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The paper presents the results of the development and tribological evalua-
tion of a system based on Si;N,—25 wt.% TiN composite ceramic with a
surface layer of solid lubricant composed of substitutional solid solution
of 2D MoSSe (molybdenum sulphoselenide) nanostructures. The Si,N,—TiN
composite powder is synthesized by thermal reaction of precursors. Dense
ceramic specimens with a relative density of 0.98 and a microhardness of
15.7 GPa are fabricated by spark plasma sintering at a maximum tempera-
ture of 1800°C. 2D MoSSe nanostructures are synthesized by chemical va-
pour deposition. A solid lubricant layer of 2D MoSSe nanostructures is
deposited on the surface of the ceramic specimens by ultrasound-assisted
deposition in ethanol, followed by drying and annealing at 200°C. Tribo-
logical tests are performed under dry sliding and with a solid lubricant
layer according to the ball-on-disk scheme in contact with ceramic and
steel counterbodies. As shown, the presence of 2D MoSSe reduces signifi-
cantly the friction force and linear wear: for the ceramic counterbody,
linear wear decreases by a factor of 10—20 depending on the loading re-
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gime. The friction force in the tribosystem with the solid lubricant, as
compared to that under dry sliding, decreases by a factor of 2—6 for the
steel indenter under dynamic-loading conditions and by a factor of 2-10
for the ceramic indenter, depending on the sliding time. The SEM and
EDS data confirm the formation of a dense tribolayer based on 2D MoSSe.
This layer reduces the adhesive and abrasive wear under friction in the
ceramic—lubricant—steel tribosystem. The obtained results create prerequi-
sites for using developed materials in hybrid bearings and other friction
units operating under extreme conditions.

B pobGori mpegcTaBieHo pesyJbTaTH AOCHIAKEHHA 3 Po3poOKU Ta TpuboTec-
TYBaHHSA CHCTE€MHU 3 KOMIIO3UIIiMiHOI Kepamiku ckaany Si;N,—25 mac.% TiN
i3 TOBEPXHEBUM IIAPOM TBEPAOTO MACTUJIBHOTO MAaTepidAsy 3 HaHOKPUCTAJIi-
YHOT'O0 IIOPOIIIKY TBEPAOTO PO3UMHY 3aMiIlleHHA cyJabdimocenmeHiny Momaibmre-
ny 2D-MoSSe. Kommnosuniiiauii mopomiok SizN,~TiN ozep:xaHO TepMiuHOIO
CHUHTEe30I0 3 IpexypcopiB. KomnakTHi KepamiuHi 3pasku i3 rycrunoo y 0,98
Big TeoperuuHoi Ta MikpoTBepzicTio v 15,7 I'lla BUroTOBJI€HO METOAOM iCK-
POILTIa3sMOBOTO CIIiKaHHSA 3a MakcuMmaJjbHOl Temmepatypu y 1800°C. Hamoct-
pyxTypu 2D-MoSSe cHHTe30BaHO METOIOM XEMiUuHOTO OCAAKeHHSA 3 IIapoBOi
dasu. Illap TBepmoro mactuaa 3 HaHOCTPYKTYp 2D-MoSSe HaHeceHO Ha TO-
BEPXHIO KepaMiuHMX 3pasKiB MeTOAOM YJIbTPa3BYKOBOTO OCAIKEHHS B €THU-
JIeHi 3 HACTYIHOIO CYIIKOIO Ta Bimmamom 3a Temmeparypu y 200°C. IIpose-
JIeHO TpuOOTEeCTH B YMOBaX CYXOTO TEPTSA Ta 3 IIAPOM TBEPJOT0 MACTHJA 3a
CXeMOI0 ILIOIMMHA—KYJASA V KOHTAaKTi 3 KepaMiuHMM i KpHIleBUM KOHTPTija-
mu. ITokasano, 110 npucyTHicTh 2D-MoSSe icTOTHO HOHMIKYE CUIY TEPTA Ta
JiHifiHW 3HOC: y mapi 3 KepaMiYHUM KOHTPTiJIOM JIiHIAHUII 3HOC 3MeEHIIY-
etbead y 10—20 pasiB 3a/iesKHO Bif pe:KMMy HaBaHTAKeHHSA. ¥ MOPIBHAHHI 3
CYXHM TepTAM CHUJa TepTdA B TpubocmcTeMi 3 TBEPAUM MACTUJIOM 3MEHIIY-
€ThCA AJIA KPUIEBOTO iHAEHTOpPa 3a JUHAMIYHMWX YMOB HaBaHTAYKEHHS B 2—
6 pasiB, maa Kepamiumoro imgenTopa — B 2—10 pasiB B 3ajekHOCTi Bif
TPUBAJIOCTU TePTA. 3a HaHUMHU CKAaHYBAJbHOI eJIeKTPOHHOI MiKpocKomii Ta
eHepTroaUCIePCiiiHOI PEHTIeHIiBChbKOI CIEKTPOCKOMil y TpubocucTeMi Kepami-
Ka—MaCTUJILHUN Iap—KPHUIleBe KOHTPTIJIO YTBOPIOETHCS HIIIBHUMN TPUOOIIIap
Ha ocHOBiI 2D-MoSSe, AKuil cupusae MOHMKEHHIO aAresiliHmoro ii abpasmBHO-
O 3HOINTYBaHHA Mg yac Teprda. OmepskaHi pesysbTaTH CTBOPIOIOTH IEpeny-
MOBHM [JId 3aCTOCYBAHHS PO3PO0JEHMX MATEPisaaiB y riOpuMAHUX BATBLHUILAX
Ta iHIIUX By3JiaX TEPTs, IO IPAIOIOTh B eKCTPEMAaJIbHUX YMOBaX.

