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intensification of production processes is

One of the obstacles to the
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CREATING SURFACE LAYERS OF
PARTS WITH INCREASED
TRIBOLOGICAL
CHARACTERISTICS USING COLD
GAS-DYNAMIC SPRAYING

One of the transitions to the path of intensification of the
production processes is the perceptibly low stability of the details of
the nodes in the possession of these production processes. The
stamina of the details is small, vindictive, nasampered, rubbing in
pairs, especially quiet, which works out of significant tensions in
aggressive middles. The wear of the upper balls of parts can ruin the
possession, which leads to the waste of energy and material
resources. One of the ways to solve the problem is the creation of
functional coatings on the surfaces that are resistant to aggressive
environments. The results of the analysis of antifriction properties of
materials containing copper, tin, lead, aluminum, and polymers are
presented. The advantages and disadvantages of antifriction
properties of the materials in question are shown and the possibility
of their application on the surface of parts using cold gas dynamic
spraying. The use of liquid and solid antifriction materials as
lubricants is analyzed. Attention is paid to materials with a crystalline
structure similar to the structure of graphite, known as 2D structures
(two-dimensional materials)." The most studied 2D materials are
MoS, and carbon-based compounds, including graphene and
graphite. The diagram of the interaction of sliding surfaces, including
molecular deformation, wear, bonding, the thermal effect, and
environmental influence is shown. It is noted that the application of
antifriction materials to the surface of parts can be carried out using
cold gas-dynamic spraying. Found that compared to the material of
the substrate AA7075, the coefficient of friction of sliding of the spray
coating with the crystal of copper-graphite powder was reduced by
47% - 62%. Rubber composite coatings are made of a mechanical
mixture of aluminum powder A30-01 and copper C01-00. The
dependence of the coefficients of spraying aluminum and copper on
the content of aluminum in the composite mixture that is sprayed is
obtained. until it reaches 61%. At higher concentrations of aluminum
(more than 66%) the coefficients of spraying aluminum, copper, and
their mixtures coincide.

Keywords: antifriction materials, cold gas-dynamic spraying,
antifriction coatings.

of functional coatings resistant to aggressive

the environments. Such coatings must have anti-friction

relatively low stability of the components of the
equipment of these production processes. Low
stability of details arises, first of all, in friction pairs,
especially those working with considerable loading in
aggressive environments. Wear of the upper layers
of parts can destroy equipment and lead to loss of
energy and material resources. One of the ways to
solve this problem is to create on the friction surfaces
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properties, namely to provide low friction losses, low
slip coefficient and low wear rate of the surfaces of
parts. The coating material in specific operating
conditions must be resistant to oxidation at certain
temperatures, to be resistant to corrosion in
aggressive  environments.  Anti-friction  coating
materials must work in a wide range of friction
speeds, loads, temperatures, and have high wear
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resistance. To ensure the wear-resistant properties
of the friction zone of machine parts, antifriction
coatings must have the following properties: high
thermal conductivity; effective Ilubrication with
lubricants; ability to create protective films on the
surface; have satisfactory workability, ie the ability of
the material during friction to increase the area of
actual contact, which reduces the specific pressure
and temperature on the friction surfaces.

According to statistics, about 20% of world
energy production is spent on overcoming friction [1].
Significant economic losses due to friction have
become an incentive to combine the three important
areas of research, friction, lubrication and wear under
a common research method [2]. Therefore, the term
tribology was introduced in 1960 to connect these
three important interdisciplinary fields of research.

Analysis of recent research. Let's analyze
antifriction materials that can be applied to the
surface by cold gas-dynamic spraying.

Tin and lead materials called babbits have
hardness (HB 12 ... 32) and melting point (240 ... 320
°C), and excellent workability. They are superior to all
other alloys in antifriction properties, but inferior in
resistance to fatigue. Babbits are used only for a thin
(less than 1 mm) coating of the sliding work surface.
The most famous babbits based on tin are the
following brands B93, B88, B83, B83C. All of them
have a structure in the form of a heterogeneous
mechanical mixture of solid solutions based on tin
and based on the intermetallic compound SnSb.
These alloys have high wear resistance due to the
high strength of secondary structures that form on
the surface of the babbitt. Babbitt can be used to
cover the working surface of parts by cold gas-
dynamic spraying.

Copper-based antifriction materials are
currently the most widespread, primarily bronze,
which is an alloy of copper with other non-magnetic
metals. Bronzes can be tin, aluminum, etc. Bronze is
also used as a basis for powder antifriction materials
and porous coatings. The most common antifriction
coating in the form of porous bronze impregnated
with oil, as well as powdered bronze graphite
materials. Bronze, which contains 9 ... 11% tin, has
the best antifriction properties. Porous bronze-based
anti-friction coatings are used to make plain bearings
that operate in unloaded assemblies, such as
devices with low sliding speeds (less than 1,5 m / s)
and low specific loads (approximately 0,5 ... 1 MPa).
Such bearings do not require lubrication for 3000 ...
5000 h, have a low coefficient of friction (0,01 ...
0,04), low noise and are able to operate in the
temperature range from -60 to +120 °C. How to
apply additional lubrication the maximum load for
porous bronze will reach 8 MPa.

