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Substantiation of informative amplitudes during registration of
acoustic emission signals from the friction zone of tribosystems

V.A. Vojtov, K.A. Fenenko, A.V Voitov

Kharkiv Petro Vasylenko National Technical University of Agriculture, Kharkiv, Ukraine
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Abstract

In this work, the dependence of the change in the probability density of the distribution of the number of
pulses and amplitudes of acoustic emission (AE) signals from the friction zone at the steady-state operation of
the tribosystem is obtained. Acoustic vibrations that the tribosystem generates during operation are due to the
impact interaction of the roughness of the friction surfaces of their elastoplastic deformation, processes of
formation and destruction of frictional links, structural and phase rearrangement of materials, the formation and
development of microcracks in the surface layers of contacting bodies, separation of wear particles. The
dependence allows you to determine a sufficient number of pulses in the signal frame and their amplitude values
for diagnosing tribosystems during their operation. The values of the informative amplitudes of the clusters are
experimentally substantiated K2, K3, K4 in relation to the base cluster K1. It is shown that an increase in the
informative frequency faggiyy from 250 to 500 kHz, increases the value of the informative amplitude to
17,6...43,75%. Based on the results obtained, it was concluded that this fact must be taken into account when
developing methods, which will increase the accuracy of diagnosing tribosystems.

The autocorrelation coefficient characterizes the closeness of the linear relationship of the current and
previous frames of the series for each of the analyzed clusters. By the value of the autocorrelation coefficient,
one can judge the presence of a linear relationship between the values of the recorded amplitudes, their
reproducibility in terms of recording time in the steady-state operation of the tribosystem.

To confirm the sufficiency of the selected number of pulses in the clusters of the AE signal frame, as well
as the reproducibility of the results of the analysis of frames when they shift in time of registration, an
expression is obtained for calculating the autocorrelation function, which reflects the relationship between
successive levels of the time series. Based on the results of the experimental data, the values of the
autocorrelation coefficients were calculated, equal to 0,82...0,92, which indicates the robustness of the chosen
diagnostic technique.

Key words: tribosystem; probability density; acoustic emission; cluster analysis; informative frequency;
informative amplitude; autocorrelation function.

Introduction

The first publications on the application of acoustic emission (AE) as a method for diagnosing friction
units, emerged in the late 1970s as a way to monitor friction and wear processes online. With the modern
development of means for recording signals, the use of this method makes it possible to obtain information on
the state of friction surfaces in the online mode.

Acoustic vibrations that the tribosystem generates during operation are due to the impact interaction of
the roughness of the friction surfaces of their elastoplastic deformation, processes of formation and destruction
of frictional links (mode stick-sleep [1]), structural and phase rearrangement of materials, the formation and
development of microcracks in the surface layers of contacting bodies, separation of wear particles.

Currently, acoustic emission is actually understood as a secondary process, which is a superposition of
signals from a huge number of elementary AE sources, i.e. acoustic radiation is a consequence of the collective
processes of structural units (material structural defects). Moreover, it is believed that this secondary process is
the result of the interference of primary acoustic waves that satisfy the coherence condition.

Copyright © 2021 V.A. Vojtov, K.A. Fenenko, A.V Voitov. This is an open access article distributed under the Creative Commons
@m_ Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
[ properly cited.
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Literature review

In works [2, 3] analysis of publications on the use of AE for diagnosing various tribosystems, where it is
concluded that studies on acoustic emission diagnostics of mechanisms are based on the use of discrete emission
features. As for continuous emission, it is characterized by the parameters — root-mean-square deviation, crest
factor, vibration spectrum [4]. In addition, time parameters are used (duration of the rise and fall of the pulses)
[4], parameters of pulse amplitude distribution and wavelet transform [5].

Based on the analysis of works [6-11], in work [12] it is concluded that a promising direction is the
substantiation of acoustic emission signs of defects invariant to signal amplitude scaling. This is due to the fact
that signal fluctuations, differences in the amplitude-frequency characteristics of the sensors, affect the
measurement result of energy parameters of emission, such as energy, average value of amplitudes, spectrum
and result of wavelet transform.

The work is devoted to the selection of informative AE parameters for diagnostics of tribosystems [13],
where it was theoretically and experimentally established that informative frequencies depend on the following
groups of factors: constructive; technological and operational. The degree of influence of the listed factors on the
change in the frequency range is determined. Operating factors (sliding speed and load) change the frequency
range from 106 to 584 kHz, technological factors (roughness of friction surfaces) change the frequency range
from 118 to 618 kHz, design factors (the value of the friction area of a fixed triboelement) change the frequency
range from 140 to 530 kHz. It is concluded that for effective diagnostics of tribosystems, it is necessary to first
determine the informative frequency range, taking into account the above factors.

To justify the choice of informative AE parameters in the work [14] a cluster analysis of AE signal
frames from the friction zone of the tribosystem was performed with the division of the signal into groups of
sources of its generation. A correlation has been established between the wear rate, the coefficient of friction and
the values of the peak factor of various clusters. It has been experimentally confirmed that the cluster analysis of
acoustic emission signals from the friction zone of the tribosystem allows identifying surface processes during
wear, thereby increasing the robustness and information content of the AE method. The authors conclude that
this analysis can serve as the basis for the development of a technique for diagnosing tribosystems during their
operation, which will allow you to measure the wear rate at any time and calculate the tribosystem resource.

Based on the performed analysis of the work, it can be concluded that to determine the wear rate and the
coefficient of friction during the operation of tribosystems (in the online mode), it is necessary to preliminarily
determine the informative frequency range and within the boundaries of this range perform separation of the AE
signal into components - clusters. Analysis of each cluster will provide information on a separate group of
processes occurring in the surface layers of tribosystem materials, which will increase the robustness of this
method and the information content of diagnostics.

Purpose

The purpose of this study is to substantiate informative amplitudes when registering AE signals from the
friction zone of tribosystems taking into account the values of informative frequencies.

Methods

Based on the formulas given in the work [13, 14], let us simulate the distribution of the number of pulses
in the general packet of AE signals from the friction zone over clusters K2 — K4. Experimental studies with the
registration of frames for the tribosystem: steel 40H (movable triboelement) + Br.AZh 9-4 (fixed triboelement)
at various loads, allows plotting the dependence of the probability density of the distribution of the number of
AE pulses from the friction zone over the amplitudes. During the experiment, frames of length t = 1*10 s. For
the above tribosystem on loads N = 500...1500 N band of informative frequencies for a fixed triboelement
Br.AZh 9-4 is in the range f,z4.) =250...500 kHz, this follows from the expression given in the work [14]:

fAE(fix) =N-&g - (Ut a5,) - Q—2,).
1

where fagix) — information frequency of AE signals from the friction zone, dimension 1/s;

n is the the total number of contact spots on the friction surface of a fixed triboelement is determined by
the formulas given in the work [14];

énx 1S the value of the deformation rate of the material of a fixed triboelement at a single spot of actual
contact, dimension 1/s, is determined by the formulas that are given in the work [14];

Liix 1S the Poisson's ratio of the material of the fixed triboelement.



8 Problems of Tribology

Results

The dependences of the probability density of the distribution of pulses and amplitudes in the AE signal
frame are plotted for the steady-state operating modes of the tribosystem in the boundary lubrication mode, fig.
1. Curves that characterize clusters K1, K2, K3, K4, obtained experimentally. The probability density of the
registered impulses of individual clusters Ny; we define in relation to the total number of pulses of the base
cluster.

The envelope curve of the probability density of the distribution of pulses and amplitudes in the AE
signal frame, curve 1, is approximated by the expression:

Nii _ Nks exp(— A
NZ NZ AKl )

where N; is the the number of pulses that the i-th cluster contains;

Ny is the total number of pulses in the cluster;

Nk1 is the the number of pulses that the 1st cluster contains K1;

Agi is the the magnitude of the amplitudes belonging to the i-th cluster;
Agq is the the magnitude of the amplitudes belonging to the cluster K1.

Nki
Ns

1,0

\ Kli

0,8 :
=

0,6

S\
0.4
SN )
1,5 3,0 4,5 6,0 AKI./ AKJ

Fig.1. Dependences of the change in the probability density of the distribution of pulses and amplitudes in the steady-state
operation of the tribosystem under load N = 1500 N: 1 — envelope curve
By progression of expression (2) we obtain:
N N
In NKI =In NKl +(- A
z z Ak 3)
Assuming that the number of pulses in the frame Ny is equal to the number of pulses in the base cluster
K1, expression (3) takes the form:

i).
1

A N

KL= _|n—KL,
Ay Ny (4)

The simulation results according to expression (4) make it possible to establish the value of the ratio of
amplitudes A; / Ax; to perform diagnostics tribosystems. The resulting value of the amplitude A4; is called the
informative amplitude that characterizes the i-th cluster.

For example, for tribosystem designs, where the informative frequency band corresponds gy =250
kHz, the total number of informative pulses during the signal registration time equal to t = 1*10"®s, will be Ny =
250 impulses. In the course of the experiment, at this informative frequency, the magnitudes of the amplitudes
were recorded, which, based on the work [13] characterize clusters K2, K3, K4. The results of calculation by
formula (4) make it possible to determine the excess of informative amplitudes relative to the base cluster K.

The magnitudes of the ratio of the amplitudes are:

- for cluster K2:

Az _ 100 g6
A 250 5)

- for cluster K3:
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Aes __n 20 _ 2,52

Ay 250 ©)
- for cluster K4:

Aka 1> _ 391

A 250 )

Pulse count values for a cluster K2, equal to 50 pulses; cluster K3, equal to 20 pulses; cluster K4, equal to
5 pulses, obtained experimentally.

For tribosystem designs, where the informative frequency band corresponds f,zx =500 kHz, the total
number of informative pulses during the signal registration time equal to t = 1*10°s, will be Ny = 500 impulses.

The values of the excess of informative amplitudes relative to the base cluster K7 make up:

- for cluster K2:

@ —_ Inﬂ =23
- for cluster K3:
A
K3 _ Inﬂ =321
A 500 )
- for cluster K4:
Axa _ Ini =46
Ay 500 (10)

The obtained values of the excess of the informative amplitudes of the clusters K2, K3, K4 relative to the
base cluster K1, allow you to clarify the data given in the work [13] and draw a conclusion about the dependence
of the informative amplitudes 4 from informative frequency faggivy. As follows from the formulas (5) — (10)
increase of informative frequency faggix from 250 to 500 kHz, increases the value of the informative amplitude
by 17,6...43,75%. This fact must be taken into account when developing methods, which will increase the
accuracy of diagnosing tribosystems.

To confirm the sufficiency of the selected number of pulses Ng; a certain amplitude 4y in the clusters of
the AE signal frame, as well as the reproducibility of the results of the analysis of the frames when they are
shifted in registration time, we will use the autocorrelation function, which reflects the connection between
successive levels of the time series.

The autocorrelation function can be quantitatively determined using the linear correlation coefficient
between the levels of the original frame of the AE signal amplitudes 4; and the levels of this series, shifted by
several steps in time A...

Autocorrelation coefficient of time series levels ra, measuring the relationship between adjacent levels of
a series A and 4., calculated by the formula:

i=1 i=1 , (11)

where 4, = ﬁ; A4 =2

Similarly, the autocorrelation coefficients of the second, third and fourth clusters of AE signal frames
shifted in time are determined by the formula:
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Vi = N — L = )
\/Z (At,Ki _At,Ki) 'Z(At—r,Ki - At—r,Ki)
= = , (12)
ZAthi ZAtfz',Ki

where Ay =0 A =T

Based on experimental data, according to the formula (12), autocorrelation coefficients were calculated
raxi- For the amplitudes that characterize the cluster K2, the autocorrelation coefficient is 0,92; for cluster
amplitudes K3, the autocorrelation coefficient is 0,88; for cluster K4, the autocorrelation coefficient is 0,82.

The autocorrelation coefficient characterizes the closeness of the linear relationship of the current and
previous frames of the series for each of the analyzed clusters. By the value of the autocorrelation coefficient,
one can judge the presence of a linear relationship between the values of the recorded amplitudes, their
reproducibility in terms of recording time in the steady-state operation of the tribosystem. High values of
autocorrelation coefficients, equal to 0,82...0,92, indicate the robustness of the selected tribosystem diagnostics
technique in the process of operation.

Based on the findings of previous work [13] let us formulate the physical meaning of the processes on the
friction surface of tribosystems, which are characteristic of the following clusters.

Signal source generating a cluster K2 are: jumps in deformation on the spots of actual contact, as a result
of which slip bands are formed; abrupt movement of the roughness ridges due to changes in the adhesion forces,
which in operation [1] named as mode stick-sleep.

Signal source generating a cluster K3 are: formation of fatigue cracks parallel and perpendicular to the
friction surface; separation of wear particles from the friction surface in the form of flakes or petals by the
mechanism of fatigue wear; separation of wear particles from the friction surface by the mechanism of "rolling"
of oxide films or secondary structures.

Signal source generating a cluster K4 are: microcutting and plastic creasing of the protrusions of the
friction surface roughness, which is characteristic of the first stages of running in.

Conclusions

The dependence of the change in the probability density of the distribution of the number of pulses and
amplitudes of acoustic emission signals from the friction zone at the steady-state operating mode of the
tribosystem has been established. The dependence allows you to determine a sufficient number of pulses in the
signal frame and their amplitude values for diagnosing tribosystems during their operation. The values of the
informative amplitudes of the clusters are experimentally substantiated K2, K3, K4 relative to the base cluster
K1. It is shown that an increase in the informative frequency fagix) from 250 to 500 kHz, increases the value of
the informative amplitude by 17,6...43,75%. This fact must be taken into account when developing methods,
which will increase the accuracy of diagnosing tribosystems.

To confirm the sufficiency of the selected number of pulses in the clusters of the AE signal frame, as well
as the reproducibility of the results of the analysis of frames when they shift in time of registration, an
expression for calculating the autocorrelation function is obtained, which reflects the relationship between
successive levels of the time series with autocorrelation coefficients equal to 0,82...0,92, which indicates the
robustness of the chosen diagnostic technique.
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BoiiToB B.A., ®enenxo K.A., BoiitoB A.B. O0rpyHTYBaHHA iHGOPMATUBHUX aMILIITY/l IPH peecTpamii
CHUTHAJIIB aKYCTUYHOI eMicii i3 30HH TepTs TPHOOCHCTEM

B po0ori npezacraBieHi pe3yabTaTH JOCTIHKEHHS 1II0JJ0 OOTPYHTYBAaHHS iHPOPMATHBHUX aMILTITY/ TIPU
peectpauii curHaiiB akyctuuHoi ewmicii (AE) i3 30HM TepTs TpuOOCHCTEM 3 ypaxyBaHHAM 3HAuYCHb
IHpOpPMATHBHUX YaCTOT.

OTprMaHO 3aJeKHICTh 3MIHM MIIJIBHOCTI HMOBIPHOCTI PO3IOJUTY KUTBKOCTI IMITYJIBCIB 1 aMIUTITYX
CHTHAJIIB aKyCTHYHOI e€MICil 3 30HM TEpTs Ha CTaJIOMY PEXHMi poOOTH TpUOOCHCTEMH. 3aJEKHICTh JO3BOJISIE
BHU3HAYUTH JIOCTaTHIO KUIBKICTH IMITYJIbCIB B (peiiMi CHrHaJiB, a TaKOX BEJIMYMHMA aMIUNTYH IS
JliarHOCTYBaHHSI TPHOOCHCTEM B ITporieci iX ekcruryaranii. EkcriepuMeHTabHO 00rpyHTOBaHI 3HAYE€HHS BETUUUH
iHQopMaTHBHUX aMIDITYn KiactepiB K2, K3, K4 momo 6a3oBoro kinactepa K. Iloka3aHo, 110 30iIbIICHHS
indopmaruBHOi wactotn fagsy 3 250 mo 500 kI, 36inbpInye 3Ha4YeHHS iHGOPMATHBHOI aMIUTiTynu Ha 17,6 ...
43,75%. Ha migcraBi OTpUMaHHX PE3YJIbTaTiB 3pOOJICHO BUCHOBOK, IO JAaHWH (hakT HEOOXiTHO BPaxOBYBATU
IpY po3poO1LIi METOAMK, IO Mi/IBUIIYE TOYHICTH A1arHOCTYBAaHHS TPUOOCHUCTEM.

Jlis migTBep KEHHS TOCTATHHOCTI BHOpPaHOi KUTBKOCTI IMITYJIBCIB B KilacTepax (perima curHaiiB AE, a
TaKOX BIJITBOPIOBAHOCTI Pe3yNIbTaTiB aHali3y (peiMiB NpH 3CyBi iX 3a 4acoM pericTpallii, OTpUMaHO BHUpa3 JUIs
PO3paxyHKy aBTOKODPEISIIHHOI (YHKII, SKa BimoOpa)kae 3B'I30K MiXK IMOCITIIOBHUMH DPIBHSIMH THMYACOBOTO
pany. 3a pe3ynbTaTaMH €KCIIEpUMEHTAIbHUX JaHUX PO3paxoBaHi 3HAYEHHS KOE(DilliEHTIB aBTOKOpENsii, sKi
nopiBHIOIOTH 0,82 ... 0,92, 1110 CBIAUNTH MPO pOOACTHICTH 0OPAHOI METOAUKH JiarHOCTYBaHHS.

KarwuoBi cmoBa: Tpubocucremy; HIJIBHICTH HMOBIPHOCTI; aKyCTHYHA €MICisl; KJIACTEPHHH aHais3;
iH(OpMaTHBHA YacTOTa; iH(pOPMATHBHA aMILIITY/]a; aBTOKOPENSLiiHa (YHKIIis.
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Abstract

The paper presents theoretical studies of changes in the structural viscosity of oil films on the friction
surface with fullerene compositions in the field of action of electrostatic forces of the friction surface and the
base lubricant.

A feature of the use of fullerene additives in lubricants is that fullerenes are readily soluble in a wide class
of organic and inorganic solvents. At the same time, poor solubility of fullerenes in technical oils (mineral, semi-
synthetic and synthetic).

The purpose of this work is to carry out theoretical studies of changes in the structural viscosity of oil
films on the friction surface with fullerene compositions in the field of action of electrostatic forces of the
friction surface and the base lubricant.

On the basis of the working hypothesis, it was theoretically established that for a thin oil film, located in
the field of action of electrostatic forces of the friction surface, it is necessary to consider the structural dynamic
viscosity of the lubricant, which at the friction surface has a gel structure, and as the electrostatic forces from the
friction surface decrease, the gel structure transforms into the sol structure.

It is shown that the value of the structural viscosity of the considered aggregates is comparable with the
viscosity of polymers or bitumen. Moreover, the viscosity of the gel structure is four orders of magnitude higher
than the viscosity of the sol structure. An increase in the concentration of fullerenes leads to an increase in the
dynamic viscosity of aggregates.

It is theoretically shown that the structure of the oil film, which corresponds to the structure of the gel,
belongs to the class of non-Newtonian fluids. With an increase in the sliding speed, the dynamic viscosity of
such structures decreases by a factor of 4, which explains the destruction of micelle clusters and the appearance
of rotational motions of elastic flocks. It is assumed that this will lead to a decrease in the value of the coefficient
of friction. It is shown that for the gel structure, the concentration of fullerenes in the bulk of the base lubricant
does not have a large effect on the structural viscosity. Conversely, for the structure of a sol, the concentration of
fullerenes has a significant effect on the value of the structural dynamic viscosity.

Key words: fullerenes; oil film; fullerene compositions; structural viscosity; sol structure; gel structure;
friction surface electrostatic field; dynamic viscosity

Introduction

A feature of the use of fullerene additives in lubricants is that fullerenes are readily soluble in a wide class
of organic and inorganic solvents. At the same time, poor solubility of fullerenes in technical oils (mineral, semi-
synthetic and synthetic). To date, the solubility has been determined and analyzed Cg in a lot of liquids. It is
shown that the solubility of fullerenes decreases with increasing polarity of the solvent. A number of unusual
properties of fullerene solutions have been revealed, so for some solvents the effect of anomalous dependence of
the solubility of fullerene on temperature was found. In the technical literature, there are publications that use the
preliminary dispersion of fullerenes in solvents, for example, vegetable high oleic oils, and then the introduction
of such compositions into technical oils. According to the authors of the work [1], this use of fullerenes gives a
better positive effect than the addition of fullerenes in the form of nanopowders to lubricants.

The general structural feature of liquid lubricants in the presence of fullerenes in them is that in the
volume of liquid clusters and micelles are formed. Thus, based on the findings [2] it can be argued that a viscous

@m_ Copyright © 2021 A.G. Kravtsov. This is an open access article distributed under the Creative Commons Attribution License, which
3 permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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liquid can be considered as a continuous dispersion medium, clusters and micelles as a dispersion phase.
Fullerene molecules that interact with each other and oleic acid molecules of vegetable oil form aggregates, and
the viscous liquid medium becomes structured. If the dimensions of the units change over time at a constant flow
velocity (sliding), then such a dispersed system is considered thixotropic [2].

Literature review

Author of the work [3] claims that structured fluids form aggregates in the form of doublets or chains,
chains can form a continuous grid. The interaction of aggregates in the volume of fluid is expressed in the
formation of sufficiently strong compounds, primarily of coagulation origin. Anisometric units (cylinders, disks,
ellipsoids) are able to rotate when the layers of liquid are shifted. According to the author of the work [3] the
rheological properties of suspensions are determined by the volume concentration of the dispersed phase, the
magnitude of the forces of interaction between aggregates and particles and the structure of the formed
aggregates. The author considers Brownian motion of particles to be the main factors influencing the process of
aggregate formation, gravitational and repulsive forces arising between particles, hydrodynamic interaction
between particles.

In our opinion, when considering the processes of friction and wear, when the friction surfaces
accumulate electrostatic charge, it is necessary to consider the forces of electrostatic interaction between the
units of the dispersed phase and the friction surface. It should be borne in mind that the concentration of units in
the field of electrostatic forces of the friction surface will be greater than at a distance from the surface where the
field does not act.

According to the conclusions of the work [2] dispersed phase units combined by external forces (in our
case electrostatic), in a continuous grid (framework) on the friction surface, acquire the properties of a "solid
body".

Minor external forces form an elastic deformation of the frame. At high enough voltages, the frame
collapses and the individual units disconnect. In this case, according to the authors [2], individual units (in our
case, fullerene molecules) can form a rotational motion between the friction surfaces. When such an interaction
mechanism occurs, the viscosity of the fluid gradually decreases [2].

The above conclusion is accepted by us as a working hypothesis of reduction of friction forces in
tribosystems in the presence of a dispersed phase in the lubricant, which will be further confirmed by theoretical
models and experimentally.

The presence in the volume of the lubricant of the dispersed phase in the form of clusters and micelles
requires, along with the total dynamic viscosity of the liquid, to consider the "structural viscosity". This concept
was introduced by W. Oswald in 1925 and was further developed in the work of M. Rayner [4]. The use of this
concept allows to take into account not only the dynamic viscosity of the liquid, but also the dynamic viscosity
of the units that are in the volume of the liquid, taking into account the shear rate.

The authors of the work [5] provides an overview of the literature on lubricants with added nanoparticles.
The effect of nanoparticles on the tribotechnical characteristics of oils is analyzed. It is noted in the work that the
use of nanoadditives to lubricants leads to an increase in the viscosity of the base medium, high bearing capacity
of the interface, reducing the coefficient of friction, increasing wear resistance.

It has been theoretically established that the use of fullerene "solvents"”, which can be high oleic vegetable
oils, can "start" the micelle formation process, where the nucleus of the micelle is a fullerene molecule
surrounded by molecules, for example, oleic acid. In works [6, 7] theoretical studies are presented, which
showed that the number of micelles is 50 times higher than the number of clusters in the base lubricating
medium at the same concentration of fullerenes, and the dipole moment of micelles is an order of magnitude
higher than the dipole moment of clusters. At the same time, micelles are more effective, where a single
fullerene molecule acts as a nucleus, rather than a cluster of fullerene molecules, which affects the size of the
formed micelles. The role of the friction surface on the formation of clusters and micelles in the lubricant film
near the friction surface is established. It is shown that under the action of the stress-strain state of the surface
layers, the friction surface acts as a "generator of an electrostatic force field", which affects the formation of an
electric field in the volume of the oil film. Expressions are obtained for calculating the value of the total
electrostatic field strength of the system "friction surface + lubricant".

Purpose
The purpose of this work is to carry out theoretical studies of changes in the structural viscosity of oil
films on the friction surface with fullerene compositions in the field of action of electrostatic forces of the

friction surface and the base lubricant.

Methods
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In developing a microreological model for the formation of a thin film of lubricant on the friction surface
under the action of electrostatic forces, the following assumptions were made.

1. The base lubricant is a viscous liquid with a known value of dynamic viscosity at 100°C 4,

dimension Pa-s.
2. Aggregates of micelles are considered as small rigid spheres. For example, the modulus of elasticity of

the fullerene molecule £, = (18—20)-10"" Pa, that is 10 times the modulus of elasticity of steel.

3. The modulus of elasticity of a liquid lubricant is E; =2-10° Pa. When a certain amount of fullerenes is
introduced into a viscous liquid, which have the value of the elastic modulus E; =18-10*" Pa it is necessary to
determine the value of the reduced modulus of elasticity of the lubricant — Eq. The value of the reduced
modulus of elasticity of such a dispersed medium will be influenced by the concentration of fullerenes in the
volume of the lubricant and the value of the intensity of the total electrostatic field of the system "friction surface
+ lubricant".

4. The dispersion of clusters and micelles in the volume of liquid lubricant outside the electrostatic field
of the friction surface is taken as the structure of the sol [4]. In this structure, stresses are perceived by a viscous
liquid medium and transmitted to elastic units. This structure has viscoelastic properties.

5. The dispersion of clusters and micelles near the friction surface (in the field of electrostatic forces),
take the structure of the gel [6], where between the micelles and the friction surface there are forces of
electrostatic interaction, which contribute to the formation of a framework of units, the cavities between which
are filled with a viscous fluid. This structure has elastic and viscous properties. Intermicellar forces can relax,
respectively, the structure behaves like Maxwell's body [4]. In such a structure, stresses are perceived by the
elastic elements of the units and transmitted to a viscous liquid medium.

Results

The value of the reduced modulus of elasticity of such a dispersed medium will be influenced by the
concentration of fullerenes in the volume of the lubricant, which can be determined by the following
expressions.

Mass concentration of fullerenes per unit mass of lubricant (1 kg) outside the action of the electrostatic
field of the friction surface, we express through the dimensionless coefficient:

" 1000’

M)

where M is the fullerene weight, gram;

1000 is the mass of the base lubricant into which fullerenes are introduced, gram.

Therefore, the concentration of the remaining part of the lubricant is expressed through the dimensionless
coefficient:

k =1-kK, . %)

The mass concentration of fullerenes per unit of lubricant on the friction surface, i.e. in the field of
action of electrostatic forces, we express through the Langevin function, which takes into account that the dipole
moment of the dispersed phase aggregates is directed with respect to the field of the friction surface at an angle,
which is expressed by the dependence:

hﬂ=ama—%, ®

where E — total intensity of the electrostatic field of the system "friction surface + lubricant”, V/m.
We express the concentration of the remaining part of the liquid through the dimensionless coefficient:

Ko =1k . @

I,el

Having obtained dimensionless coefficients that take into account the mass concentration of fullerenes
in the lubricant we can write expressions for determining the reduced elastic modulus of the lubricant for the
structure of the sol Eeqg, s and gel structure Ereq, o:

o _2kE kB
red,s — ! ' (5)
S ki -Ef+Kk -E
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Based on the expressions obtained (5) and (6) it is possible to determine the shear modulus of a
lubricant if it contains a dispersed phase of a certain concentration outside the action of the field of electric
forces of the friction surface — Gy s and near the friction surface, where the field of electrostatic forces acts —
Gred,g:

E
Gred s = = ’ Pa! (7)
(2+2-v)

Ered,g

G =—"-— Pa, 8
red,g (2+2'Vp) ( )

where v; is the Poisson's ratio of the dispersed phase is 0,3.

