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Estimation of Stresses in a Plate with a Concentrator through
Ultrasonic Measurements of Acoustic Anisotropy

Abstract

Introduction. Acoustic anisotropy is measured during ultrasonic nondestructive testing. It estimates the magnitude of
stresses by the acoustoelasticity method. The literature describes in detail the application of this approach in the case of a
biaxial strength of extended structures: main pipelines, rail strings, steam generators, and others. They assume the
presence of a uniform field with zero or weak gradients of stresses and deformations. However, the problem of timely
detection and assessment of critical stresses caused by local concentrators through ultrasonic testing has not been solved.
The presented material is intended to fill this gap. The work is aimed at determining the possibilities of the
acoustoelasticity method to estimate the difference in the main biaxial stresses around the concentrator — a circular cutout
in a rectangular plate.

Materials and Methods. A 510x120%15 mm plate with a central hole of 40 mm in diameter was cut from a sheet of
commercially pure aluminum of the AMc brand (AW-3003 according to ISO) across the rolling direction, and subjected
to uniaxial step loading in an Instron-8850 testing machine. For ultrasonic measurements, an acoustic sensor with a carrier
frequency of 5 MHz was used. The stresses were calculated by solving the problem of stretching an isotropic linear-elastic
plate in the ANSYS finite element modeling package and by the relations of the plane Kirsch problem obtained in the
polar coordinate system.

Results. The research allows us to state that the results of analytical and numerical calculations largely coincide only for
points located near the zone of greatest stress concentration. In all other cases, the indicators differ several times in sign
and modulus. The difference is explained by the fact that Kirsch's approach assumes the action of compressive stresses
in the area of location of some points, but this factor is absent if we are talking about a real plate. It has been established
that in the area of material with predominant tensile stresses, the acoustoelasticity method allows for a quantitative
estimate of their difference with an error not exceeding the engineering one. The calculations based on the Kirsch relations
correlate with the others only at points with the maximum concentration of tensile stresses.

Discussion and Conclusion. The results of the study provide applying the acoustoelasticity method to estimate the
magnitude of tensile biaxial stresses in the area around the fabrication holes. They are consistent with well-known
scientific results and make it possible to rationally select the measurement points of acoustic anisotropy. The results of
this scientific work can be applied in ultrasonic nondestructive testing using the acoustoelasticity method.

Keywords: zone of highest stress concentration, principal stress differences, acoustic anisotropy of initially
inhomogeneous material, stress-strain state, ultrasonic nondestructive testing
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OpuZMHaJZbHOe amnupudeckoe uccnedosatue

Ounenka HANPSKEHNH B MJIACTHHE C KOHIEHTPATOPOM MOCPEICTBOM YJIbTPAa3BYKOBBIX
H3MepPeHMid aKyCTHYeCKOil AaHU30TPONUN
J.A. Tperbsxos" = D4, 11.C. OcoBHK

Cankr-IletepOyprekuii momurexanueckuii yausepceureT [lerpa Bemukoro, r. Cankr-IletepOypr, Poccuiickas denepanms

D4l dmitry.tretyakov93@yandex.ru

AHHOTAUMA

Beeoenue. Axyctudeckasi aHH30TPOIUS U3MEPAETCS MPU YIBTPA3BYKOBOM HEPA3pyIIAIONIEM KOHTPOJIE U MO3BOJISIET
OIICHUTH BEJTUYMHY HAMPSKCHHUIH METOJIOM aKyCTOYIIPYTOoCTU. B uTepaType moapoOHO ONMHUCAaHO MIPUMEHEHHE TaKOTO
MOJIX0J1a B CIIydae ABYXOCHOTO HAIMPSHKEHHOTO COCTOSHUS MPOTSHKEHHBIX KOHCTPYKIUN: MaruCTPaabHBIX TPYOOIpO-
BOJIOB, PEJILCOBBIX IIETEH, MaporeHepaTopoB U Apyrux. s HUX NMpeanonaraeTcst HaTu4ue OJHOPOAHOIO MO C Hy-
JIEBBIME JTHOO CTA0BIMU TpaJIieHTaMU HANpsoKeHUH u nedopmanuii. OqHaKo He perieHa mpodiieMa CBOEBPEMEHHOTO
OOHAapyXCHUSI U OI[CHKU KPUTHUYCCKUX HAMPSHKCHUN, BEI3BAHHBIX JIOKATHHBIMU KOHIICHTPATOPAMH, TOCPEACTBOM YITb-
Tpa3BYKOBOTO KOHTpOJs. [IpencraBieHHbI MaTepral MPU3BaH BOCTIOIHUTH 3TOT mpoben. Llens paboTer — ompene-
JUTH BO3MOXKHOCTH IPUMEHEHHSI METOAA aKyCTOYIIPYTOCTH IS OIEHKU Pa3HOCTH TJIABHBIX JBYXOCHBIX HAIIPSKCHHHA
BOKPYT KOHIIEHTPATOpa — KPYTOBOT'O BBIPE3a B MPSIMOYTOJILHOMN TIJIaCTHHE.

Mamepuanvt u memoowst. VI3 mucta TEXHUIECKH YUCTOTO AITFOMUHKS Mapku AMII ornepek HamnpaBieHHs MpoKaTa BbIpe-
3amu wiacTuHy 510x120%15 MM ¢ IEHTpaJIbHBIM OTBEpCTHEM TuaMeTpoM 40 MM 1 MOJBEPIIIN €€ OJJHOOCHOMY CTYIICH-
4aTOMY Harpy>k€HHIO B HCIBITaTeNbHON MammHe Instron-8850. [l yapTpa3ByKOBBIX U3MEPEHHUN 3a1€HCTBOBAIM aKy-
CTHUYECKHM IaTuuK ¢ Hecyuieil yactoroit 5 MI'1. HampsikeHus pacCUUTHIBAIUCH ITyTEM PEISHUS 33/1a4d O PACTSHKEHUU
HM30TPOIHOM JINHEHHO-YIPYTOH IUIACTUHBI B TAKETE KOHEYHORJIEMEHTHOTo MoJenupoBanust ANSY'S 1 110 COOTHOLIEHUSIM
mockoi 3anaun Kupia, nory4eHHbIM B OJSIPHON cUCTEME KOOPAUHAT.