Materials obtained by powder metallurgy
containing  copper have high  antifriction
characteristics. These include bronze graphites,
hard-alloyed bronzes, copper graphites.
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Graphite does not interact with copper or tin,
it is used as a mechanical impurity, as a solid oil, in
the amount of 1 to 25% by volume, depending on the
working conditions of the materials. Graphite in the
process of friction gradually forms a graphite film on
the contact surface of friction pairs. The film is
constantly restored in case of mechanical damage in
some parts of the friction surface. These materials
include bronzes with traffic content BrOGrl0-3,
BrOGr9-3, BrOGr8-4. The properties of sintered
bronzes and bronze graphites can be significantly
improved by alloying elements such as titanium,
nickel, lead, zinc, cobalt, iron, aluminum and others
with a porosity of up to 12%. Their tensile strength
reaches 3,5 MPa.

Copper graphite materials in electrical
engineering are used for the manufacture of fixed
contact, radial seals and brushes. Their composition
is determined according to the required properties. In
these electrical parts, graphite increases wear
resistance and contact resistance, and copper
provides electrical conductivity. Graphite content can
range from a few percent to 75%. Tin, lead and zinc
are added to improve the properties of brush
materials. Lead improves hardiness. Tin and zinc
strengthen the material, and lead acts as a lubricant.
The wear resistance of copper-graphite materials
obtained by powder metallurgy in the conditions of
brush operation is much higher, compared with
conventional brush materials.

Our experiments have shown that antifriction
materials based on copper are quite well applied to
the surface of parts by cold gas-dynamic spraying.

Aluminum alloys as antifriction materials
have corrosion resistance in lubricants, sufficient
fatigue strength, relatively high burr resistance and
high antifriction properties. Aluminum alloys are used
in both monometallic and bimetallic versions.
Aluminum antifriction alloys are made by powder
metallurgy, have significant advantages such as low
specific weight, low cost and significant corrosion
resistance. These alloys are well suited for their
application on the surface of parts by cold gas-
dynamic spraying.

Let's analyze antifriction materials that can
be applied to the surface by cold gas-dynamic
spraying.

Tin and lead materials called babbits have
hardness (HB 12 ... 32) and melting point (240 ... 320
¢ C), and excellent workability. They are superior to
all other alloys in antifriction properties, but inferior in
resistance to fatigue. Babbits are used only for a thin
(less than 1 mm) coating of the sliding work surface.
The most famous babbits based on tin are the
following brands B93, B88, B83, B83C. All of them
have a structure in the form of a heterogeneous
mechanical mixture of solid solutions based on tin
and based on the intermetallic compound SnSb.
These alloys have high wear resistance due to the
high strength of secondary structures that form on
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the surface of the babbitt. Babbitt can be used to
cover the working surface of parts by cold gas-
dynamic spraying.

Copper-based antifriction materials are
currently the most widespread, primarily bronze,
which is an alloy of copper with other non-magnetic
metals. Bronzes can be tin, aluminum, etc. Bronze is
also used as a basis for powder antifriction materials
and porous coatings. The most common antifriction
coating in the form of porous bronze impregnated
with oil, as well as powdered bronze graphite
materials. Bronze, which contains 9 ... 11% tin, has
the best antifriction properties. Porous bronze-based
anti-friction coatings are used to make plain bearings
that operate in unloaded assemblies, such as
devices with low sliding speeds (less than 1,5 m / s)
and low specific loads (approximately 0,5...1 MPa).
Such bearings do not require lubrication for 3000 ...
5000 h, have a low coefficient of friction (0,01 ...
0,04), low noise and are able to operate in the
temperature range from -60 to +120 ° C. How to
apply additional lubrication the maximum load for
porous bronze will reach 8 MPa.

Materials obtained by powder metallurgy
containing  copper have  high  antifriction
characteristics. These include bronze graphites,
hard-alloyed bronzes, copper graphites.

Graphite does not interact with copper or tin,
it is used as a mechanical impurity, as a solid oil, in
the amount of 1 to 25% by volume, depending on the
working conditions of the materials. Graphite in the
process of friction gradually forms a graphite film on
the contact surface of friction pairs. The film is
constantly restored in case of mechanical damage in
some parts of the friction surface. These materials
include bronzes with traffic content BrOGrl10-3,
BrOGr9-3, BrOGr8-4. The properties of sintered
bronzes and bronze graphites can be significantly
improved by alloying elements such as titanium,
nickel, lead, zinc, cobalt, iron, aluminum and others
with a porosity of up to 12%. Their tensile strength
reaches 3,5 MPa.

Copper graphite materials in electrical
engineering are used for the manufacture of fixed
contact, radial seals and brushes. Their composition
is determined according to the required properties. In
these electrical parts, graphite increases wear
resistance and contact resistance, and copper
provides electrical conductivity. Graphite content can
range from a few percent to 75%. Tin, lead and zinc
are added to improve the properties of brush
materials. Lead improves hardiness. Tin and zinc
strengthen the material, and lead acts as a lubricant.
The wear resistance of copper-graphite materials
obtained by powder metallurgy in the conditions of
brush operation is much higher, compared with
conventional brush materials.