Key words: composite ceramic, Si;N,, TiN, spark plasma sintering, solid
lubricant, 2D nanostructures, MoSSe, wear resistance.
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1. INTRODUCTION

In Ukraine, the technical ceramic market actively developed until
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2022, and now, in wartime with import restrictions, its rapid
growth is expected. The most promising directions for the import
substitution of components of critical import are the productions of
wear-resistant composites and modern lubricants for operation un-
der extreme conditions. Wear-resistant ceramics for operation un-
der conditions of high loads and temperatures are traditionally
manufactured from silicon nitride, but to increase substantially the
wear resistance, it is necessary to select friction couples and a lub-
ricant that corresponds to the operating conditions. In the produc-
tion of hybrid bearings with balls based on silicon nitride, as the
second material of the friction couple, components based on steel
are used [1-3]. Unfortunately, in most cases, the operation of a ce-
ramic—steel couple under extreme conditions is limited by the rapid
wear of steel components [4—8]. In this connection, the search for
new friction couples for ceramic materials based on silicon nitride,
the development of efficient lubricants, and the determination of
functioning regularities of friction couples depending on the physi-
comechanical characteristics of the materials of tribological con-
junctions is an urgent problem.

The structure and composition of wear-resistant composites based
on silicon nitride substantially influence their tribological and me-
chanical properties. Researchers of modern wear-resistant ceramics
are giving most attention to the determination of the influence of
the composition of materials based on silicon nitride and the size of
structural elements [8—15]. The structural factor (grain size and
porosity), as a rule, depends on the chosen consolidation method of
the wear-resistant composite. For instance, in Ref. [8], tribotests of
counterbodies made of commercial silicon nitride powder with a
grain size above 1 pym were carried out according to the ‘ball-on-
disk’ scheme under condition of marginal lubrication and dry fric-
tion. An analysis of the obtained data showed that the tribological
properties of silicon nitride substantially increased as a result of
imparting nanostructuring to it. However, at the same time, the
fracture toughness of such ceramics substantially decreases, which
limits the field of application of nanocrystalline wear-resistant ce-
ramics based on silicon nitride. The tribological properties can be
improved by introducing titanium nitride into the composition [8,
10, 12, 14, 15]. As compared to monolithic Si;N, ceramics, Siz;N,—
TiN composites demonstrate a higher wear resistance and a smaller
coefficient of friction. At the same time, the mechanical properties
of ceramic composites based on silicon nitride can be improved by
the formation of a bimodal granular structure [10, 12].