To improve the simulation accuracy, it is necessary to take into account the orientation of the dispersed
phase particles outside the action of the forces of the electrostatic field and near the friction surface, where these
forces act.

According to the authors of the works [2, 3] dispersed phase aggregates are ellipsoidal. Such
aggregates, outside the action of the electrostatic field, can perform rotational movements in the course of the
flow of a viscous fluid, and in the field of action of electrostatic forces of the friction surface, they can orient
themselves towards the friction surface. This orientation can be taken into account by the angle ¢, which is
determined between the normal to the friction surface and the main axis of the unit, in the form of an ellipsoid.
Taking this angle (in radians) as an average value, you can write an expression to determine the value ¢ggp for sol
and gel structures:

tgp, =th(h-1-10°), 9)
tgg, =th(0,12-h-1-10°%), (10)

where h is the thickness of the oil film on the friction surface, which is formed under the action of the
field of electrostatic forces of the friction surface, dimension m;

coefficient equal 1-10° is a conversion factor, dimension 1/m;

coefficient 0,12 takes into account the presence of a gradient of the electrostatic field strength with
distance from the friction surface, we obtained experimentally, the dimensionless quantity.

Based on the above expressions (9) and (10), as well as the formulas given in the works [8, 9], we have
obtained expressions for determining the dynamic viscosity of aggregates whose structure consists of Kelvin

bodies 1, and Maxwell bodies L, :

G s (1+19°

Ly = red,s( + g (Ds) Pass, (11)
G,y o (L+19°

1y, = red,g( g gpg) Pass, (12)
@ -9,

where o is the frequency of vibrations that are excited by protruding roughnesses on the actual contact
spots during sliding is determined by the expression:

=2 , 1/c, (13)
dacs
where vy is the sliding speed, m/s;
dacs 1S the diameter of the actual contact spot, dimension m.
Based on expressions (11) and (12), which determine the viscosity of aggregates in the form of a Kelvin
body and a Maxwell body, we can write an expression for the structural viscosity of the sol us and gel ug:
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U =Ky + K, 1y, Pas, (14)

ty =K + Ky, Pass, (15)

Dependences of the change in the dynamic viscosity of a thin oil film on the friction surface, which has
a sol structure us and gel structure x4 are shown in fig. 1 and fig. 2.

The nature of the change in the presented dependencies allows us to draw the following conclusions.

1. The value of the structural viscosity of the aggregates under consideration is comparable to the
viscosity of polymers or bitumen. In this case, the viscosity of the gel structure is four orders of magnitude
higher than the viscosity of the sol structure.

2. The structures under consideration belong to the class of non-Newtonian fluids, since their dynamic
viscosity decreases with increasing sliding speed.

3. An increase in the concentration of fullerenes leads to an increase in the dynamic viscosity of
aggregates.

* 2 *
/1-1’5 10 ; Pa*s \
12 \

B A\
\ \ 1,5% F
8 N
\ \ \ 1,0% F
6
\ \ Y 0,5% F
4

0,1 0.3 0.9 vy, mis

Fig.1. Dependences of the change in the dynamic viscosity of the sol structure on the slip rate and the concentration of

fullerenes
4]
/Mg *JO , Pa*s
12
1.5% F
10

\\\ 1,0% F
s _

N

Fig.2. Dependences of the change in the dynamic viscosity of the gel structure on the slip rate and the concentration of
fullerenes

As follows from the simulation results for the structures of sol and gel, the properties of a non-
Newtonian liquid are inherent. For an oil film on the friction surface, which has a gel structure, fig. 2, dynamic
viscosity decreases 4 times with increasing sliding speed. This phenomenon can be explained by the destruction
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of aggregates in the form of micelles and the appearance of rotational motion of flocks between friction surfaces
[2,3].

It should be noted that for the gel structure, i.e. for an oil film in the field of action of electrostatic
forces of the friction surface, the concentration of fullerenes in the bulk of the base lubricant does not have a
large effect. Conversely, for the structure of the sol, fig. 1, the concentration of fullerenes has a significant effect
on the value of the dynamic viscosity.

Conclusions

Based on the working hypothesis, it was theoretically established that for a thin oil film located in the
field of action of electrostatic forces of the friction surface, it is necessary to consider the structural dynamic
viscosity of the lubricant, which has gel structures at the friction surface, and as the electrostatic forces from the
friction surface decrease, the gel structure transforms into the sol structure.

The structure of such a film, which corresponds to the structure of the gel, belongs to the class of non-
Newtonian liquids. With an increase in the sliding velocity, the dynamic viscosity of such structures decreases
by a factor of 4, which is explained by the destruction of clusters and micelles and the appearance of rotational
motions of elastic flocks. This will lead to a decrease in the value of the coefficient of friction. These theoretical
conclusions will be confirmed by experimental studies and published in our further works.
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KpaBuos A.I'. JlocmijpkeHHST CTPYKTYpHOI B'SI3KOCTI MAacTWJIBHHMX IUTIBOK Ha TIOBEpXHI TepTs 3
(bynepeHOBUMH KOMITO3UIIISIMA

VY poboti npezacTaBieHi TEOPETUYHI JOCTIKEHHSI 3MIHH CTPYKTYPHOI B'SI3KOCTI MacTHJIBHUX IUIIBOK Ha
TIOBEpXHI TepTs 3 (PyJepeHOBUMH KOMIO3HUIISIMU B TI0JI€ JIil €IEKTPOCTATHYHHUX CHJI TIOBEPXHI TepTs i 6a30BOro
MaCTHJIFHOTO MaTepiaiy.

Ha migcraBi po60o4oi TinoTe3u TEOPETHYHNM IUITXOM BCTaHOBJIEHO, IO JUTS TOHKOI MacysIHOI IUTiBKH, 110
3HAXOJUTKCS B ITOJI1 JIii ENEKTPOCTATHYHHUX CHJI TOBEPXHI TepPTsl, HEOOXITHO PO3TIISAATH CTPYKTYPHY TUHAMIUHY
B'S3KICTh MAaCTWJIHOTO Martepiaiy, SIKHMi y TIOBEpXHI TepTs Mae CTPYKTyp Telio, a B Mipy 3MEHIICHHS
EJIEKTPOCTATUYHHX CHJI BiJI IOBEPXHI TEPTS - CTPYKTYypa I'elli0 MEePEX0IUTh B CTPYKTYPY 30II0.

[lokazaHo, 110 BeNWYMHA CTPYKTYPHOI B'S3KOCTI PO3IJSIHYTHX AarperariB IOPIBHSHHA 3 B'SI3KICTIO
nomiMepiB abo GitymiB. [Ipy bOMYy, B'SI3KICTH CTPYKTYPH TEJIIO Ha YOTHPH MOPSIIKU BUILE B'SI3KOCTI CTPYKTYPH
30)10. 30UTBIICHHS KOHIICHTPAIIT (PyJIepeHiB MPU3BOAUTH JI0 30UTBIICHHS JUHAMIYHOI B'SI3KOCTI arperaris.

TeopeTnyHUM NUITXOM MOKA3aHO, IO CTPYKTypa MAaCTHJIBHOI IUTIBKH, SIKa BIINOBIAA€ CTPYKTYpI TeIo,
BIJTHOCUTBCSI JI0 KJIaCy HEHBIOTOHIBCHKMX piguH. [Ipn 30inbIIeHH] MIBUIKOCTI KOB3aHHS JHMHAMIYHA B'S3KiCTh
TAKUX CTPYKTYp 3MEHIIYETHCS B 4 pa3u, IO IMOSCHIOEThCS PYHHYBAHHS KIAacTepiB 1 MUIEUT 1 IOSBOIO
00epTaNbHUX PYXIB NPYKHHUX (IOKIB. 3p00JIEHO TPHIYIISHHS, IO 1€ MPU3BEAE [0 3HIDKCHHS BEIMYMHU
koedirienta Teptsa. [lokazaHo, IO Ui CTPYKTYpH Telli0, KOHIEHTpamis ¢yjiepeHiB B 00’eMi  06a30BOro
MacTHWJILHOTO MaTepially BEJIMKOrO BIUIMBY Ha CTPYKTYpPHY B'SI3KICTh He poOWTH. | HaBHaku, JUIsl CTPYKTYpH
30JIF0, KOHIICHTpAIIisl PyJIepeHIB POOUTh ICTOTHUI BIUIMB HA BEJIMYUHY CTPYKTYPHOI JMHAMIYHOI B'SI3KOCTI.

KurouoBi cioBa: ¢ynepenn; mactuibHa IUTiBKa; (ylIepeHOBI KOMIIO3UIIT, CTPYKTypHa B'SI3KICTB;
CTPYKTYpa 30J110; CTPYKTYpa T'eJIi0; SJICKTPOCTATHYHE 0JIe MIOBEPXHI TEPTsI; TUHAMIUHA B'SI3KICTh
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Abstract

Friction units for automotive and special vehicles are designed to operate under boundary friction
conditions. Modern vehicles contain friction assemblies that use friction materials. Currently, friction materials
are actively used: based on thermosetting resins; pulp and paper-based materials; sintered powder materials;
materials of carbon or carbon composition; materials with a ceramic matrix. The development of a unified
understanding of the effect of the size and chemical nature of ceramic additives on the processes occurring in a
friction material during friction is very important and can be obtained both on the basis of experimental and
theoretical studies. The paper presents the results of a study of the effect of submicron TiO2, Cr203, AIN
powders with a size of 0.2-0.5 microns on the tribotechnical properties of a frictional material based on copper
intended for operation under boundary friction conditions. It was found that when using the addition of Cr203
powder, the greatest increase in the value of the friction coefficient is noted - from 0.042 to 0.082, a slightly
smaller increase in the friction coefficient is shown by the use of AIN and TiO2 defects - 0.042-0.074 and 0.042-
0.060, respectively. The least wear of the friction material was obtained when using 3.0 vol. % aluminum nitride
additive - 2.1 microns / km. Increasing the addition of any of the submicron powders by more than 7 vol. %
leads to a significant decrease in wear resistance. This is due to the formation on the surface of the friction
material of a modified layer containing ceramic particles and the metallic phase of the friction material. For the
friction material, an unstable value of the friction coefficient and increased wear were recorded.

Key words: friction material, coefficient of friction, wear, ceramic particles, bronze.
Introduction

Friction units for automotive and special vehicles are designed to operate under boundary friction
conditions. Boundary friction is realized when the thickness of the lubricating layer on the contact surfaces of
friction is at least 0.1 um, capable of physical adsorption or chemical reaction. At present, sintered friction
materials based on copper are most widely used for operation under boundary friction conditions. This group of
materials is characterized by a high value of the coefficient of friction, wear resistance, coefficient of thermal
conductivity and service life. However, at present, higher values of tribotechnical and physical-mechanical
properties are required. This is achieved through the use of additives of metal and ceramic powders. The most
commonly used ceramic powders are 10-200 microns. However, the use of submicron ceramic powders with a
size of less than 1.0 um as an additive in a sintered friction material based on copper is of scientific and practical
interest.

Literature review

Modern vehicles contain friction assemblies that use friction materials. Currently, friction materials are
actively used: based on thermosetting resins; pulp and paper-based materials; sintered powder materials;
materials of carbon or carbon composition; materials with a ceramic matrix [1-7].

Sintered powder friction materials are designed to work in severe operating conditions - temperatures up
to 950 [IC, sliding speed up to 80 m /s, pressure up to 5 MPa. Sintered materials on copper and iron bases are

@m_ Copyright © 2021 A.V. Leshok, A.V. Dykha. This is an open access article distributed under the Creative Commons Attribution
=3 License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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most widely used in hydromechanical transmissions of automotive vehicles, parking brakes, on-board clutches
of civil and special-purpose vehicles. Materials of this group are characterized by high wear resistance and heat
resistance, mechanical strength. They consist of a metal matrix, and additives for various functional purposes,
designed to increase the wear resistance, resistance of the friction material to the formation of a scuff, as well as
imparting the required value of the coefficient of friction [8-10].

Providing the required value of the coefficient of friction of the friction material is possible in several
ways: by changing the structure and composition of the metal matrix, using additives of metallic and non-
metallic powders of various chemical nature. Considering the compositions of sintered friction materials, it can
be noted that ceramic powders in the form of oxides, nitrides, borides are used as an additive that increases the
value of the friction coefficient [11-17].

The presence of solid particles in the structure of the material allows localizing seizure in small areas of
the surface, avoiding seizing and reducing the intensity of wear [18]. The process of friction and wear of a
material containing solid inclusions can be considered as a process of continuous formation, change and
destruction of frictional bonds at the points of actual contact.

Titanium dioxide is widely used in industry as an additive of low cost, characterized by stable properties
and non-toxicity. In [19] it is noted that titanium dioxide is characterized by a very high specific surface area, up
to 600 m2 / g, and a low thermal conductivity.

Chromium (111) oxide Cr203 is a typical amphoteric oxide with a corundum-type structure (a-form),
thermal and moisture resistance, high microhardness - up to 2940 kgf / mmz2, the highest strength of all
chromium oxides [20, 21].

The choice of aluminum nitride as an additive in the composition of the composite friction material is
based on the fact that it has good thermal conductivity, low temperature coefficient of linear expansion (4.6 10-6
K-1 at 20 - 500 ° C), high hardness (9 on the Mohs scale) and resistance to thermal shock [22].

In [10, 23, 24] it is indicated that the size of ceramic additives used in the compositions of friction
materials can vary from 1 to 600 microns. It is noted that the optimal size of SiO2 particles is 20-60 microns,
since at a particle size of 1 micron, their abrasive properties are lost, and at more than 60 microns, particles in the
process of friction crumble from the surface, causing its wear, and quartz sand particles - 63- 160 microns.
However, in [25] it is noted that the particle size of the SiO2 powder should be 20 um to ensure an effective
abrasive action.

The development of a unified understanding of the effect of the size and chemical nature of ceramic
additives on the processes occurring in a friction material during friction is very important and can be obtained
both on the basis of experimental and theoretical studies.

Purpose

Investigation of the effect of submicron ceramic powders TiO,, AIN, Cr,O3 on the tribological properties
of a friction material.

Methods

A mixture of copper powders with 12% tin and 30 vol.% Elemental graphite GE-1 was used as the basis
for the friction material. The initial charge was obtained by mixing powders of copper grade PMS-1 with an
average particle size of 100 um, tin grade PO 1 with an average particle size of 20 um, elemental graphite grade
GE-1 (GOST 7478-75), which has a flake shape, with an average size of flakes 100 um in a "drunken barrel"
mixer for 45 minutes. For the formation of friction materials, 7 types of charge were used based on copper with
additions of TiO,, AIN, Cr,O3 powders in the amount of 1.0-7.0 wt. % with a step of 1.0 wt.%. Figure 1 shows
the appearance of TiO,, AIN, Cr,0; powders used for research. Powders with high activity are presented in the
form of agglomerates, while themselves having a size of less than 1.0 um.

Titanium dioxide is agglomerates with a size of 100-150 microns, consisting of submicron powders,
predominantly spherical, up to 0.2 microns in size (Fig. 1a). Aluminum nitride also represents agglomerates with
an average size of 20 um, with a particle size of 0.5 pm (Fig. 1b). Chromium oxide powder consists of
agglomerates 20-30 microns in size, including spherical particles 0.2-0.4 microns in size (Fig. 1c).

Samples of friction discs for testing were prepared as follows: the resulting mixture from the initial
powders was applied by free pouring onto the surface of a steel base using special technological equipment, then
preliminary sintering was carried out in dissociated ammonia at a temperature of 840 © C for 50 min. The
sintered blank of the friction disk was subjected to plastic deformation (embossing) with a punch having a profile
in the form of a "mesh" on the surface, for molding a system of oil channels and grooves on the surface of the
sintered material, as well as obtaining a porosity of 12-18%. Then the final sintering was carried out under a
pressure of 0.1 MPa in a dissociated ammonia medium, which contains,%: H2 - 75, N2 - 25 at a temperature of
840 ° C for 3 hours.
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Fig. 1. Ceramic additives used for research in the composition of a composite friction material based on
copper” a) TiO2; b) AIN; ¢) Cr203

The principle of the tribological testing method was to simulate the braking process on the IM-58 inertial
stand in the “A” oil medium during registration of the change in the moment of friction forces depending on the
speed and time of braking [10]. The coefficient of friction and wear of the material was fixed after 500 test
cycles. Measurement of material wear was carried out using MK 25-1 micrometer GOST 6507-90.

The tests were carried out under the following conditions:
- initial braking speed — 19 m/s;
- specific load — 0.85 MPa;

- moment of inertia of flywheel masses — 0.56 Nemes?;

- friction work — 27.5 kJ;

- the coefficient of mutual overlap —0.29.

A disc made of 65G steel with a hardness of 260-320 HB and a roughness of the working surface of Ra
0.7-0.8 was used as a counterbody.

The structure was studied using an optical microscope MEF-3 (Austria). The morphology of the friction
disk friction surface and its microstructure were investigated on a high-resolution scanning electron microscope
MIRA (Czech Republic) with an INCA 350 X-ray microscope attachment from Oxford Instruments (Great
Britain). Non-etched areas were examined in a cross section perpendicular to the deposited layer. The strength of
the powder material was determined by compressive testing of specimens 20 mm high, 15 mm wide and 15 mm
long on a Tinius Olsen H150K-U testing machine at a loading rate of 2 mm / min.

Results

A very important condition for the use of ultrafine powders is their uniform mixing. Having a high
activity, such powders are capable of forming agglomerates, which affects the properties of the finished product
[26]. After mixing the initial charge of the friction material, a fairly uniform distribution of the addition of
submicron particles of TiO,, AIN, Cr,05; powder on the side surface of the copper powder is observed (Fig. 2).
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Fig. 2. Distribution of the addition of submicron powder particles in the friction material™ a, b) TiO2; c, d)
Cr20g3; ¢, f) AIN

In fig. 3a shows the dependences of the change in the friction coefficient of the friction material on the
content of the used additives of submicron powders. The addition of Cr,O3 powder provides the greatest increase
in the value of the friction coefficient - from 0.042 to 0.082, slightly less - the addition of AIN and TiO, powders
- 0.042-0.074 and 0.042-0.060, respectively.

The least wear of the friction material was observed when using 3.0 vol. % aluminum nitride additive
- 2.1 microns / km. The wear of the material with the addition of 1.0 vol.% Chromium oxide is 2.6 um / km.
Titanium oxide in the amount of 0.5-7.0 vol. % has a lesser effect on reducing material wear. When the additive
is increased by more than 7 vol. %, material wear is noted above the established value of 9.0 um / km (Figure
3b).

0.09 9
a 8
0,08
£ L Cry0; 7r
2 007 1 8
& | AIN =00
o g5 -
= 0,06 , =)
8 I~ Tio 5
2 0,05 : 23
8 5 L
© 0,04
Lk
0,03 0 : : ‘
0 1 3 5 7 0 1 3 5 7
Content, vol.% Content, vol.%

Fig. 3. Change in the coefficient of friction and wear of a friction material based on 12% tin bronze with 30
vol.% GE-1 versus the amount of addition of submicron ceramic powders TiO,, AIN, Cr,0O3

In the process of friction, a modified surface layer is formed, which can be present both on one of the
friction surfaces, and on both. The formation of such layers during friction was noted in his works by the famous
scientist L.l. Bershadsky, pointing out that such layers have a structure different from the structure of the initial
materials, and determine the value of the coefficient of friction and wear [27]. These processes are discussed in
great detail in the works of B.l. Kostetsky and representatives of his school [28].

Investigations in characteristic X-ray radiation over the surface area of the friction material showed
the presence of such a layer. The layer is a mechanical mixture of the metallic phase of the friction material (tin
bronze) with submicron ceramic particles (Fig. 4).
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Fig. 4. Micro X-ray spectral analysis of the friction surface of a friction material containing submicron
ceramic powders (300 test cycles): a) TiO,; b) Cr,0g; ¢) AIN

It is noted in [29] that when ceramic particles of Al,O; with a size of 100 pm are used in the
composition of a sintered friction material, the friction surface is modified. It manifests itself in plastic
deformation of the softer friction material, with an increase in wear. In addition, it is marked by the closure of
the surface pores of the friction material. The effect of closing the pores is highly undesirable, since they, being
additional sources of lubrication, preserve the conditions of boundary friction. To a greater extent, the effect of
lubrication from the pores is manifested in the case of prolonged sliding, for friction materials called the slipping
process.

It has been found that the use of additives of ultrafine powders TiO,, Cr,0s, AIN in the range of 0.5-
7.0 vol.% Preserves the structure of the surface layer of the friction material (Fig. 5). The presence of pores on
the friction surface can be noted. In the case of an increase in the particle size of the TiO, defect to 100 pm,
already at 3.0 vol.% On the friction surface of the friction material, plastic deformation is recorded, the
formation of directed friction tracks from the abrasive action of ceramic particles, as well as the closure of
surface pores (Fig. 5d). For the friction material, an unstable value of the friction coefficient and increased wear
were recorded.
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Fig. 5. Morphology of the friction surface of a friction material based on copper containing additives of ceramic
powders (a - 7.0 vol.% TiO, (0.2 pm); b - 7.0 vol.% AIN (0.5 pm); ¢ - 7.0 vol.% Cr,053 (0.3 pm); d - 3.0 vol.% TiO,
(100.0 pm)) after 500 test cycles

Conclusions

The addition of submicron powders of TiO2, Cr203, AIN (0.2-0.5 pm) into the sintered friction material
based on copper leads to an increase in the value of the friction coefficient. So, when using the addition of
Cr203 powder, the greatest increase in the value of the friction coefficient is noted - from 0.042 to 0.082. A
slightly smaller increase in the friction coefficient is shown by the use of AIN and TiO2 defects - 0.042-0.074
and 0.042-0.060, respectively. It was found that the least wear of a friction material based on copper operating
under boundary friction conditions was observed when using 3.0 vol. % aluminum nitride additive - 2.1 microns
/ km. The wear of the material with the addition of 1.0 vol.% Chromium oxide is 2.6 um / km. Titanium oxide in
the amount of 0.5-7.0 vol. % affects wear resistance to a lesser extent. Increasing the addition of any of the
submicron powders by more than 7 vol. % leads to a significant decrease in wear resistance.
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Jlemok A.B., Ipixa A.B. 3aKOHOMEPHOCTH BIUSHUSI CyOMHKPOHHBIX K€paMHUUECKUX IMOpomikoB TiOs,
AIN, Cr,0; Ha TprOONIOrHuecKue CBOMCTBA (PUKIMOHHOTO MaTepuaa

VY3761 TpeHus s aBTOMOOMJIBHOM ¥ CIIENMaIbHON TEXHUKH IpeAHa3Ha4YeHbI JUIs paboThl B YCIOBHUSX
rpanngHOro TpeHusi. CoBpeMeHHbIE aBTOMOOMIM COAep)KaT (PPUKIMOHHBIE Y3IIbI, B KOTOPBIX HCIIONB3YIOTCS
(pUKIMOHHBIE MaTepuaibl. B HacTosIee BpeMsi akTHBHO HCIOJIB3YIOTCS (DPUKIIMOHHBIE MaTepHalIbl: Ha OCHOBE
TEPMOPEAKTHBHBIX CMOJI; LEJUIIOJIO3HO-OyMakHbIE MaTepuallbl; CIICUYCHHBbIE MOPOIIKOBBIE MaTepHalbl;
MaTepHabl YIIepoJHOTO WU YIIIEPOTHOTO COCTaBa; MaTepualibl C KepaMiyecKol MaTpuieil. PasBurtue equHoro
TIOHUMaHHUS BIMSHUS Pa3Mepa U XUMHUYECKOH MPHUPOIbI KEPAMUYECKHX T00aBOK Ha MPOILECCHI, IPOUCXOISIINE B
(pUKIMOHHOM MaTepHuaje TIpH TPEHHH, OYEHb BaXHO M MOXKET OBITh TMOIY4E€HO KaK Ha OCHOBE
9KCTIEPUMEHTAIIBHBIX, TAK M TEOPETUUECKHUX HCCIIeIoBaHNNA. B paboTe npencTaBieHs! pe3yiabTaThl HCCIIeIOBaHHS
BIHSAHUS CyOMHKpOHHBIX nopomikoB Ti02, Cr203, AIN pasmepom 0,2-0,5 MKM Ha TpHOOTEXHIYECKHE CBOICTBA
(DPUKIIMOHHOTO MaTepHata Ha OCHOBE MeIH, MPeAHA3HAYEHHOTO JUIsl paboThl B YCIOBUSIX TPAHUYHOTO TPEHHS.
YcTaHOBIIEHO, YTO TIPH HCIIOIb30BaHMM A00aBku mopomka Cr203 ormeuaercss HanOoOJbIlee YBEIWYEHHE
3HaueHus kodddummenta Tpenus - ¢ 0,042 mo 0,082, HeCKOJIBLKO MEHBIIIEE YBETHUCHHE KO GUIMCHTa TPSHUS
Mmokas3piBaeT wucnonb3oBanue nepexkroB AIN u TiO2 - 0,042 -0,074 u 0,042-0,060 COOTBETCTBEHHO.
Haunmenpnmii n3HOC (pUKIMOHHOTO MaTepralia ObLI Moy4eH npu ucronbs3oanuu 3,0 00. % n06aBku HUTpUAA
MFOMHHUA - 2,1 MKM / KM. YBenudeHue 100aBICHUS 0000 U3 CYOMHKPOHHBIX TIOPOIIKOB Ooiee yeM Ha 7 00.
% TPUBOIUT K 3HAYMTEIHLHOMY CHMI)KEHHIO U3HOCOCTOMKOCTH. DTO CBS3aHO C 00pa30BaHMEM Ha ITOBEPXHOCTH
(pPUKIMOHHOTO MaTepuasia MOJU(MUIIMPOBAHHOIO  CJIOS, COJAEpXKAllero KepaMH4YeCKWe 4YacTUIBl U
Metayumueckylo  ¢asy ¢dpuxkumonHoro Matepuana. Jlns  QpuknmoHHoro Matepuana  3aMKCHPOBaHO
HecTaOMIIbHOE 3HaYeHHEe KO QUIIMEHTA TPEHUS U IOBBIIICHHBII H3HOC.

KnioueBble ciioBa: GpUKIMOHHBIN MaTepuan, KO3()(QUIHUEHT TPEHHUs, U3HOC, KEPAMUUECKHE YAaCTHIIBI,
OpoH3a.



Problems of Tribology, V. 26, No 1/99-2021,28-32

/—\ Problems of Tribology
PT Website: http://tribology.khnu.km.ua/index.php/ProbTrib

E-mail: tribosenator@gmail.com

DOI: https://doi.org/10.31891/2079-1372-2021-99-1-28-32

Closed ventilation and filtering system for cleaning of welding aerosols at
deposition

V. Chigarev', Yu. Logvinov®”

1Mar*iupol State higher educational institution 'Priazovsky state technical university, Mariupol, Ukraine
#Mariupol institute InterregionaLAcademy of Personnel Management city of Mariupol. Ukraine
E-mail: 071og07 @gmail.com

Abstract

In the article the questions of development of construction of the closed ventilation and filtering system
(CVFS) are considered on cleaning of air-gas mixture at deposition. The offered system consists of gas in-take,
filters, containers for assembling of hard parts, hard constituent of welding aerosol (TSSA), by the gaseous
constituent of welding aerosol (GSSA) and corps, special vent system with adjusting of speed and volume of
extraction. Conducted research for cleaning of welding aerosols (SA) at deposition of high wear proof alloys of
type of sormite with the use of the CVFS. Special CVFS is used, filters in particular mechanical, electric,
chemical (sorption). Extraction of air-gas mixture from the area of melting of electrode and welding bath of is
carried out by the pipe of small diameter, with adjusting of speed and volume of extraction passes the system of
filtration the special vent system where clears up from TSSA. Thus cleared gas mixture is used as gas defense at
depositing.