Our experiments have shown that antifriction
materials based on copper are quite well applied to
the surface of parts by cold gas-dynamic spraying.
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Aluminum alloys as antifriction materials
have corrosion resistance in lubricants, sufficient
fatigue strength, relatively high burr resistance and
high antifriction properties. Aluminum alloys are used
in both monometallic and bimetallic versions.
Aluminum antifriction alloys are made by powder
metallurgy, have significant advantages such as low
specific weight, low cost and significant corrosion
resistance. These alloys are well suited for their
application on the surface of parts by cold gas-
dynamic spraying.

The purpose of the research is to analyze
antifriction materials and create antifriction layers on
friction surfaces by cold gas-dynamic spraying.

Presentation of the main material.

Liquid antifriction materials are used in most
industries, such as mechanical engineering and
agro-industrial complex. They contain a base
polymer with the addition of various additives.
Additives are strongly influenced by the operating
conditions of the friction unit, such as load, speed
and temperature; also the essential factors of
efficiency are viscosity of oil and a design of
lubricating system. The lubrication system must
provide an adequate pressure drop to ensure the
infow of liquid polymers to the required parts
depending on the viscosity. The narrow range of
effective operating spectrum and the complexity of
designing the pressure drop for the lubricant flow
complicates the use of liquid lubricants in extreme
operating conditions, when temperature and
pressure change significantly or there are gases and
radiation that may react with lubricant, deteriorating
its lubricant properties [3].

Solid antifriction materials have been
developed primarily for installations where liquid
antifriction materials are not effective, for example, in
areas of high temperatures, high and ultra-low
pressures, which are characterized by extreme
conditions [4]. Under these conditions, liquid
lubricants are inadequate both in terms of
maintaining antifriction properties and in terms of
design limitations.

Graphite was one of the first materials to be
used as a solid lubricant or as an additive to liquid
lubricants, which later led to the study of graphite-like
materials with a crystalline structure known as two-
dimensional (2D) materials. These antifriction
materials are used to reduce friction between metal
surfaces because they provide a low slip coefficient
between surfaces. Materials such as MoS2, h-BN
and boric acid, along with graphite, are among the
solid lubricants used in industry [5-6]. The layered
structure of these materials is responsible for the
lubricating properties in the friction zone, and each
layer of MoS2, h-BN and boric acid is covalently
linked to each other by sp2 or sps hybridization, which
leads to stronger bonds [7] . 2D materials, such as
graphene WS, are subject to severe wear but have
a very low coefficient of friction [8]. Antifriction



Ne 2 (105) Bibpauii 8 mexHiyi

materials include transition metal oxides, h-BN and
nitrocarbons, which have high wear resistance and a
lower coefficient of friction compared to graphene.
This behavior of 2D materials is related to the nature
of the internal interlayer bond with each atomic layer.
In low-friction 2D antifriction materials, the structural
layers are held in place by weak van der Waals
forces, which causes easy sliding between the layers
and reduces friction. Two-dimensional metal oxides
typically have a tetragonal or hexagonal structure in
which atoms are covalently bonded to each other,
causing high intralayer friction and reducing wear as
they reduce gaps between layers. The coefficient of
friction increases with increasing strength between
the ball joints, which reduces the wear of 2D
materials.

The most studied 2D materials are MoS:
and carbon-based compounds, including graphite
and graphene. The most well-known solid lubricant
for aerospace engineering in dry conditions is MoS..

In fig. 1 shows a schematic representation of
the most common solid antifriction materials.

Fricton can be quantified using the
coefficient of friction and wear rate. To effectively
study friction losses, it is important to understand the
underlying mechanisms of friction losses at the
atomic level. It is known that in the process of friction
there is heat, which is released through various
mechanical, physical and chemical interactions that
occur at the interface of the sliding surfaces. At the
same time, the complexity of the interactions of these
phenomena and the lack of a theoretical model of the
friction process complicates the quantitative and
gualitative assessment of the contribution of these
interactions.

Consider the sliding surfaces shown in Fig. 2
and their interaction.

Wear of sliding surfaces is caused by
deformation and destruction of the upper layers of
the part, which leads to its damage. Wear makes the
surface rougher, which increases friction. For solid
film lubricants, it is important that the lubricating film
does not undergo brittle fracture, but plastic
deformation. By changing the grain size and
orientation in 2 D materials. it is possible to control
the friction process.

P
%
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Fig. 1. Schematic image of various solid
antifriction materials. a - boron-based mixtures, b
— grafen, ¢ - Sulphides and selenides of
transition metals, d - ceramic materials with two-
dimensional structure, f - composite materials, k
- black phosphorus.

Lontact interactions
of friction surfaces

| Wearing out Thermal effect |
Adhesion Molecular
gluing aeformarion
Environment

Fig. 2. Scheme of interactions of friction
surfaces.