Pe3ynomamut uccnedosanusn. Vltorn padboTsl O3BOJSAIOT YTBEPXKIAATh, YTO PE3yJIETAThl AHATUTHYECKUX M YHCICHHBIX
pacyeToB BO MHOTOM COBIIAAYT TOJIBKO IS TOYEK, PACIIONIOKESHHBIX PSAAOM C 30HOI HanOOIbIIeH KOHIICHTPAIINN HAIIPSI-
KeHHH. Bo BceX OCTaNbHBIX CITydasx IMOKa3aTeNd OTIMYAl0TCsA B HECKOIBKO pa3 0 3HAKy, U 10 MOIyJio. Pa3sauna 00b-
SICHACTCS TeM, 4TO moaxo ] Kupiira npezmonaraer AeicTBre CKUMAIOIINX HAMIPSHKCHUN B 00JIACTH PACIIONOKEHHS HEKO-
TOPBIX TOYEK, OTHAKO ATOT (JaKTOP OTCYTCTBYET, €CIIM PEYb HIET O PEAbHOM IUIaCTUHE. Y CTAaHOBIIEHO, YTO B 001aCTH
MaTepHralia ¢ IPeo0IIaTaroNUMH PACTITUBAIOIIMMHI HANIPSHKCHUSIMU METO]] aKyCTOYIIPYTOCTH TIO3BOJIIECT KOJIHYSCTBEHHO
OIICHUTDb UX PA3HOCTH C MOTPELIHOCTHIO, HE TPEBbIIAIONIEeH HHKEHEPHYI0. PacueTsl o cooTHomeHusM Kupia xoppe-
JUPYIOT C OCTAFHBIMH TOJBKO B TOUKAX ¢ MAKCHMAIBHOW KOHIICHTPAIIUEeH PACTATHBAIOIINX HAIPSKEHIH.
Ooécyrcoenue u 3axnouenue. Pe3ynbTaTel NCCICIOBAHUS TO3BOJSIIOT IPAMEHSITH METOJT aKyCTOYIPYTOCTH IS OLICHKU
BEJIMYUHBI PACTATUBAIONINX IBYXOCHBIX HAIPsDKEHUHA B 007aCTH BOKPYT TEXHOJOTHYECKHX OTBepcTHid. OHH coriacy-
JOTCS C M3BECTHBIMU HAYYHBIMH PE3YIbTaTaMH U JaI0T BO3MOXXHOCTH PAllMOHAIBHO BEIOPATh TOUKHA N3MEPEHUS aKyCTH-
yecKor aHu3oTponuu. 'Torn naHHO# HayyHOH paboThl MOKHO MPUMEHHUTH MIPH YIBTPA3BYKOBOM HEpa3pyIIaloNeM KOH-

TpOJIe METOAOM aKyCTOYNPYTOCTH.

KiroueBble ci1oBa: 30Ha HauOOJbIICH KOHLEHTpAMKM HANPSHYKEHUH, Pa3HOCTU TJIaBHBIX HANpsDKEHUI, aKyCTHUYEcKas
AQHM30TPONHS HayaJIbHO HEOJHOPOIHOIr0 MaTepHaja, HalpsyKeHHO-Ie(GOopMHpPOBAaHHOE COCTOSHHE, YJIBTPa3BYKOBOM
Hepa3pyLIarIUui KOHTPOJIb

Bnaroaapx—mcnl. ABTOpBI BbIpAXKaOT 6J'IaI‘O,HapHOCTB peaaKkiuru U pCUCH3CHTAM 3a BHUMATCIIbHOC OTHOIICHUEC K CTAThE
1 3aM€YaHusI, KOTOPBIEC ITO3BOJIMIIN ITOBBICUTH €€ KAa4€CTBO.

dunaHcupoBaHue. Vcciie0BaHue BHIMOIHEHO NPH MOyIepKke MUHUCTEPCTBA HAYKH U BhICIIEro oopas3oBanus PD 3a
cuet cruneraun Ne CI1-5336.2022.1 I1pesunenrta Poccuiickoit dexepannu.

Jas uurupoBanus. TperpsakoB J[.A., OcoBuk J1.C. OtieHKa HaNpsHKEHUH B IIACTHHE ¢ KOHIIEHTPATOPOM ITOCPEACTBOM
yIBTPA3BYKOBBIX HM3MEPEHHH aKycTH4Yecko aHmzorponuu. Advanced Engineering Research (Rostov-on-Don).
2024;24(4):307-315. https://doi.org/10.23947/2687-1653-2024-24-4-307-315

Introduction. In recent decades, domestic nondestructive testing technologies have been developed to determine the
stress-strain state of elements of energy systems, railway and pipeline transport [1]. These approaches involve solving inverse
problems in the case of a nonuniform stress state [2], noncontact electromagnetic acoustic strain measurement [3], taking
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into account the degradation of elastic properties in combined nondestructive testing [4], as well as precision measurement
of time delays in the propagation of elastic waves in the material [5]. The technologies have been verified in industrial
measurements' [6], their application is accompanied by the operation of modern diagnostic equipment [7]. However, the
task of testing existing approaches in the diagnostics of anisotropic structural materials, which include industrial rolled
products, remains relevant [8].

This work is devoted to the study of acoustic anisotropy [9] of an initially inhomogeneous material. In this case, it is
commercially pure aluminum of the AMc brand (AW-3003 according to ISO). Samples cut from a rolled sheet were not
prepared to remove the initial internal stresses caused by plastic deformation during rolling [10]. The task is to establish
the possibility of estimating the difference in the magnitude of biaxial stresses in a metal with inhomogeneous initial
acoustic anisotropy [11].

Materials and Methods. In the experiments, we used the IN-5101A ultrasonic acoustic anisotropy analyzer?. This is
a certified device for measuring mechanical stresses by the acoustoelasticity method [12]. The stresses were calculated
from the formula:

Ggp = O =D(ac—a0). (1
Here, 6ep and o, — principal components of the stress tensor in polar coordinates, D — coefficient of elastic-acoustic
coupling of the material; a) — initial acoustic anisotropy at the measurement point; a; — value of the acoustic anisotropy
parameter under the current value of the uniaxial tensile load o. For the aluminum alloy AMc, coefficient
D=-2.0+03"-10*MPa[13].

The current value of the acoustic anisotropy parameter as [14] was determined from formula (2) as the relative

difference in the propagation time of transverse ultrasonic waves of mutually orthogonal polarization [15]:

ag =(t,—1,)/((t2 +1,)/2). )
Here, #1, , — current values of time delays during the passage of transverse wave packets through the thickness of the
material after their multiple reflection, whose velocities are directed along and across the line of uniaxial loading.

The measurements were performed using acoustic sensors with a pulse emission frequency of 5 MHz. The accuracy
of the measurements of time delays ¢, £, was 3 ns.

The low-alloy corrosion-resistant aluminum-manganese alloy of the AMc brand, close in its properties to
commercially pure aluminum (97/99% Al in composition), was studied. Aluminum was a model material for ultrasonic
research. It was with it that the basic results in the acoustoelasticity were obtained [1].

Mechanical tests were performed on a 510x120x15 mm rectangular plate, cut from a rolled aluminum sheet across the
rolling direction. The sample had a stress concentrator in the form of a central circular hole with a diameter of 40 mm (Fig. 1).

Fig. 1. Diagram of a sample from a sheet of rolled aluminum grade AMc

The direction of rolling affects the sign of the initial acoustic anisotropy a, [16]:
a =(Zoz_to1)/((f02 +t01)/2)~ (3)
Here, t1, t» — initial time delays of transverse waves. In the case of samples cut across the rolled product, the
dimensionless parameter of the initial acoustic anisotropy a,, calculated from formula (3), is negative: ap < 0.
For rigid step loading of the plate, uniaxial tension was applied in an Instron-8850 hydraulic machine (Fig. 3). The

stress-strain state was considered at three loading stages with tensile load values F; = 30 kN, F> = 50 kN and F3 = 70 kN.
For the study, n = 8 sections (points) of the sample were selected. The diagram of their location is shown in Figure 2.