It is necessary it is not simple to catch SA, but to filter in the closed system, clean and give filtered clean
y air in the area of deposition, technology and metallurgical properties of process of depositing must not be
broken here. Features of the mechanical cleaning are in technologies of deposition, characterized that air-gas
mixture has a temperature which influences on a sorbent. The mechanical cleaning by the centrifugal chamber of
cleaning (CCC) is the modernized cyclone filter where centrifugal forces and gravities were used. Differs from
existent cyclic filters a presence by a conical spiral insertion and rearranged surface of cone which engulfs it. In
the entrance tangential union coupling appears, divided aero mixture into a few streams of entered in a spiral
insertion. In the electric filter (electrostatic) electric forces operate on particles and gas molecules (based on
the phenomena ionization of gas molecules, by an electric charge in the electric field). An electric charge is
revealed to the particles, and they under the action of the electric field are besieged from a gas stream. If such
gas, containing the several of transmitters of charges, to place between electrodes, connected with the
source of high voltage, ions and electrons will begin to move to on power the field lines. This is important
during neutralization of GSSA.

Keywords: harmful matters, welding aerosols, closed ventilation and filtering system, gaseous
constituent of welding aerosol, mechanical filter, electric filter.

Introduction

Receipt of deposited metal with necessary wearproofness provided application, as a rule, depositing
material of containing the alloying elements of the required amount. At depositing of high-alloyed of wear proof
alloys the far of TSSA is selected, GSSA, polluting environment [1-4].

For the decline of selection of harmful constituents in air-gas medium during the lead through of
deposition works need development of additional devices for their catching. By the area of tribology researches
are the processes, of frictions, wears [1].

In it turn of process this to work-hardening of iron and steel machines, it is the real decision of task of
wear of machines and mechanisms.

@m_ Copyright © 2021 V. Chigarev, Yu. Logvinov. This is an open access article distributed under the Creative Commons Attribution
=3 License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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The filtration and ventilation systems are in-process [2-3] presented which partly decides cleaning of
GSSA and TSSA at welding and depositing of wear proof alloys. Offered CVFS allows to clean SA here saving
chemical composition for forming of deposition guy-sutures without extract in an atmosphere.

At welding or deposition in-process of a vent system the optimum mode of speed of sucking of volumes
of the deleted air-gas mixture is set for providing of necessary chemical composition of deposited metal or
welding guy-sutures.

Different foreign analogues are in-process [4] considered on filters and vent systems applied in a welding
and surfacing production with extract in the atmosphere of TSSA and GSSA, that worsens the sanitary-hygienic
indexes of environment

The objective of the article

Development of construction of CVFS, to find optimum technical decisions and decrease TSSA and
GSSA, improve the working conditions at deposition of taking into account international standards.

Main materials

Development of construction of CVFS with the use of the special filters allows to neutralize harmful
matters, and air-gas mixture. Air-gas mixture is taken away from the area of melting of electrode material and
welding bath the special gas sampler passes filtration through the system of the special filters TSSA and GSSA
delete in which. In same a gas sampler consists of pipes of different diameter, which are disposed in a demi hull
and set in the area of melting of electrode metal.

Extraction of air-gas mixture from the area of melting of the electrode and welding bath is carried out by
the pipe of small diameter of fig. 1.b (1) the special vent system with adjusting of speed and volume of hood and

passes the system of filtration, where clears up from TSSA presented on fig. 1.

Fig. 1. Presented in CVFS at localization and SA neutralizes at deposition: a) there is an of principle chart of delete of
harmful matters and SA on-condition: 1 — filter three-stage; 2 — pump; 3 —supply of air after filtration; 4 —-suction of
harmful matters and SA; 5 — deposition automat; 6 — deposition deposited metal; 7 —-measuring from the help of gas
analyzer. b) specially developed adaptation for suction of harmful matters and SA, and serve of the filtered air in a
working area: 1 — -chamber for suction of SA (on walls particles of dust and soot are visible); 2 — chamber of supply of
the cleared air after filtration.

Where upon, the cleared gas mixture is used as gas protection at deposition [5]. It is necessary not simply
to catch SA and to filter in the closed system, clean and give the filtered clean air in the area of deposition, here
must not be broken technologically and metallurgical processes of deposition. Offered CVFS simple and reliable
in exploitation. The closed ventilation and filtration system consists of 3" filters: mechanical; electric; chemical
(sorption).

Features of the mechanical cleaning are in technologies of deposition, that air-gas mixture is characterized
the temperature of T= 800...900°c away from the area of melting of electrode material. It is necessary to chill
due to corrugated aluminum hose which reduce a temperature. A temperature influences on to the robot of
sorbent. Mechanical cleaning by the centrifugal chamber of cleaning (CCC).
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The modernized cyclone filter (centrifugal forces and gravities were used) [6] of which differs from
existing a presence by a conical spiral insertion and rearranged surface of cone which engulfs it. In exit
tangential union coupling appears, divided aero mixture into a few for-currents of entering in a spiral insertion.
There is more intensive transformation of energy of pressure to kinetic. Thus force of static pressure is already

comparable with weight of particles and excels it. On fig.2. the mechanical cleaning is presented by CCC.

Fig. 2. Mechanical cleaning CVFS by CCC: 1- spiral insertion; 2 — cleaning of SA; 3 — exit from the insertion
of SA; 4 — container with particulate dispersible compounds

A determinative is independent motion of certain amount of spiral streams and cleared stream to the
exhaust. In the process of such motion the increase of circuitous speed of aero mixture can attain on an output 70
m/s, that results in the large concentration of sputtering particles. In the entrance tangential union coupling
appears, divided aero mixture into a few streams of entered in a spiral insertion. On an exit from an insertion
here speed of current of air is made by 50...70 m/ss.

Electric filters their principle of action explained action of electro--static forces. Electric forces operate
on particles and gas molecules, based on the phenomena of ionization of gas molecules the electric field. An
electric charge is revealed to the particles and they under the action of the electric field are precipitated from a
gas stream.

If such gas, containing several of transmitters of charges, to place between electrodes, connected
with the source of high tension, ions and electrons will begin to move to on power the field lines . That
provides at neutralization of GSSA. TSSA in electrostatic precipitators clear up:

- sputtering d particles move to the electrodes with an opposite sign;

- precipitated on these electrodes; a dust, settling on electrodes by the shaken device, precipitated.

Practically charging of particles is performed at the key-in of particles through the crown of direct-
current between the electrodes of electrostatic precipitator. The general view of electrostatic precipitator is
resulted on fig.3.

On crowning electrodes the direct current of high tension is given 30...60 kV. Crowning an electrode
has subzero polarity usually, an precipitating electrode is earthed. It is explained that a crown at such
polarity is more steady, mobility of subzero ions is higher, than positive. The last circumstance is related to

the acceleration of charging of sputtering. On a fig.3. the structural chart of electric filter is offered in CVFS.

e, - 4

E - 3 E -

Fig. 3. Structural chart of electric filter in CVFS: 1 — thin wire rods; 2 — is created the electric field between
electrodes, connected with the source of high tension; 3 — plates drank for besieging; 4 —container for
collection was drunk including; 5 — shaking device; 6 — corona electrode.
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Conclusions

1. The construction of CVFS is offered for the decline of selection of harmful constituents, formed in an
air-gas environment at deposition of wear proof alloys.

2. The improvement of alloying in deposited metal will allow to improve the process of work-hardening
of machines, it is the real solution of task of wear and is the area of tribology researches.
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Yirapsos B.B., Jlorsinos FO.B. 3amkHyTa (iNbTPOBEHTIISIINHA CHCTEMA TSI OYMIIIEHHS 3BapIOBAILHUX
aepo30JIiB IPH HaIlIaBJIEHHI

VY crarTi pO3MNISHYTI NMUTAaHHS PO3POOKH KOHCTPYKIII 3aMKHYTOi (iIbTPOBEHTWIAIIIHOI CcHCTEMHU
(CFVS) mo OuMIICHHIO Ta30MOBITPSHOI CyMiln mpu HaruiaBieHHi. [IpomoHOBaHa cHcTeMa CKIAJa€ThCs 3
ra3oBoro 3abipHuka, QiIbTPiB, KOHTEHHEPIB I 30ipKM TBEPIMX YACTHH, TBEpAA CKJIQJ0Ba 3BapIOBAILHOTO
aepozonst (TC3A), ra3zomomiOHOIO CKIaJ0BOIO 3BaproBasibHOro aepozoist (I'C3A). i kopmycH, cremiaabHOI
BEHTWIAIIIHOT CHCTEMH 3 DPETYIOBAHHAM IIBHIKOCTI i 00'€eMy BHTSKKH. [IpoBefcHI TOCTIKCHHSA IS
OUUINCHHS 3BapIOBAJBHUX aepo30iiB (3A) MpH HAIUIABICHHI BHCOKOJIETOBAHUX 3HOCOCTIMKHX CIUIABIB THITY
copmaiir 3 BukopucranHsM  cuctremMun CFVS. 3actocoBytothes cremiansai CFVS, ¢inbtpu 30kpema
MeXaHIYHHUH, eJeKTPUYHUM, XiMidHMi (copOuiiinuii). HeoOxinHO He mpocto ynoBuTH 3A, a BiadiasTpyBaTH B
3aMKHYTI CUCTEMIi, OYUCTUTH 1 TONATH Bi(UIFTPOBAHUN YHCTI ¥ MOBITPSI B 30HY HAIUIABJICHHS, IPU [[bOMY HE
MAalOTh ITIOpYIIEHI TEXHOJIOTIS 1 MEeTaIypriliHi BIACTHBOCTI MPOIECy HATUIABJICHHS.

Oco0nuBOCTI MEXaHIYHOIO OYHMIIECHHS B TEXHOJOTISIX HAIUIaBJICHHS, XapaKTepU3yeETbCs THM MIO
ra3omoBIiTpsIHA CyMIll Ma€ TEeMIeparypy, sSKa BIUIMBa€ Ha COpOEHT. MexaHiuHe OUYMIEHHS B TEXHOJOTISAX
HAaIUIaBJICHHS, XapaKTePU3YEThCS TUM IIIO Ta30MOBITPSHA CyMIlll Mae TeMIIepaTypy, sika BIUIMBAE Ha COPOEHT.
MexaHi4He OUMIIECHHS 3a JIOMOMOIOI BigueHTpoBoi kamepu ouunineHHs (BKO) — ne wmozaepnizoBanumit
UUKJIOHHUN (ibTp /€6 BUKOPUCTOBYBAJIMCS BIJIIEHTPOBI CHIIM 1 CHJIM TSDKIHHS. Biapi3HsieTbes BiJl iCHYHOUHX
LIUKJITYHUX (DIIBTPIB HASBHICTIO KOHIYHOIO I'BHHTOBOIO BCTABKOIO 1 TIep(opoBaHOIO MOBEPXHEIO KOHYCA, KU 11
OXOIUTIOE. . Y BXIJJHOMY TaHI'€HIIaTbHOMY MaTpyOKy YTBOPIOETBHCS, aepOCyMIllli PO3JIUIIETHCS HA JIEKiIbKa
MIOTOKIB THX, 10 BBOJISITECSl B TBUHTOBY BCTaBKY.

Y enekrtpuuHoMy QinbTpi (€MEKTPOCTATHYHI) HA YACTKU 1 ra30BI MOJNEKYJIH JIIOTh €NEKTPHYHI CHIIH
(3acHOBaHMH Ha SIBHII 1OHI3allil TA30BHX MOJIEKYJ, EJEKTPHUYHUM 3apsJoM B EJICKTPUYHOMY IIOJi).
YacTkaM TMOBIIOMIISIETBCSA CICKTPUYHUN 3apsijl, 1 BOHU M i€ €JIEKTPUYHOTO TOJS OCITaroTh 3 ra30BOrO
NOTOKY. SIKIIO Takuii Ta3, IO MICTUTh JAESKY KUIBKICTh HOCIiB 3apsiiB, MOMICTUTH MIX €JIEKTPOAaMH,
CHOJNIYYEHUMH 3 JDKEPEIIOM BHCOKOI HANpYTH, TO IOHHM 1 €NEeKTPOHHM TOYHYTh PyXaTHUCS 1O CHIOBUMH JIiHISIM
nons. Ile moBaxkHOo mpu Heitrpamizaiii ['CCA.

KurouoBi cioBa: mKiIMBI pedyoBMHM,  3BaploBajibHI aepo30lli, 3aMKHYTa (UIbTPOBEHTHIALIHA
chcTeMa, ra3oroiOHil CKIaqoBiii 3BapOBAILHOIO aepo30Jisl, MEXaHIYHUI (DIIBTp, EACKTPUUHUH (QIIBTP.
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Abstract

The analysis of antifriction polymer compositions on the basis of polyamide, epoxy, phenol-formaldehyde,
furan resins, and also on the basis of fluoroplastic with various fillers working in friction knots is made. The
influence of fillers on the mechanisms of friction is little studied, so when creating antifriction compositions
capable of working in conditions of lubrication in water, the following tasks were set: to justify the number and
type of fillers; to investigate the influence of fillers on the process of wear of material and counterbody;
determine the optimal composition of the antifriction composition that provides minimal wear of the coating and
the counterbody. The object of study were: compositions based on phenol-formaldehyde resin and fluoroplastic,
modified with antifriction fillers; details of submersible pumps. The basis of the study was the study of
tribotechnical and technological properties of polymer compositions. Based on the analysis of literature data, the
target fillers for the creation of antifriction compositions for radial plain bearings and thrust bearings of
submersible pumps are selected, their number and composition are substantiated. The criterion for optimization
was the mass wear of the polymer coating and the counterbody. The optimal composition of the antifriction
composition for radial plain bearings, which contains: a mixture of colloidal graphite Cl and carbon fabric
"TGN-2M"; molybdenum disulfide DM-1; powder polyamide 12 APN-B; crushed prepreg comprising a
fiberglass filler impregnated with a modified phenol-formaldehyde resin P2M. For thrust bearings, the optimal
composition of the fluoroplastic composition is determined, which includes: fluoroplastic F4; molybdenum
disulfide; carbon fabric; powdered copper. The physical and mechanical properties of the optimal composition
are presented. Technological equipment has been developed for the restoration and manufacture of plain
bearings and submersible pump bearings. Molds are made for industrial implementation.

Key words: plain bearings, thrust bearings, submersible pump, antifriction fillers, fluoroplastic, phenol-
formaldehyde resin, mold

Introduction and problem statement

The use of antifriction compositions used in the restoration of parts, allows in many cases to increase the
service life of machines and reduce repair costs. This is due to the relatively low coefficient of friction of
polymeric materials containing various antifriction fillers. When creating new composite materials, the selection
of the most effective types of fillers is of paramount importance. However, it is known that, depending on the
operating conditions, the same fillers, or a combination thereof, affect the intensity of wear of friction pairs.
Currently, there is no scientifically based theory for the choice of composition and amount of fillers when
creating compositions for specific operating conditions. The influence of fillers on the mechanisms of friction is
little studied. Therefore, when creating antifriction compositions capable of working in conditions of lubrication
in water, the following tasks were set:

a) justify the number and type of fillers;

b) to investigate the influence of fillers on the process of wear of material and counterbody;

c) determine the optimal composition of the antifriction composition that provides minimal wear of the
coating and the counterbody.

@m_ Copyright © 2021 R.M. Ostapenko. This is an open access article distributed under the Creative Commons Attribution License,
[ which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Analysis of antifriction materials

Coatings based on polyamide resins, such as polycaproamide PKA, caprolon B, polyamides P-68, AK-7,
P-12L, ATM-2, aromatic polyamide (phenylene), FM-50, etc. are used to restore parts of agricultural machinery.
[1]. Where the requirements for mechanical couplings are higher in terms of mechanical strength, rigidity, wear
resistance at high temperatures, glass-filled polyamide with a fiber content of up to 30 ... 45% is used. According
to BD Voronkova [2] glass-filled polyamides P-6VS, P-6VSU with a fiber content of up to 30% are used in
friction units at high loads. But along with the advantages of polyamide bearings and coatings have a number of
disadvantages, which include: low thermal conductivity; high shrinkage, etc. Under normal atmospheric
conditions, polyamide bearings contain up to 3.5% moisture, which leads to a change in their size. With each
percentage of absorbed moisture, the linear dimensions change by 0.15 ... 0.27%. This is a significant
disadvantage of polyamides, as during operation the dimensions of the bearings must be stable. Carbon-graphite
and carbon-plastic are used in various friction joints antifriction materials: AMC-1; AMC-3; AF-3T, graphite
plastic DEZ; AG-1500-C0.5; antiglimite (ATM); ATM-1G; DFG-2 and others, which are based on epoxy-
silicon-organic, phenol-formaldehyde and furan resins [3,4]. These materials are used in friction units, where the
specific loads do not exceed 2.5 MPa. The increase in loads leads to an increase in the coefficient of friction and
a decrease in wear resistance. Antifriction materials based on epoxy resins have become widespread in repair
production. On the basis of epoxy resin ED-5 antifriction Epoxy-based antifriction material was developed -
"epoxylite" plasticized with debutyl phthalate and filled with graphite, bronze chips, etc. On the basis of epoxy
resin ED-6, an antifriction material "maslyanite” was developed, which contains MK-8 lubricant as a modifier
and aluminum powder as a filler [5,6]. Insufficiently high mechanical properties, low operating temperatures,
high coefficient of friction constrain the widespread introduction of epoxy compositions. Under conditions of
limited lubrication, high wear resistance was shown by textolites based on resol phenol-formaldehyde resin.
From antifriction textolites working in friction units are known: PTK-C; PTG-1 [7], the main advantages of
which are stable operation under conditions of high compressive loads. Such requirements are met by
compositions based on thermosetting phenol-formaldehyde resins, which can be used in Supervisor Ruzhilo ZV,
Ph.D., Associate Professor (NULES), Kyiv. The production of coatings for the restoration and manufacture of
bearingsECV. This polymer antifriction composition contains: as a binder - crushed prepreg, which consists of
bakelite varnish and fiberglass in a ratio of 1. 1.6; molybdenum disulfide; a mixture of colloidal graphite and
carbon fabric in a ratio of 1: 1 and powdered polyamide [8]. Compositions based on fluoroplastic (PTFE) have
higher wear resistance. In its pure form, fluoroplastics as antifriction materials should not be used due to
insufficient wear resistance, cold flow, low thermal conductivity and high coefficient of linear expansion.
Composites are widely used for plain bearings, piston pumps: ®4K20; FN-202; FCN-7 (14); AFGM-5 (10);
®40M30; ®40C15M1,5; ®40B20; FKM-80VS; graphite plastic KV, 7V-2A; flubon-10 (15, 20) and others.
[3,9,10]. PTFE compositions with glass fillers (filler content from 5 to 40%) are produced in a wide range of
branded products from the United States, Western Europe and Japan. The composition of the filler (fiber,
dispersed particles) is not always specified by firms. Most often, glass fiber (SV) with a fiber length of 10 + 15
um is used for compounding PTFE. The firm "Du Pont" uses ground JI (type E) with a diameter of 13 um, a
length of 800 um, the firm "Hoechst" - with a diameter of 10 um, a length of 50-100 um [11]. Glass-filled PTFE
is used for the manufacture of bearings, gaskets, non-lubricating compressor rings, valve seats, insulation for
work in the chemical industry, electrical engineering and mechanical engineering. These parts can be operated at
temperatures from -267 to + 260 ° C, in liquid oxygen and sulfuric acid. They have advantages over unfilled
PTFE: increased thermal conductivity; durability; dimensional stability and reduced cold flow. Known
compositions of PTFE with metals, oxides and salts of metals, alloys, synthetic ceramics. The most common are
PTFE compositions with bronze, as well as with a mixture of bronze, graphite and molybdenum disulfide. Firms
use spherical and irregular dendritic bronze (particle size less than 60 um). The ratio of copper to tin in this
bronze is 9: 1 [9]. PTFE filled with bronze is characterized by the highest wear resistance during dry friction. At
high-speed friction for better heat dissipation, it is advisable to add to the composition of graphite or carbon
fiber. Fluoroplastic compositions can be effectively used when applying coolant to the friction zone. For
example, the coefficient of friction without lubrication on steel X18H9T at a sliding speed of 1 m / s for such
compositions as ®40M30, @40 is 0.6 ... 0.66, when lubricated with water it decreases to 0.036 ... 0.06 [6]. For
thrust pump bearings, it is advisable to use compositions based on fluoroplastic with the following fillers: carbon
fabric; molybdenum disulfide; powdered copper [12]. Porous compositions based on fluoroplastic increase
elasticity, dampen vibrations, provide lubrication to the friction zone (due to "pockets") [13,14]. Submersible
pumps operate in conditions of high vibration, especially at start-up. Therefore, in these pumps it is advisable to
use double-layer damping bearings, which are covered with a layer of polyurethane in outer diameter [15].

Research methodology
The object of study were: compositions based on phenol-formaldehyde resin and fluoroplastic, modified

with antifriction fillers [8,12]; details of submersible pumps, including deep groove ball bearings and thrust
bearings. The basis of the study was the study of tribotechnical and technological properties of polymer
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compositions. The study was performed on an experimental setup (fig. 1), created on the basis of a hydraulic
press PSU-250.The PSU-250 press belongs to type of hydraulic with a torsion silt gauge.

Fig. 1. Hydraulic press PSU-250: Technical

characteristics of the press: the maximum admissible Fig.2. Mill MPR-2 :Technical characteristics:
loading at compression - 250 ts .; number of measuring Productivity, samples / hour - 10; Grinding time of one
ranges 2; limits of measurement of ranges: the first 25... sample, min-3; Mass of samples, Mr -100; Voltage, at
100ts.; 50...250 ts.; the largest stroke of the piston 380; Power, kW - 0.6; Speed, rpm -7000

is 50 mm; speed of movement of the working piston -0...
20 mm / min .; the greatest distance between basic plates
is 800 mm; the size of the base plate is 440 x 440 mm.

For mixing and grinding of components used mill MPR-2 (fig. 2) is designed for grinding dry materials
with a moisture content of not more than 14% with particles of 40 mm in the largest size. Sintering of blanks
from fluoroplastic compositions was performed at a temperature of 380 °C + 5°C in the furnace SSHO-3.2 (fig.
3). Temperature regulation from 20 °C to 380 °C was carried out by changing the power output through an
autotransformer, and the voltage and power of the thermoelectric installation were measured by the device NK-
50, which included an ammeter, voltmeter and wattmeter.

Fig.3 Electric furnace SSHO-3, Technical
characteristics: Voltage, at 220; Power, kW- 6; Nominal Fig.4 Friction machine SMC-2
temperature, °C - 380

Laboratory studies to determine the intensity of wear and the coefficient of friction were performed on a
friction machine SMC-2 (fig. 4), and to determine the moment of friction used a special strain gauge [16]. The
design of the device (fig. 5) provides the ability to determine the moment of friction directly from the movement
of the pad, which is fixed on a digital strain gauge IDC-1. The wear resistance of the test compositions was
determined according to the "pad-shaft" scheme. The experiments were performed at a sliding speed of 4.0m /s
and a load of 1.5 MPa (lubrication with water). The coating was applied to the inner surface of the sleeve with a
diameter of 40 mm, a length of 10 mm, a coating thickness of 1 mm. Sectors with a cross-sectional area of 2 cm2
were cut from the bushings (fig. 6). To determine the wear resistance as a counterbody used samples made of
steel 40X13, brake-treated to a hardness of HRC 42 ... 45.
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The magnitude of the operation of the samples was determined by weighing to the nearest 0.1 mg on a
laboratory scale of the second class of the model VLR-200 for 10 hours of continuous operation.

Fig. 5. General view of the strain gauge device for
determining the moment of friction: 1- counter body; 2— Fig.6 Sketches of samples for research
shaft; 3 - pad; wear resistance; 4— polymer coating; 5 -
rolling bearing; 6 - cargo; 7 - carriage; 6, 9 - adjustable
screws; 10 - the lever; 11 — power meter;12 - strain
gauges; 13— deformation meter; 14.15 —strings

Presentation of research materials

At the first stage of research, the optimal composition of the composition for radial plain bearings of
electric submersible pumps based on phenol-formaldehyde resin was determined.

The second determined the optimal composition of the polymer composition for the thrust bearings of the
electric motor of submersible pumps based on fluoroplastic.

The parameters of optimization were mass wear.

Optimization of the composition of the polymer composition based on phenol-formaldehyde resin
for radial plain bearings of the electric pump.

Preparation of antifriction compositions for plain bearings includes the following operations:

-grinding of high-strength fiberglass polymer AG-4V (GOST 20437-75) and sifting it through sieves with
different hole sizes. After sieving, the composition of the polymer fraction was: up to 50 um - not more than
10%; up to 150 microns - no more than 15%; up to 400 microns - no more than 55%; up to 500 microns - no
more than 20%;

-mixing the prescription amount of crushed prepreg, a mixture of colloidal graphite and carbon fabric,
molybdenum disulfide and polyamide powder for 10 minutes;

-coating of compositions by compression pressing in modes: pressing pressure 60 MPa; mold temperature
165 ° C; exposure time under pressure - 0.8 min / mm thick.

As antifriction fillers are taken: molybdenum disulfide DM-1; a mixture of colloidal graphite C-1 and
carbon fabric TGN-2M and powdered polyamide 12 APN-B [8 ].

When creating an antifriction composition, we selected the levels of variation of fillers (table 1).

Table 1
Levels of variation of factors
The value of the factor Code value of levels
-1 0 +1
X;- a mixture of graphite C-1 and carbon fabric TGN- 0 8 16
2M (1: 1)

X,- molybdenum disulfide DM-1 0 2 4
X;.. powder polyamide 12 APN-B 0 7 14
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The criterion for optimization was the mass wear of the polymer coating (Y1) and the counterbody (Y2).
When optimizing the composition of the composition varied the content of a mixture of colloidal graphite and
carbon fabric (X1), molybdenum disulfide (X2), powdered polyamide (X3) with a constant content of crushed
prepreg, including a mixture of fiberglass and modified phenol-formaldehyde resin P2M. To obtain a
mathematical model of the optimum zone, a second-order plan (Box-Benkin) was used, consisting of 15
experiments (table 2) and including three points, which are fixed at zero.

Table 2
Planning matrix and results of experiments to determine the wear of the polymer coating and
counterbody.
Ne experience X1 Xz X3 \Z 2
1 16 4 7 3,0 1,9
2 16 0 7 3,3 3,2
3 0 4 7 4,6 2,4
4 0 0 7 5,3 3,8
5 16 2 14 2,9 2,6
6 16 2 0 3,2 3,3
7 0 2 14 4,2 2,8
8 0 2 0 5,1 4,2
9 8 4 14 1,9 1,8
10 8 4 0 2,4 3,0
11 8 0 14 3,0 2,2
12 8 0 0 3,8 4,0
13 8 2 7 2,3 2,0
14 8 2 7 1,8 2,2
15 8 2 7 2,1 1,7
As aresult of calculation of coefficients of the equations received initial model of the following kind:
v, =2,06-085X, —-0,44X, —0,31X, +153X7 + "
+0,53X7 +0,23X7 +0,1X,, + 015X, +0,075.X,,
v, =2,03-0,275X, —0,51X, —0,73X, +0,705.X 2 + "

+0,08X7 +0,60X7+0,025X,, +0,175X,, +0,15X .