Under the action of friction forces, the
molecules at the boundaries of the sliding surfaces
collide with each other, and the interaction of the

68
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surface atoms of the thin film with the atoms of the
counterbody takes place. 2D materials are quite
smooth and have low roughness. They are easily
deformed or exfoliated depending on the strength
of adhesion of the surface layer. This deformation
of 2D layers due to the adhesion of atoms is
known as atomic corrugation. Corrugation of
atoms causes the deformation of molecules with
the release of heat. Significant contact load leads
to adhesion between atoms due to molecular
deformation. To avoid this contact interaction,
additional energy is required, which is released in
the form of heat of friction. The presence of
dislocations and inclusions increases the energy of
corrugation, because energy is lost in the form of
heat to overcome and move these defects. The
higher the number of dislocation movements, the
more heat is released due to molecular
deformation.

At a certain temperature, molecules and
atoms receive enough energy to move along the
contact boundary. The speed of these oscillations
can increase or decrease depending on the
ambient temperature or the heat released due to
friction in the contact zone, and also depends on
the potential for interaction between atoms and
molecules. When the interaction potential is large,
the overall effect of thermal activation on heat
release is slowed down, and more heat is required
to create such effects. This is due to the thermal
effect on the atoms, which facilitates sliding. The
thermal effect of heat dissipation depends on the
sliding speed and the roughness of the sliding
surface.

Friction welding is one of the most
important problems associated with increased
friction due to chemical interactions in the contact
area. Welding and bonding between surfaces can
occur between friction surfaces. The formation and
rupture of these bonds during movement between
the friction surfaces leads to increased friction and
accelerates the destruction and wear of the
surface layer of parts.

The wear process causes the metal bonds
to break and thus releases heat, as these
reactions are exothermic. Surface oxidation and
corrosion due to environmental influences are also
exothermic and lead to the release of heat. The
heat is released the higher the energy of the
dissociation of the connection. The binding energy
of different types of atomic bonds is presented in
table 1.
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Table 1. The energy of communication and melting
point of different types of glue.

Communication | Melting

;ﬁ)ﬁg of Material | energy point
(kcal/mol) (°C)

NaCl 153 801

lon MgO 239 1000
Si 108 1410

C 170 3550

Covalent | Hg 16 -39
Al 77 660

Metallic Fe 97 1538
w 203 3410

Van Der | Ar 1,8 -189
Walesa Clz 7.4 -101
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The properties of solid antifriction materials
depend on the environment. Chemical and
physical interactions between solid antifriction
material and the environment have a significant
impact on its tribological characteristics.

Graphite is known for its antifriction
properties, especially in humid environments.
Moisture leads to a weakening between the van
der Waals layered forces or broken bonds due to
saturation with H + and OH ions. Rough graphite
is used as an additive to solid antifriction materials
to improve their tribological characteristics,
especially in humid environments.

Since the discovery of graphite mixtures, they
have been recognized as a promising material that
could revolutionize, particularly in the electrical
industry. The tribological behavior of graphite
mixtures is also influenced by their structure, the
reactivity of different functional groups, chemical
affinity for environmental species and the
thickness of the surface layers.

The sliding friction on the surface of graphite
mixtures depends on the thickness or number of
atomic layers. As the number of layers increases,
the friction force decreases and does not depend
on the normal force, sliding speed and substrate
material.

Analysis of antifriction materials showed that
their application to the surface of parts can be
carried out using the process of cold gas-dynamic
spraying.

Analysis of antifriction materials showed that
their application to the surface of parts can be
carried out using the process of cold gas-dynamic
spraying.

The scheme of installation for cold gas-
dynamic spraying of antifriction surface layers is
presented in Fig. 3. [9, 15].

According to the scheme (Fig. 3),
compressed air is supplied through the hole 2,
passes through the holes 3 with a heated
nichrome spiral, in contact with which the air is
heated to a given temperature and enters the air
accelerator 6. As a result of accelerating
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compressed air part of the pressurizer 6, the air
pressure drops less than atmospheric, there is an
ejection effect, due to which the channel of the
nozzle 7 is absorbed spray metal powder and
enters the jet of heated compressed air. Moving in
the heated compressed air in the hole of the
nozzle 7, the metal powder is heated and then
transferred to the substrate forming a continuous
coating.
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By regulating the magnitude of the electric
current and, accordingly, the heating temperature
of the nichrome spiral and the flow rate of
compressed air, it is possible to influence the
heating parameters of metal powder particles and
set the optimal modes of functional coating. The
use of compressed air as a coolant creates safe
working conditions.
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Fig. 3. Gas-dynamic spraying device:
1 - housing; 2 - hole for compressed air; 3 - openings; 4 - ceramic disks;
5-abranch pipe; 6 - air accelerator; 7 - nozzle; 8 - electrical contacts;
9 - electrical insulators; 10 - crash; 11 - protective screen; 12 - thermal insulator

Based on the scheme, an installation is created,
which can maintain stable, regulated conditions for
spraying powder materials.

Powder copper C01-00 and powder graphite
with a particle size of 10.7 — 80.8 microns were used
for the research. The content of powdered graphite
was 5% of the total mass of the powdered copper-
graphite mixture.