! GOST R 52731-2007. Nondestructive Testing. Stress Evaluation by Ultrasound. General Requirements. Electronic Fund of Legal and Technical
Guidance Documents. (In Russ.) URL: https://docs.cntd.ru/document/1200051032 (accessed: 25.05.2024).

2 Devices for Measuring Mechanical Stresses IN-5101A. Operations Manual. INKO.468160.008 RE. (In Russ.) URL: https://encotes.ru/system/files/RE-
IN-5101A_0.pdf?ysclid=m00rujbqr0495004447 (accessed: 25.05.2024).
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Fig. 2. Layout of the sample points under study

Ultrasonic testing was performed along three rows of points: 1-5, 2—4 and 6-8, symmetrically located relative to each
other around the stress concentrator (Fig. 2). The characteristic size of the plates of the piezoelectric elements of the
acoustic sensor was 12x12 mm. That means that each point was associated with its own local representative volume of
material. The points were selected so that the representative volumes differed significantly in their stress-strain state [17].

Mechanical tensile testing in an Instron-type machine involved different boundary conditions for the sample. Its
lower part (points 4-6 in Figure 2) was rigidly fixed in a stationary grip of the testing machine (Fig. 3). In the upper
part (points 1, 2 and 8 in Figure 2), the sample, fixed in a movable grip, was stretched at a low constant strain rate (Fig. 3).
Points 3 and 7 were located on the central transverse axis of the sample (Fig. 2).

Fig. 3. Sample under load in a testing machine

The asymmetry of the problem conditions was taken into account in numerical modeling using the finite element
method. The actual dimensions of the sample, its elastic and mechanical properties obtained during testing of samples
from the same batch (Young's modulus E, yield strength c,, elasticity modulus H), as well as known data for commercially
pure aluminum (density p, Poisson's ratio v) were used. It was taken into account that the sample was fixed in the testing
machine over a wide surface, and the tangential tensile load was applied to it, and not to the end of the sample, as in the
case of two-dimensional models.

The stress-strain state was calculated in the ANSYS finite element modeling package. Taking into account the area of
application of loads F), F», F3, the values of tensile stresses were determined: o, = 16.67 MPa, 6, =27.78 MPa, and
o3 = 38.89 MPa. They were used in the numerical solution. Figure 4 shows a model of the sample with the display of the
finite element mesh and boundary conditions. It consists of 936,152 elements and 3,981,073 nodes.
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Fig. 4. Finite element model of a sample taking into account boundary conditions

The analytical solution was based on the use of formulas (4) and (5), which are the solution to the Kirsch problem in
polar coordinates [18]:

S a? S 3a*
Ggg =—| 1+— |——| 1+—— |cos 20, 4
S a? S 3a*  4a?
G, =—|l-— |+—=| 1+ ———|cos 26, 5
2( rzj 2( Pt P2 ] )

where S — load applied to the plate; a — radius of the hole in the plate; » — distance from the center of the hole to the
stress calculation point; 6 — angle corresponding to the point being calculated.

The formulation of the problem in this work assumes the presence of only elastic deformations of the sample. Its
further development, taking into account the influence of inelastic deformations, is associated with the consideration of
the solution to the plane elastic-plastic problem of stretching a plate with a circular hole (an ideal plastic body), obtained
by L.A. Galin in 1946 [19].

The principal stresses co-directed with the longitudinal axis x (cee) and the transverse axis y of the sample (o) were
calculated for all n = 8 points under study. The components Ggs, 6, — functions of the radial distance to the hole center
and of the angle 0, measured relative to the reference axis. Relations (4) and (5) were obtained under the assumption that
the circular hole was located at the center of an infinite isotropic linear elastic plate subjected to uniform plane loading.
They were previously used in [20] to determine the stresses in two regions on the boundary of the hole located along
(6 =0°) and across (8 = 90°) the line of action of the load.

Ultrasonic measurements were performed at points 1-3 (Fig. 2) in the sample before loading (¥, = 0 kN), as well as upon
reaching elastic deformation levels corresponding to loads F', F», F3. The finite size effect of the plate (mainly, in its cross-
section) on the discrepancy between the stress values obtained experimentally, numerically and analytically, was
investigated. The values of acoustic anisotropy ao, % and as, % were calculated using formulas (2) and (3). To take into
account the effects associated with stress relaxation, control measurements were performed at the start and end of each stage.
A total of 198 time delays (1, f02) and (1, t,) were measured during the propagation of transverse waves along and across
the sample.

Research Results. Table 1 shows the values of internal stresses oy (analog Gg in the polar coordinate system) and
oy, (analog o) for n = 8 points around the plate hole (Fig. 2). They were obtained as a result of finite element modeling
and calculations using formulas (4) and (5) with external tensile stresses 1, 62,03 (correspond to loads Fi, F», F3).
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Table 1
Calculated Stress Values around the Plate Hole, MPa

Load F1=30kN (o, =16.67 MPa) F>=50KkN (0, =27.78 MPa) F3 =70 kN (o3 = 38.89 MPa)
N Oxx, ny, G906, Oy, Oxx, (Syy, 000, Oy Oxx, ny, G960, Oy,
Ansys Kirsch Ansys Kirsch Ansys Kirsch
| 12.120 0.647 20.210 1.078 28.280 1.510
1.270 11.920 2.110 19.860 2.960 27.800
)8 22.090 13.060 38.160 21.760 53.420 30.460
’ -3.380 5.800 —-5.640 9.666 —7.890 13.530
37 27.690 25.310 46.157 42.180 64.610 59.060
’ 6.390 6.174 10.650 10.290 14.910 14.400
46 22.890 13.060 38.170 21.760 53.430 30.460
’ -3.390 5.800 -5.650 9.666 -7.920 13.530
5 12.180 0.647 20.310 1.0780 28.430 1.510
1.230 11.920 2.500 19.860 2.870 27.800

The conditions of fixing the sample are different: the left part is fixed, the right one is movable. Hence the asymmetry
in the pattern of the sample deformation field, which is preserved for all values of loads in the elastic region (an example
for F; = 30 kN is shown in Figure 5).
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Fig. 5. Calculated deformation field under tensile load =30 kN

Due to the asymmetry noted above, when solving the problem using the finite element method, the stress values in
pairs of points:

— coincide if they are obtained through mirroring relative to the central longitudinal axis of the sample;

— differ if they are obtained by the reflection relative to the transverse axis of the sample.

In the first case, pairs 2, 8; 3, 7 and 4, 6 can serve as an example, in the second case — 1, 5; 2, 4 and others. Note that
even if there is a difference in stresses, it does not exceed 1 MPa. This corresponds to the engineering error level +5%
(Table 1). The stress values calculated for the specified pairs of points using formulas (4) and (5) are the same.

