized by increased adhesion strength and the ability, through their
composition, to influence structural properties that are capable of self-lubrication. The conducted studies indicate
the feasibility of their use in order to increase antifriction due to self-lubrication in real operating conditions.
However, it can already be noted that their use will ensure reliability, increase the resource and reduce repair costs
when restoring worn parts. The most appropriate application of the studied coatings is to increase the reliability of
operation of friction units, for example, for moving pairs of control mechanisms, hinges of guide surfaces, cams,
sliding supports, pairs with reciprocating movement, bearings, sliding guides, lever parts of high-speed and heavily
loaded units, in which the use of traditional lubricants is undesirable.

It should be noted that the developed composite powder material for forming self-lubricating coatings
based on magnesium compounds can be implemented by any technological methods that use powder materials.
The presented work continues the cycle of research on the development of promising coatings to minimize friction
coefficients and wear rates through the use of materials containing magnesium compounds.

Conclusions.

1. The developed and investigated detonation coatings based on magnesium compounds, which are
characterized by stable and minimal values of friction coefficients and wear intensities under test conditions at a
sliding speed of up to 4.0 m/s and a load of 14.5 MPa, have friction parameters significantly lower than those for
control coatings by almost 2.5-7.0 times.

2. The creation of a powder mixture based on magnesium orthosilicate was carried out by the method of
mechano-chemical synthesis, which made it possible to obtain a nanocomposite conglomerate of micron-sized
base particles and nanosized alloyed phases with the subsequent addition of structurally free magnesium carbide
to the powder composition.

3. A comprehensive treatment of the main technological parameters was implemented and the optimal
mode of detonation-gas spraying of composite powders based on orthosilicate was worked out, while not only the
planned chemical composition was reproduced, but also the predicted structure was obtained, which modernizes
the friction surface and minimizes tribotechnical properties. At the same time, it was emphasized that the variation
of strength and plastic properties in samples of one batch is stable and is 5-10%.

4. The structural-phase composition of coatings with magnesium orthosilicate was studied by modern
means of physicochemical analysis, while the main components of the composite particles are solid solutions based
on binary oxides and inclusions of chemical compounds of simple and complex carbides and intermetallics, as
well as mechanical mixtures of component compounds. The determined components of the composition have
increased temperature stability, significant hardness and strength and chemical inertness. In addition, there is the
presence of dense and rather plastic heterogeneous oxide surface structures, which cause not only a decrease in
the oxidation rate and an increase in heat resistance, but also perform an active role of solid lubricants under
friction conditions.

5. The physical mechanism and main factors determining the level of thermodynamic graphitization have
been determined. The nature and regularities that determine the tendency of coatings to passivation have been
studied. It is noted that its implementation is carried out both due to solid-phase tribochemical reactions, which
cause the formation of quasi-spherical polydisperse surface films integrated on the basis of carbide a-graphite and
finely dispersed oxide compounds.

6. The developed self-lubricating antifriction coatings based on magnesium orthosilicate expand the
achievements of modern tribotechnical materials science. At the same time, the studied self-lubricating coatings
can be used both for strengthening and for high-quality restoration of worn parts by any technological methods
using powder materials.
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MleneroB B.B., ®ianko H.M., bucey C.C. TpuOOTeXHIYHI BIACTHBOCTI MOKPUTTIB HA OCHOBI CHOJYK
MarHiro

VY crarTi y3aranbHEHO pe3yJbTaTH AOCIHIIKEHb TPUOOTEXHIYHNX BIACTHBOCTEH JCTOHAIIHHIX MOKPUTTIB
Ha OCHOBI OPTOCHJIIKaTy MarHiro B yMOBaX MOCTIITHOTO HaBaHTAXKEHHS y MOJII MIBUAKOCTEH KOB3aHHA. MeTogamu
cy4acHoro ()i3MYHOTO aHaJi3y JOCTIHPKEHO CTPYKTypHO-(a30BHii CKila/l MOKPUTTIB. Po3podiieHi Ta mocipKeHi
MOKPHUTTS HA OCHOBI OPTOCHIIIKATy MAarHil0 MalOTh BHCOKI Ta CTaOUIbHI aHTU(PUKIIHHI BIACTUBOCTI y BCHOMY
HaBaHTAXXyBaJIbHO-LIBUKICHOMY Jiana3oHi BUNpoOyBaHb. [lizkpecieHo, Mo pe3ynbTaToM aHTH()PHUKLIIHHOCTI
YMOBax TEpTS € aAWTHBHA Jis SIK IUTIBKH KapOimHOTOo TpadiTy, Tak i AMCIEPCHUX MOBEPXHEBHX OKCHIHHX
CTPYKTYp, CHHTE3 SIKUX 3a0e31euye MoAn(iKalilo OBEpXHI CTPYKTYPH, 110 CIIPOMOKHS 0 CaMO3MaIllyBaHHS Ta
BOJIHOYAC 0OMEKEHHS PO3BUTKY HENPHUITYCTUMHX MPOLECIB PYHHYBaHHS.

KiouoBi cnoBa: neroHariiiHe MOKPUTTS, IHTCHCHBHICTh 3HOIIYBaHHSA, CTPYKTYPHO-(a30BHil CKIIam,
rpadiTH3aIis.