One way of solving the problem of improving the functional
characteristics of wear-resistant ceramics is to achieve a macroscale
super lubricating ability of materials to minimize friction, in par-
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ticular by using two-dimensional (2D) materials [16—20]. Due to the
weak interlayer interaction, 2D materials have the potential to
achieve the superlubrication effect. Most investigations are devoted
to graphene-like monolayers and nanoparticles (‘few-layers’) of lay-
ered d-transition metal dichalcogenides, which are 2D inorganic an-
alogues of graphene, and to their numerous nanoheterostructures
(van der Waals nanostructures) [20]. Among these, molybdenum
disulphide with the 2H-MoS, structure type and materials based on
carbon (including graphite and graphene) are best studied [20, 21].
At present, micron powders of natural MoS, with a layered struc-
ture are successfully used in industrial scales as efficient solid lub-
ricants and are components of numerous antifriction materials (in-
dustrial lubricants, oils, greases, and coatings) due to the relatively
widespread availability of commercial micron powders of MoS, of
natural origin. In practice, solid lubricant additives to oils and
greases are successfully used only an in the case of very small par-
ticle size that makes it possible to stabilize their suspension and
prevent the deposition of lubrication systems on filters. Another
limitation to using MoS,—steel friction systems is the formation of
iron sulphide (FeS,) or solid iron solutions in molybdenum disul-
phide, which is accompanied by the fracture of the surface of steel
structural elements and an unpredictable change in the properties
of the lubricant [22]. A possible way of solving this problem is to
reduce the sulphur content, in particular to replace sulphur by sele-
nium by the method of using substitutional solid solutions 2D
MoS, ,Se, (0 <x<2), which will kinetically limit the formation of
undesirable FeS,. For instance, the use of nanopowders of 2D
MoS,_,Se, (0<x<2) substitutional solid solutions as a solid lubri-
cant or additives to lubricants or oils is a promising direction of
improving the operation of hybrid or other friction units.

Wear-resistant materials for the transport, machine building,
chemical, and aerospace industries often operate under extreme
conditions of high or ultralow temperature and high pressure,
which leads to their intensive wear. The use of a lubrication system
based on nanopowders of 2D MoS,_,Se, (0 < x < 2) substitutional sol-
id solutions in combination with the components of tribological con-
junctions of the composite nanoceramic will favour an increase in
the service life of machines and mechanisms and the assurance of
high energy efficiency indices.

Thus, the aim of the work is to investigate the preparation condi-
tions of Si;N,—TiN wear-resistant composite materials, deposit of
solid lubricant layer from substitutional solid solution of molyb-
denum sulphide selenide 2D MoS,_,Se, (x =1) nanostructures, and
determine the tribological characteristics of the obtained tribosys-
tem in friction couples with a ceramic and a steel counterbody.
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2. INITTAL MATERIALS AND EXPERIMENTAL TECHNIQUES

The initial material for the manufacture of composites was a 75
mass% SizN, + 25 mass% TiN powder mixture (corresponds to a
volume content of titanium nitride of 17%), which was obtained by
the synthesis technology developed in the IPMS N.A.S.U. and de-
scribed in Refs. [23, 24]. This technology assumes the use of com-
mercial silicon nitride and titanium powders, which are available in
the Ukrainian market as precursors. The micron Si;N, powder
(DZKhR LLC, Ukraine) and titanium powder with a mean particle
size of 0.5 mm (‘Velta’ Mining Company, Ukraine) were subjected
to mechanical mixing to reduce the powder particle size and provide
a homogeneous distribution of the components. Mixing was per-
formed in a Pulverisette 6 planetary mill (Fritch GmbH, Germany)
in ethanol using a drum and milling balls made of silicon nitride at
a rotational speed of 400 rpm and a ball-to-powder weight ratio of
4:1 for 5 h. The prepared mixture was subjected to heat treatment
in an SNV-1.3,1/20-1I1 high-temperature electric furnace in the
temperature range of 1100—1400°C in a vacuum of =1-107® Pa and
in a nitrogen atmosphere to synthesize Si;N,—25 mass% TiN compo-
site powder.

Spark plasma sintering (SPS) was carried out in a FCT HP D25
furnace (Systeme GmbH, Germany) in a graphite die with a diame-
ter of 20 mm in a nitrogen atmosphere at maximum temperature of
1800°C, maximum pressure P = 30—-50 MPa, and heating rate of 70—
100°C/min. Aluminium and yttrium oxides in amounts of 5 mass%
and 6 mass%, respectively, were added to the synthesized powder to
intensify densification in sintering. Sintering regimes were chosen
on the basis of information about densification of powder composi-
tions [25] to achieve a maximum density. The change in the linear
size of specimens was evaluated from the displacement of the upper
punch at a stationary lower punch.

The nanocrystalline powder of the substitutional solid solution
2D MoS, .Se, (x=1, in what follows, MoSSe) was synthesized by the
chemical vapour deposition method (CVD) at the interaction of the
constituent elements (MPCh high-purity molybdenum powder, ele-
mental sulphur and selenium powders of more than 99.9% purity in
stoichiometric ratios Mo:S:Se=1:1:1 in evacuated quartz ampoules
in modes tested by the authors under laboratory conditions [26].