Regression analysis of the model allowed to select significant coefficients from the initial model and
reject insignificant ones, as well as to check the adequacy of the model.

As a result of mathematical processing of experimental researches the mathematical models which
adequately describe influence of structure of fillers on wear of a covering and a counterbody are received.

V,=2,06-0,85X, —0,44X, —0,31X, +153X? +0,53X? 3)
V, =2,03-0,28X, —0,51X, —0,73X, +0,7.X? + 0,6 X2 @)

Analysis of regression coefficients proves that a mixture of colloidal graphite and carbon fabric,
molybdenum disulfide and polyamide powder reduces the wear of both the polymer coating and the counterbody
(coefficients at X1, X2, X3 are negative). Colloidal graphite has a stronger effect on reducing the wear of the
polymer coating (-0.85X1) and has little effect on the wear of the counterbody. Powdered polyamide, on the
contrary, has a stronger effect on reducing the wear of the counterbody (-0.73X3) and has little effect on the
wear of the polymer coating. This is probably due to the fact that polyamide in comparison with graphite has a
lower mechanical strength and hardness. The effect of the same molybdenum disulfide (X2) on the wear of the
polymer coating and the counterbody is approximately equivalent (-0.44X2; -0.51X2).

The obtained dependences Y1 (X1, X2, X3) and Y2 (X1, X2, X3) were optimized for minimal wear of
the friction surfaces. The dependences Y1 and Y2 are arranged in such a way that to study the extreme properties
the problem is reduced to the study of the functions of two variables. This follows from the fact that for both Y1
and Y2 quadratic forms can be distinguished only for two variables, for the third variable both functions
decrease linearly.

Define the line of extrema Y1:

Vs -1,53(X, —0,278)=0 )

1
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Wy s 0,53(X, —0,415)=0 6)
2

oYy _ -0,31 7

0X,

X1=0.278, X2 = 0.415, X3 is arbitrary. Since the quadratic shape of X1 and X2 is positive, along the line Y1
(X3) = 1.85-0.31X3 is a sliding down minimum.
Similarly, we study Y2:

oV,

=—0,28+14X,=0 ()
0X,
3)3;2 =-0,51 9)
2
Vs =—0,73+12X,=0 (10)
0X,

X1=0.2, X3 =0.608, X2 is arbitrary. Y2 (X2) = 1,782-0,51X2.

The optimal value of X1 for the minimum wear of the coating (Y1) and counterbody (Y?2) is 0.278 and
0.200, which corresponds to 10.25% and 9.65% of the mixture of graphite and fiber, ie the final conclusions on
the results of research should be made at stabilization X1 = 0, 25 = 10% mixture of graphite and fiber.
Substituting the value of X1 = 0.25 in equations (3 and 4) we obtain:

V,=194-0,44X, -0,31LX, —O,53X22 (11)
V,=2,0-0,51X, -0,73X, +0,6 X7 (12)
According to equations (11 and 12), the surfaces of equal response of the wear process of the polymer
coating and the counterbody are constructed (fig. 7).
X,

X, =025 (10% epogourme)

L >

2,b

~~28

() - X
1) ) #17) ?

Fig. 7. Geometric image of the surface of the equal response of the wear process of the polymer coating and the
counterbody

The shaded surface, limited by the isolines obtained in the calculation for the wear of the polymer
coating and the counterweight equal to 1.6 mg, is optimal for determining the composition of antifriction fillers.
However, previous studies have shown that when the increase in the composition of the content of powdered
polyamide more than 10% leads to increased adhesion of the polymer coating to the mold surface.

To obtain a quality coating, it is necessary to cool the mold, which significantly affects the productivity of
the molding process. Therefore, the optimum zone should be moved to the point of intersection of the isolines
obtained for wear of 1.6 mg. At this point, the content of powdered polyamide 12 APN-B is 9%, and
molybdenum disulfide DM-1 - 3%.

Since in the studied compositions the content of crushed prepreg, including fiberglass filler, was
unchanged (83%), in terms of 100% by weight of the composition, the optimal content of antifriction fillers will
be: a mixture of colloidal graphite and carbon fiber - 9.5%; molybdenum disulfide - 2.9%; powdered polyamide -
8.6%; crushed prepreg comprising a fiberglass filler impregnated with a modified phenol-formaldehyde resin
P2M - the rest.

To restore the radial plain bearings thermosetting antifriction compositions used a universal mold (fig. 8)
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Fig.8 Scheme of a universal mold for restoring the inner diameter of plain bearings: a) thermosetting compositions;
b) compositions based on fluoroplastic; c) coating the outer diameter with polyurethane (9). 1. sleeve, 2 - matrix, 3 -
sign, 4 - matrix heater, 5 - primer composition, 6 - milliammeter, 7 - thermocouple, 8 - heater, 9 - outer sleeve made of
stainless steel (polyurethane), 10 - punch.

Restored bearings are shown in figure 9.

Fig.9 Restoration of the inner diameter of the radial Fig.10. Five-seat mold for the restoration of plain
bearing slip bearings

For the industrial restoration of plain bearings made a five-seater mold (fig. 10). Development of
compositions based on fluoroplastic F4 for thrust bearings. For antifriction polymer composition based on
fluoroplastic F4 were taken the following components: polytetrafluoroethylene GOST 10007-78; carbon fabric
TGN-2M (pre-shredded); powder copper PMS-1; molybdenum disulfide DM-1 [12 ]. A standard second-order
rotatable plan was used for the study. The composition of the antifriction composition for thrust bearings was
optimized by estimating the wear intensity and friction coefficient. After excluding insignificant coefficients, the
following polynomial dependences of wear intensity | and friction coefficient f on three factors were obtained:
the composition of molybdenum disulfide (X); carbon fabric (Y); powdered copper (Z). The dependence of wear
intensity (J x 10-10) has the form:

1=0,5234—0,0208X + 0,3315Z + 0,1984X? +
+0,2053V% + 1,1128Z% — 0,0075XY + 0,03YZ - 0,075 X Z (13)

The dependence of the coefficient of friction has the form

f=0,0314 — 0,0005X + 0,0025Y + 0,01322Z + 0,0072X> +
+0,0089Y2 + 0,0465Z% — 0,002XY — 0,001YZ — 0,0015ZX (14)

Testing of the statistical hypothesis, made by Fisher's test, showed the adequacy of the regression model
on the response function at a significance level of o = 0.05.Analysis of equations (13, 14) and the results of
research revealed that the optimal composition, wt. h. Fluoroplastic F4 — 100. Molybdenum disulfide - 3.7... 3.9.
Carbon fabric - 7.5... 9.4. Powder copper PMS-1 - 140... 160. With the optimal composition of the composition,
the coefficient of friction is equal to 0.032, the wear intensity of 0.52 - 10-10 (fig. 11, 12).
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Fig. 11 - Graphical interpretation of the mathematical model of wear intensity (a) and two-dimensional section of the
function f (Xi, Yi, Zi) at Zk = 0.
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Fig. 12. Graphical interpretation of the mathematical model of the coéffituhit Yf¥ictiBn (a) and twadimensional
section (b) of the function f (X1, Y1, Z1) at Zk = 0 3

Figure 13 shows the thrust bearings of electric submersible pumps.

Fig.13. Billets for the thrust of the electric motor of the pump.
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Technical characteristics of the optimal composition for thrust bearings are presented in table 3.

Table 3
Characteristics of antifriction material

Properties of the composition Parameters
Density, kg / m3 3600-3700
Thermal conductivity, W / mK 0,80-1,02
Coefficient of friction 0,02-0,09
Operating temperature, 0C Bix -60 10 +250
Maximum specific load, MPa Big 1108

Conclusions

1. Based on the analysis of the literature data, the target fillers are selected to create antifriction
compositions for radial plain bearings and thrust bearings for submersible pumps.

2. The obtained regression equations that adequately describe the process of wear of the polymer coating
and the counterbody. It was found that a mixture of colloidal graphite Cl and carbon fabric helps to reduce wear

polymer coating, and powder polyamide 12 APN-B has a stronger effect on reducing the wear of the
counterbody. The effect of molybdenum disulfide on the wear of the coating and the counterbody is equivalent.

3. The obtained equations, which allowed to graphically represent the surface of the equal response of the
wear process of the polymer composition for plain bearings of electric submersible pumps, which determined the
optimum zone of antifriction fillers:

a) a mixture of colloidal graphite Cl and carbon fabric THN-2M 9.5%

b) molybdenum disulfide DM-1 2.9%

c) powder polyamide 12 APN-B 8.6%

d) crushed prepreg comprising a fiberglass filler,

impregnated with modified phenol-formaldehyde resin P2M the rest.
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Ocrtanenko P.M. JlocmijpkeHHS TpHOOTEXHIYHUX BIACTUBOCTEH AHTH(QPUKIIHHUX TMONIMEPHHUX
KOMITO3MIIi I

3pobneHnii aHaii3 aHTUQPUKIIKHUX TOJMIMEPHUX KOMIIO3UIH HAa OCHOBI IIOJIiaMiTHHX, ENOKCHIHHX,
(emonpopmanpaeriTHuX, QypaHOBHX CMOJ, a TAaKOXK HAa OCHOBI (PTOpPOILIACTY 3 Pi3HHMH HAIOBHIOBaYaMHU, SIKi
MIPaIIOIOTh B BYy3JaxX TepTs. BIUIMB HamoBHIOBAaWiB Ha MEXaHI3MH TEPTS Majo BHBYEHI, TOMY NpPH CTBOPEHHI
QHTU(QPUKIIHHAX KOMIIO3UIIH, 3JaTHIX NpaIfoBaTH B YMOBaxX 3MalleHHs Yy BOAI, OYJIM IOCTaBJIEHI HACTYITHI
3a1adi: OOIpyHTYBaTW KiNBKICTH 1 THIl HAIlOBHIOBAYiB; JOCIIAWTH BIUIMB HAIIOBHIOBAadYiB Ha MPOLEC 3HOCY
MaTepiady 1 KOHTPTIa; BH3HAUYMTH ONTHMAIBHMH CKiIa] aHTHUQPUKLIHHOI KoMIo3wuii, mo 3abe3mnedye
MiHIMaJIbHUH 3HOC MTOKPUTTS 1 KOHTPTIJIA.

OO0'exToM noOCIiKeHHsT OyJIM: KOMITO3MIIT Ha OCHOBI QeHondopMaibieriiHoi cMonu i ¢roporuiacra,
Mo u(ikoBaHi aHTU(PPHUKLIIHHIMYI HATIOBHIOBAYaMU; JIETalli 3aTrIHOIOBAILHUX HACOCIB.

OCHOBOIO JTOCTIPKEHHS! OyJI0 BUBYEHHS TPUOOTEXHIYHMX 1 TEXHOJIOTIYHUX BJIACTHBOCTEH IMONIMEPHHUX
KOMITO3HIIi .

Ha mizacraBi ananmi3y sitepaTypHHX JaHUX 0OpaHi LiIbOBI HAIIOBHIOBAYI JJIsl CTBOPEHHS aHTU(QPUKI HHUX
KOMITO3MIIIM I patiafibHUX MiJIIUITHUKIB KOB3aHHS Ta MiJI SITHUKIB €JIeKTPO3ariuOIIOBAIEHIX HACOCIB,
0OTpYHTOBAHO TXHIO KUIBKICTB 1 ckilaj. Kpurepiem ontumiszanii Ciry)kuiau MacoBHI 3HOC MOJTIMEPHOTO TIOKPUTTSI
1 KOHTpTUIa. Br3HaueHO onTMMaibHMH CKIal aHTU(PPUKIIHHOI KOMIO3MIII IS pagialibHUX ITiANIMITHUKIB
KOB3aHHS, SKHH MicTHTh: cyMim konoinHoro rpagity Cl ta Byrneueoi tkannHu «TI'H-2My»; aucynbdin
Moni6aeny JIM-1; mopomkoBuii momiamin 12 AITH-B; nmonpiOHeHuid npernper, 10 BKIJIIOYAE CKIOBOJIOKHHCTHH
HATIOBHIOBAY, MPOCOYCHUI Mon(ikoBaHOIO (heHOI(OopMaTbIeriqHOW0 cMOIo P2M.

Jns miOnSTHUKIB BHU3HAYEHO ONTHUMAJbHUK cKnaj QroporacroBoi KOMIMO3MLIi, SKHH BKITIOYAE:
¢roporutact ®4; aucynbdin MomibGueHy; BYIJIELEBY TKaHWHY ; TOpOMIKOBY Minb. IlpencraBieHi ¢i3uko-
MeXaHiYHi BIACTUBOCTI ONTHMAJIbHOI KOMIIO3UII].

Po3po0iieH0 TEXHONOrIYHY OCHACTKY JUIS BiJHOBJICHHS 1 BUIOTOBJICHHS WiAIIMIIHUKIB KOB3aHHS 1
AN ITHAKIB ~ €JIEKTPO3ariuOIIOBAIBHAX  HAacociB. Burororneni mpechopmMu , i MPOMHCIOBOrO
BIPOBAJKEHHS .

KawuoBi cioBa: MiIMMOHUKA KOB3aHHS, IiAN ITHUKH, 3arjvOIOBaJbHUNA HACOC, aHTH(PPHUKIIHHI
HaroBHIOBa4i, roporuiact, GheHondopmanbaeriaga cMoa, mpechopma.
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Abstract

The quality of aviation oils was evaluated online on the basis of their lubricating, antifriction,
rheological and antiwear properties in the friction contact. The use of the software and hardware complex for
evaluation of operational characteristics of triboelements is offered. Approbation of the proposed methodology
was performed on aviation oils SM-9. The increase in antifriction properties of the “Bora B” SM-9 oil was
established to be due to the formation of limiting adsorption layers of lubricant on friction-activated contact
surfaces, which are characterized by low shear stresses of the lubricant, and their structuring provides high
effective viscosity in the contact at a level of 5142 Pa.s. It was revealed that at start-up the lubricant temperature
is 20 °C and the mixed lubrication mode prevails, but with increasing the lubricant temperature to 100 °C the
elastic-hydrodynamic (contact-hydrodynamic) lubrication mode dominates, then at maximum rotation speed of
friction pairs the hydrodynamic lubrication mode dominates, regardless of oil temperature, which indicates the
effective separation of the contact surfaces due to the formation of a lubricating layer between them. Analysis of
the specific work of friction in the friction contact showed that the instability of this parameter evidences to
intensification of destructive processes in the near-surface layers of metal and reduction in its wear resistance.
The decrease in wear resistance of the lagging surface in the conditions of rolling with sliding for all types of
investigated oils is due to the different directions of the friction force vector in the contact. In the course of
operation of friction pairs in nonstationary conditions, the softening of the surface metal layers occurs, which has
a positive effect on the tribological processes in the contact.

The practical significance of the work consists in developing a methodology of analysis of lubricants,
which makes it possible to more accurately evaluate their performance and provide recommendations for the
choice of lubricant for specific friction units.

Key words: aviation oils, lubricating layer, antifriction properties, lubrication mode, wear,
microhardness.

Introduction

The reliability of mechanical systems is laid at the design stage, provided during the manufacture and
confirmed during the operation of machines and mechanisms. Lubricants significantly affect the reliability. The
current requirements for the reliability of tribological systems are associated with the qualitative improvement of
lubricants and their components, as a rule, on the basis of in-depth analysis of the lubricating medium and the
contact metal surface under friction. Nowadays the technology for production of lubricants and their components
is intensively developing and improving. New lubricants on mineral and synthetic base are created, serious
developments on optimization of component composition of oils and lubricants are conducted and their physical,
chemical and operational properties are improved.

First of all, yet at the design stage, the designer should be provided with a methodological base for not
only selecting materials of machine parts according to strength criteria, but also for selecting lubricants,
including assessment of temperature range of their operation, compatibility with friction pair materials, wear
properties, bearing capacity of lubricating layer, tendency to form protective layers on the friction surfaces, etc.

Lubricants, when optimally selected for a specific technical problem, can exert a marked effect at the
expense of saving energy, reducing wear and expenses for maintaining, increasing the service life of machinery

Copyright © 2021 O.0. Mikosianchyk, O.Ye. Yakobchuk, R. H. Mnatsakanov, A.M. Khimko. This is an open access article
@m_ distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any
[ medium, provided the original work is properly cited.
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and equipment, and finally, they can be a rational means of solving urgent ecological problems and environment
protection [1].

Thus, the development of tools and methods for monitoring the behavior of lubricants and processes
occurring in the friction contact, as well as substantiation of the criteria for their evaluation is an urgent task.

Literature review

The improvement of controlling and measuring devices and the rapid development of computer
technology provide a real opportunity to study for the first time the tribological processes of formation of
dissipative structures during friction at the atomic and molecular levels. For example, the SFA complex made it
possible to measure film thickness to 0.1 nm and to record extremely small surface forces, which gives it
significant advantages over other devices and thus allows one to use it as the main tool in the study of
rheological, lubricating and antifriction properties of tribocontact at the nanolevel [2].

Modes and conditions of accelerated tests of motor oils in the engine have been proposed [3], which
allow decreasing the time for evaluation of operational properties of oils by 8 times, in line with providing high
reliability of the results of determination of washing-dispersing and anticarbon properties through selection and
qualification tests of motor oils to be used in forced transport diesels.

Laboratory evaluation of physicochemical parameters, antiwear and antifriction properties of oils can
confirm or refute the level of operational parameters declared by the manufacturer. In [4], based on analysis of
data of industrial tests of G-Profi MSI Plus engine oil, it is shown that the oil has a sufficient resource of
performance thanks to the balance of acid and alkali numbers along with effective viscosity, and this offers the
possibility of prolongation of the service break time while replacing motor oils in line with the corresponding
control of operational indicators.

Thus, one of the current topical trends in the area of introducig new lubricants in production is the
development of an algorithm for qualification tests concerning determination of the level of oil operational
properties. The scope of methods for evaluating the qualitative characteristics of oils should include both
laboratory studies and model stands or installations.

In Ukraine, new technical specifications are being developed for a number of aviation lubricants. One of
the most promising ones for production and introduction in practice is the mixture SM-9 [5] designed for use in
gearboxes of helicopters in winter. It is composed of aviation oils AMG-10 and TSGip with a ratio of 1/3 to
2/3. The AMG-10 oil is produced on the basis of deeply dearomatized waxy fraction obtained from products of
the hydrocracking of mixture of paraffinic oils and consisting of naphthenic and isoparaffinic hydrocarbons. It
contains thickening and antioxidant additives, as well as a special organic dye. Oil for hypoid transfers TSGip
belongs to the group of universal oils with antiscoring additives of high efficiency and multipurpose action. It
ensures the normal operation of hypoid gears under shock loads at contact stresses above 3000 MPa and oil
temperatures in the volume up to 150 °C.

As for aviation lubricants of domestic manufacturers, it is necessary to develop measures for the
introduction of them in practice (stand, flight tests, operation under supervision, etc.), aimed at evaluating the
operability of aircrafts using a new oil, establishing resource and application restrictions. Upon receiving
positive test results at all stages, a new brand of oil can be included in the related operation instructions.

Purpose

The aim of the work is to evaluate online the quality of aviation oils taking into account their lubricating,
antifriction, rheological and antiwear properties in the friction contact.

Methodology for evaluating the operational properties of oils

The study of lubricants was carried out with using a software and hardware complex (PAC) designed to
evaluate the tribotechnical characteristics of triboelements [6]. PAC is a complex, which includes a friction unit,
electronic unit and software "Friction", installed on a personal computer of the IBM PC type. The software unit
of mathematical data processing performs calculations according to a given calculation algorithm. The created
program has a separate channel for visual assessment of the kinetics of changes in the main tribological
indicators of the tribocontact in the online mode.

Methods for determining the tribological characteristics of the friction unit with using PAC are as
follows:

— Lubricating properties (of hydrodynamic and non-hydrodynamic components of the lubricating film
thickness) are determined by the method of voltage drop in the mode of normal glow discharge. According to
this technique, the voltage drop across the lubricating layer is measured at a current of 2 and 4 A, then the
thickness of the lubricating layer is determined from the calibration tables.

— Antifriction properties of the contact are determined on the basis of data on the kinetics of changes in
friction torque and subsequent calculation of the friction coefficient in the contact.
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— Rheological characteristics of lubricants (shear rate gradient, shear stress of lubricating layers, effective
viscosity in the contact) are determined from the kinetics of changes in the thickness of the lubricating layer, the
rolling speed of the leading and lagging surfaces and the lubricating layer temperature [7].

— Determination of the specific work of friction in the contact (through integrating the area outlined by
the friction moment curve and choosing an arbitrary range of integration along on the x-axis at a certain selected
time of operation, taking into account the kinetic energy of rotating parts).

— Strength characteristics of the contact metal surfaces are determined according to GOST 22162-76
(Method for determining the microhardness).

Antiwear properties of lubricants are determined by measuring the indentation made by pressing the
indenter of the device PMT-3 (GOST 27860-88. Parts of friction unit. Methods for measuring wear).

Objects of research and experimental conditions

Objects. Lubricants: sample 1 - oil "Bora B" SM-9 (TU U 19.2-38474081-017: 2018 with change 1
"Transmission oils" Bora B ") and sample 2 — Kvalitet-Avia aviation oil mixture SM-9 (TU 0253-001-
49878493-2005 with changes 1-13).

Material of friction pairs: rollers from steel 40ChN (analog of steel 3130H (USA), 1.5710 (Germany),
40CrNi (China)), HRC 38, Ra 0.34 um. Lubrication of the contact surfaces was provided through immersing the
lower roller in the lubricant bath.

Experimental conditions. Friction mode: nonstationary conditions — cyclic operation in the start-up mode
— stationary operation — braking — stop (Fig. 1).
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Fig. 1. Schematic representation of tribosystem operation in nonstationary conditions of friction.
Areas: I - start; II - stationary work; Il - braking; IV - stop.

Maximum rotation speed: 700 rpm for the leading surface and 500 rpm for the lagging surface. Sliding
30%. Friction path for one cycle: 91.845 m for the leading surface and 62.8 m for the lagging surface. Total
friction path: 9184.5 m for the leading surface and 6280 m for the lagging surface. The maximum contact load
by Hertz: 200 MPa.s . Number of cycles: 100 cycles. Oil temperature: 20 °C from the 1st to the 45th cycle;
heating in the 20-100 °C range from the 46th to the 50th cycle; 100 °C from the 51st to the 100th cycle. The
duration of the cycle: 80 s.

Results

Let us analyze the kinetics of changes in the tribotechnical parameters of aviation oils in the course of
operation in nonstationary friction conditions.

Samples 1 and 2 are characterized by high antifriction properties in the investigated temperature range
(Fig. 2). For sample 1, the average friction coefficient is 0.0183, regardless of the lubricant temperature, the
friction coefficient is stable, the range of its oscillations is within 0.015...0.026. The increase in the friction
coefficient through 58 - 60 cycles is due to the change in the nature of boundary layers with increasing lubricant
temperature. For sample 2, the average friction coefficient is 0.0147, regardless of the lubricant temperature; the
friction coefficient is unstable, the range of its oscillations is within 0.009...0.034. The established periodic
increase/decrease in the friction coefficient during operation indicates the instability of tribotechnical processes
in the friction contact.

Let us compare the kinetics of changes in the lubricating properties of aviation oils in the tribological
contact.

The investigated oil "Bora B" SM-9 (sample 1) is characterized by effective lubricating properties both at
start-up and at the maximum revolutions studied (Fig. 3). With increasing temperature in the tribological contact,
the adsorption layer thickness decreases due to changes in their nature: the boundary layers of mostly physical
nature are replaced by boundary layers of chemical nature, which are characterized by more effective antiwear
properties. No failure of the lubricating layer during start-up and direct metal contact of the friction surfaces was
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fixed. At start-up, the lubricant temperature was 20 °C and the mixed lubrication mode prevailed. With
increasing the lubricant temperature to 100 °C the elastohydrodynamic (contact-hydrodynamic) lubrication mode
dominated, which testifies to the effective starting properties of “Bora B” SM-9 oil. At maximum speeds of the
samples, the hydrodynamic mode of lubrication dominated, regardless of the oil temperature, which indicates the
evident separation of the contact surfaces due to the formation of a lubricating layer.
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Fig. 2. The kinetics of change in the friction coefficient

Kvalitet-Avia oil mixture SM-9 (sample 2) is characterized by effective lubricating properties at the
maximum studied speeds, providing a hydrodynamic mode of lubrication. The total thickness of the lubricating
layer for sample 2, on average, is 1.32 times less than that of sample 1 (Fig. 3). At start-up, instability of
lubrication is revealed, 20% of cycles demonstrate a dry-semidry mode of lubrication, related to the long period
of formation and adaptation of the lubricant boundary layers to nonstationary friction conditions.

h, um
12 o o
10 { a2] L D':' nm
‘|I:| o = . d:PDDD a o % o q:tth
8 ndj\ n'n o, @ A o i oW \gaiby
Afoh

cycles

O== hb (Bora) ===fy==hb (Kvalitet-Avia) O = ht (Bora) ==« = ht (Kvalitet-Avia)

Fig. 3. Kinetics of change in the thickness of the boundary adsorption layers (h,) and the total thickness of the
lubricating layer (hy) in the course of operation.

Since oils are used in helicopter transmission reducers, characterized by large contact loads and shear rate
gradients, it is reasonable to analyze the rheological parameters of lubricants.

The oil “Bora B” SM-9 (sample 1) is characterized by efficient rheological properties. With it, the
hydrodynamic mode of lubrication at maximum speeds of the cycle in the conditions of rolling with 30% sliding
is provided owing to the high bearing capacity of the lubricant and the formation of hydro- and non-
hydrodynamic components of the lubricating layer thickness, which are characterized by low shear stresses equal
to 13.89 MPa with a range of divergences within 10.91...18.85 MPa.
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Despite high rotation speed gradients in the contact, from 1.99.10° to 2.26.10° s™, which arise at a

maximum sliding velocity of 0.71 m/s in the conditions of rolling with sliding, the lubricant is characterized by
high effective viscosity, on average 5142 Pa-s (Fig. 4). This indicates a high resistance of the oil components to
destruction due to increasing shear rate gradient. The greatest decrease in the effective viscosity in the contact
down to 378...914 Pa-s occurs at the beginning of increasing oil temperature, i.e., during 45 - 50 test cycles. This
is caused by change in the nature of the boundary adsorption levels, characterized by effective adaptation in a
wide range of temperatures.

Different changes in the rheological parameters in nonstationary lubrication conditions were established
for the Kvalitet-Avia oil mixture of SM-9 (sample 2). First, the average shear stress of the lubricating layer is
1.27 times less than in sample 1 and equals 10.98 MPa. However, a wide range of discrepancies were revealed
in the range of 5.19... .29.38 MPa for this lubricant, which is due to the long-term adaptation of the lubricant
boundary layers to high shear rate gradients in the conditions of rolling with 30% sliding, which reach 1.17 - 10°
to 7.2 - 10° s™. There is observed periodic destruction of the boundary layers in the friction contact during
operation, which indicates a decrease in their antiwear properties.

Second, the low tendency to structurization of the lubricant components on the friction-activated metal
surface leads to a less pronounced dependence of the effective viscosity of the oil on the shear rate gradient: the
average is at the level of 500 Pa-s. When the oil temperature increases to 100 °C, the effective viscosity first
decreases to 80 Pa-s, but with further operation of friction pairs increases to 600 - 800 Pa-s (Fig. 4).
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Fig. 4. The kinetics of change in the effective viscosity of oil (n) n the contact

An important operational parameter of the tribosystem is the energy load on the friction contact, which
can be evaluated from the Kinetics of changes in the specific work of friction, As. It depends on the type of
lubricant, contact surface material and operation conditions of the tribosystem.