The installation for cold gas-dynamic spraying
works as follows. Due to the effect of the ejection, the
sprayed copper-graphite powder is fed into the
airflow. Heated and dispersed powder in the airflow
reaches the surface of the substrate and forms a
solid layer of coating.

The amount of powder for one operation was
0,47 g. spraying distance — 10 mm. Aluminum plates
AA7075-T651 with a thickness of 4 mm were used
as a substrate. Before the study, the surface of the
plates was not further processed.

The study was conducted on three different
temperature  regimes of compressed air.
Temperature measurement was carried out using a
thermocouple built into the nozzle. Adjusting and
maintaining temperature were ensured with the help
of a smooth current regulator. Air pressure was
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maintained at a value of 0,5 MPa. The results of the
spraying are shown in Figure 4.

Fig. 4. Spraying figures: a —sample
Number 3, b — sample Number 2, ¢ — sample
Number 1.

The substrate was weighed before and after
spraying. All data were entered into Table 2, where,
T, the spraying temperature, m1 and m2 are the mass
of the substrate before and after spraying.
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Table 2. The effect of spray modes on the
powder utilization rate

Sample | T, ML, M2, MP, K,
Number | S° G G G %
And 350 10,41 10,45 0,04 8,5
Il 400 10,55 10,67 0,12 25,5
1 450 10,79 10,99 0,2 42,5

With the help of the application "Mass-centering
characteristics" of the software "Compass-3D", the
mass of the spraying figure as a solid composite
material made of the copper-graphite mixture was
determined. In the program "Compass-3D" designed
3D models of the resulting spray shapes by their real
size (Fig. 5).

To determine the mass of spraying figures, it is
necessary to know the density of the copper-graphite
mixture. This density was determined taking into
account the fact that one cubic meter contains 95%
copper with a density of 8990 kg / m3, which is
8540.4 kg and 5% graphite density of 2100 kg / m3,
which is 105 kg, so 1 m3 of the copper-graphite
mixture will weigh 8540,4 + 105 = 8645,4 kg, and the
density of such a mixture is p1=0,0086454 g / mm3.

The density of the coating p2 was defined as the
ratio of the mass of the weighted spray figure to its
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calculated volume obtained from the 3D model using
the "Mass-Centering Characteristics” application of
the Compass-3D software.

Fig. 5. 3D models of spraying figures, a —
sample No 3, b —sample No. 2,
¢ - sample Number 1

The porosity of the resulting J spray shapes
was determined by the formula:
] = % -100%. 1)

1
Thus, the proportion of air in the volume of the
spraying figure was determined.
The results of determining the porosity of the
spraying figures are presented in Table. 3.

Table 3. Determine the porosity of spray shapes

The estimated mass of Weighted mass Density Porosity
Sample | the spray figure for | Estimated volume, | of the spraying spray shapes spray shapes
Number | copper-graphite powder, | mm?3 figure, g J, %
g P2, g/mm3
0,24724 36,206894 0,04 0,006829 21
Il 0,34965 84,275364 0,12 0,00415 52
I 0,5914 162,907247 0,2 0,00363 58

In the course of the study, it was found that
compared to the material of the substrate AA7075,
the friction coefficient on the steel of which is 0,5,
friction coefficient for copper-graphite surface layer
on the same steel for sample No. 3 was reduced by
47% for sample No. 2 by 57%, for sample No. 1 by
62% This improvement in tribological characteristics
allows to form microfilms of solid powder materials
with the addition of graphite by cold gas-dynamic
spraying on worn surfaces of parts agricultural
machinery and machinery for other purposes. Given
that these coatings have significant porosity, this
opens up additional opportunities in improving the
antifriction properties of the functional porous coating
by impregnating pores with various lubricants.

One of the directions of creating surface
layers of parts with increased tribological
characteristics using gas-dynamic spraying is the
creation of composite coatings [10 - 13]. the
specified content of the components in the coating.

To obtain composite copper-aluminum
coatings on a steel substrate, a mechanical mixture
of copper powder C01-00 and aluminum A30-01 was

used. In Fig. 6 photos of these powders are shown.
For the study, the following modes of operation of the
gas-dynamic spraying device were selected: air
pressure Ro = 0,6 MPa, ejection pressure Re = 0,095
MPa, heating temperature of compressed air at the
entrance to the nozzle To = 300110 °C, spraying
distance 20 mm.
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Fig. 6. Photos of powders sprayed: a)
aluminum powder A 30-01, b) copper powder
C01-00
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The size of powder particles is one of the
most important parameters that determine the
possibility of its use in cold gas-dynamic spraying.
The size of these particles largely depends on the
quality and properties of the coatings obtained.

The average values of particle size dep. and
the standard deviation Sd, calculated by micrographs
shown in Fig. 7, are presented in Table. 4. The
maximum share by volume (mass) is occupied by
particles of 20-52 microns for aluminum and 42 - 78
microns for copper.

Table 4. Powder parameters

Powder dep, M Sd¢, mkm
30-01 3 15,8
0,3
From 01-00 4 26,6

6,4

To create composite coatings, mixtures of
copper and aluminum powders were prepared in the
proportions shown in Table. 5. The total weight of the
portion of the mixture for one spray was 0,5 grams.