Finally, close values between the results of analytical and numerical calculations are observed only for points {3, 7}, located
near the region with the highest stress concentration (Table 1). At the other points, there is a multiple difference not only to
modulo (2, 8 and 4, 6), but also in sign (1, 5). This is due to the fact that calculations using formulas (4) and (5) for a plate of
equal (infinite) dimensions assume the presence of a compressive-stress zone in the region of the location of points 1, 5. The
situation is different with a real plate (Fig. 1 and 2), whose dimensions are limited and differ from each other in the ratio of
length and width by 4.25 times. In this case, there is no compressive-stress zone (Table 1 and Fig. 5).

The comparison of the results suggests that the effect of the finite dimensions of the plate does not allow for the use
of relations (4) and (5) to estimate the stresses in this problem. This contradicts the conclusions of [20]. Note that the
presence of a correlation for points with the maximum value of the stress concentration coefficient is confirmed by the
results for pair 3, 7.

Table 2 shows the initial a, and current a, values of acoustic anisotropy in the region of the locations of points 1, 2
and 3, calculated from formulas (2) and (3) in the no-load state (Fy) and at three load values F1, F», Fs.

https://vestnik-donstu.ru

312


https://vestnik-donstu.ru/

Advanced Engineering Research (Rostov-on-Don). 2024;24(4):307-315. eISSN 2687—1653

Table 2
Acoustic Anisotropy and Average Values of Time Delays at Different Stages of Loading
Load Fo=0kN Fi=30kN F,=50kN F3=70kN
6o =0 MPa 61 =16.67 MPa 62, =27.78 MPa o3 =38.89 MPa
<tor>. <to>. <t>. <tr>. <t>. <tr>. <t>. <tr>.
N ao As1 as2 as3
us us us us
| - 9.4805 - 9.4765 - 9.4802 - 9.4783
0.005886 9.4248 0.006198 9.4180 0.006379 9.4200 0.006445 9.4174
) - 9.4602 - 9.5057 - 9.5107 - 9.5147
0.004508 9.4177 0.005947 9.4494 0.006650 9.4476 0.007636 9.4423
3 - 9.4730 - 9.5113 - 9.5161 - 9.5158
0.005433 9.4217 0.006461 9.4500 0.007142 9.4484 0.007055 9.4489

It follows from Table 2 that the difference in the values of the initial acoustic anisotropy parameter ao at points 1, 2
and 3 is largely determined by the initial heterogeneity of the material. This is evident from the variation of parameter ao
before loading. In addition, with the application of an external load, the discrepancy between the values of the acoustic
anisotropy parameter a. at the points under study increases.

Based on the ultrasonic measurement data (Table 3), the values (ces — 0,+-) of the difference in the principal stresses in
the polar coordinates were calculated using the acoustoelasticity relations (1) [21]. They are presented in Table 3 in
comparison with the results of finite element modeling and calculations using formulas (4) and (5). The stress values that
differ for pairs of symmetrically located points obtained by reflection relative to the transverse axis of the sample are
given in parentheses.

Table 3
Comparison of Results of Ultrasonic Measurements, Analytical
and Numerical Finite Element Calculations, MPa

Load F1=30kN (61 =16.67 MPa) F>,=50kN (0, =27.78 MPa) F3=70KkN (o3 =38.89 MPa)
(Cxx — Oyy). Ansys (Cxx — Oyy). Ansys (Cxr— Oyy). Ansys
N (ces — o). Kirsch (ces — 0r). Kirsch (oee — 0r-). Kirsch
D(acl — ao) D(acz — ao) D(a(53 — ao)

| 10.850 (10.950) 18.100 (17.810) 25.320 (25.560)
(5) -11.273 —18.782 -26.290
6.240 9.850 11.180

) g 25.470 (26.280) 43.800 (43.820) 61.310 (61.350)
(4’ 6) 7.260 12.094 16.930
’ 28.780 42.840 62.560
21.300 35.507 49.700
3,7 19.136 31.890 44.660
20.550 34.170 44.800

Table 3 shows that the data from acoustoelastic measurements and the finite element method solutions correlate
qualitatively and quantitatively with each other. Consequently, we can talk about mutual verification of the results of full-
scale and numerical experiments. The highest correlation is observed for points 2, 8; (4, 6) and 3, 7, located near the
region of maximum tensile stresses.

Different results were obtained for points 1 and (5), where the presence of compressive stresses was assumed
according to formulas (4), (5). Here, the differences in the principal values (ces — 0,+-), Obtained according to the ultrasonic
measurements, were on average two times smaller than the predicted numerical values. Thus, calculations based on the
acoustic anisotropy values provide a lower estimate of the stresses for the studied sections of the sample.

Discussion and Conclusion. The principal biaxial stresses in an aluminum plate around a concentrator — a central
circular hole — were investigated. The values obtained as a result of natural ultrasonic measurements, numerical
experiments using the finite element method, and analytical calculations using the Kirsch relations were compared. The
effect of the asymmetry of stress and strain fields, arising due to different conditions of sample fixation and reflecting the
process of uniaxial elastic deformation under tension in a testing machine, was taken into account.
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It was noted that similar results of the analytical and numerical calculations were observed only for points located
near the region of the greatest stress concentration. In all other cases, the values differed several times both to modulo
and in sign. This is explained by the presence or absence of compressive stresses. The analytical approach assumes that
they exist. There are none in a real plate. Thus, the Kirsch relations for stresses of a uniaxially stretched infinite isotropic
linear-elastic plate cannot be correctly applied in the case under consideration.

The acoustoelasticity method has established a correlation between the results of numerical modeling and ultrasonic
measurements of biaxial stresses. This is specifically noticeable in relation to points located near the zone of maximum
tensile stresses.

The research results can be used in industrial nondestructive testing for stress diagnostics in rolled metal objects.
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Abstract

Introduction. When applying hydraulic fracturing technology to increase the efficiency of formation fluids, high-pressure
pumps with a crosshead drive assembly are used. The major problem in the operation of these pumps is the wear of the
crosshead guides. The crosshead is a flat sliding friction pair, leading to wear of the plunger seals and a decrease in the
basic pump performance indicators. To solve this problem, it was previously proposed to use new materials and
antifriction coatings, original designs of friction units, etc. However, a detailed description and solution to the problem
under consideration has not been found in the literature at present. The objective of this study is to determine, under
maximum load, the influence of the unit design, process temperature and pressure in the lubrication system on the values
of the parameters that provide for the hydrostatic mode for a flat thrust bearing in a crosshead-guide unit of a high-pressure
plunger pump.

Materials and Methods. The parameters were determined by the simulation technique using modal analysis applicable in
the case of high dynamic loads acting on the studied unit. The calculation of the hydrodynamic parameters of the
lubricating layer was based on the combination of the Reynolds model and the Stokes model in numerical modeling. The
study was conducted using a calculation model representing a section of a plunger pump, considered as “flexible bodies”
model, in the field of gravity forces. The mathematical dependences of the parameters under consideration were presented
in the form of regression equations obtained from the results of a numerical experiment.