The obtained experimental values of As for sample 1 in the range 1186...6328 J/mm? indicate the normal
operation conditions of the tribosystem (Fig. 5). With increasing oil temperature from 20 to 100 °C, the specific
work of friction increases, on average, by 1.6 times, which indicates transition of the tribosystem to more
complex conditions of friction. However, the investigated lubricant in such conditions provides realization of the
hydrodynamic mode of lubrication in the contact and high wear resistance for the metal.

For sample 2, more intense energetic processes in the friction contact were established. The specific work
of friction is unstable and characterized by a wide range of oscillations in the range of 1300...33430 J/mm?,
regardless of the lubricant temperature. The failure to achieve a metastable state of the tribosystem in terms of
energy can lead to intensification of destructive processes in the surface layers of the metal and reduction in its
wear resistance.
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Fig. 5. Kinetics of changes in the specific work of friction in the course of operation
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One of the most important characteristics of oils during operation is their antiwear properties, so the
establishment of regularities of friction pair wear will make it possible to predict its durability and reliability.

The total linear wear of the 40ChN steel rollers upon lubricating the friction pairs with oil is 4.9 pm and
5.74 um for samples 1 and 2, respectively (Fig. 6). The wear of the lagging surface is 2.38 (sample 1) and 1.9
(sample 2) times greater than that of the leading surface, which is due, by the K.T. Trubina theory [8], to
reducing the endurance limit of the lagging surface because of the increase in the rate of fatigue destruction in
conditions of different directions of friction forces in the contact on the leading and lagging surfaces.

Wear, um
1
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2
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0
Leading surface Lagging surface
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Fig. 6. Wear of contact surfaces in the course of operation

The wear intensity of both the leading and lagging surfaces is characterized by low values, which
indicates high wear resistance of the contact surfaces and effective antiwear characteristics of the oils studied
(Table 1). In the case of lubrication of friction pairs with sample 2, the wear intensity of the leading and lagging
surfaces increases by 1.36 and 1.09 times, respectively, compared with sample 1.

Table 1
Antiwear characteristics of aviation oils
Lubricant material
Sample 1 Sample 2
Indicator Oil «Bora By SM-9 Kvalitet-Avia oil mixture SM-9
Wear of contact surfaces (steel 40ChN) after 100 cycles
Total linear wear of the 4.9 5.74
samples studied, um
Leading surface Lagging surface Leading surface | Lagging surface
Wear, pm 1.45 3.45 1.97 3.77
Wear intensity 1.57875-10™° 5.49363-107" 2.14492-107 6.00318-10°
Wear resistance 6.33-10° 1.82-10° 4,66-10° 1.67-10°
Microhardness of the samples (steel 40ChN)
Microhardness of surface
before experiment , MPa 4377 4590 4310 4658
Microhardness of surface
after 100 cycles, MPa 2764 2758 3118 2914

Since the lubricant components affect the near-surface layers of the metal by modifying them during
friction, the strength characteristics of contact surfaces were evaluated. The reduction of microhardness of steel
40ChN after 100 cycles was determined to be by 1.58 and 1.66 times for the leading and lagging surfaces,
respectively, in the case of lubricating with sample 1; and by 1.38 and 1.6 times for the leading and lagging
surfaces, respectively, in the case of lubricating with sample 2. The hardening of metal surface layers is due to
the manifestation of the Rebinder effect, i.e., adsorption plasticization of solids under the action of oil
surfactants. The thickness of the plasticized layer can be up to 0.1 pm. This phenomenon exerts a positive effect
on tribological processes in the contact as it reduces the surface energy due to adsorption of the active
components of the oil additive and formation of boundary adsorption layers of both physical and chemical
nature. This leads to increased wear resistance of the contact surfaces at the expense of reducing the resistance of
the surface layer of the solid body to plastic deformation, facilitating plastic shear in the grains and the
emergence of dislocations as well as forming finer granular structure.
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Conclusions

A methodology for evaluating the operational properties of aviation oils taking into account their
lubricating, antifriction, rheological and antiwear properties in the friction contact in the online mode has been
developed. Based on studies of tribological characteristics of aviation oils, it was found that the oil "Bora B"
SM-9 is characterized by more effective lubricating, antifriction, antiwear and rheological characteristics in
nonstationary conditions of friction in the mode of rolling with 30% sliding compared with the aviation oil
mixture SM -9. In particular, a comprehensive evaluation of tribological parameters of oil "Bora B" SM-9
showed the stability of the friction coefficient in the start-stop mode, formation of boundary adsorption layers of
lubricant on friction-activated contact surfaces, dominance of hydrodynamic lubrication at maximum speed, high
effective viscosity in the contact at low shear stresses of the oil layer and low wear intensity of friction pairs,
which allows one to more accurately evaluate its operational characteristics. This, in turn, makes it possible to
more accurately evaluate the quality of the oil and provide recommendations for the choice of lubricant for
specific friction units.
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Mikocsinunk 0.0., fAxobuyk O.€., MuamakanoB P.I', Ximxo AM. OriHKa eKCIDTyaTaIiiHIX
BIIACTUBOCTEH aBialliiHIX OJHB 32 TPHOOTEXHIYHUMHU MMapaMeTpaMu

[IpoBenena omiHka SKOCTI aBialliiHUX OJNHMB 3 ypaxyBaHHSIM iX 3MallyBaJbHHX, aHTH()PHUKLIIHHMX,
pCOJIOTiYHMX Ta TNPOTH3HOLIYBAJBHUX BIACTHBOCTEH B (PUKIIHHOMY KOHTakTi B pexumi on-line.
3anporoHoBaHO  3aCTOCYBAaHHS — INPOTPAMHO-AllapaTHOrO  KOMIUIEKCY ISl OHIHKM  eKCIDTyaTaliifHuX
XapaKTEepUCTUK TpUOOeneMeHTiB. Apodallisi METOAMKY NpoBeJieHa Ha aBianiiiaux onuBax CM-9. BeranoBneHo
miABUIIEHHST aHTH(QPUKIIHHNX BractuBoctedl omuBu «bopa b» CM-9 3a paxyHOK (QoOpMyBaHHS TpaHHYHHX
a/IcCOpOLIHMX MIapiB MAacTHJIBHOIO MaTepially Ha aKTHBOBAHMX TEPTSAM KOHTAKTHHX IOBEPXHAX, SKi
XapaKTepU3ylOThC HU3bKUMH HalpYKEHHSIMH 3CYBY MacTHIILHOTO IIapy, a ix CTpyKTypuzauisi 3abesneuye
BHCOKY e(eKTHBHY B'SA3KICTh B KOHTaKkTi Ha piBHI 5142 Ila-c. [IpoananizoBano, 10 NMpH MyCKy, TEMIIEpaTypa
MactuiipHOro wmarepianry 20 0C, mepeBakae 3MIilIaHWA PEKUM MaIIEHHS, IIPU 3pPOCTaHHI TEMIEpaTypH
MactuiibHOro marepiany no 100 0C moMinye enacrorizpoavHaMiyHUK (KOHTaKTHO-TiAPOAMHAMIYHHMN) PEXUM
MallleHHS, IPH MaKCUMaJIbHUX 00epTax map TepTs JOMiHYe TiIPOANHAMIYHUIN PEKUM MaIeHHs, HE3aJIeXKHO Bij
TEMIIEpaTypy OJIMBH, IO CBIIYHUTH NMPO e(EeKTHBHE PO3/ijIeHHS KOHTAKTHUX MOBEPXOHb BHACIIZIOK YTBOPEHHS
MAacCTWJIHOTO MIapy MiX KOHTaKTYIOUMMH TOBEpXHSIMH. AHali3 NMUTOMOI poOOTH TepTs B (PUKIIHHOMY
KOHTaKTi TOKa3aB, II0 HECTAOIIbHICTh JAHOTO MapaMeTpy CBIAYUTH NPO iHTEHCH(IKAI[I0 AECTPYKIIIHMX
MIPOLIECIB B TNPUIIOBEPXHEBHX Iapax MeETaly Ta 3HKEHHS HOro 3HOCOCTIHKOCTI. BcTaHOBNIEHO 3HM)KEHHS
3HOCOCTIMKOCTI BiJICTal040i MOBEPXHI B yMOBaxX KOYEHHS 3 NMPOKOB3YBAHHSM JJIsl BCIX THIIB JOCITIDKYBaHUX
OJIHB, 1110 00YMOBJIEHO PI3HOBEKTOPHOIO HAIPABJICHICTIO CHJI TepTs B KOHTakTi. [Ipn HampairoBaHHiI nap TepTs B
HeCTalliOHAPHUX YMOBaxX BCTAaHOBJICHO 3HEMII[HEHHs IMOBEPXHEBUX IIapiB METaly, IO MTO3UTHBHO BILIMBAE Ha
TPUOOTEXHIYHI TIPOIIECH B KOHTAKTI.

[TpakTryHe 3HaYeHHsT POOOTH MOJSrae B PO3POOJCHHI METOJMKH aHaNi3y MacTHJIbHUX MaTepiajiB, 10
JI03BOJIsIE OLIBII TOYHO OIIHUTH iX eKCIUTyaTalliliHi XapaKTepUCTUKH Ta HaJaTh PeKOMEHAalil 1Moo BUOOpY
MaCTHJILHOTO MaTepiany JJisi KOHKPETHUX BY3JIiB TEpPTS.

KurouoBi ciioBa: aBialliiiHi ofvBH, 3MalyBaJIbHUH map, aHTH(PUKIIIHI BIACTHBOCTI, PEXKUM MaIleHHS,
3HOC, MiKpPOTBEPIICTh
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Abstract

The bases for creation of theoretical bases of tribotechnologies of running-in and restoration of
conjugations of details of systems and units of motor transport and mobile agricultural machinery are defined.

The specifics of selective transfer on the surface of contacting parts of machines and creation of servito
films, formation of coatings during running-in and restoration from antifriction materials, which are a part of
additives in motor and transmission oil, are considered.

A number of tribophysicochemical processes that occur in the conjugations of parts materials and how
they affect the creation of tribotechnologies of running-in and restoration are clarified. The creation of
tribotechnologies using geomodifiers is considered. It is proposed to build a single theory of tribotechnologies of
running-in and recovery on the basis of the mechanism of triboplasm formation in the conjugations of parts of
systems and units of machines. It is also proposed to add to this the thermofluctuation theory of S.M. Zhurkova
taking into account the change of dilaton and compression bonds of atoms of materials of tribocouples of details
with creation of local areas of deformations of compression and tension and zones of thermoplastic deformation.

Key words: tribotechnologies of running-in and restoration, conjugation of details, triboplasm, oil,
additive, motor vehicles, mobile agricultural machinery

Introduction

Recently, most consumers of motor transport (MTM) and mobile agricultural machinery (MACM) are
insufficiently informed about the achievements of tribology in issues: modern quality and tribological properties
of motor and transmission oils, special means of improving them and the possibilities of tribotechnologies of
running and recovery. To some extent, this is due to the lack of training of engineering and technical staff and
consumers for the perception of new advances in the science of friction, wear and lubrication in machines.

One of the most interesting drugs of modern car chemistry used in practice are complexes of triple
compounds (additives) designed to reduce the effects of friction, wear intensity and renovation of couplings of
engine parts and transmissions of motor and mobile agricultural machinery.

The vast majority of manufacturers of motor and transmission oils in relation to these triplets, are usually
negative. Due to the fact that, in their opinion, modern lubricants already contain all the necessary package of
functional additives, and the introduction of additional components in them is not only undesirable, but possibly
harmful, due to the imbalance of properties.

However, experience and research [1,2] show that functional additives and additives determine the
operation of the conjugations of parts in normal conditions, mainly hydrodynamic friction and in no way take
into account the real state of their working surfaces. Note also that they work the same for both new and worn
couplings of engine parts and transmissions. At the same time, the lubrication conditions for different stages of
operation of motor vehicles and mobile agricultural machinery differ significantly. Wear of friction surfaces
during operation makes individual differences in the operation of each triad of parts of systems and units of
machines, and therefore when developing tribotechnologies of running-in and restoration it is necessary to take
into account the dynamics of changes in characteristics and properties of oils with additives and additives. Note

Copyright © 2021 V.V. Aulin, S.V. Lysenko, A.V. Hrynkiv, V.V. Slon, A.E. Chernai. This is an open access article distributed under
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that their condition, operating conditions at different stages of the life cycle and the condition of the working
surfaces of the parts changes significantly. The solution to this problem and the problems that arise from it are
certainly relevant.

Literature review

Any triad coupling of parts of MTM and MACM systems and units in the simplest embodiment is three
components, two of which are conjugate friction surfaces of parts, the third is a film of lubricant or lubricating
medium that separates these surfaces [3,4]. Packages of additives in oils determine the properties of only the
third component - the oil film, with virtually no effect on the properties of work surfaces and materials of the
other two [1,5]. In recent years, tribologists are actively searching for additives or catalysts that synthesize in the
oil and form films on the friction surface of the conjugation of parts of systems and units of machines.

The results of research show that the acquired average characteristics and properties of oils are not
enough to fully protect the reliable and efficient operation of triad couplings of parts of systems and units and
MTM and MACM in general. Accordingly, in some cases, it is still recommended to add additives to the engine
and transmission oil [5,6]. This is not the only way to increase the operational reliability of machines, because
from an economic point of view it is justified that first of all it is necessary to change not the characteristics and
properties of oil, but the characteristics and properties of working surfaces MTM and MACM.

Processing of tribocouples of parts by tribocomposition of composite additives changes the characteristics
and properties of working surfaces of parts: roughness, friction coefficient, wear intensity, burr force, hardness,
microgeometry, gaps between the couplings and others.

Properly designed and competently developed technology for processing the couplings of engine parts
and transmission triboskladom and created composite oil can significantly improve the tribotechnical
characteristics of the couplings of parts of systems and units in any mode of their operation. However, as studies
have shown [7,8], the greatest effect is achieved in those modes where the most likely to violate the standard
modes of lubrication of the tribocouple parts. This is observed at rated loads, high load modes and low speeds.
Due to the fact that in these modes the hydrodynamics of tribocouples of parts of systems and units of machines
is disturbed, the work of standard packages of lubricants and additives is inefficient, and the condition of
working surfaces becomes decisive for power losses and wear of engine and transmission parts [9,10] .

However, the situation is far from clear, as currently on the market of autochemicals there are many
different functional additives and additives to oils, different mechanisms of action. Incompetent use of these
drugs can not only dramatically reduce the positive effect, but also lead to significant negative consequences.

At the same time, it is important to ask at what stage of operation the engine and transmission oil should
be treated with one or another triad of substances. The vast majority of car owners in the process of operation
bring the coupling of engine parts and transmission to a working condition, and then try to resuscitate it by using
tribotechnologies running and recovery [11,12]. In some cases, it is possible to partially restore the size of the
parts, but their shape, initial surface hardness, elasticity of the piston rings, the shape of the profile of the side
surface of the piston can not be reproduced [1,14-16].

According to the results of studies [15,17-20] related to the introduction of tribotechnologies of running-
in and recovery, the best effect can be achieved with an average degree (up to 50%) of wear and tear of engines
and transmissions of motor vehicles and mobile agricultural machinery. In practice, engines whose oils are
treated with a tribocomposition of additives before running-in, or in the process of running-in have 3 times more
service life and no breakdowns, in contrast to untreated motor oil [1,21-23].

Thus, the use of a triad of additives and additives in engine and transmission oils can be an effective way
to influence the operational reliability of MTM and MACM, and, in particular, their power units and
transmissions.

Purpose

The aim of this work is from the tribophysicochemical and tribofluctuation points of view to theoretically
substantiate the impact of processes occurring in the friction zone of parts, on increasing operational durability
and reliability of motor and mobile agricultural machinery by changing the characteristics and properties of their
working surfaces. in tribotechnologies of running-in and restoration.

Results

In the development of tribotechnologies of running-in and restoration of resource-determining
conjugations of machines, a single class of antifriction additives has been sufficiently studied. This class of
additives is based on the discovery of Ne 41 of September 13, 1966. The effect of selective friction transfer
("Effect of wear". The authors of the discovery are Ph.D., Professor D.N. Garkunov and Ph.D., Professor V.I.
Kragelsky. When rubbing copper alloys on steel in limit lubrication, which eliminates the oxidation of copper,
there is a phenomenon of selective transfer of copper from a solid solution of copper alloy to steel and its reverse
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transfer from steel to copper alloy, accompanied by a decrease in friction to the characteristic value when
working in a liquid medium and leads to significant wear triad couplings of details.

As a result of the sampling process, tribological, physical and chemical processes take place on the
surface of the contacting parts, which lead to the formation of a protective servo film, which cannot be destroyed
by friction, because it creates it. The discovery of selective friction transfer in triad couplings of machine parts
allowed to develop a number of fundamentally new materials of functional additives and additives to motor and
transmission oils and tribotechnologies, which are widely used to significantly reduce running time and increase
the service life of triad couplings of parts, systems and units.

The results of the study indicate that the formation of protective servito films can occur in the
conjugations of parts whose materials do not contain copper or other plastic alloys. To do this, the necessary
components of additives and additives are introduced into the lubricant. This principle underlies the development
of metal-plating additives and tribotechnologies of running-in and restoration [24]. In the development of
tribotechnologies of reduction, the composition of metal-plating additives mostly includes Cu - copper, Zn - zinc,
Ni - nickel, Sn - tin, Ag - silver, CuSn - bronze, CuZn - brass. These metals and alloys with a dispersion of about
100 nm should be placed in a special liquid composition - an organic complexing agent.

Theoretical bases of creation and functioning of tribotechnologies of running-in and restoration in the
final version are not created. In the implementation of such technologies, the formation of antifriction film
occurs in the conditions of shear and plastic deformations, high specific loads and temperatures. The film formed
under the conditions has special properties: a large degree of porosity of the working surface of the parts, the
parameter of the crystal lattice of the film material is different from the parameter of the lattice of the base metal
of the part.

Since during normal friction the parts are in contact on a very small area, which is 0.01...0.0001 of the
area of the conjugate surfaces, the contact areas have high concentrations of mechanical stresses, which causes
intense wear. When metal-clad additives are introduced into the lubricant, a servolite film is formed from
nanometric metal clusters. Based on the metal-plating additive with a particle size less than 100 nm, charged
particles or micelles are formed in the lubricant. The direction of movement of micelles in the lubricant is due to
the potential difference that occurs in the triad couplings of parts during their operation. At the initial moment of
contact, when the metal particles are positively charged, the destruction of micelles occurs on one surface of the
part. Then there is a recharge, and a similar process takes place on another surface of the conjugate part or
sample. Charged particles are transferred to the contact micro-irregularities of the roughness of the working
surface of the part, and then there is a filling and depressions of micro-irregularities. The described process
continues until the formation of friction on both surfaces of the servo film with a thickness of 1... 3 um, after
which the transfer process is stopped and the passivation mode occurs. The thickness of the formed servo film
corresponds to the sizes of microroughnesses (or overlaps them) of the majority of details of motor transport and
mobile agricultural machinery.

This is the theoretical tribophysical and experimental basis for the creation and application of
tribotechnologies of running-in and restoration of conjugated parts of systems and units of machines. During
selective transfer, the friction process is carried out through a plastically deformed soft and thin layer of metal. In
this case, the area of actual contact increases by 10-100 times, and the material of the parts experiences only
elastic deformations. In addition to increasing the actual contact area, thin films of antifriction material
themselves reduce the friction between the solid tangential surfaces and the coefficient of friction becomes close
to the coefficient of liquid friction. The metal-plating servo film formed in the contact zone is a hanoobject and
behaves like a newtonian fluid under tensile and compressive conditions and, as a result, becomes unbearable
and superficial [1,2,24].

It was found that when using a tribocomposite material - geomodifier [25] (additives KGMF-1) in the
developed tribotechnology we obtain the following:

— increases the compression of the engine by 0.2-0.5 MPa;

—reduced consumption of engine oil for burnout in 1.0-1.5 times;

—reduced fuel consumption per 100 km;

— the content of CO and CH in the exhaust gases decreases by 1.5-2.0 times;

— increases the resource and operational reliability of engines and transmissions of machines;

—noise and vibrations in MTM and MACM systems and units are reduced;

— operating temperatures in the friction zone of resource-determining couplings of engine parts and
transmissions are reduced.

When creating tribotechnologies use tribophysicochemical processes occurring in the composite oil and
its interaction with the working surface of the conjugation of parts. However, it should be noted the lack of a
strict unified theory, which would theoretically from a tribophysical point of view would justify complex and
diverse tribophysicochemical phenomena and processes caused by the interaction between additive particles or
components of geomodifiers, with oil and working surfaces. The most appropriate is a model approach using the
percussion mechanism of interaction. Based on this approach, it is possible to identify a complex combination of
deformation-structural, thermal, electromagnetic, optical and chemical processes. These include the occurrence
and migration of defects in the structure of the materials of the parts, their amorphization and rapid local heating
at the point of contact. At the same time, chemical bonds are broken during the formation of a fresh surface, and
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short-lived active centers are formed on it. To the full picture of the phenomena should be added the emission of
electrons, photons, ions and the emergence of electrostatic charge.

The only theory that can explain the formation of films on the friction surfaces of tribocouples of parts is
a model representation of the mechanism of triboplasm formation. The power of analogies and model
representation of phenomena and processes observed at nano-, micro-, meso- and macro-levels are also used.
The interaction of the conjugations of the parts during operation and grinding of the particles of the components
of the geomodifier of the additive material, leads to the concentration of energy in the microlocal surface area of
the contacting parts. As a result, the formation of a thin layer of melt is possible for short periods of time, and
even the transition of the substance to a high-energy state similar to the plasma state is observed [26].

In addition, the thermofluctuation theory of S.M. Zhurkova [24]. The state of the working surface of the
conjugations of parts is also formed under the influence of changes in the dilaton and compression bonds of
atoms of materials in their local regions. The transition of materials in the contact zone from nonequilibrium to
equilibrium, the formation of nano-, micro-, meso- and macro-destruction depends on the acquisition of
electromagnetic dipoles of local areas of dilaton or compression connections between them and their mutual
transition. In solid state physics, this is due to the parallelism and antiparallelism of the spins and the creation of
local areas of tensile or compressive strain.

These issues in tribotechnologies of running-in and recovery require careful study.

Since the process of friction is a set of a large number of acts of mechanical interaction of micro-
irregularities of conjugate surfaces of parts, the protrusions of micro-contacts that slide towards each other are in
a state of impact — elastic or plastic. This interaction occurs during 107-10%, during which a lot of energy is
supplied to the tribocontact. The area of local heating is on average 102-10™ cm?, and the duration of formation
and existence of triboplasma is of the order of 10°-10°s.

This makes it possible to explain most of the phenomena that accompany the tribochemical activation of
materials in the contact zone. The model of the plasma state of the tribocontact of parts, the energy released
during loading on the materials of the tribocouples of parts, shows that it can significantly exceed the heat of
fusion and due to low thermal conductivity leads not only to melting but also to sublimation. The substance is in
the contact zone in the form of ions and electrons, ie there is a plasma state.

It is established that for the conditions of realization of tribo technologies of running-in and restoration
the laws of classical thermodynamics are not fulfilled, and characteristics and properties of material of a thin
surface layer of details essentially change, because of formation in a zone of friction of triboplasm. The process
of its creation is accompanied by the emission of electrons, which from the friction surface is directed into the
lubricant, in which there is a certain catalyst for antifriction films in the form of certain components of the
geomodifier.

Electrons, colliding with atoms of lubricant and atoms of matter components of the geomodifier
introduced as a catalyst for the formation of films convert them. The ionic decay of the catalyst structure of the
components is observed. This process triggers a mechanism, the end result of which is the formation on the
friction surfaces of the conjugations of the parts of the protective films, consisting of wear products of the
starting materials of tribochemical reactions and a modified form of carbon. The consequence of the above
processes is the selective adsorption of carbon ions, which build a crystal lattice of the solid phase on the metal
surface of the parts under the action of cohesive forces. Note that due to the peculiarities of the triggered
mechanisms, the catalyst for protective films and coatings is equally effective for surfaces of ferrous and
nonferrous metals.

The observed plasma state of the surface layers of the conjugations of the parts emits triboplasm in their
sliding contact. This is caused by frictional heating or high energy formed in the deformed layer by the sliding
contact. In addition, the intensity of radiation around the sliding contact increases with increasing resistivity of
materials. This indicates that the triboplasm is generated by electrification by friction.

For a better understanding of such triboplasm by friction, further research is needed, as it is a completely
new direction in the field of tribotechnology of running-in and restoration of conjugated parts. From a practical
point of view, this allows using a synthesized catalyst to process and restore worn surfaces of parts in the normal
operation of systems and units of motor vehicles and mobile agricultural machinery.

The proposed additives in tribotechnologies must be compatible with all lubricants used in systems and
units of motor vehicles and mobile agricultural machinery.

The high effect from the use of the catalyst of antifriction films is observed in the processing of oils in the
couplings of engine and transmission parts, plain and rolling bearings, gearboxes, pumps, drives. The main
direction of further promotion of the catalyst as a component of the geomodifier of antifriction films can be the
creation of lubricants with high characteristics both in terms of friction coefficient and resource on the developed
theoretical foundations of tribotechnologies of running-in and recovery.

Conclusions
1. It is shown that to increase operational wear resistance and reliability of motor transport and mobile

agricultural machinery it is possible by addition of additives and additives to motor and transmission oils, ie
changing characteristics and properties of oils. It is substantiated that more effective increase of operational
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reliability can be realized purposefully, changing characteristics and properties of working surfaces of
conjugations of details of systems and units by tribotechnologies of their running-in and restoration.

2. The use of metal-clad antifriction additives with nanocomponents in the formation of servomotable
films, the implementation of selective transfer processes and changes in the contact area of the conjugations of
parts and the formation of micelles in the lubricating medium.

3. From the theoretical point of view the possibilities of tribotechnology of running-in and restoration at
use of the KGMF-1 geomodifier are shown and the characteristic processes proceeding thus in triboconjugations
of details are considered.

4. 1t was found that when creating tribotechnologies it is necessary to create a tribophysical and chemical
theory that would explain and generalize complex and diverse phenomena and processes caused by the action of
different natures of forces in tribocouples of parts with composite oil.

5. It is determined that it is expedient to create a thermofluctuation theory of destruction of materials of
conjugations of machine parts under the influence of changing dilaton and compression bonds of their atoms and
formation of corresponding local regions of tensile and compressive deformations when creating a
tribophysicochemical theory.

6. It is shown that based on the model of triboplasm arising in triboconjugation of parts due to
electrification of friction materials, it is possible to explain the mechanism of synthesis of servo-antifriction film
on friction surfaces of parts due to mechanochemical activation of their materials in the contact zone.
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Ayain B.B., Jlucenko C.B., I'punbkie A.B., Cions B.B., Uepnaii A.E. CtBOpeHHsI TeopeTHYHHX
OCHOB TPHOOTEXHOJIOTIH MPUIPALFOBAHHSI 1 BITHOBJICHHS SIK 3aC00y €)EKTUBHOTO IMiIBUIIEHHS eKCILTyaTaIliifHO]
3HOCOCTIMKOCTI aBTOTPAHCIIOPTHOI Ta MOOLIFHOI CIIIbCHKOTOCIIOIAPCHKOI TEXHIKA

BusnaueHo mijcTaBM sl CTBOPEHHS TEOPETHUHHMX OCHOB TPHUOOTEXHONOTIM NpHIpalfoBaHHS i
BiJTHOBJICHHSI CIIPSDKEHb JIETAJIEHl CHCTEM 1 arperariB aBTOTPAHCIOPTHOI Ta MOOLIBHOI CLITBCHKOI'OCTIONAPCHKOT
TEXHIKH.