The coefficients of spraying separately

aluminum and copper in the sprayed coating were
calculated by the measured coefficient of spraying
the mixture and the results of the elemental analysis
of samples on an electron microscope.

Table 5. Parameters of the mixture of powders

Mix number
Powder
1 2 3 4 5 6 7 8 9 10 11
From 01-00 1 o9,08|07|06|05|]04|03]02] 0,1 -
30-01 - 01(02|03|04|05|06 |07 ]08] 09 1
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Fig. 7. Micrograph of the grind of the
substrate with a composite coating copper -
aluminum.

Micrographs obtained on an electron
microscope were processed using photoM 1.21 and
determined the area of the content of each of the
components, that is, copper and aluminum. The
photo of the processed microsliff is shown in Fig. 8.

(CHIBATE ABTOMATHNECKM

Value: 251

Fig. 8. The results of processing the
micrograph of the grind with composite copper-
aluminum coating using photo M 1.21, and the
calculation of aluminum and copper content.

On Fig. 9 and 10, the results of calculations
on the mass content of aluminum and copper in the
coating (designated as Ccn and Cccy, respectively)
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depend on their mass content in the original powder
(designated as Cpa and Cycy, respectively) dotted
lines.

y = 79,003x® - 214,09x> + 199,99x* -
71,815x3 + 7,338x2 + 0,5835x - 0,001 (2)

where x is Cpn,and y is Ceal,

0,2 0,4 0,6 0,8 1,2

x = CpAl

Fig. 9. The absolute value of the
aluminum content in the coating Cca, depending
on its content in the source powder Cpa
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Fig. 10. The absolute value of the copper
content in the coating of Cccy, depending on its
content in the original powder Cpcy

y =-79,003x8 + 214,09x5 - 199,99x* + 71,815x8 -
7,338x2-0,5835x +1,0014.  (3)
where x is Cpcu,and y is Cecu ..

The patterns of change of coefficients of
spraying are analyzed. In Fig. 11 shows a change in
the spraying coefficients of the mixture of copper and
aluminum 1, only aluminum 2, and only copper 3
from the absolute mass content of aluminum in the
original powder mixture. Spraying coefficients are
calculated by the content of aluminum and copper in

the coating according to the formulas (4):
Cea

L
. Kamixn
pal

Kgar

(4)

_ Loru
Kaew = 7 Kamix
pru

where — the coefficient of spraying a mixture
of powder aluminum and copper.k s

k34 — powder aluminum spraying factor.

ksm, — powder copper spraying coefficient.

The obtained results for the coefficient of
spraying the powder mixture of copper and
aluminum are quite well approximated by parabola 4
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(Fig. 11). Dash line 5 shows the approximation of the
powder copper spraying coefficient, and 6 - the
coefficient of powder aluminum spraying. It is clearly
seen that at the initial concentration of aluminum,
which is less than 66%, the coefficient of spraying
powder copper is higher than the coefficient of
spraying powder aluminum. Both coefficients
gradually increase with an increase in aluminum
concentration until it reaches a value of 61%. At
concentrations of aluminum of more than 66%, the
coefficients of copper and aluminum spraying
approach each other and coincide with the coefficient
of spraying the mixture.

kaq
0,04 -
0,03 -

0,02 -

0,01

1
1,00 CpAl

T
0,75

Fig. 11. Dependence of the coefficients of
spraying the mixture: 1 —aluminum, 2 — copper, 3
— on the concentration of aluminum in the
original mixture; 4 — parabolic approximation of
the coefficient of spraying the mixture; 5 —
approximation of copper spraying coefficient; 6 —
approximation of aluminum spraying coefficient;
7 — coefficient of spraying the mixture according
to linear theory (when the components do not
affect each other).

The obtained data on the residual content of
the components in the coating allows you to choose
the composition of the original powder necessary to
obtain the specified content of the components in the
coating. For example, the maximum residual content
of copper (~ 95%) can be obtained by adding 30-
40% aluminum to the original powder. At this initial
concentration of aluminum, the copper spraying
factor will be 0.033%, which is significantly higher
than the coefficient of pure copper spraying (0.01%).
If, for example, you need to get a residual copper
content of 50%, then it is necessary to add 61%
aluminum to the original powder. In this case, the
coefficient of copper spraying will increase markedly
and will already be 15%, etc.

From this study, we can conclude that in the
process of spraying, the components of the mixture
affect each other. Presumably, the mechanism of
interaction of components is that they are with
different probabilities fixed on the surface, which
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consists of different materials (that is, the probability
of fixing copper particles on the surface of aluminum
particles is higher than the probability of fixing copper
particles on the surface of steel or copper particles
themselves).

Conclusions. The analysis of antifriction
materials is carried out, their advantages and
disadvantages are shown. The design and type of
installation for cold gas-dynamic spraying of
antifriction surface layers are described. Copper-
graphite powder with a particle size of 10,7 — 80,8
pum was used for the research. The possibility of
creating porous copper-graphite coatings and
composite copper-aluminum coatings with high
antifriction characteristics using cold gas-dynamic
spraying is shown. The coefficient of friction for the
copper-graphite surface layer on steel for sample
Ne1 was reduced by 47% for sample Ne2 by 57%, for
sample Ne3 by 62% compared to the uncoated part.