The x-ray analysis of the synthesized 2D MoSSe nanostructures
was carried out on an HZG-4A automated powder diffractometer in
FeK ,-radiation by full-profile method, including the determination
of the average sizes of anisotropic nanoparticles. The indexing of
XRD patterns, the refinement of the parameters of elementary cells
by the least square method (LSM) and structural parameters were
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performed by the WinCSD software for structural calculations [27].
The average sizes of anisotropic nanoparticles were determined by
the method of line broadening analysis (Scherrer formula). In the
analysis of the functions of physical expansion, the possible distor-
tions of the crystal structure (Stokes formula) was taken into ac-
count. Corresponding computer calculations of the nanoparticles’
average sizes in the crystallographic directions [013] and [110] were
performed with the help of the improved WinCSD [27].

The surface of sintered ceramic Si;N,—TiN specimens was covered
by 2D MoSSe nanostructures as lubricant coating by deposition af-
ter ultrasonic treatment (cavitation mode) for 1 h in ethanol. After
deposition, the obtained specimens were air-dried at room tempera-
ture and annealed in the air at 200°C for 3.5 h. The thickness of
coating 2D MoSSe was estimated to be of about 17 ym by gravimet-
ric method.

SEM analysis was performed with Mira 3 scanning electron mi-
croscope (Tescan, Czech Republic).

The friction and wear parameters of a ceramic Si;N,—TiN speci-
men were investigated at room temperature on an automated tri-
bodynamic complex (ATKD) with a module of dynamic loading in
the quasi-stationary and dynamic operating modes [15]. Tribological
tests were carried out according to the plane—ball scheme in couples
with counterbodies, namely a ceramic (Siz;N,) or a steel (ShKh-15)
ball 8 mm in diameter [28—31]. Wear tests of a clean surface of the
SizN,~TiN ceramic and a ceramic surface after deposition of a lub-
ricant layer from the 2D MoSSe nanopowder on it were carried out.
The mean sliding speed was of 1.47 mm/s. This value was chosen to
model microsliding in ball bearings operating at a speed of = 105
rpm [32]. The test time was chosen equal to 30 min to provide a
stable friction mode. The tests included static and dynamic loading.
Dynamic loading combines the action of a static load of 30 N and an
oscillating load with amplitude of 4.5 N and a frequency of 25 Hz,
which modulates oscillations of the load in ball bearings [5]. The
parameters of tribotechnical tests were chosen on the basis of re-
sults of previous investigation of similar composite materials based
on silicon nitride [6—8, 15]. The combination of the static and dy-
namic loading makes it possible to investigate the contribution of
different mechanisms into wear processes. It has been previously
shown on a large series of materials (from aluminium alloys to ce-
ramics) that dynamic loading reduces the force of friction and the
adhesive component of wear, but can increase wear, when its main
mechanism is fatigue or abrasive wear [5—8, 29-33]. In tribotests,
the friction force, the size of the contact spot, and linear wear were
determined from the profile of the tribocontact zone. The system
for measuring the friction force consists of a calibrated elastic ele-
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ment sensitive to an inductive displacement sensor and a 12-bit ana-
log-to-digital converter [15]. Wear was measured on a Leeb 462 sur-
face roughness tester.

3. RESULTS AND DISCUSSION
3.1. Si;N,—TiN Ceramic Material

For the sintering of ceramic specimens, the composite powder based
on silicon nitride and obtained by thermal synthesis from precur-
sors was used. According to the XRD data, it contains 83 mass%
Si;N, and 25 mass% TiN (Fig. 1).

According to data of the SEM and EDS analyses, the synthesis
product is a highly disperse composite powder containing TiN (light
phase B) and [B-Si;N, (dark phase A) (Fig. 2) in the form of a mix-
ture of agglomerates of titanium nitride particles with a size of 30—
200 nm in the B-Siz;N, matrix. Before sintering, the powder was
subjected to deagglomeration in the Pulverisette 6 planetary mill to
homogenize the distribution of the components.