Results. The maximum load on the lower crosshead guide was determined, for which further hydrodynamic studies were
conducted. Factors influencing the process were studied — gaps filled with lubricant (depending on the design of the
unit), temperature, and pressure in the lubrication system. Mathematical dependences of the influence of the considered
factors on the values of the parameters determining the establishment of the hydrostatic mode were obtained.
Discussion and Conclusion. The obtained mathematical models show the degree and influence of the factors under
consideration on the studied parameters of the hydrostatic lubrication mode of the unit — the force acting on the crosshead
from the lubricating layer, and the mass flow rate of the lubricant at the outlet of the system. It is found that the greatest
influence is exerted by the change in the volume of gaps filled with lubricant, the mass flow rate of lubricant at the
entrance to the system, which simulates the increase in pressure in the lubrication system of the friction unit. The results
obtained do not contradict the conclusions reached in works on similar topics, and can be used in further research.

Keywords: plunger pump, crosshead, hydrostatic friction, flat sliding bearing, lubricating layer, hydrodynamic
parameters
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Opueunaﬂbﬂoe amnupudeckoe ucciedosamue

HccaenoBanue napaMmeTpoB, BIUAIONIAX HA YCTAHOBJIEHHE THAPOCTATHYECKOT0 Pe:KUMa
B y3Jie KpeHlKon(-HanpapJIsouue MJIYHKEPHOT0 HACOCA BHICOKOIO 1aBJICHUSA

M.B. Kopuaruna"*'D<, B.H. Cremanos"*’, C.0. Kupeen" = D<), A.P. Jlebeaen

JloHCKOl rocytapCcTBeHHBII TeXHUUECKHH yHUBepcuTeT, I. PoctoB-Ha-/lony, Poccuiickas @enepanus

P<1 ms.korchaginamv(@mail.ru

AHHOTAIUSA

Beeoenue. lpu ncnonp30BaHUH TEXHOJIOTHH THIPOPA3PhIBA TUIACTA IS TIOBBIIICHUS Y(PPEKTHBHOCTH TIACTOBBIX (DITFO-
UJIOB UCIIOJIb3YIOT HACOCHI BBICOKOT'O ABJICHUS C KPEHIIKOII(HOI KOMITOHOBKO# ipuBOoAHON YacTi. OCHOBHas mpobieMa
TIPH DKCIUTyaTalluy TaHHBIX HACOCOB — M3HOC HAIPABIIAIOMNX KPEHIIKOMI(a, IPEACTABISIIONIET0 COO0H IIOCKYTO MOCTY-
NaTeabHYI0 Napy TPeHUs, NPUBOAAIINHN K H3HOCY YINIOTHEHUH IUTyH)Kepa M CHUYKEHUIO OCHOBHBIX IIOKa3aTenel Hacoca.
Ha myTn pemenns nanHOU 3a1a4u paHee ObIIO MPEATIOKEHO IMPUMEHEHIE HOBBIX MaTepHaIoB M aHTH(QPUKITHOHHBIX IT0-
KPBITUH, OPUTHHAJIBHBIX KOHCTPYKIMH y3710B TpeHus U np. OIHAKO AeTaJbHOTO OIMCAaHUs U PELIeHNs pacCMaTpHUBaeMo
poOIeMBI B HACTOSIIIEE BpeMs B JINTepaType He HaiineHo. L{enpio TaHHOTO MCCIe0BaHus SBISIETCS ONpeAeICHIe IpU
MaKCUMAaJIbHOU Harpy3Ke BIUSHUS KOHCTPYKILUH y371a, TeMIepaTyphl Ipoliecca U AaBICHUS B CUCTEME CMa3KH Ha 3Hade-
HUS TApaMETPOB, 00ECTIEUMBAIOIINX THIPOCTATHICCKUH PEKUM JUTS TUIOCKOTO MOAMSATHUKA B y3J€ KpeHnKomng-Hampas-
JISIOIME TUTYHXEPHOT0 Hacoca BHICOKOTO JJaBJICHMUSL.

Mamepuanvt u memoost. OtipenieNieHue MapaMeTpoB MMPOBOIMIOCH METOIOM MMHUTAIIMOHHOTO MOZICTHPOBAHUS C HC-
M0JIb30BaHUEM MOJAJIbHOTO aHAJIN3a, IPUMEHUMOTrO B CJIy4yae BOSHUKHOBEHMS BBICOKUX TUHAMUYECKHUX HArpy30K, Jei-
CTBYIOIINX Ha MCCIEAyeMbIi y3emn. PacueT ruapoqnHaMUYecKuX apaMeTpoB CMa309HOTO CIIOS OCHOBAH Ha OOBEIUHE-
Huu Mozenu PeitHonbaca u Mogenu CTokca B YMCIEHHOM MOJienupoBaHuu. MccnenoBanue MpoBOIUIIOCH C UCIOIB30Ba-
HUEM PAaCYETHOM MOJIEIH, IPEeACTaBILIIONIEH cCO00H CEKIHIO TUTYHXEPHOT'0 Hacoca, pacCMaTPHUBAEMOM C TOUKH 3PEHHUS
MOJIENTN «TUOKHX TEN», B MOJIE CHJI TPaBUTAIMK. MaTeMaTHYecKHe 3aBUCUMOCTH PAacCMaTpPHBAEMbIX MTapaMeTPOB Mpe-
CTaBIICHBI B BHJIE YPABHEHUI PETPECCHUI, OTYICHHBIX IT0 Pe3yIbTaTaM YHCICHHOTO SKCIIEPUMEHTA.

Pezynomamut uccnedosanua. OnpenencHo 3Hau€HHE MaKCUMAaJIBHOW Harpy3KH Ha HIDKHIOIO HalpaBIISIOLIYIO0 Kpeuil-
Kotda, Ui KOTOPOTO MPOBOAWIHCH AATFHEHIIINE THAPOANHAMHYECKIE HCClIeoBaHms. VccnemoBanbl (GakTOPhl, OKa3bl-
BalOIINE BIMSHKUE Ha MPOIECC — 3a30pHl, 3aMOJIHSIEMbIE CMa3KOH (3aBHCSIIUE OT KOHCTPYKINH y3Ia), TeMIIepaTypa u
JaBJICHUE B CHCTeMe cMa3Ku. [lomydeHsl MaTeMaTHUeCKNe 3aBUCUMOCTH BIMSHUS PACCMOTPEHHBIX (PAKTOPOB HA 3HAUE-
HUS IapaMeTPOB, ONPEAEIAIOINX YCTaHOBICHHE THAPOCTaTHUECKOTO PEXKIMA.