PosrmsinyTo crienngiky BHOIPKOBOro NHepeHOCY Ha TIOBEpXHI KOHTAKTYIOUMX JeTaledl MalliH Ta
CTBOPEHHS CEPBOBUTHMX ILTIBOK, (OpMYBaHHS TOKPHUTTIB TPH MpPUIPANIOBaHHI 1 BiJHOBICHHI 3
AHTUQPUKIIHHUX MaTepialiB, 110 BXOASATH IO CKJIaly IIPHCaZoK B MOTOPHY Ta TPaHCMICIHHY OJNHBY.

3'sicoBaHO psix TpUOO(DI3MKOXIMIUHKX TPOLIECIB, SIKi BiIOYBAIOTHCS B CHPSDKEHHAX MaTepialiB JieTanei, Ta
SIK BOHH BIUTMBAIOTh Ha CTBOPEHHS TPHOOTEXHOJOTIH MPHITPAIIOBAHHS Ta BiIHOBJIEHHS. PO3TIIIHYTO CTBOpEHHS
TpUOOTEXHOJIOTI NMpPU BUKOPHCTaHHI TeoMou]iKaTopiB. 3alporoHOBAHO €IUHY TEOpil0 TPHUOOTEXHONOTIH
TIPUTIPAIIOBaHHSA 1 BiJHOBJIEHHS OyqyBaTH Ha OCHOBI MeXaHI3My YTBOPEHHS TpPUOOILIa3MH B CHPSDKEHHSIX
JieTalieil CUCTeM 1 arperartiB MamMH. TakoX 3alporoHOBaHO JI0 LBOTO JOJATH TepMO(IyKTyalliifHy Teopito
C.M. XypkoBa 3  ypaxyBaHHSAM 3MiHM JWIATOHHHUX 1 KOMIIPECOHHMX 3B'S3KIB aTOMIB MarepiajiB
TpUOOCTIPSDKEHb  JIeTalled 3 CTBOPEHHSIM JIOKaJbHUX oOnacTell nedopmaiiid CTUCKY 1 pO3TATY Ta 30H
TEPMOIUIACTUIHOI ehopMalrrii.

KurouoBi cjioBa: TprOOTEXHONOTIT PUNIPAIFOBAHHS 1 BiIHOBJICHHS, CIIPSKCHHS JIETAJICH, TPHOOIIa3Ma,
OJIUBA, MPHUCAJIKA, ABTOTPAHCIIOPTHA TEXHiKa, MOOLIbHA CUTLCHKOTOCIIOAAPChKa TEXHIKA.
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Abstract

The goal of this work is to estimate the abrasive wear resistance of heat affected zone (HAZ) after
welding high-carbon low-alloy steel 120Mn3Si2 with fast cooling. The following benchmark data were used:
microstructures of HAZ of 120Mn3Si2 steel after welding with cooling in water; abrasive wear resistance of
different microstructure constituents of 120Mn3Si2 steel in two-body abrasive wear conditions. It is shown that
high abrasive wear resistance of material in HAZ is provided in the vicinity of fusion line. The reason is unstable
retained austenite which appears in HAZ as a result of quenching at fast cooling right after welding. The wear
resistance of material in HAZ is altered by microstructural changes from austenite to austenite+martensite and
finally martensite. The martensitic zone is about 0.5 mm wide and it is followed by zone of tempering of initial
structure of steel. Zone of tempering is 1.5-2.0 mm wide and is the only zone of low abrasive wear resistance in
HAZ of 120Mn3Si2 steel welded with fast cooling. Welding of 120Mn3Si2 steel with fast cooling in water
results in welding joints which have as high wear resistant as the base material or even higher. This enables
manufacturing flat welded elements with high wear-resistance and large surface area.

Key words: high-carbon steel, welding, fast cooling, austenite, martensite, bainite, abrasive wear
resistance, microstructure.

Introduction

Protection against abrasive and other kinds of wear requires materials with specific properties. For
example, high abrasive wear resistance of steels is attributed to high carbon content (1.0 wt. % of carbon or even
more) and specific thermal treatment to obtain certain microstructure. The problem may arise if such thermally
treated machine parts are to be welded. Heat input during thermal welding cycle changes the initial wear
resistant microstructure inside heat affected zone (HAZ). Special efforts are needed to minimize HAZ and
provide quality welding joints while welding heat treated high-carbon wear resistant steels. Anyway, the width
of HAZ in any case would not be less than approximately 5 mm from the fusion line. Therefore, if two plates of
high-carbon steel are welded, a zone of changed wear resistance appears to be 10 mm wide. It is necessary to
know the wear resistance of this zone because local low wear resistance may negatively affect the overall
lifetime of machine part. In this study the attempt is made to estimate the abrasive wear resistance in HAZ of
high-carbon low-alloy steel 120Mn3Si2 after welding with fast cooling.

Literature review

Friction and wear are estimated to cause approximately 20% of the world energy consumption [1]. Wear
is responsible for short lifetime of many critical machine parts and even for their sudden catastrophic failures.
Abrasive wear is the most aggressive form of wear. Generally it appears during operation in mining sector [2, 3]
and other industries where hard particles of natural or artificial abrasives are in direct contact with metallic
surfaces. Losses connected to abrasive wear are estimated as 4% of the GNP of industrially developed countries
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[4]. Extensive investigations have been made on abrasive wear resistance of steels and cast irons during last
century. Important results were obtained by 1.N.Bogachev and R.1.Mints, B.A.Voinov, V.I.Dvoruk, V.G.Kaplun
and P.V.Kaplun, V. N. Kashcheev, M.V. Kindrachuk, L.G.Korshunov, A.V.Makarov, L. S. Malinov, V.S.Popov
and N.N.Brykov, M.M.Tenenbaum, V.M.Tkachev, M. M. Khrushchev and M. A. Babichev, A.P.Cheiliakh,
V.V.Shevelya, A.Fisher, I.1.Garbar, A.Misra u I.Finnie, R.C.D.Richardson, G.W.Stachoviak, A.A.Torrance,
J.H.Tylczak, K.-H. Zum Gahr. Main attention of researchers has been concentrated on wear resistance of
martensite and austenite. Abrasive wear resistance of austenite depends on its degree of hardening during friction
and the ability of the wear medium to provide such hardening. I.M.Bogachev and R.I.Mints have discovered the
phenomenon of deformation transformation of austenite to martensite during mechanical load [5]. Since then this
effect was widely used to increase wear resistance of machine parts under conditions of abrasive wear.
Researches of L. S. Malinov [6], A.P.Cheiliakh [7], M. A. Filippov [8] should be mentioned among the works
devoted to the study of the properties of steels with the structure of unstable residual austenite. V.S.Popov and
N.N.Brykov [9, 10] have made extensive research on abrasive wear resistance of retained austenite in numerous
applications in refractory industry. In [10] the range of optimal chemical composition for wear resistant
austenitic alloys was proposed. It was shown that high carbon content, i.e. 1.0 mass.% or higher, is responsible
for high abrasive wear resistance. According to [11] maximal wear resistance in Fe-C alloys is achieved at 2
mass.% of carbon. As a result of studying the effect of alloying on the wear resistance of steels with the structure
of unstable austenite during abrasive wear, it was found that the level of alloying of wear-resistant alloys should
be maintained at the lowest possible level [12]. Thus, the requirements for the chemical composition of abrasive
wear resistant steels are specified as follows: approximately 3% of alloying elements (e.g. Mn, Cr) in total, the
carbon content should provide the martensite start temperature at 20 °C. The simplest example is the steel
containing 1.2% C and 3% Mn. After quenching from 1000 °C (single-phase y-region) austenite retains almost
completely and is capable to deformation martensitic transformation in the course of abrasive wear. This
provides high wear resistance for steel after above mentioned thermal treatment, much higher than the one of
high-carbon untempered martensite. High ability of austenite to deformation martensitic transformation is useful
in the case of impactless-abrasive wear. But if the machine part is subjected not only to wear but also to impacts,
the instability of austenite is also a disadvantage. In the initial stages of the impacts, when the crack is not yet
formed, the initial plastic deformation takes place. But after the formation of the first crack, a stress
concentration occurs at its tip. Under the large local stresses near the crack tip, a deformation martensitic
transformation occurs, and the crack actually propagates in brittle high-carbon martensite during repeated
shocks. Thus, low resistance to shock loads is the price for high abrasive wear resistance. This significantly
narrows the potential range of possible successful usage of high-carbon low-alloy steels as a wear-resistant
material in conditions of mechanical wear. In [13, 14] it is proposed to use isothermal treatment of residual
austenite of high-carbon low-alloy steels in order to reduce the susceptibility to brittle fracture while maintaining
abrasive wear resistance at a sufficiently high level. High-carbon low-alloy steels, for example, 120Mn3 steel,
allow to obtain up to 100% of residual austenite after quenching from a single-phase region. Therefore, such
steels do not require baths with liquid media for the isothermal treatment of austenite. It is enough to quench
them in water, to heat further in a conventional air furnace and to hold at a constant temperature for the required
time. During isothermal holding of quenched 120Mn3 steel, bainite transformation of austenite takes place. If
silicon content is high enough (1.5-2.0%), cementite is not formed during bainite transformation. After
isothermal transformation the structure contains bainitic ferrite and austenite, which is carbon supersaturated [15,
16]. Due to increasing the carbon content the austenite stabilizes and its susceptibility to deformation martensitic
transformation is reduced. Thus, it is possible to eliminate the catastrophic fragility of unstable residual austenite
due to a small loss of abrasive wear resistance [13, 14]. In order to accelerate the bainite transformation, it is
necessary to quench 120Mn3Si2 steel from such a temperature that after cooling, martensite was present in the
structure in small amount. Martensite acts as a catalyst for bainite transformation [17], which begins less than in
1 hour if the steel 120Mn3Si2 is hardened from 900 °C [18]. Welding of previously quenched 120Mn3Si2 steel
may be needed for large-part manufacturing. In order to minimize influence of welding heat on initial
microstructure of steel it is proposed to use fast cooling of just-welded joints in water [19]. It was shown that due
to rapid cooling it is possible to minimize dimensions of heat affected zone (HAZ) and obtain welding joints of
acceptable quality. The width of HAZ was about 5 mm from fusion line from each side of a welding joint. This
results in a 10 mm wide zone of altered microstructure and hence altered wear resistance at the location of
welding joint on a produced large-scale part.

The goal of this work is assessing the abrasive wear resistance of a material inside HAZ of 120Mn3Si2
welding joint after welding with fast cooling in water.

Methods

The assessment of the abrasive wear resistance of the material in HAZ of 120Mn3Si2 steel was carried
out according to the known experimental data. The authors have performed numerous experiments on abrasive
wear of steels with different microstructures in two-body abrasive wear conditions and reported the results in
[11-14, 20- 22]. The microstructure of HAZ in welding joints of 120Mn3Si2 after welding with fast cooling in
water has been investigated and reported in [19, 23]. Hence, it is possible to accurately predict the abrasive wear
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resistance of each point in HAZ depending on the microstructure. For the sake of this research, wear mode was
assumed to be two-body abrasive wear of cylindrical specimen 2 mm in diameter sliding against fresh surface of
abrasive cloth under load of 300 g. The assumed abrasive is 0.6...0.8 mm grits of Al,03. The ability of material

to resist abrasive wear is expressed as relative wear resistance &. The assumed reference sample is pure iron
having € = 1,0.

Results and discussion

According to [19] optimal heat treatment of 120Mn3Si2 steel includes quenching from 900 °C and
subsequent isothermal treatment at 250 °C. After quenching from 900 °C microstructure is preliminary austenitic
with nearly 30% of martensite. Certain amount of undissolved carbides is present as well. Subsequent isothermal
treatment leads to appearance of fine lamellas of bainitic ferrite. The amount of bainitic ferrite depends on
isothermal holding time. The very first lamellas are observed even after 1 hour of isothermal holding [18].
Decarburized layer inevitably appears when 120Mn3Si2 steel is exposed to quenching heat. The depth of
decarburized layer depends on holding time at quenching temperature and may reach 1 mm. Because of decrease
in carbon content, martensite start temperature (Ms) significantly increases. Therefore the martensitic layer
appears after quenching in the near surface regions where significant decarburization had happened [22]. 5 mm
thick plates of 120Mn3Si2 steel where quenched from 900 °C, held isothermally at 250 °C and then were welded
with fast cooling in water. The microstructure of welding joint from 120Mn3Si2 side is shown on Fig.1, a.
Because of fast cooling after welding the material in HAZ is quenched. Therefore HAZ consists of several zones
of microstructures depending on peak temperatures during heating cycle in each particular point.

Decarburized layer

x 6000

Fig. 1. Macro- and microstructure of welding joint of thermally treated 120Mn3Si2 steel: a — macrostructure
of welding joint with different zones of HAZ, 1 — austenite, 2 — austenite + martensite, 3 — martensite, 4 — zone of high
tempering of initial microstructure, 5 — thermally unaffected core; b — microstructure of thermally unaffected core:
austenite + tempered martensite + bainitic ferrite + carbides; ¢ — microstructure of decarburized layer: tempered
martensite + austenite
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Four different zones may be distinguished in HAZ. Zone 1 appears as a result of heating the material to
the temperatures between Acm critical point and solidus temperature (single-phase y-region). The structure in
zone 1 is almost fully austenitic because the Ms temperature is near 30 °C [13]. The more the distance from
fusion line is, the less is the peak temperature. Zone 3 is preliminary martensitic and is equivalent to classic
quenching for maximal hardness of hyper-euthectoid steels. It corresponds to quenching from temperatures
slightly above Ac; critical point. Zone 2 corresponds to quenching from a range of temperatures between Ac,
and Acm. The structure is austenite + martensite. The closer to fusion line in the zone 2, the more amount of
austenite is present in the structure.

If heating temperature doesn’t exceed Acy, then no phase transformation takes place during welding cycle
(zone 4). The structure in this zone right at the border with zone 3 contains products of diffusional
decomposition of initial microstructural constituents. The more the distance to zone 3 is, the less is the peak
temperature in the welding cycle in zone 4. Thus, microstructure gradually changes from products of high
tempering to products of low tempering and further to zone 5 where initial microstructure is not changed at all.

Having the information on microstructures of different zones in HAZ it is possible to determine changes
in relative wear resistance of material on different distance to fusion line (Fig. 2). Relative wear resistance of
preliminary austenitic structure in zone 1 of HAZ is at the level of 4.0. This value corresponds to wear resistance
of 120Mn3Si2 steel quenched from 1000 °C as reported in [14]. If quenching temperature decreases to 900 °C
then some amount of martensite appears after quenching. This is due to less carbon content in austenite before
quenching and rising the Ms. Retained austenite becomes even more unstable, therefore relative wear resistance
of 120Mn3Si2 steel after quenching from 900 °C is slightly higher than that after quenching from 1000 °C [20].
This microstructure corresponds to zone 2. Relative wear resistance gradually increases to some maximum due
to gradual alteration in content of retained austenite. This maximum corresponds to microstructure which is
equivalent to those obtained after quenching from 900 °C. The expected value of relative wear resistance at the
point of maximum is 4.2-4.3.

Further increasing of distance from fusion line leads to decreasing of peak temperatures in welding cycle.
Consequently, the amount of martensite gradually increases until zone 3 is reached. Relative wear resistance of
untempered martensite (eutectoid composition) is 2.9 [21]. Therefore the same relative wear resistance is
provided in zone 3.

Sharp drop in relative wear resistance takes place upon transition from zone 3 to zone 4. The structure of
zone 4 in the vicinity of zone 3 is equivalent to that after recrystallization annealing, i.e. pearlite. Relative wear
resistance of pearlite is 1.4 [21], so that is the value to which ¢ is decreased on the border of zones 3 and 4. The
more is the distance from zone 3, the finer is the pearlite. The microstructure gradually changes to sorbite,
troostite, and finally the thermally unaffected zone 5 is reached. Relative wear resistance increases respectively
from 1.4 to the level that is specific for the base preliminary treated material. In the case of quenching
120Mn3Si2 steel from 900 °C and subsequent isothermal treatment at 250 °C the structure is austenite+tempered
martensite+bainitic ferrite+carbides. Relative wear resistance of such microstructure is slightly higher than that
of untempered high-carbon martensite [14].

40 =\t dommmem Austenite
! :
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Fig. 3. Relative wear resistance of different zones of HAZ of 120Mn3Si2 steel after quenching from 900 °C,
isothermal treatment at 250 °C and welding with fast cooling in water
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Steels with martensitic microstructure are widely used as abrasive wear resistant material. Because of
high brittleness of untempered martensite this microstructure is not acceptable for majority of machine parts. At
least low temper is needed to get lower brittleness of material after quenching. Low tempering decreases
hardness and hence abrasive wear resistance. Thus, relative wear resistance of tempered martensite is the lowest
level that is practically acceptable. This level of ¢ is designated as “Acceptable level of £” on Fig. 2. All points in
HAZ with higher values of ¢ should be considered as zone with high relative wear resistance to abrasive wear.

It is evident, that the only zone of low wear resistance is that designated in gray on Fig. 2 (“Low &”). The
width of this zone is 1.5-2.0 mm. The rest of HAZ possesses wear resistance that is above acceptable level.
Relative wear resistance in zones 1 and 2 is even higher than the one of the base material.

All considerations expressed above allow to claim that welding of 120Mn3Si2 steel with fast cooling in
water enables HAZ with wear resistance that is the same or even higher than the one for base thermally treated
material. The only zone with low wear resistance is 1.5-2.0 mm wide and corresponds to heating the material to
high but subcritical temperatures. This zone cannot be eliminated since it is not possible to avoid places in HAZ
that are heated to subcritical temperatures. This zone also cannot be made less wide since cooling is as fast as
possible.

Conclusions

Abrasive relative wear resistance of heat affected zone of 120Mn3Si2 steel after welding with fast cooling
in water is assessed in this research. The only zone with low wear resistance is 1.5-2.0 mm wide. This zone
cannot be neither avoided nor narrowed. It corresponds to heating material to subcritical temperatures during
welding cycle. The relative wear resistance of material in this zone corresponds to that for pearlite.

The relative wear resistance of the rest of HAZ appears to be higher or at the same level as for previously
heat treated steel. Thus, welding 120Mn3Si2 steel with fast cooling in water enables obtaining welding joint with
high abrasive wear resistance of heat affected zones.

The research shows that welding of 120Mn3Si2 steel with fast cooling in water results in welding joints
which have as high wear resistance as the base material or even higher. This enables manufacturing flat welded
elements of high wear-resistance and large surface area.
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Bpuxos M.M., €ppemenkxo B.I'., Ocino M.IO., Kanycran O.€., AkpuroBa T.O., Kaninin 10.A.
BucokoByrieneBa craimb: MIKpOCTpyKTypa 1 aOpa3wBHa 3HOCOCTIHKICTH 30HM TEPMIYHOTO BIUIMBY IICIHIA
3BapIOBAaHHSI i3 MIBUAKAM OXOJOKEHHSM Y BOJ.

Meroto poboTn € ouiHIOBaHHSA aOpa3WBHOI 3HOCOCTIMKOCTI 30HM TepMiyHoro BIumBy (3TB) micns
3BapIOBaHHS BHCOKOBYIJIELEBOI HH3bKoNeropanoi crami 120I'3C2 i3 mBuAKAM OXOJOMKEeHHSIM. bymo
BHUKOPHCTAHO Taki BUXiAHI AaHi: MikpocTpykTypa 3TB crami 120I'3C2 micns 3BaproBaHHS 3 OXOJIO/DKEHHSIM Y
BOJIi; aOpa3uBHA 3HOCOCTIHKICTh PI3HUX MIKPOCTPYKTYPHUX ckianoBux craii 120I'3C2 B ymoBax aOpa3uBHOro
3HOUTYBaHHS 3aKpilsieHMMH 4acTuHKamu. [lokasano, mo B 3TB y Oe3nocepenHpoi OIM3BKOCTI 10 TpaHUIl
CIUTaBJICHHSl 3a0e3leuyeThCcsl BHCOKa a0pa3WBHA 3HOCOCTIMKICT, Matepianmy.  [IpuumHOIO € cTpyKTypa
HecTaOlIbHOT O 3aJIMIIKOBOTO ayCTEHITY, SIKMH yTBOpIoeThecsl B 3TB B pe3ysbraTi rapTyBaHHs IMiJl 4ac IIBUIKOTO
OXOJIOJDKEHHSI Ofpa3y » IICIsA 3BaproBaHHA. 3HOCOCTIHKICT, Matepiany B 3TB 3MiHIO€TBCS 13 3MiHOMO
MIKpPOCTPYKTYPH BiJl ayCTEHITY /10 ayCTeHIT-+MapTeHCHUT i, HapemTi, MapTeHcuTy. [llupuna mMapTeHCHTHOI 30Hi
craHoBUTH npuOnmm3Ho 0,5 MM. 3a MapTEeHCHTHOIO 30HOI YTBODIOETBCS 30HA BIJIIYCKY BUXIJHOI
MIKpPOCTPYKTYpH cTaisi 3aBTOBIIKH 1,5-2,0 mm. Ll 30Ha € €aMHOIO 30HOIO 31 3HIKEHOI 3HOCOCTIHKICTIO.
3BaproBanHs cram 120I'3C2 i3 mBHAKMM OXOJNO/DKEHHSM Y BOJII J03BOJISE OTPUMAaTH 3BapHi 3’€JHAHHSA i3
3HOCOCTIHMKICTIO, IO JOPIBHIOE 3HOCOCTIMKOCTI BUXITHOrO MaTtepiany, abo HaBiTh mepeBuilye ii. Lle mae
MOXIIUBICTh BUT'OTOBJISITH TUIACKI 3BapHi €IEMEHTH 3 BUCOKOIO 3HOCOCTIHMKICTIO 1 BEJTMKOIO IJIOMIEI0 TOBEPXHI.

Ki1104oBi cj10Ba: BUCOKOBYTJICIIEBA CTaJlb, 3BAPIOBAHHS, IIIBUIKE OXOJIOKCHHS, ayCTCHIT, MAPTCHCHT, OCHHIT,
abpa3uBHa 3HOCOCTIHKICTh, MIKPOCTPYKTYpa.
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Abstract

The article considers the technology of electroerosive treatment of steel friction pairs and presents the
results of experimental studies. Analysis of experimental studies has shown that an increase in the anode-cathode
voltage leads to a sharp decrease in the microhardness of the surface layer. The study also allowed to determine
the characteristic size of the structural elements, the height parameters of the surface roughness. The elemental
composition of the initial surface of the sample made of steel 15SHGN2TA differs from the composition of the
coatings and surface layers of the samples modified by electroerosive treatment with different electrodes. In the
mode of operation of the "anode - cathode" system on the cathode surface due to dissipative processes, a thin
layer of coating of a stable modified structure is formed. It is shown that the height of surface irregularities in the
areas after friction is higher than in the areas of the surface outside the friction track, which is associated with the
formation on the surface of the samples of the friction transfer film. It was found that the frictional interaction of
steel samples treated by electroerosion method forms a thin film on the friction surface of steel samples, which
leads to a change in the topography of surfaces with increasing height of microroughnesses and structuring of the
transfer film in the sliding direction. The influence of electroerosive treatment of steel surfaces on the wear
resistance of the metal-polymer tribosystem was established and the optimal treatment modes were obtained:
voltage U = 145-150 V, capacitor capacity C = 225-230 pF, treatment duration t = 3-4 min / cm?, providing the
greatest reduction in speed wear of the polymer counterbody and recommended in the development of
technological processes of electroerosive treatment.

Key words: wear, electrode, roughness, wear resistance, friction steam, coating, electroerosive
treatment.

Introduction

Reliability and efficiency of machines and technological equipment are determined mainly by wear
resistance and durability of parts of tribosystems. Depending on the operating conditions of the products, various
methods of surface hardening of steels and alloys are used in the industry, such as surface plastic deformation,
chemical-thermal treatment, formation of hardening wear-resistant coatings (microarc oxidation, spraying, etc.),
high-energy methods etc.) and their various combinations. All known methods of surface hardening have their
advantages and scope, but do not fully meet modern requirements for efficiency, versatility and cost-
effectiveness of technological processes. Therefore, the development of an effective, fairly simple to master in
industrial production and economic method of increasing wear resistance remains an urgent scientific and
practical task. The most promising are the methods of surface modification of parts of tribosystems with the use
of highly concentrated energy flows, which include electroerosive treatment (EET), which allows to obtain
coatings with high physical, mechanical and tribotechnical properties.

Combined surface hardening methods allow to create coatings with high predetermined performance
properties [1]. Thus, surface alloying with subsequent nitriding of low-alloy steels allows to increase the
characteristics of mechanical strength above the level of properties of high-alloy steels. In [2] the problems of
increasing the wear resistance of a long tool by the method of combined hardening, which includes nitriding and
coating (Ti, Nb, Al, N) are considered. Production tests have shown that the combined strengthening of broaches
on the offered modes allows to increase in 2-4 times their stability in comparison with not strengthened.

Copyright © 2021 D.D. Marchenko, K.S. Matvyeyeva. This is an open access article distributed under the Creative Commons
@m_ Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
[ properly cited.
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The combination of methods of physical cathodic-arc and chemical deposition from the gas phase in the
treatment of plunger pairs of high pressure fuel pumps made of steel 25X5MA, allows to obtain a coating with
high hardness, wear resistance and corrosion resistance [3]. The essence of the method is the destruction of
carbon gas molecules as a result of their collisions with high-energy ions generated by high-current pulsed
cathode-arc discharge on the surface of the graphite target. The products of this interaction settle on the substrate
and form a wear-resistant coating. It is established that the coefficient of friction of surfaces with such a coating
in the conditions of extreme lubrication is 0.10 - 0.12 and practically does not change in the presence of
impurities of water and fine abrasive particles, while for surfaces without coatings the coefficient of friction
increases by 1, 4 times in the presence of impurities.

In [4-6] it was shown that the preliminary application on the surface of the alloying sublayer with
concentrate by the method of electroerosive doping with its subsequent remelting by an electric arc in a carbon
dioxide environment allows to significantly change the performance of steel St3 in the desired direction.

Electroerosive treatment of steel 45 with a hard alloy VK6M, chromium and molybdenum with
subsequent laser hardening reduces the wear intensity of coatings formed by hard alloy by 70%, and coatings
formed by Cr and Mo - respectively 3.5 and 3 times, compared with untreated steel [7, 8].

An experimental study of the process of microarc cementation of steel products in powder media was
carried out in [9, 10]. The use of coal powder intensifies the process of diffusion saturation with carbon and the
formation of a diffusion layer up to 0.3 mm deep occurs in the course of 2...3 minutes, which reduces the
cementation process by hundreds of times.

Therefore, the purpose of work consists in establishment of laws of formation of wear-resistant
coverings on a steel substrate by a method of electroerosive processing providing increase of wear resistance of
steel details of knots of friction of cars.

To achieve this goal it is necessary to solve the following tasks:

1. To conduct an experimental study of the influence of the chemical composition of the electrode
material (anode) on the structure and phase composition of coatings formed on steel samples.

2. Investigate the dependences of microhardness and tribotechnical properties of coatings on the
composition of the alloying electrode material and energy modes of electroerosive treatment.

3. By the method of contact atomic force microscopy to investigate the influence of the composition of
the material of the alloying electrodes and the modes of electroerosive treatment on the dimensions of the
structural elements of the formed coatings and the roughness parameters of the treated surface.

4. Carry out an optimization study of EET modes and develop practical recommendations for the
appointment of optimal technological modes of electroerosive treatment of steel 15HGN2TA, providing the
highest wear resistance of metal-polymer friction pairs.