As a result of spark plasma sintering of the composite Si;N,—TiN
powder, dense specimens of cylindrical shape were obtained. The
analysis of the densification data of a specimens showed that, in the
temperature range of 700—-900°C, a negative shrinkage took place as
a result of the thermal expansion of the graphite die. Intensive den-
sification begins at a temperature of = 1350°C, which can be associ-
ated with the formation of a eutectic liquid phase in the SiO,—
Al,0;-Y,0; system. A maximum densification rate of ~ 1.6 mm/min
is attained at = 1470°C, which agrees with analogous data for com-
posite materials containing nanodisperse titanium nitride particles

¥ SigN,
u TiN

60
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Fig. 1. X-ray diffraction pattern of the Si;N,—25 mass% TiN composite
powder.
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Fig. 2. SEM image of the synthesized composite powder (A—Si;N,, B—
TiN): a—general view; b—region with a dominant titanium nitride con-
tent.
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Fig. 3. Temperature dependence of densification parameters in the SPS
process: 1—Ilinear shrinkage of the specimen; 2—densification rate.

[10, 34] (Fig. 3). Then, the densification rate decreases down to
0.6—0.8 mm/min and remains constant in the temperature range of
1530-1780°C.

The analysis of the microstructure of the Si;N,—TiN composite
consolidated by SPS showed zonal isolation with the formation of
regions of predominant content of titanium nitride grains (Fig. 4).
Moreover, acicular silicon nitride grains are observed, which is
characteristic of sintering with the formation of a liquid phase af-
ter attainment of high temperatures.

On the whole, the structure of the Si;N,—TiN composite is bimod-
al, where silicon nitride grains with a size up to several microns as
well as titanium nitride and silicon nitride grains with a size of
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View field: 50.0 ym
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Fig. 4. SEM image of the Si;N,~TiN ceramic sintered by the SPS at tem-
perature of 1800°C: A—TiN, B—Si;N,.

200-500 nm are present. The specimens of the Si;N,—TiN composite
material sintered at 1800°C had a relative density of 98% and a mi-
crohardness of 15.7+ 0.8 GPa.

3.2. Analysis of the Synthesized 2D MoSSe Nanostructures

It was established by x-ray data that the synthesized anisotropic 2D
MoSSe nanostructures were homogeneous in chemical composition,
with type of the layered structure (2H-MoS,) and the type of
nanostructures (2D, few-layers nanosheets), did not contain foreign
impurities, including roentgen-amorphous impurities, phases, and
other nanostructures, as well as micron particles. The average sizes
of 2D MoSSe nanoparticles in the crystallographic direction [013]
and [110] are djy;3=4.9(3) nm and d[;;o;= 22.6(1) nm, respectively;
the parameters of the elementary cell of 2D MoSSe are a = 0.3209(1)
nm and ¢ =1.2637(7) nm.

According to SEM data analysis, the synthesized 2D MoSSe na-
noparticles have clear facets (hexagons form) that testifies to the
stationarity of the physicochemical conditions of their growth. The
nanoparticles form agglomerates as a result of the action of com-
mon crystallization centres in the initial stage of the growth pro-
cess (Fig. 5).

3.3. Tribological Characteristics of Ceramic—Ceramic and Ceramic—
Metal Friction Couples with 2D MoSSe Solid Lubricant

The surface of sintered ceramic Si;N,—TiN specimens was covered
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Fig. 5. SEM images of agglomerated 2D MoSSe nanoparticles in view field
of: a—15 pm, b—2 pm.

SEMHV: 20,0 kV. WD: 2.98 mm
View fleld: 1.000 ym  Det: InBeam
SEM MAG: 190 kx.

a

Fig. 6. The surface of the ceramic specimen covered with 2D MoSSe solid
lubricant: a—optical image in view field of 200 pm; b—SEM image in view
field of 1 pum.

by 2D MoSSe nanostructures as lubricant coating to reduce the
shear resistance in the region of tribocontact and friction coeffi-
cient (Fig. 6).

The adhesion strength of the coating and its influence on the tri-
botechnical indices depend on the initial state of the surface of the
sintered ceramic material and its mechanical properties. The fact
that sliding with a low shear resistance in MoSSe favours a decrease
in friction and wear is undeniable. Micrographs of worn surfaces
demonstrate that the presence of the MoSSe lubricant layer leads to
the formation of a tribolayer in the tribocontact zone in the cases of
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Fig. 7. Tribocontact surface on sintered Si;N,—TiN specimens: a—with ce-
ramic counterbody; b—with ceramic counterbody and 2D MoSSe solid lub-
ricant; c—with steel counterbody; d—with steel counterbody and 2D
MoSSe solid lubricant; e—surface profile of friction zone with ceramic
counterbody; f—surface profile of friction zone with ceramic counterbody
and 2D MoSSe solid lubricant.

both the steel and the ceramic counterbody (Fig. 7, b, d).