Obcyrncoenue u 3akntouenue. 1lorydeHHbIe MaTEMaTHYECKIE MOJIETH MTOKA3BIBAIOT CTENICHb U XapaKTep BIUSHUS pac-
CMaTpUBaeMbIX (DaKTOPOB HA HCCIEAyEeMbIe TapaMeTPhl THIPOCTATHIECKOTO PEKUMa CMa3KH y3J1a — CHITY, NEHCTBYIO-
HIYIO Ha KPEHIIKoI(h) OT CMa304YHOIO CJI0S K MACCOBBIIM PacX0j] CMa3KH Ha BBIXOJIC CUCTEMBbI. BBISBICHO, 4TO HanOOJIbIIICE
BIMSHHUE OKa3BIBAIOT U3MEHEHHE 00beMa 3a30pOB, 3aMlOJTHEHHBIX CMa3KOW, MAcCOBBIH pacxo[a CMa3Kd Ha BXOJE B CH-
CTeMy, KOTOpPBIH MOEINPYET yBEIUUEHHE NaBICHUS B CMa304HOM cucTeme y3ia TpeHus. [loryueHHble pe3ynbTaTsl He
MIPOTHUBOPEYAT BBEIBOJAM, MOJIYYCHHBIM B pa0OTax MOJOOHON TEMAaTHKH, U MOTYT OBITh HCIIONB30BAHEI B JAITbHEHITNX
HCCIIEZIOBAHUSX.

KiaroueBble cji0Ba: IUTYH)KEPHBIH HAacoC, KPEHWHKON(, THAPOCTAaTHUECKOE TPEHHE, IUIOCKAN ITOCTYHaTeIbHBINA
MOJIIIMITHUK, CMA30YHBIN CIIOH, THAPOIUHAMUYECKHUE TTapaMeTPhI

BaarogapHocTH. ABTOPHI BBIpaXArOT ONArofapHOCTh KaHAWAATY TEXHHYECKHX HayK, AOIeHTy EdmmoBy A.B. 3a
KOHCYJIbTAIIMH TI0 KOHCTPYKIMSAM KPEHIIKO(HBIX Y3JIOB.
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Introduction. In recent years, hydraulic fracturing (HF) and massive hydraulic fracturing technologies have been widely
used for the efficient extraction of formation fluids. The unique properties of the materials used in hydraulic fracturing
provide a short production cycle and a small investment compared to the conventional extraction. Energy companies often
refuse to participate in long-term projects with an unstable and unknown future. However, the flexible manufacturing process
of HF technology avoids the uncertainty that is typical of mineral commodity markets that focus on the short-term [1]. The
HF technology requires the use of high-pressure pumps (105 and 138 MPa) with high flow rates (9,000 1/min) and a capacity
of more than 5,000 kW. The elastic seals of piston pumps do not withstand the required loads and do not allow adjusting the
tightening forces of the seal pack. This has led to the use of plunger pumps under these conditions. With such capacities, the
load on the pump rod (plunger) can reach more than 140 tons. With a pressure in the hydraulic part of the pump of 105 (138)
MPa (using highly aggressive and highly abrasive media as working fluids), sealing packs operate under extremely difficult
conditions, the modeling of which is the subject of papers [2, 3]. To relieve the radial load on the plunger seals, a crosshead
arrangement of the drive part is used, when the entire radial load from the connecting rod group is taken up by the crosshead
(slider). In high-power pumps (3,500-5,000 kW), the load on the crosshead in the contact zone with the guide can reach tens
of tons, which can cause the breakdown of the oil film in the contact zone.

The crosshead, moving along the guides, provides radial fixation of the plunger, taking up significant alternate loads
from the connecting rod and the pressure of the pump working medium. The crosshead is made of high-alloy steels and
experiences significant loads, unlike the guides, which, in addition to centering, must provide a minimum of friction costs.
Wear of the crosshead guides causes wear of the plunger seals and a decrease in pressure and feed. The crosshead guides
are a composite structure — a rigid base made of carbon steel and antifriction liners. To reduce wear of the liners, liquid
lubricant is supplied to the contact area under pressure by means of an oil hydraulic system. Uniform distribution of
lubricant in the contact area is provided by oil distribution grooves on the crosshead. However, these measures ultimately
provide a rather short service life (800—1,000 hours) of the crosshead group, which entails a reduction in the service life
of the entire pump. This determines the urgency of studying the conditions for the occurrence of a hydrostatic mode in
the unit under consideration, which is a flat sliding bearing. Such interaction is a typical example of flat sliding of a solid
surface of one part relative to another, which occurs in numerous mechanisms. The friction pair under consideration is an
open hydrostatic pair and has the advantages and disadvantages inherent in such systems. The instability of the position
of the moving element causes inevitable deviations in the hydrostatic pressure.

Sliding bearings are units that determine the reliability of numerous modern high-speed and highly loaded machines
(pumps, turbochargers, internal combustion engines, etc.). Sliding friction units have a number of common disadvantages
that cause premature wear and reduce the service life of a machine or unit. These include insufficient load-bearing and
damping capacity, leading to intensive wear, increased power losses, and lubricant consumption, as well as increased
mechanical wear of the bearing surfaces of the pads (so-called “bearing sagging’), which requires increased clearances.

Due to its high topicality, numerous researchers are working on the problem under consideration. The authors [4]
formulate indices for assessing the efficiency of the load by comparing the results to similar ones calculated on a virtual
test model. In the area of research conducted for friction units, the use of new materials and antifriction coatings is
proposed [5]. The quality of friction units is taken into account in the initial calculations and design. At the same time,
modeling methodologies are constantly being developed and improved [6]. The parameters affecting friction units are
constantly changing in accordance with operating conditions and materials. There is a need for new methods of modeling
and experimental verification of the models obtained. A number of studies are devoted to the problem of developing
optimized bearing units. Paper [7] describes an evolutionary optimization approach that enables designing a bearing with
exceptional characteristics both under specific and extreme operating conditions. An optimization approach was used in
developing a thrust bearing prototype. Some researchers are considering issues of obtaining a protective coating that
reduces wear on contact surfaces [8]. The results of studies [9] are devoted to the development of a mathematical model
of finite-length radial plain bearings and dampers with porous structural elements on the surface of the bearing bushing.

A number of researchers have noted the significance of selecting a suitable contact force model for analyzing the
dynamic response due to the presence of clearance. The closest to the problem under consideration is the study presented
in [10]. The conducted modeling and testing have shown that the dynamic characteristics of the mechanism taking into
account friction have significant differences at the acceleration level. Considering friction increases energy consumption.

The clearance in the prismatic pair of the slider(crosshead)-guides affects the dynamic characteristics and causes a chaotic
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response of the mechanism. Based on the experiment conducted by the authors of the paper, a 3D model of a hinge with
clearance for a slider-crank mechanism was proposed. This model is a comprehensive description of contact modes, which
uses a group of contact force models reflecting various phenomena of contact action. Nonlinear dynamic characteristics
of a mechanism with a sliding joint with clearance are established by combining theoretical calculation, modeling and
experiment. However, the study does not cover the slider-guide pair, and therefore, does not provide a complete
description and solution to the problem under consideration.