Research methodology

As an object of experimental research used structural alloy steel 15HGN2TA, which is widely used for
the manufacture of gears, axles, bushings, shafts of gearboxes, multi-purpose tracked and wheeled vehicles and
other equipment. To increase the mechanical properties of steel 15SHGN2TA use chemical-thermal treatment
followed by heat treatment, which significantly complicates and increases the duration of the technological
process of manufacturing parts.

Processing of samples was carried out on installations for electroerosive processing of models IMEI-02-
2-1ME8 and IMEI-1001-1MES8, providing technological modes: anode-cathode voltage i = 40-160 V; bit
capacitance of capacitors C = 34-240 uF.

The surfaces of steel samples were treated with various alloying electrodes (AE): standard electrode
brand T15K6 (TiC-15%, Co-6%, WC - 79%); electrode IMX21 (WC-Co0-50%, Ni-Cr-B-Si-50%); electrode
Sh21 with mineral raw materials of the Far East region based on scheelite concentrate (TiC-60%, Ni-Cr-Al-30%,
SC (scheelite concentrate CaWO4) - 10%). The choice of alloying electrodes was made on the basis of previous
studies.

The research method included the study of the influence of the material of the alloying electrode and
technological modes of processing on the microhardness and thickness of the coatings formed during
electroerosive processing. The microhardness of the molded surface layers was determined using a
microhardness tester PMT-3M under load on an indenter of 0.49 N. The thickness of the applied coatings was
determined on a horizontal optimeter IKG-3 relative measurement method.

The study of the structure and phase composition of the modified surface layer of steel 15SHGN2TA
after electroerosive treatment was performed by X-ray phase analysis of the initial and modified samples on a
diffractometer D8 ADVANCE (Bruker) in Cu-K, radiation at angles 5°...120°.

Using a scanning probe microscope NTEGRA Prima (NT-MDT) in the mode of contact atomic force
microscopy (k-AFM) studied the microrelief and determined the characteristic dimensions of the structural
surface elements of the initial samples and samples modified by EET different electrodes, as well as IMX2
electrode in different modes after friction and wear tests. Mathematical post-processing of the obtained results
was carried out using the modular program Gwyddion.
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To study the elemental composition of the initial surface of steel 15 HGN2TA and surface layers
modified by EET with different electrodes, as well as coatings formed by the electrode IMX2 in different modes
after tribotechnical tests used a scanning electron microscope Jeol JCM - 5700 and X-ray energy dispersion
spectrometer.

Studies of the characteristics of tribotechnical properties were performed on a special installation
created on the basis of a desktop drilling machine according to the friction scheme "finger-disk™ at a contact
pressure P = 2.66 MPa and a sliding speed V = 1.20 m/s. Cylindrical fingers made of PTFE-based composite
material were used as counter-samples.

Research results
From the diagrams (Fig. 1) it is seen that with increasing energy regimes EET: voltage from 80 V to
160 V and capacity from 34 pF to 240 pF, the thickness of the coatings increases with any material LE. In this

case, when processing the electrode T15K®6, the coating thickness increases by 48.6%, when processing the
electrode IMX2 - by 75%, when processing the electrode W2 - by 83.3%.

W2

IMX2

T15K6

o

50 100 150 200 250

m160V 240 uF ®WB0V 34 uF Coating thickness, pm

Fig. 1. The thickness of the coatings of the samples of steel 15SHGN2TA with different electrode materials

The diagrams also show that when the EET electrode IMX2 based on tungsten carbide with the addition
of components that form with the base material unlimited solid solutions, the largest coating thickness (210 pum).
This can be explained by the fact that the introduction of boron and silicon in the composition of LE slows down
the formation of oxide films in the molded structure, which has a positive effect on the continuity and increase
the thickness of the coating. In addition, the introduction of boron reduces the erosion resistance of LE, as a
result, increases the mass transfer of electrode material to the treated surface. The use of the electrode W2 also
leads to the formation of coatings that exceed the thickness of the coatings formed by the electrode brand
T15KS6, 1.7-2 times. This is due to the fact that the mineral raw material (scheelite concentrate) in the electrode
material creates a protective atmosphere in the EET zone, preventing the burning of erosion particles and
contributing to the intensification of mass transfer of the electrode material. The obtained results allow to use
EET to restore worn surfaces of precision friction pairs within 100 pm.

Analysis of experimental dependences of microhardness of coatings on 15HGN2TA steel samples,
anode-cathode voltage and capacitor discharge capacity, showed that increasing energy treatment regimes
differently affects the nature of changes in microhardness of coatings when changing the material of the alloying
electrode (Fig. 2, 3).

The highest values of microhardness of coatings (HB 900...1080) were obtained using electrodes IMX2
and T15K6. The greatest effect of increasing the microhardness is provided by the EET electrode IMX2 with a
voltage of U = 140 V and a capacity of C = 120 pF. When treated with the electrode T15K6, the maximum
microhardness is obtained at a voltage U= 120 V and a capacity of C = 150 puF. A further increase in the anode-
cathode voltage leads to a sharp decrease in the microhardness of the surface layer.

These results show that the elemental composition of the initial surface of the sample made of steel
15HGN2TA differs from the composition of the coatings and surface layers of the samples modified by EET by
different electrodes. In the modified samples the presence of a number of elements of steel 15SHGN2TA is not
established: chromium, manganese and nickel at processing by the T15K6 electrode, chromium and manganese
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at processing by the Sh2 electrode, manganese and titanium at processing by the IMH2 electrode. The presence
of tungsten (LE T15KS6), oxygen (LE SH2) and silicon (LE IMH2) was established, which can be explained by
the erosion of alloying elements and their low concentration in steel, as well as the interaction of electrode

elements with steel.
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Fig. 2. The dependence of the microhardness of the surface layers of the samples modified by EET by different
electrodes, from anode-cathode voltage at C = 34 pF:
1-T15K6; 2 - W2; 3 - IMX2
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Fig. 3. The dependence of the microhardness of the surface layers of the samples modified by EET by different
electrodes on the discharge capacity at U =80 V: 1- T15K6; 2 - W2; 3 - IMX2

Quantitative chemical composition of the initial (unmodified) sample and coatings on steel samples
treated with electrodes T15K6, Sh2 and IMH2, are given in Table 1.

Table 1
Elemental composition of coatings on samples of steel 1I5SHGN2TA
Chemical element %
Sample _ _
Fe Cr Mn Ni Si Ti W (0]
Steel 15HGN2TA (initial) 953 | 1,09 [195| 1,66 - - - -
Coating of LE T15K6 54,87 - - - - 12,34 | 32,8 -
Coating of LE IMH2 23,73 | 14,39 | - 58,02 | 3,86 - - -
Coating LE 1112 47,05 - - 7,32 - 29,56 - 16,07

The study also allowed to determine the characteristic size of the structural elements (D), the height
parameters of the surface roughness: the arithmetic mean deviation of the profile (Ra), the depth of the largest
depression (Rv) and the height of the largest protrusion (Rp) of the sample surfaces (Table 2).
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Analysis of the obtained values of the roughness parameters of the studied surfaces shows that the
parameters: Ra, Rp and Rv vary depending on the electrode material. The parameters are increased in the
following order: the initial state of the surface — treatment with the electrode T15K6 — treatment with the
electrode W2 — treatment with the electrode IMX2 (Table 2). In this case, the parameter Ra increases by 1.5-3.9
times. The largest increase in the roughness parameter Ra to 6.3 and the RR parameter to 538.3 nm is observed
when treated with the electrode IMX2. This may be due to the higher level of energy action at the EET by this
electrode.

The obtained values (Table 2) of the characteristic dimensions of the structural elements of the surface
show that in the modified samples in comparison with the initial state, they decrease by 8-13 times. The
minimum dimensions of the parameter D are obtained by processing the electrode W2.

In order to study the effect of frictional interaction of polymer counter-samples with metal samples after
their EIO on the topography of friction surfaces, a study of friction surfaces on atomic force (k-AFM) and
scanning electron microscopes was performed (Fig. 4, 5).

Table 2
Surface parameters of the initial and modified samples
. . Height of the largest Depth of the largest
Sample / Parameter Typlcalgtrﬁﬁ:ure Slz€ Ra, um protrusion of the profile |depression of the profile Ry,
' Rp, nm nm
Steel ISXTHITA | 55402500 =16 379,0 344,8
(initial)
Coating LE T15K6 200-250 =2,5 477,3 378,5
Coating LE 1112 150-200 ~3,2 504,1 485,7
Coating of LE -

IMH2 250-300 ~6,3 538,3 484,4

The images of the surfaces of the samples obtained by contact atomic force microscopy show that the
topography of the surfaces on the friction track and outside the track differ (Fig. 4). The figure shows that the
height of surface irregularities in areas after friction is higher than in areas outside the friction track. This may be
due to the formation on the surface of the samples of the friction transfer film.

0.10 pm

0,04 pm
0,18 pm

0,11 pm

friction track external friction tracks

Fig. 4. Topography of the surface of the sample of steel 1I5SHGN2TA, treated with the electrode IMX2
(U =120 B; C = 150 puF; t =4 min / cm?), after friction and wear tests

In Fig. 5 shows images of surfaces after tribotechnical tests obtained by scanning electron microscopy.
The surface areas of the samples on the friction track are markedly different from the surface areas outside the
track. The friction transfer polymer film (FP), structured in the sliding direction, is clearly visible on the friction
track section. In the area near the friction track there is an island coating without a film of AF. Thus, it was found
that the frictional interaction of steel samples treated by the EET method with polymeric countersamples on the
friction surface of steel samples forms a thin film of FP, which leads to a change in surface topography with
increasing microroughness and structuring of the transfer film in the sliding direction.

Tribotechnical properties of steel-based structures at EET were evaluated by the wear rate of polymeric
counter-samples during sliding friction on the modified surface of steel samples. Steel samples were treated with
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an electrode IMX2. In order to get a clear idea of the influence of the level of energy action on the wear
resistance (wear rate) of the friction pair, the dependences J = f (E) were constructed according to the test results
(Fig. 6).

—— . —— R TR ST

X3,000  S5um 25 50 SEI 20kV  X3,000 S5um 25 50 SEI

friction track external friction tracks

Fig. 5. The surface of the sample made of steel 15SHGN2TA, treated with an electrode IMX2
(U =120 V; C =150 pF; t =4 min / cm?), after tests for friction and wear
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Fig. 6. Dependence of wear rate of polymeric countersamples on pulse energy at EET of samples from steel
15HGN2TA:
1 - samples with EET duration of 4 min/cm?; 2 - samples with EET duration of 5 min/cm?; 3 - hardened sample
without EET

The obtained dependences allow us to conclude that with increasing pulse energy in the EET of steel
samples, the wear rate of the polymer countersample decreases by 1.2-1.3 times. At the same time, the increase
in the duration of EET has a negligible effect on the wear rate of polymeric counter samples (by ~ 3%). It was
also shown that the wear rate of metal-polymer friction pair with samples modified by EET is less than this
parameter in friction pairs with hardened sample, approximately 1.6-2 times.

Conclusions

By the method of X-ray phase analysis of the surfaces of the modified samples, the regularities of the
formation of coatings of different phase composition depending on the chemical composition of LE are
established, which consist in the fact that the phase composition of coatings is determined by the chemical
composition of LE.

It is established that the thickness of the molded coating depends on the chemical composition of the
material of the alloying electrode and energy regimes EET: the largest coating thickness is formed when
processing the electrode IMX2, which is 4 times more than when processing serial electrode T15K6; increasing
the energy modes of EET leads to an increase in the thickness of the coating regardless of the material of LE,
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which allows us to recommend EET electrodes T15K6, IMH2, Sh2 to increase wear resistance and restore worn
surfaces of parts of the friction units of machines.

It is established that the microhardness of coatings depends on the modes of EET and the material of the
alloying electrode; experimental dependences of microhardness of coatings on voltage and discharge capacitance
of capacitors have extreme character with maxima at voltage U = 120-140 V and discharge capacity C = 120 uF.

The method of contact atomic force microscopy revealed a significant (8-13 times) reduction in the
characteristic size of the structural elements (D) in the coatings formed by the EET by different electrodes,
compared with the original (unmodified) surface. It is also established that at EET surfaces with height
parameters of roughness (Ra, Rv, Rp), characteristic and commensurate with similar parameters of the surface
received at finishing machining are formed. In this case, as a result of the EET electrode IMH2 there is the
largest increase in the roughness parameter Ra 3.9 times, which is due to the higher level of energy action during
treatment with this alloying electrode.
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Mapuenko J.JI., MaTBeeBa K.C. TpuOonoriuni qociipkeHHsI €IeKTpoepo3iiiHol 00poOKH CTaIbHUX
JeTaneil MalluH.

B crarTi po3risHyTa TEXHOJOTIS eNeKTpoepo3iifHoi OOpOOKM cTalleBHX Iap TepTs 1 INpHBEAEHI
pe3yNnbTaTh EeKCIEePUMEHTAIFHUX JOCIHIKeHb. AHAI3 eKCIEepPUMEHTAIBHUX JOCHI/DKEHb TII0Ka3aB, IO
301IbIIEHHST AHOIHO-KATOMHOI HANpYyrd NPU3BOOHUTH O PI3KOTO 3HIKCHHS MIKPOTBEPAOCTI MOBEPXHEBOIO
mapy. BukoHaHe mOCHiKEHHS JO3BOJIHMJIO TaKOXK BH3HAYMTH XapaKTEPHHH PO3MIP CTPYKTYpHHX EJIEMEHTIB,
BHCOTHI MNapaMeTpu IIOPCTKOCTI IMOBepxHi. ElleMEeHTHWIl cKkiaj Mo4aTKoBOI TOBEpPXHI 3pa3ka i3 cTami
ISXTH2TA Bigpi3HseTbcss BiJ CKIaJy MOKPUTTIB 1 TIOBEpXHEBHX INapiB 3pas3KiB, MOIU(IKOBaHUX
EIIEKTPOCPO3IHHOT 0OPOOKH PI3HUMH EIICKTPOJaMH. Y PEKHMi POOOTH CHCTEMHU «aHOI - KaTom» Ha MOBEPXHi
KaTola BHACTIJIOK AWCHIIATHBHHUX TIIPONECIB (OPMYETbCS TOHKHU INAp TOKPUTTS CTiHKOi Moan(ikoBaHOI
cTpyktypu. [lokazaHo, Mo BHCOTa HEPIBHOCTEH IMOBEPXHI Ha IUISHKAX IICIS TEPTs BUINE, HDK Ha IUISHKAX
TIOBEpXHI 1032 JOPIKKOIO TEPTs, IO IMOB'A3aHO 3 (JOPMYBAHHSIM Ha IMOBEPXHI 3pa3KiB IUIBKH (pHUKIIHHOrO
niepeHeceHHs. BusBiieHo, mo npu (GpUKIiiiHIA B3aeMOMil cTaleBHX 3pa3KiB, 0OpOOJIEHHX eNeKTpOoepOo3iitHuM
METOJIOM Ha MOBEPXHI TEPTs CTAIEBUX 3pa3KiB (POPMYETHCS TOHKA IUTIBKA, 10 MPU3BOJUTH JI0 3MiHHU Tororpadii
TIOBEPXOHb 31 30UIBIICHHSAM BHCOTH MIKPOHEpIBHOCTEH 1 CTPYKTYpH3alli€l0 IUTIBKH INEPEHECEHHsS Y Hampsmi
KOB3aHHS. BCTaHOBIIEHO BIUIMB PEXUMIB €NEKTPOEPO3iiHOI 0OPOOKH CTalIeBHX IIOBEPXOHb Ha 3HOCOCTIHKICThH
METaJoNoaiMepHOl TpiOOCHCTEMH Ta OTPUMaHi ONTHUMalbHI peXuMH 00poOku: Hanpyra U=145-150 B,
MicTkicTh KommeHcaTopis C=225-230 Mx®, TpuBamicTh 00poOKH t=3-4 XB/cM, 1m0 3a6e3MedyioTh HAHGITbIIE
3HW)KEHHS IIBUJKOCTI 3HOIIYBAaHHS IOJIIMEPHOTO KOHTPTLNIA 1 PEKOMEHIOBaHi IpU PO3pOOI TEXHOIOTIYHUX
MIPOIIECIB €IEKTPOSPO3iHHOI 00pOOKH.

Kaw4oBi ciioBa: 3HOC, €ICKTPOI, IIOPCTKICTh, 3HOCOCTIMKICTB, Mapa TePTs, MOKPHUTTS, EJICKTPOepo3iiHa
00poOKa..
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Abstract

The paper considers possibilities to increase the wear resistance, corrosion resistance, and service life for
parts machines and mechanisms via their hardening and renovating using electric arc coatings characterized by
high density, adhesion strength, and micro hardness thanks to activation of the spraying process. Also, the
possibility of controlling the properties of restored surfaces owing to choice of the related equipment with
required structure and characteristics in order to prolong the service life of machinery parts is shown. The right
choice of equipment for spraying makes it possible to increase the speed and temperature of the spraying gas and
particles, reduce the droplet diameter, increase the density and reduce the oxidation of coatings.

The influence of spray factors such as the flow rate and pressure of working gases, composition of
combustion mixture, spraying distance, dispersion of the spray, properties of wire material, etc. on the properties
of the coatings obtained has been investigated. The possibility of controlling the properties of surfaces owing to
choice with required characteristics electric arc coatings is shown. The influence of spray factors such as the
flow rate and pressure of working gases, composition of combustion mixture, spraying distance, dispersion of
the spray, properties of wire material, etc. on the properties of the coatings obtained has been investigated.

The use of coatings makes it possible to increase the wear and corrosion resistance of working surfaces of
machine parts and mechanisms, in particular ship parts, and so to reduce the costs of alloyed steels and alloys.
The coatings application is associated with implementation of a fundamentally new approach, according to
which the strength and carrying capacity of a part is provided by its basic material, whereas the resistance to
corrosion, wear, and other factors may be increased via using hardening protective coatings. There are many
alternative methods for producing coatings, from which it is advisable to choose an optimal, easy to implement,
and inexpensive one.

Of the variety of methods for hardening coating deposition, the most common technologies used to
restore and improve the performance properties of parts are gas-thermal spraying techniques, among which the
cheapest and simplest method is electric arc spraying (EAS), whose current improvement is aimed at modifying
and activating the spraying process. Such combined technologies do not require additional expensive equipment
and operations, which predetermines a reduction in the cost of hardening processes.

Key words: electric arc coating, wear resistance, corrosion resistance, adhesion strength, spraying
process

Introduction. The state of the problem and the purpose of the research.

In the practice of restoring and hardening parts through the use of hardening protective coatings,
extensive experience has been accumulated in the application of coatings by methods of gas-thermal spraying
(GTS) [1-3]. The reasonability of using GTS is evidenced by the appearance of a number of special firms for
manufacture of equipment and materials for spraying, for example, Metko, Wall Cobmonoy Corp. Linde Div.,
Union Carbide Corp. et al. [4-7]. The produced domestic and foreign GTS units [8], spray materials [6-10], and
published recommendations have made it possible to solve a series of items related to the repair, restoration, and
prolongation of the service life of parts [1-3].

Copyright © 2021 M. Ageev, E. Solovuch, V. Lopata, O. Burlachenko, N. Vihilianska. This is an open access article distributed
@m_ under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
3 provided the original work is properly cited.
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In the development of techniques for restoration of parts, it is necessary, of all the possible GTS
methods (Table 1) [4-6], to choose such one that provides the longest service life of a part and the lowest cost of
its recovery as well as can be fairly versatile, simple, and easy to implement [8].

When choosing a method for GTS, it is necessary to consider the basic conditions for high-quality coating
formation [4]: i) thermal effects on the part must prevent the phase or structural transformations in the base
metal; ii) participation of the base metal in the coating must be negligible, and iii) in the contact zone, no
relaxation process capable to change its phase composition and structure should arise.

Table 1
Characteristics of spraying modes
Parameter Spraying mode
Electric arc Gas-flame Plasma Detonation
Efficiency, kg/h 3-31 1-10 05-8.0 0.1- 6.0
Coefficient of material 0.8-0.9 0.8-0.95 0.4-0.9 0.3-0.6
Adhesion strength, MPa to 40 to 50 to 60 to 200
Temperature of part heating , °C 100-150 100-150 150 -200 100-150

From the standpoint of these conditions, the use of electric arc spraying (EAS) is promising [9, 10]. EAS
is widely used in the European countries and displaces the traditional gas-flame method [7]. This is due to the
simplicity of the equipment, the availability of energy source for metal melting, higher thermal efficiency,
which reaches 57% compared to 13 and 17% for gas and flame spraying [9, 10].

Despite the large number of innovations concerning electric arc spraying (EAS), researches on the
improvement of this method and required equipment are actively being carried out and has become aimed at
activating the spray process using various techniques, methods, and devices [11-13]. The spray process
activation is the basis for improving the technology and equipment for deposition of high-density wear-resistant
layers. In practice, the following procedures for spray process activation have been implemented [11-13]:

- intensification of mixing working gases;

- provision of sprayed particles and the substrate with additional energy via heating them;

- diminution of the sprayed particles size;

- activation of the particle and the substrate surfaces by mechanical methods (increase in roughness) or by
reduction of oxides;

- increase in the enthalpy of the spray flux by introducing thermo-reactive components;

- coating with the use of external effects (ultrasonic waves, electromagnetic fields, etc. [14];

- heat treatment [15, 16] or chemical heat treatment of coatings [17, 18], etc.

On the basis of studying the problem of hardening and restoring parts of the using electric arc spraying
(EAS) coatings, the aim of the work was set up to increase the wear resistance and service life of parts via
combining electric arc spraying (EAS) coatings characterized by high density, adhesion strength, and
microhardness due to the activation of the spray process and nitriding of the coatings sprayed.

The influence of choice of design parameters for of electric arc spraying equipment on the factors
of spray process and properties of coatings

The quality of electric arc spraying (EAS) coatings used for renovation and hardening of the working
surfaces of parts markedly depend on the technical characteristics of the equipment used.

Currently, there is in operation a wide range of power sources and devices for spraying produced by
various companies [19-22]. However, a comparative analysis of the influence of the main technical
characteristics of spray units and power sources on the physicomechanical properties of the coatings obtained
has not been carried out; and no science-based recommendations on the use of electric arc spraying (EAS)
equipment have been made. The above reasons make it difficult to choose the right equipment for electric arc
spraying (EAS) that could provide high performance and quality of the recovered parts. This paper presents the
characteristics of the most used units and analysis of them in order to ensure their correct choice. The
characteristics of the power source and the design of an apparatus for an electric arc determine such electric arc
spraying (EAS) factors as the welding current; the type, pressure, and flow rate of the spraying gas; the diameter
and shape of the nozzle, and the scheme of a blowing system. To create electric arc spraying (EAS) coatings,
units with various blowing systems and nozzle geometry are used [23, 24]. Currently, there are several schemes
for the formation of the metal-air flow for electric arc spraying (EAS), namely diaphragm, central-nozzle,
differential, and closed ones. In particular, the most widespread diaphragm scheme is used in the manufacture of
electric arc spraying (EAS) units at the Barnaul plant (Russia) and firms "Metco" and "Mogul" (the United
States). For this scheme, formation of a fairly wide metal-air flow is characteristic. The use of it is effective for
obtaining anti-corrosion coatings. The central nozzle scheme is used in the electric arc apparatus EM-17
(Barnaul), where a narrow metal-air flow is created, which is particularly efficient for coating of bodies of
revolution, for example shafts, including crankshafts [23, 24].
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At the Physical-Mechanical Institute (PMI) of NAS of Ukraine (Lviv), through improving the design of
electric arc spraying (EAS) equipment and increasing the protective-energy level of the spray arc flame, the
problem of increasing the physicomechanical properties of coatings was solved by weakening the dispersed
metal oxidation in the spray flame and increasing the velocity of particles [23, 24]. In order to improve the
quality of coatings, an electric arc apparatus with a spray head was used [23,24], which was based on a closed
scheme for the formation of metal-air flow. Such a scheme is used in the units manufactured by the GMP
"Gasothermic" at PMI of NAS of Ukraine. The advantages of EM-14 units with a closed scheme and a
differential nozzle over an open scheme and a central nozzle are considered in [24]. The closed scheme of metal-
air flow formation allows the manufacture of extremely fine fractions of sprayed particles (below 50 um) thanks
to their high flight velocity (50-130 m/s) from the burning arc zone to the surface being restored (Fig. 1, a, b).
Such a spray scheme should be used when the need arises in fine-particle (50 - 200 um) coatings via spraying
wires that include refractory components. If the metal-air flow scheme is closed, the arc burns in a channel
bounded with the spray head of the electric arc spraying (EAS) apparatus. This scheme realizes its advantages
when the arc cross section size becomes commensurate with the cross section of the cylindrical channel where it
burns. The closed metal-air flow scheme allows two deposition modes: continuous and pulsed. Upon reducing
the diameter of the nozzle cylindrical part, the pressure in the nozzle may become equal to that in the arc gap.
With this, cold air may actively penetrate into the arc burning zone and so help decrease its length. When the arc
length decreases so much that the melt can close the arc gap, a pulsed mode is realized. The pressure in the arc
markedly depends on the nozzle diameter and arc power.

It was established experimentally that the larger the nozzle diameter, the greater the arc power should be
in order to realize the pulsed mode of the electric arc apparatus operation. When the pulverization apparatus is in
the pulsed mode, the wire tips become parallel. The liquid phase closes the tips, and the reycotron effect is
realized, which is manifested in the fact that an electrodynamic force acts parallel to the surfaces of wires, which
melt in the gaps between the two parallel wires-electrodes. The melt is ejected from the gap by electrodynamic
forces, and after a pause the cycle repeats. The frequency of emissions depends on the wire feed speed. Portions
of the liquid metal receive an additional impulse owing to the reycotron effect, which increases the velocity of
particles and contributes to the melt dispersion.

The use of the closed scheme for the formation of metal-air flow during EAS [23, 24] allows production
of coatings with a density of over 90% and adhesion strength to 180 MPa. The maximum size of sprayed
particles does not exceed 50 um. Thus, the EM-14 spraying system (Fig. 1, c), which provides arc burning in a
channel bounded with the nozzle walls or in the formed flow of pressing air, makes it possible to produce
droplets with a high flight velocity, which improves the properties of the surfaces being restored.
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Fig. 1. Dependence of the velocity of metal particles on their size for different modes of metal-air flow
formation (a, b): central nozzle scheme (a) and closed scheme (b); apparatus EM-14 for electric arc spraying (c);
d) unit for electric arc spraying (EAS) with a propane-air combustion chamber

In the apparatus EDM-6GD designed by the Mariupil State University and the company TOPAZ, spraying is
performed with gas-dynamic dispersion of metal and using an external chamberless combustion scheme. Here the
energy source (electric arc and compressed air) is replaced by an electric arc and a fast jet of the products of liquid
hydrocarbon fuel combustion [25]. This design allows reduction in the oxidation potential of the medium compared to
air by twice and improvement in the properties of surfaces restored. The adhesion strength of coatings increases by
56% and hardness by 18%, while the porosity of coatings decreases by 2.6 times. At the same time, the cost of the
electric arc spraying (EAS) process decreases thanks to the replacement of cored wires with 2-3 times cheaper
standard solid-drawn ones.