The morphology of the tribolayer changed depending on the ma-
terial of the counterbody and the type of loading (static or dynam-
ic). Under dynamic loading, an almost continuous surface layer
formed for the ShKh15 counterbody (Fig. 7, d). For the ceramic
counterbody, the formed layer was fragmented but sufficiently
dense to influence the obtained results (Fig. 7, b).

According to the EDS data, the tribolayer consists of Mo, S, Se,
and the material of the counterbody. In friction without lubricant,
a tribolayer did not form (Figs. 7, a, ¢), which led to the intensive
wear and damage of the surface. In the presence of 2D MoSSe coat-
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ing, a noticeable damage of the surface of the ceramic material did
not occur, which confirms the efficiency of the used approach for
decreasing the adhesive interaction between solid surfaces during
tribocontact.

A substantial decrease in the wear after introduction of the
MoSSe solid lubricant into the tribocontact zone was detected also
by the analysis of the tribocontact surface profile (Figs. 7, e, f).
The presence of solid lubricant nanostructures abruptly decreases
the linear wear of the surface specimen in the couple with a ceramic
indenter, namely by a factor of 20 under static conditions and by a
factor of 10—-11 under conditions of dynamic loading (Fig. 8). A
significant reduction in linear wear of the steel counterbody lubri-
cated with MoSSe compared to dry sliding was observed; however,
its reliable quantification was complicated by the presence of a
dense tribolayer. Additionally, a decrease in the friction force under
dynamic loading conditions was recorded, amounting to 2-6-fold
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Fig. 8. Area of the contact spot (S) and the linear wear (I) of the Si;N,—
TiN composite material before and after deposition of the 2D MoSSe solid
lubricant.
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Fig. 9. Friction force (F) on the Si;N,—TiN surface: a—dry friction, b—
friction with the 2D MoSSe solid lubricant.
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Fig. 10. Mean force of friction (#) of Si;N,~TiN before and after deposi-
tion of the 2D MoSSe solid lubricant.

reduction for the steel indenter and 2—10-fold reduction for the ce-
ramic indenter, depending on the sliding time (Fig. 9).

These results clearly emphasize the importance of controlling ad-
hesive interactions of the materials of the friction couple [35]. On
the whole, the obtained results testify to the fact that adhesive
wear rather than the abrasive wear is a dominant wear mechanism.
This conclusion is true for both ceramic/steel and ceramic/ceramic
contacts. This is why the reduction of adhesive interaction is of
critical importance for improving the tribological characteristics of
the ceramic based on Si;N, (Fig. 10).

4. CONCLUSIONS

A complex investigation on obtaining a tribosystem from a wear-
resistant composite ceramic based on silicon nitride was performed
using a modern technology for synthesis of composite powders and
their consolidation and surface covered with solid lubricant of mo-
lybdenum sulphoselenide solid solution 2D MoS, Se, (x=1)
nanostructures. Specimens of the Si;N,—25% TiN dense composite
ceramic with a submicron granular structure, a relative density of
98% , and a microhardness of 15.7+ 0.8 GPa were obtained by the
spark plasma sintering. A solid lubricant layer of 2D MoSSe
nanostructures was deposited on the surface of the ceramic speci-
mens by ultrasound-assisted deposition in ethanol.

The tribotechnical characteristics of the obtained Si;N,~TiN com-
posite in couples with a ceramic and a steel counterbody under dry
friction conditions and after introduction of the 2D MoSSe solid
lubricant into the tribocontact region were determined. It was
established that the introduction of the 2D MoSSe lubricant inter-
layer promotes the formation of a tribofilm and substantially reduc-
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es the linear wear under static and dynamic loading conditions (by a
factor of 20 and 10-11, respectively). At the same time, the solid
lubricant reduced the friction forces under dynamic loading condi-
tions by a factor of 2—6 for the steel indenter and by a factor of 2—
10 for the ceramic indenter. The obtained results demonstrate that
the tribofilm based on 2D MoSSe nanostructures forms more readily
under dynamic loading for the ceramic/steel couple, which corre-
sponds to the conditions of hybrid bearings. The obtained results
create prerequisites for using developed materials in hybrid bear-
ings and other friction units operating under extreme conditions.
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