All the studies under consideration are to some extent devoted to the problem of increasing the service life of
engineering devices, developing new technologies or improving existing technologies and calculation methods that
increase the wear resistance of sliding friction units. Most of the papers are devoted to the operation of radial and thrust
bearings with linear contact surfaces. The calculations provided in them cannot be fully applied to flat bearings and
translational action. All the results obtained can form the basis of the present study, but require verification of applicability
for the planar contact of rubbing surfaces considered here. To develop an optimal design of the friction unit power supply
system, it is necessary to conduct a multifactorial study based on the Reynolds equation, whose boundary conditions are
the conditions of equality of pressure in the forcing and drain planes. This calculation is needed to determine the
parameters at which the hydrostatic friction mode is created. This research is aimed at determining, at maximum load, the
effect of the unit design, process temperature, and pressure in the lubrication system on the values of the parameters that
provide the hydrostatic mode for the flat thrust bearing in the crosshead-guide unit of a high-pressure plunger pump. The
research objectives include developing a computational model, performing a numerical experiment, processing its results,
identifying the relationship, and establishing mathematical dependences between the parameters that affect the
establishment of the hydrostatic operating mode of a flat translational friction unit.

Materials and Methods. Currently, numerous widely known approaches to modeling the motion of deformable
structures have been developed and are actively used to study complex engineering systems. The most acceptable research
method in the case of impossibility or high cost of conducting an experiment on a real object, due to its high cost and
significant mass and dimensional characteristics, is the method of simulation modeling. Among various methods of
approximate solution to the problem, the finite element method (FEM) stands out. This is a simple, but at the same time
very productive method, allowing for many different formulations oriented to various areas of application. It is well
studied and widely used in practice. In the considered case of high dynamic loads acting on the studied unit, when it is
required to take into account the inertial coupling between large displacements of the body and elastic deformations, the
use of modal analysis is applicable. Modal analysis allows obtaining natural frequencies, shapes and vectors of modes,
helps in the assessment of forces and reactions of the system at natural frequencies arising as a result of minimal
deformations. The study of force interaction in the system under consideration is assumed on a solid model of the plunger
pump section by means of modal analysis taking into account free vibrations and the frequency of natural modes of all
elements of the mechanism. This method gives good results in the case of conducting studies on the dynamic
characteristics of a structure subject to vibration [11].

Modeling the contact interaction of the crosshead and guides is reduced to solving a dynamic nonlinear problem of
the mechanics of a deformable solid body. In this formulation, it represents a system consisting of a crank shaft,
connecting rod, and crosshead-plunger. During the pump operating cycle, non-stationary dynamic stresses arise in the
structural elements, and the contact interaction is characterized by a time-varying contact area and force. The motion of
the mechanical system is described by the Lagrange equation of the second kind:
ﬁ[a—.T)—a—T+a—U=Qi,i=1,n, 1)
ot\ 0q, ;
where T — kinetic energy of the system; U — potential energy; Q; — generalized force; g; — generalized speed;
i — number of degrees of freedom of the given system.

The formulation of the FEM in terms of absolute coordinates takes into account small elastic deformations and the
motion of the body as a whole. This formulation covers the entire spectrum of possible problems in the area under
consideration, but it is very complex both for its study and for carrying out practical calculations. Therefore, the
application of this approach in problems in which elastic bodies participate in macromotion, but are subject to only small

deformations, often turns out to be unjustified from the point of view of efficiency.
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The most effective method of model reduction is the Craig-Bampton method, widely known as dynamic reduction or
the method of coupled substructures. When deriving the equations of the dynamics of elastic bodies subject to global
motion and small deformations, the following additional approximation is introduced: the inertia of the elastic structure
is concentrated in the nodes of its FEM model. This approximation makes it possible to derive the equations of dynamics
quite simply. These equations themselves turn out to be simple. The Craig-Bampton method determines the matrices of
the generalized mass and generalized rigidity through the modal transformation [12].

The study of hydrodynamic parameters of the lubricating layer is based on the combination of the Reynolds model
and the Stokes model in numerical simulation.

Continuity equation:

Ou v ow_

0. 2
ox oy Oz )

Navier-Stokes equations for the model of motion of a viscous incompressible medium [13]:
Ou Ou  Ou ou -1 op
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where v, w, u — components of the speed vector in the Cartesian coordinate system x, y, z; 1 — kinematic viscosity; g,
gy, g- — components of mass forces; p — density of matter.

The Reynolds-Stokes-Galerkin finite element method (R-SGFEM) with sliding boundary conditions was used to
model and study the hydrodynamic lubrication. The effects were obtained on the basis of the Stokes equation, which was
calculated by the Galerkin finite element method [14]. Among them, the modified Reynolds equation effectively handles
the sliding boundary with different degrees of slippage. The Stokes equation solves the problem of recirculation in micro-
channels. The Galerkin method with elements can accurately simulate the pressures and speed in the lubricating field with
high accuracy and good adaptation to the shape of the boundaries. The motion of a continuous medium is described by a
system of hydrodynamic equations.

Mathematical dependences are supposed to be presented in the form of regression equations obtained from the results
of a numerical experiment. To construct regression equations, it is supposed to apply multivariate regression analysis
using the theory of experimental design [15].

Research Results. As a calculation model for the numerical experiment, a section of a plunger pump was simulated
consisting of: crank shaft (1), connecting rod (2), crosshead (3), crosshead guides (4), rod (5), plunger (6), seal pack (7) (Fig. 1).
The materials of the elements used in the dynamic calculation were: steel with an elastic modulus of 207 GPa (crank shaft,

connecting rod, crosshead-plunger), bronze with an elastic modulus of 106 GPa (guides) and 100 GPa (plunger seals).

Fig. 1. Plunger pump section
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The system was considered from the point of view of the “flexible body” model with six modes. An analysis of the
crosshead motion in the field of gravitational forces was performed for each element of the section [16]. The connections
(contact, rotation) were redefined, the shaft rotation frequency was set to 80 rpm (480 deg./s). Maximum plunger pressure
was 105 MPa, plunger diameter — 80 mm. The pressure from the pumped medium on the plunger during the injection
process was modeled by a spring with the appropriate stiffness, taking into account the plunger stroke of 164 mm. At
suction, the spring is automatically disconnected. The dynamic model is shown in Figure 2.

Fig. 2. Dynamic research model

Using this model, the maximum load on the lower crosshead guide was specified to be 43.5 kN, and its position
corresponding to this load was determined. All further calculations were performed for this load value. Based on the
determined position of the maximum load on the lower crosshead guide, the calculated hydrodynamic model shown in
Figure 3 was simulated. The gap between the crosshead and the guide was 0.35 mm. The thickness of one of the six

calculated boundary layers of the hydrodynamic calculation was 0.03 mm.

Fig. 3. Computational hydrodynamic model

The study was based on the following hypotheses and assumptions:

1. The friction pair slider — guide is a flat axial sliding bearing (thrust collar pivot-pad).

2. To provide hydrostatic conditions, the lubricant must be supplied under sufficiently high pressure so that the
external load is balanced hydrostatically. To calculate, it is necessary to determine the amount and pressure of liquid
required to be supplied into the gap to maintain the optimum thickness of the lubricating layer.