Samples with composite coatings from
mixtures of powders of aluminum and copper for
different initial concentrations of aluminum (from 0 to
100% in increments of 10%) were obtained. All other
things being equal (air pressure 0,6 MPa, wind
heating temperature 300 ° C).

The sputtering coefficients of the powder
copper-aluminum mixture and the residual content of
copper and aluminum in the obtained coatings were
measured. Regularities of the content of components
in the coating that allow you to choose the
composition of the initial powder required to obtain a
given content of components in the coating.

The obtained results confirm the possibility
of creating a variety of antifriction coatings on friction
pairs using cold gas-dynamic spraying, which can be
recommended to improve the tribological
characteristics of the components of machines and
mechanisms.

References

1. Holmberg, K.; Erdemir, A. Influence of
tribology on global energy consumption, costs, and
emissions. Friction 2017, 5, 263-284.

2. Tichy, J.A.; Meyer, D.M. Review of
solid mechanics in tribology. Int. J. Solids Struct.
2000, 37, 391-400.

3. Bermudez, M.D.; Jiménez, AE,;
Sanes, J.; Carrién, F.J. lonic liquids as advanced
lubricant fluids. Molecules 2009 , 14, 2888-2908.

4. Spalvins, T. A review of recent
advances in solid film lubrication. J. Vac. Sci.
Technol. 1987, 5, 212-219.

5. Shah, F.U.; Glavatskih, S.; Antzutkin,
O.N. Boron in tribology: From borates to ionic liquids.
Tribol. Lett. 2013, 51, 281-301.

6. Scharf, T.W.; Prasad, S.V. Solid
lubricants: A review. J. Mat. Sci. 2013, 48, 511-531.

7. Mannix, A.J.; Kiraly, B.; Hersam, M.C.;
Guisinger, N.P. Synthesis and chemistry of

74

ma mexHorsoegissx
2022

elemental 2D materials. Nat. Rev. Chem. 2017, 1.2,
1-14.

8. Winer, W.O. Molybdenum disulfide as a
lubricant: A review of the fundamental knowledge.
Wear 1967, 10, 422—-452.

9. Prystriy dlya  hazodynamichnoho
nanesennya pokryttiv z radial'noyu podacheyu
poroshkovoho materialu: pat. 110552 Ukrayina: MPK
S23S 24/00. Ne a 201405543 ; zayavl. 23.05.14 ;
opubl. 12.01.16, Byul. Ne1. [in Ukrainian].

10. Haydamak O. L. Savulyak V. I

Eksperymental'ne doslidzhennya protsesu
kholodnoho hazodynamichnoho nanesennya
pokryttya ta metodyka rozrakhunku yoho rezhymiv.
Visnyk Vinnyts'’koho politekhnichnoho instytutu.
2018. Ne 4(14). S. 88-94. [in Ukrainian]

11. Haydamak 0. L. Kholodne
hazodynamichne nanesennya pokryttya,

obladnannya ta tekhnolohiya. Materialy XLVIII
naukovo-tekhnichnoyi konferentsiyi pidrozdiliv VNTU,
Vinnytsya, 13-15 bereznya 2019 r. [in Ukrainian).

12. Haydamak O.L., Savulyak V.l
Doslidzhennya funktsional'nykh pokryttiv,
otrymanykh hazodynamichnym napylennyam, ta
perspektyvy yikh zastosuvannya u komp'yuterniy
tekhnitsi.- Naukovi pratsi VNTU.—2017.—Ne 2, 2017.
[in Ukrainian].

13. Haydamak O. L., Matviychuk V. A.
Stvorennya  kompozytsiynykh  elektro-providnykh
pokryttiv hazodynamichnym napylennyam. Vibratsiyi
v tekhnitsi ta tekhnolohiyakh. 2021. Ne 1 (100). S.
126-136. [in Ukrainian].

14. Matviychuk V. A., Haydamak O. L.,
Kolisnyk M. A. Pidvyshchennya sluzhbovykh
kharakterystyk  poverkhnevoho sharu detaley
shlyakhom zastosuvannya poverkh-nevoho
plastychnoho deformuvannya i hazodynamichnoho
napylennya. Vibratsiyi v tekhnitsi ta tekhnolohiyakh.
2020. Ne 2 (97). S. 90-100. [in Ukrainian].

15. Rubanenko O. YE., Les'ko V. O,
Polishchuk A. V., i Mel'nychuk D. O., Oso-blyvosti
ekspluatatsiyi vysokovol'thnykh elektrychnykh
vymykachiv. Visnyk Vinnyts'koho politekhnichnoho
instytutu, 2021. Ne 6, S. 82-87. [in Ukrainian].