The units for electric arc spraying (EAS) produced by NPOOO "MAD" (Minsk) combine the advantages
of electric arc and fast spraying [19-22] (Fig. 1, d). The main distinguishing feature of the electric arc spraying
(EAS) unit is the presence of an efficient small-sized chamber for propane/air mixture combustion. A fast jet of
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the combustion products leaves it with a speed of 1500 m/s at the outlet. The unit operates on the basis of
melting wires by an electric arc and spraying molten wire droplets with the fast jet of combustion products. It
requires supply of compressed air with pressure from 0.6 to 0.8 MPa and propane with pressure from 0.3 to 0.45
MPa as well as a source of welding current with a “hard” voltage-current characteristic (of the “VDU-506"
type). By varying the consumption of propane and air, it is possible to create a neutral or reducing atmosphere in
the melting zone of the electrode wire and thereby to weaken metal oxidation and burnout of alloying elements
[19-22]. Moreover, the design features of such units make it possible to increase the velocity of sprayed material
particles and the coefficient of material utilization to 0.85; herein the jet angle does not exceed 10°. The EAS-10
unit has an electric drive which provides the required speed of wire electrode feed. It is powered from a three-
phase network of 220 V, frequency 50 Hz [22]. In the case of using an alternating current, the electric arc
burning proceeds with periodic interruptions that occur as a result of the voltage drop. The power supply for the
electric arc apparatus with a direct current forms the necessary conditions for obtaining coatings with a uniform
thickness. Analysis of the research results made it possible to recommend the EM-14 apparatus (Fig. 1, ¢) and
the EAS-10 unit (Fig. 1, d) for deposition of EAS coatings. The proper management of the design parameters of
equipment for electric arc spraying (EAS) provides the creation of coatings with high performance
characteristics, which is very important for increasing the service life of parts. Thus, the work shows the
possibility, through the selection of design parameters and characteristics of equipment for electric arc spraying
(EAS), to control the properties of coated surfaces in order to increase the service life of restored parts. The right
choice of equipment for electric arc spraying (EAS) allows one to increase the speed and temperature of the jet
of spraying gas and particles, decrease the size of droplets, increase the density and reduce the oxidation of
coatings. Additionally, it has made it possible to use standard solid-drawn wires from martensitic steels 40Kh13
and 95Kh18 and austenitic steels Kh18N10T and 12Kh18N10T instead of more expensive cored wire FMI.

Study influence factors of the spraying process on the properties of electric arc spraying coatings.
Control of structure formation processes in sprayed coatings

A distinct feature of the martensitic and austenitic steels is the ability for phase transformations and
structural changes during deposition and processing of coatings, which results in improving the
physicomechanical and operational properties of hardened surfaces. The process of restoration of surfaces via
electric arc spraying (EAS) coating is divided into three main stages: surface preparation, coating, and
subsequent treatment of the surface coated. Studies of the effect of the average particle size of spray wires from
20Kh13, 12Kh18N10T, and nichrome on the physicomechanical properties of coatings revealed that coatings
made from steel wires show a decrease in adhesion with increasing porosity, whereas nichrome does not obey
this rule. Comparative tribological tests were conducted for coatings from steel 40Kh13. For comparison,
samples from rolled steel 40Kh13, which was pre-quenched and tempered at 970 K for 5 h (H, = 27 GPa), were
tested as well. Under friction without lubrication, an adhesion interaction of the coating material with the
counterbody occurs, accompanied by a tear and intense weight wear of the coupling materials (Fig. 2).

As seen in the figure, the curve of accumulated weight wear of tempered steel has a characteristic stage of
running-in and a steady wear stage with almost linear dependence of the weight wear on the friction path. For
electric arc spraying (EAS) coatings, the stages of steady wear periodically alternate with the relatively short-
term stages of accelerated wear, i.e., wear of electric arc spraying (EAS) coatings is pronouncedly cyclical (Fig.
2). The highest averaged weight wear rate was 0.41 mg/m (Table 2).
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Fig. 2. Dependence of the weight wear on the friction path for electric arc spraying coatings from steel 40Kh13
(friction without lubrication, pressure 1.5 MPa, counterbody from hardened steel 60)
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Table 2.
Wear rate and coefficient of dry friction for electric arc spraying coatings
and tempered cast steel 40Kh13

Material Wear rate, mg/m Coefficient of friction
Cast steel 40Kh13 0.11 0.80-0.92
EAS coating 0.28 0.85-0.95
EAS coating 0.41 0.95-1.05

A number of researchers have noted that the structure of coatings obtained by spraying the same wire
material by different modes can differ not only in the number of pores, but also in the phase composition [19-21,
26-29]. This paper presents the results of studies of the structural features of electric arc spraying (EAS)
coatings. As spray materials, 40Kh13 wires with a diameter of 2 mm were used. Spraying was performed using
an apparatus for electric arc spraying (EAS) in the following modes:

- mode 1: spaying of metal melted in an electric arc with a reactive jet of combustion products of
propane/air mixture with an excess of propane (reducing atmosphere);

- mode 2: spraying of metal melted in an electric arc with a reactive jet of combustion products of the
propane/air mixture with an excess of air (oxidizing atmosphere);

- mode 3: spraying of metal melted in an electric arc with a fast air jet.

To improve the adhesion of coatings to a steel 3 substrate, an intermediate layer from alloy Kh20N80 was
created. The velocity of molten particles was 120-130 m/s (modes land 3) and 400-500 m/s (modes 1 and 2).
The sizes of the particles from which the coatings were formed fell in the range of 5-40 um. The dominant
amount of oxides was formed as a result of the molten particles/air contact. In the work, the effect of the
spraying air flow rate on the amount of oxygen in the coatings obtained by electric arc spraying (mode 3) was
studied (Fig. 3). Here the oxygen content in electric arc spraying (EAS) coatings was 2.5-3 times that in gas-
flame ones (Fig. 4), with achieving the maximum concentration 3.8% at flow rates of about 0.5 m*/min.
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Fig. 3. Influence of the flow rate of spraying air on the oxygen content in coatings obtained by (1) mode 2 and

(2) mode 3.
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Fig. 4. The relative content of Fe;O,in coatings obtained using: (1) gas flame; (2) activated EAS in a reducing
atmosphere; (3) activated EAS in an oxidizing atmosphere; (4) spraying with air.
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An XRD analysis (diffract meter DRON-3.0, monochromatic CoKa, radiation, V = 30 kV, | = 10 mA)
revealed that the phase composition of the coatings includes: a-phase (martensite), y-phase (austenite), oxides
Fe304, y-Fe203 (traces), and Cr203 (traces) (Fig. 5). The hardness of the coatings obtained using various spray
schemes was within the HV range of 2800 - 3500 MPa.

Activation of electric arc spraying (AEAS) in a reducing atmosphere leads to the formation of dense
coatings with a porosity of 2 - 5% and hardness HV = 3000 MPa, characterized by low content of residual
austenite (Vy =~ 20 vol%) and oxides. The lattice parameters of martensite and austenite are ac= 0.2875 nm and
ay= 0.3592 nm, respectively.

Activation of electric arc spraying by a reactive jet with an excess of air provides the formation of a layer
with a porosity of 2 - 5% and hardness HV = 3500 MPa, characterized by substantial content of oxidation
products. The content of residual austenite in the coating is Vy ~ 20 vol%. The lattice parameters of martensite
and austenite are aoc= 0.2875 nm and ay= 0.3592 nm, respectively.

Coatings obtained by spraying with air had a hardness of HV=3200 MPa and a residual austenite content
of Vy=18 vol% at the porosity 6-8%. The XRD data fixed the highest concentration of oxidation products in the
coating after electric arc spraying (EAS) with air. Lattice parameters were ac, = 0.2875 nm and ay= 0.3596 nm
for martensite and austenite, respectively.

The results of the study of the phase composition and hardness of coatings from steel 40Kh13 indicate the
influence of the deposition technique on the structure and properties of the layer obtained. A distinctive feature
of deposited layers is the presence of an anomalously large amount of residual austenite (up to 30 vol%) and
oxides. Generally, the content of residual austenite in hardened steel 40Kh13 does not exceed 3 - 5 vol% [26-

29].

a (110)

y(111)

— = - S
] < a 3
1 o =
< S < o
e, g <2 &
& & 1)
[, N _,.f/’\'v-.‘
30 34 38 42 46 50 54 58 62
z
=
= g
_— — =
8 o § =
ol = oo @]
= o = &
o & O 2
% g <
SO, »
30 34 38 Az 4s
=
_ P
— =
= S
= g < a %
= Q 2 g S
S @: £ ot &
S Pt N = 3)
s SN S H
30 34 s 42 46 50
=
_
= s
= e a8 =
N T oo =
ol S o =
= & = (@]
o) & J &
& 5 =
[+ [
30 34 I8 a2 46 50 54 58 62
»20°

Fig. 5. Fragments of XRD patterns (CoKa) from surface layers of gas-thermal coatings obtained under modes
1-4.

One of the reasons for the appearance of the “austenitic effect” in coatings is a higher concentration of
alloying elements (chromium and carbon) owing to the complete dissolution of chromium carbides during
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melting of the wire and saturation of the molten droplets with carbon from the propane flame. This is confirmed
by the absence of Cr23C6 carbide particles in the coating. While analyzing the causes of austenite stabilization
in the layer, one should keep in mind that under spraying surface layers are heated to 500-670 K. As a result, the
sprayed coating undergoes isothermal aging at 520-670 K during its formation and cooling, which promotes
thermal stabilization of austenite [26-29]. A factor that increases the stability of austenite in the sprayed layers is
saturation of the molten droplets with carbon during melting and spraying with propane flame (Table 3).

The low velocity of molten steel particles and high concentration of carbon-containing propane in the
combustion products contribute to a deeper saturation of molten droplets with carbon.

These circumstances are associated with a high content of residual austenite in coatings obtained by the
gas flame procedure (technique 1).

The smaller amount of austenite in coatings obtained by activation of electric arc spraying (AEAS) in the
reducing atmosphere of the spray torch (technique 2) is due to the higher flight velocity of the molten particles,
which is characteristic for this technique.

In this case, the processes of diffusion saturation of the droplets with carbon from the reducing
atmosphere of the products of propane/air mixture combustion do not have enough time to complete (flight time
of molten droplets in the atmosphere of combustion products is not more than 5 10* s), and the content of
residual austenite in the layer decreases to ~ 20 vol%. An increase in the oxygen concentration in the mixture is
not accompanied by change in the amount of residual austenite in the coating obtained under conditions of
supersonic velocities of molten particles (technique 3) and at relatively low particle velocities (technique 4). In
both cases, the content of residual austenite in the layer does not exceed 20 vol%.

The carried-out studies made it possible to conclude that for electric arc spraying (EAS) there are such
regimes and steels that can provide the formation of a large amount of metastable austenite in the coatings,
which during the performance of the tribocoupling will turn into martensite.

Table 3
The influence of the composition of combustion mixture forming the spray on the carbon and
oxygen contents in electric arc spraying (EAS) coatings from steel 40Kh13

Technique Air/propane volume ratio Oxygen contentin | Carbon content in
of spraying in mixture coatings, % coatings, %

1 (Gas flame) propane/oxygen ratio 1/4 13 0.6

2 Activation of electric arc spraying (AEAS) 18 1.4 0.5

3 Activation of electric arc spraying (AEAS) 30 2.2 0.4

4 Activation of electric arc spraying (AEAS) clean air 3.3-35 0.4

The experiments established a relation between the temperature of the beginning of martensitic
transformation, Ty, for the wire material and the amount of metastable austenite formed in the resultant coating
(Table 4) [26-29].

In steels of group 1, as well as in corrosion-resistant martensitic steels, the temperature Ty, is within 550 -
700 K. When spraying wires from these steels, the volume content of metastable austenite reaches 45%.

Table 4
Metastable austenite content in electric arc spraying (EAS) coatings obtained by spraying various steel
grades
Group Temperature of heating Content of austenite in
of steels Steel grade Temperature, T), K under spraying, K coating, vol%
1 09G2S, 40KhN, 1700-2000 25-45
20Kh13, 40Kh13 550-700 2100-2500 17-20
> 2600 <6
2 9KhS, Kh12MF, 1700-2100 15- 25
9Kh12, Kh6VF, 420-540 2200-2500 8-12
35KhNM, > 2500 <6
40KhFVA, 65G
3 08Kh18N10, 1700-2000 95-98
12Kh18N10T, 70-110 2000-2500 90-95
110G13 > 2500 90 - 95

In the case of spraying wires from steels of the first two groups, the preservation of a large amount of
metastable austenite can be prescribed to the high rate of crystallization of steel particles in the course of forming
the sprayed layer and slowing down its cooling rate in the martensitic transformation region. The decrease in
austenite stability in coatings from steels of the third group, sprayed over 2500 K, is explained by the effect of
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manganese and chromium contained in the steel on the temperature range of its martensitic transformation. Thus,
a decrease in the manganese content from 5% to 1% leads to an increase in the temperature from 270 to 470 K
[26-29]. In this regard, one of the possible ways to increase the Ty temperature is reduction in the chromium or
manganese content in the austenitic phase of steels by oxidizing it during spraying.

Conclusions

The present work recommends to increase the wear resistance, corrosion resistance, and service life of
SMM parts via hardening and renovating them using combined electric arc spraying EAS coatings characterized
by high density, adhesion strength, and microhardness due to activation of the spraying process and subsequent
nitriding of the coatings sprayed.

It has been shown that by properly choosing design parameters and characteristics of equipment for
electric arc spraying EAS, it is possible to control the properties of restored surfaces in order to increase the
service life of parts. The right choice of equipment for spraying will allow one to increase the speed and
temperature of the jet of spraying gas and molten particles, decrease the droplet diameter, increase the density,
and reduce the oxidation of coatings.

Moreover, the phase composition and microhardness of coatings obtained by spraying wires from
austenitic and martensitic steel were investigated. The presence of an abnormally large amount of residual
austenite (to 50 vol%) in coatings from martensitic steel was established.

Studies of the resistance to fatigue failure showed that coatings deposited by electric arc spraying (EAS)
of wires provide a slight decrease in the fatigue strength limit to 10-13% (for comparison, coatings obtained by
vibro-arc surfacing reduce the fatigue limit by 35-40%).

In the course of tribological tests, the wear of sprayed coatings was established to be cyclical. The
cyclicity of weight wear of sprayed coatings is associated with the degradation of their surface layer under
friction, described in terms of physical mesomechanics of solids.
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AreeB M. C., Coaoux E.K., Jlomata B. H., Bypaauenko A.H., Burnusinckass H.B. JlocnimkeHHs
(hakTOpiB TpoIleCy HAMMMICHHS Ha BIACTUBOCTI CIICKTPOIYTOBUX TOKPHUTTIB

B poboti 3amporoHOBaHO MiJBUIYBaTH 3HOCOCTIMKICTb, KOpPO3iMHY CTIHKICTH i TEpMiH CIIyXOH
JieTalieil MamiH 1 MeXaHi3MiB NpH iX BigHOBICHHI 1 3MinHeHHI EJ[H-MOKpHUTTSIMH 3 BHCOKOIO IIUIBHICTIO,
MIIHICTIO 3YEIIeHHS 1 MIKPOTBEPIICTIO 32 PaxyHOK KEpyBaHHS IapaMeTpaMu IIPOIEeCy HAIWIEHHS Ta HOro
aKTUBALII€O.

B poGori po3risiHyTa MOXKIMBICTh 32 paXyHOK BHOOPY KOHCTPYKTHBHHX ITapaMeTpiB i XapaKTEPHCTHK
obnamnanns s EJIH kepyBaTu BIacTHBOCTSIMH BiJHOBJICHHX IIOBEPXOHb 3 METOIO MiJBHUILEHHS pECypcy
neranedd MamuH. [lpaBuibHHE BHOIp KOHCTPYKIII oOONamHaHHS Ui HAIMJICHHS JO3BOJHTH 301JIBIINTH
LIBHIKICTH 1 TEMIEpaTypy CTPYMEHs TpPaHCIOPTYEMHX Tra3y 1 YacTHHOK, 3MEHIIUTH JdiaMeTp Kpareib,
I ABUIINTH IUTBHICTD 1 3HU3UTU OKUCITIOBaHICTh MOKPHUTTIB. B poOOTI BUKOHaHI AOCII/IXKEHH BIUIMBY YNHHHKIB
TIPOLIECY ENEKTPOIYrOBOI0 HAIMJICHHS: BUTPATH I THCKY poOOYMX Ta3iB, CKJIJy TOPIOYOi CyMilli, AUCTAHIIi
HaITIOBAaHHS, JIUCIIEPCHOCTI PO3IMIICHHS, BIIACTUBOCTEH MaTepiay ApoTy i iH.

KirouoBi c1oBa: TOKPUTTS, OTPpUMAaHI CICKTPOMYrOBMM HAIMJICHHSAM, TIPOLEC HAMWICHHS,
3HOCOCTIHMKICTh, KOPO3iiHA CTiIHKiCTh, MIIIHICTh 34CIUICHHS, IIUTHHICTh
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Abstract

Quite often there is an oversaturation of the platform with ground aircraft, which is designed for the
operation of modern international airports, especially in the so-called "rush hour". The emergence of such a
situation may affect the emergence of risks in the implementation of airport technologies, which are associated
with a probable reduction in the level of safety of ground vehicles on the platform, the formation of clusters of
aircraft maintenance at the parking lot and the possibility of damage to aircraft on the ground, psychological
stress aviation personnel and other unforeseen situations.

To avoid melon situations that are directly related to the possible danger at airports, it is necessary to use
multifunctional models of aviation ground equipment, which will provide several technological processes for
ground handling of aircraft, passengers, mail and cargo by creating hybrid structures of special vehicles and
equipment. and automation. For example, the use of multifunctional telescopic ladders allows not only to ensure
a high level of comfort when boarding / disembarking passengers in aircraft, but also significantly increase the
parking space in the buffer area of ground maintenance of aircraft for other types of ground aircraft by reducing
the latter, which will increase the level of safety of aircraft maintenance and economic efficiency in the activities
of airport services and handling companies.

Key words: aeronautical ground equipment, multifunctional ant samples, hybrid designs of special
vehicles and means of mechanization and automation, multifunctional telescopic ladders.

Presentation of the main material

During the operation of modern international airports, especially during the so-called "rush hour", the
platform is often oversaturated with aircraft ground equipment (AGE), designed for technical and commercial
maintenance of aircraft (AIR). This situation can lead to additional risks in the implementation of airport
technologies associated with the likely reduction in the level of safety of ground vehicles on the platform, the
accumulation of aircraft maintenance at the parking lot, the possibility of damage to aircraft on the ground,
psychological stress of aviation personnel, etc. [1].

One of the ways to overcome the above dangers at airports is the use of multifunctional AGE models that
can provide several technological processes for ground handling of aircraft, air passengers, mail and cargo by
creating hybrid designs of special vehicles and mechanization and automation.

The number of types and units of AGE involved in platform service is determined primarily by the
volume of passenger and freight traffic in accordance with the seasonal schedule and daily flight plan of the
aircraft, taking into account the requirements of airlines for the appropriate level of quality and efficiency of
work, service air passengers, etc.

It is known that the number of types of AGE, which ensures the implementation of airport technology, is
calculated by ten, not to mention the number of units for each type that can be simultaneously involved in
platform work. The most common types of AGE include:

« refuelers;

Copyright © 2021 O.N. Bilyakovych, A.N. Savchuk, Y.A. Turitsa, L.V. Kurbet. This is an open access article distributed under the
@m_ Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided
[ the original work is properly cited.
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* aerodrome power supplies;

« aerodrome air conditioners;

« airfield tractors;

* passenger ladders;

* platform buses;

« container loaders;

« road trains from freight or container carts, etc.

The process of ground maintenance of the aircraft, illustrated in fig. 1, involving different types of AGE,
can be optimized by reducing the units of ground equipment, which can be replaced by stationary equipment
mounted, for example, on a telescopic ladder (passenger landing gallery).

It is well known that passenger landing galleries (PLG) are designed for boarding (disembarking) of
passengers directly from the terminal building to the cabin of the aircraft without access to the platform,
bypassing intermediate vehicles. Typically, such structures are installed at airports with a volume of passenger
traffic exceeding 2 million passengers per year.

Currently, the evolution of the use of PLG is associated with the expansion of their functionality, which is
confirmed in the developments of leading manufacturers of this type of AGE. In this regard, it is worth
mentioning such companies as FMC (USA), CIMC (China), FMT (Sweden), which produce PLG with built-in
aerodrome power sources (AC and DC power supply systems) and cabin air conditioning systems AIR [2].

In addition to combining the functions of a telescopic ladder (TL), an aerodrome air conditioner and an
aerodrome power supply, it is also worth noting the possibility of solving another problem, in modern airports -
it is about transporting passengers with disabilities to the aircraft. It is the telescopic ladder that allows them to
get on (with) the plane without delay, along with the general flow of passengers. The lack of stairs in the TL
allows people with disabilities to move along the tunnels without undue effort, which speeds up the process of
boarding and disembarking passengers and does not require additional involvement of such mechanization as
ambulifts.

Therefore, when using multifunctional passenger galleries (air bridges) due to the technical means and
technological capabilities they provide, there may be a reduced need for some types of special vehicles.

The time of service cycle of aircraft by special vehicle depends on the type and model of the aircraft, the
required volumes and types of work that is performed when using this type of aviation ground equipment.

When using PLG with built-in air-conditioning and power supply system of the aircraft during the
calculation of the number of mechanization means it is possible to remove them from the final result.

In order to plot the dependence of the amount of ground equipment on the result of the implementation of
multifunctional ladders, the information on the intensity of air traffic at the Boryspil International airport and
technical capabilities of terminal complexes was analyzed. The graph shows the number of GPUs and self-
propelled ladders that have been in use by handling companies over the last 15 years and with the prospect of
expanding the airport's terminal D to 2025.
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Fig. 1. Scheme of ground maintenance of the B737 aircraft
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Based on the data obtained during the calculation and taking into account the statistical indicators of the
airport, you can make a schedule of the actual and projected number of certain types of aviation special
equipment at the airport, taking into account the introduction of multifunctional passenger galleries (fig. 2).

2005 2007 2010 2012 2013 2014 2015 2017 2018 2019 2020 2025

==g==GPU and APA  ==8==Terminal buses Stairways  ==@==Punctuality ratio, %

Fig.2. The actual and projected number of certain types of aviation special equipment at the airport, taking
into account the introduction of multifunctional PLG

The turnaround time (TAT) of an aircraft is defined as the time that passes from when an aircraft lands
until it takes off again for a new flight. During this period, the resources of the airline involved and the airport
are mobilized to get the aircraft set up in the shortest possible time [3].

One of the most time-consuming processes for servicing an airplane is boarding and disembarking
passengers.

When using passenger ramps, the required time on delivering passengers on the apron is reduced due to
the lack of this need. The average time to complete one leg by the average terminal bus is 5-7 minutes, the
average capacity of one bus is 100 passengers. As well as the capacity of one B 737 aircraft is 189 passengers, a
minimum of 2 buses are required for handle 1 flight.

TAT has hence become a very important and key parameter in determining the profitability of an airline
company. Such situations can lead to a lot of undesirable consequences, as it has a direct impact on the survival
of the organization due to a series of payment crisis one after another.

Turnaround Time >}

DeBoarding Cabin Cleaning Passenger Boarding

L e G770 |
[
[
[

Refueling W/ l

Water & Waste Servicing I

9len 1e |eAly

Bulk Off-Loading Bulk Loading

yoeqysnd 4oy Apeay

Bwd Hold Off-Loading Bwd Hold Loading

Departing Load Ready )

Fwd Hold Off-Loading Fwd Hold Loading ]
I

Fig.3. Turnaround time distribution [4]
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It is also necessary to consider the design of the airport, cause with the hub model of the
airport most passengers use such airports like transit point of their journey and the time for a
transfer from one flight to another, for example from international to domestic, is very
important.
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Fig. 4. Turnaround time for different means
Conclusions

Thus, the use of multifunctional passenger landing galleries allows not only to provide a high level of
comfort when boarding / disembarking passengers in the aircraft, but also significantly increase the parking
space in the buffer area of ground handling of aircraft for other types of AGE by reducing the latter, which will
increase safety. and economic efficiency in the activities of airport services and handling companies. The above
design solutions are, of course, promising provided that the requirements of the feasibility of combining several
types of AGE and ensuring a high level of reliability of such developments.
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Binsxosuu O.M., Capuyk A.M., Typunsa FO.0., Kyp6er JI.B. Oninka A0uidbHOCTI BIPOBaKESHHS
6arato(yHKIIIOHAJILHAX 3pa3KiB aBialliifHOI Ha3eMHOI TEXHIKHM MPU 0OCITyroBYBaHHI MOBITPSIHUX CY/IE€H

JocuTs 4acTo criocTepiraeTbes IepeHacuueHiCTh IEpOHy 3aco0aMy aBianiitHoi HazeMHoi TexHiku (AHT),
sIKa TpU3HAa4YeHa IIPpU eKCIUTyaTalii CydacHHMX MIKHApPOAHHUX aepoIlopTiB, OCOOJHMBO, y TaK 3BaHi, «TOAWHH
mik».[TosiBa Takoi cuTyamii MoXke BIUIMHYTH Ha MOSIBY PU3MKIB B IPOIIEC] peastizallil aeporropToBUX TEXHOJOTIH,
SIKI TIOB'I3aHI 3 HMOBIpHMM 3MEHIIECHHSIM piBHS O€3MEKH pyXy HAa3eMHHX TPaHCIIOPTHHUX 3ac00iB IO TEPOHY,
YTBOPEHHSIM CKYITYeHHsS 3aco0iB oOciayroByBanHs [IC Ha wmicui iX CTOSHKM Ta IMOBIPHOIO MOMKIJIHBICTIO
TIOMIKO/DKEHHS JITaKkiB Ha 3€MJIi, IICHXOJOTIYHHUM Halpy)XEHHAM aBiallifHOro MepCoHaTy Ta IHIIUMH
Herepea0adyyBaHUMH CUTYaIliSIMH.

Jist yHUKHEHHS TUHAX CHUTYallild, siki 0€310cepeHbO TOBsI3aHi 3 MOXKIIMBOIO HEOE3IIEKOI0 B aeporopTax
€ HeOOXiIHICTh BUKOpHCTaHHsS OaratodyHkuioHanbHHX 3pa3kiB AHT, mo macte MOXIHMBICTH 3a0e3NeynTH
MIPOBENEHHS JCKUTPKOX TEXHOJOTIYHUX IMPOIECiB 3 HazeMHOro oocimyroByBanHs [IC, aBiamacaxupiB, 0OpoOKH
MOIITH Ta BaHTAXIB HUIIXOM CTBOPEHHS TiOpMIHHMX KOHCTPYKIIH CIEIMamivH Ta 3aco0iB MexaHizamii i
aBToMaru3anii. Tak, HanpukiIaa 3acTocyBaHHs 0araTo(yHKIIOHAJbHUX TENECKONIYHUX TPAIliB J03BOJSE HE
TIJIbKH 3a0€311eYNTH BUCOKHH piBeHb KoM(OPTY mpH mocaaii/Bucaui nacaxupis B [1C, a i cyrreBo 30UIbMINTH
MapKyBaJIbHUHN MPOCTip B OydepHiil 30H1 Ha3eMHOro 00CITyroByBaHHS JiTakiB Jyis iHmuX tumiBe AHT 3a paxyHok
CKOpPOYEHHsI OIMHUIL OCTAaHHIX, [0 CHPUATUME IiJBHILIEHHIO piBHA Oe3neku obciayroByBanHs [IC Ta
€KOHOMIYHOI €pEKTHBHOCTI Yy JIISUTbHOCTI a€pONIOPTOBUX CITYKO Ta XEHIUTIHTOBUX KOMITaHiMH.

KarwuoBi cnoBa: aBianiiiHa HazemMHa TexHika (aHT), OaraToyHKIIOHaJbHI 3pa3Kku aHT, TiOpHIHI
KOHCTPYKIIii CrielManivH Ta 3aco0iB MexaHi3alii i apromaTn3aii, 6araroyHKIiOHaJIbHI TEJIECKOIIYHI Tpanu
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