CTBOPEHHA NOBEPXHEBUX LUAPIB
DETANEW 3 NIABULLEHUMU
TPUBONOrN4YHUMU XAPAKTEPUCTUKAMMU I3
3ACTOCYBAHHAM XonogHoro
rA3SOAUHAMIYHOIO HAMUINEHHA

OdHieto i3 nepewkod Ha  wnisxy
iHmeHcudikayii eupobHUYUX npouecie € 8iIOHOCHO
Mana cmilkicmb Oemanel e8y3nie o0bradHaHHs
uux eupobHuyux npouecie. Mana cmilikicmb
Oemarel 8UHUKae, Hacamreped, y napax mepms,
ocobnueo mux, WO npayrrome i3 3HaYHUM
HasaHMa)XeHHsIM 8 aspecusHux cepedosuLyax.
3HouweHHs1 nosepxHesux wapie demarieli MOXymb
pylHyeamu obnalGHaHHS, ma rnpu3gooumu 4o
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empam  eHepaemuy4yHux ma MamepianbHUX  2a300UHaMiYHO20  HanumneHHs. B cmammi
pecypcie. OOHUM 3 LWIIsIXie BUPIWEHHS 8Ka3aHOi  rokazaHa cxema i 8ud ycmaHOoeKU Orisi X0r100HOo20
npobnemMu € CmMBOPEHHSsI Ha [0BEePXHSIX mepms  2a300uHaMiYHO20 HarlusleHHsI Mo08epXHe8UX wiapie
yHKUiOHanbHUX nokpummie cmilikux 8 3a 00rnomMoe2ol0 MoPOWKOBUX aHMUPUKYIUHUX

azpecusHuUx cepedosuujax. HasedeHo mamepianis. [ns nposedeHHs docnidxeHb 6yrno
pesynbmamu aHarisy aHmMugpuKUiiHuX  euKopucmaHo MiOHO-epaghimosuli MopPowoK 3
enacmusocmeli mamepianie siki micmsamb MiOb, po3mipom 4YacmuHok 10,7 — 80,8 mkm. bBymno

071080, CBUHEUb, alloMIHil, ma roJiMepu. 8CMaHOoBIEHO, WO [IOPIBHAHO 3 Mamepiariom
lNoka3aHo nepesazu i Hedoniku aHMuUgpuKuitHux  nioknadku AA7075, koegbiuieHm mepmsi KO83aHHS
enacmueocmell  po3efiSHymux Mamepianie, a  HanuieHo20 MOoKPUMMs 3 8UKOPUCMAaHHAM MiOHO-
makoX MOXIUGICMb iX HaHEeCEeHHS1 Ha [M08ePxHi  epaghimoeo2o MopPowKy 3HU3UBCS Ha 47% - 62%.

demanel i3 3acmocyeaHHsIM Xos1l00Ho20  OmpumaHHi KOMMO3UuUyjtHi nokpummsi 3
2a300uHaMiyHOo20 HanusieHHsl. [lpoaHanizogaHo  MexaHiYHOI cymiwi ropowky antomiHito A30-01 i
BUKOPUCMAaHHS piOKux i meepoux  Mmidi CO01-00. OmpumaHo 3anexHocmi

aHmMugbpukuitiHux mMamepiarnie 8 sskocmi macmus.  KoepiuieHmie HanurneHHss anoMiHito i midi 8i0
lpudineHo ysacy mamepianam 3 KpucmarsiyHOK  8Micmy astoMiHil0 8 KOMMO3UUIUHIU CyMiwi, sika
cmpykmypoto nodibHor do cmpykmypu epachima,  Hanumwoemscs.  KoegbiuieHm  HanuneHHss  Midi
gidomux K 2D-cmpykmypu (0sosumipHi  susensembcs euwe KoeghiuieHma HanuieHHs

mamepianu). Haubinbw sus4YeHUMU 2D- amomiHito. Obudsa KoeghiuieHmu MOHOMOHHO
mamepianamu € MoS; | 3'€0HaHHs Ha oOcHo8i  36inbwyombCcs i3 3POCMAaHHSAM  KiflbKocmi
gyerieulo, BK/oYar4u epageH | epaghim.  anMmiHiegao20 MOPOWKY, MOKU 80Ha He docsigHe

[MokasaHa cxema 83aeMO0ii KOB3HUX MOBEPXOHb, eenuyuHu 61  %. [lpu  b6inbw  BUCOKUX
WO 8K/rYae MOMeKynspHy Oegopmauito, 3HOC,  KOHUEHmMpauisx arnroMiHIo (6inbwe 66%)

CK/erosaHHsl, mernnosull egekm i ennue  KoegiuieHmu HaruieHHsT antoMiHito, Mili i ix
HaeKonuuwHb020 cepedosuwa. [lokazaHo, WO  cymiwi 36izarombcs.

HaHeCeHHs1 Ha 108EPXHI0 Gemarneli Knroyosi csosa: aHmMuUPUKYIGHI
aHMUQPUKYIGHUX Mamepiarnig MOXHa  Mamepianu, Xoro0He 2a300uHaMidHe HaruseHHs,

30ilicHIo8amu 3  BUKOPUCMAaHHSIM  XO/100HO20  aHMUGPUKYIUHI MOKpUMMSI.
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