3. We make the assumption that the bearing is flat and wedge-shaped, we do not take into account the clearance. The
clearance is considered as geometric (the space between the guides and the crosshead, corresponding to the fit in the unit
under study).
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The following parameters are accepted as factors affecting the provision of hydrostatic conditions for a flat plain
bearing, which includes the crosshead-guide assembly under consideration:

— volume of lubricant in the gaps of the assembly under study depends on the design option, cm?;

— lubricant temperature in the contact zone, °C;

— pressure in the lubrication system, MPa.

The lubrication pressure was set through the lubrication flow rate at the system input. A preliminary regression
analysis was performed to determine the relationship between these parameters. The pressure was measured for a fixed

volume of 125 cm® and a temperature of 50°C. The results are shown in Figure 4.

P=-0.4501+5.5505 - x
P, MPa T T T T T T T T T T

2.0

1.8

1.4

1.2

0.8 . . . . . . . . . .
024 026 028 030 032 034 036 038 040 042 044 mokg/s

Fig. 4. Relationship between pressure Feu and lubricant flow rate mo at the system input

The results presented in Figure 3 show a directly proportional, close to linear dependence and confirm the correctness
of using the lubricant flow rate at the input to the system to simulate the process of setting the required pressure.

To conduct a full factorial experiment 23, the variation intervals presented in Table 1 were determined, and the design
matrix was compiled (Table 2).

The output parameters were: the force from the lubricating layer acting on crosshead Fip, N and the lubricant flow rate
at the outlet of the system, defined as the amount of liquid flowing through the gaps R, B, L, F.

Table 1

Intervals of Variation of Factors

Variation factors

X1 X2 X3
Factor levels

Design option . L
Pressure in lubrication

(volume of lubrication Temperature, °C
3 system, MPa
system, cm’)
Lower level (-) Option 1 (V1 =1.532) 20 1.0
Basic level (0) Option 2 (V2 =4.125) 50 1.5
Upper level (+) Option 3 (V3 =5.475) 90 2.0
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The design matrix and the response function values are presented in Table 2.

Table 2
Design Matrix 23 of Full Factorial Experiment
Input parameters Output parameters
V2
. . o . X3 ! Lubricant
Experiment Design option . Force from .
X2 Pressure in . consumption
number (volume of o lubricant layer on
.. Temperature, °C lubrication parameter (rate of
lubrication crosshead Fly,
3 system, MPa flow through gap),
system, m°) kN
m kg/s
1 " N y 15.803 03127
Option 3 90 2.0 ’ '
2 . * y 23.278 0.2104
Option 1 90 2.0 ’ ’
3 i g y 44.940 0.3139
Option 3 20 2.0 ’ ’
- - +
4 Option 1 20 20 66.074 0.2091
5 " N y 93.14 0.1689
Option 3 90 1.0 ‘ e
_ + _
6 Option 1 90 10 14.005 0.1169
J’_ — —
7 Option 3 20 1.0 27.310 -0.1661
. g y 40. 11
8 Option 1 20 1.0 0.969 0.1155
0 0 0
18. 2
? Option 2 50 1.5 8.579 0.2756

After processing the results of the numerical experiment, according to the presented planning matrix, dependences
were obtained, describing the influence of the factors under consideration on additional parameters:

y; =13.2984+3.052x, +3.56x; —6.5x,x, + 0.9xx3 —1.65x,x,x3, “)

¥, =0.1240.14x; + 0.096x, x5. 5)

After the transition from the standard scale to the natural scale, the regression equations took the following form:
— equation describing the pressure from the lubricating layer on the crosshead, N:
Fp =-10.94+2.67V —9.75m, —26.89¢ —0.004V¢ +18.46Vm, +1.64mt —0.398mVt. (6)

— equation describing lubricant consumption (flow through gaps), kg/s:
M =0.59 —1.37my +0.696m,V . @)

To visualize the results and perform their further analysis, graphs of the force function acting on the crosshead were
constructed. When fixing one of the factors at the basic level, the obtained dependences are presented in Figure 5.

Fp=27.908-6.153 -x+12.63-y+9.85 -x-y Fep=91.229-0.4395 - x— 12.502 - y + 0.06 - x - y

> 70

Il <68 I > 60

Bl <58 M <60

[ <48 Il <50
<38 <40
| <28 <30

B <18 <20
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a) b)
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M <43

<38

<33
<28
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<18

Fig. 5. Dependences of the value of the force acting on the crosshead on the lubricating layer, with different combinations
of variation factors: a — value of the force at t = 50°C; b — value of the force at m = 0.346 kg/s;
¢ — value of the force at V =4.125 cm?

The graph of the dependence describing the lubricant consumption (flow through gaps) is shown in Figure 6.

PcM-Bmx =0.59-037-x-0.23 - y +0.649 - x - y

Il > 0.800
Bl <0725
Bl <0.625
[ <o0.525
[ <0.425
[ <0.325
B <0.225
B <o0.125
Bl <0.025

Fig. 6. Lubricant consumption at the system outlet (flow through gaps)

The dependences of the mass flow rate of lubricant at the system outlet (Fig. 6) and the mass flow rate of lubricant
supply (Fig. 7) on the volume of gaps filled with lubricant were also determined.

P.=0.12+0.008 - x
PC,kg/S T T T T T T T T T

0.165 F .

0.160 F .

0.155 F .

0.150 F -

0.145 F .

0.140 F -

0.135 F -

0.130 1 1 1 1 1 1 1 1 1
1.0 1.5 2.0 2.5 3.0 35 4.0 4.5 5.0 55 7, m?

Fig. 7. Dependence of mass flow rate on volume
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Discussion and Conclusion. The resulting mathematical model, describing the dependence of the force acting on
the crosshead on the lubricating layer, shows that temperature has no great impact on the parameter under
consideration, since the coefficient of the regression equation for this factor is recognized as insignificant, and its

influence is realized only in pair interaction. This is well illustrated by Figure 4 b, c. The change in the volume of gaps
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filled with lubricant and the mass flow rate of lubricant at the inlet to the system, simulating the increase in pressure
in the lubrication system of the friction unit, have an equal effect. Simultaneous increase of these parameters leads to
a decrease in the force acting on the crosshead and maintaining the hydrostatic mode of operation of the unit when the
values are equal to the normal force pressing the crosshead against the guides. It is determined that an increase in
volume leads to a decrease in pressure in the system, and the desired effect is not achieved (Fig. 4 a). When fixing the
pressure in the lubrication system, an increase in the volume of gaps filled with lubricant results in an increase in the
force being studied and gives a positive effect (Fig. 4 b). Similarly, fixing the gap with increasing pressure leads to an
increase in the force of lubricant pressure on the crosshead (Fig. 4 ¢). The results of the numerical experiment do not
contradict the conclusions made in works that describe basic equations of the hydrodynamic theory of lubrication [9],
the rationale for the selection of initial and boundary conditions [10], as well as those papers that consider various
methods of supplying lubricant to the friction unit [16]. These results can be used in further research.

The equations obtained for the mass flow rate of lubricant at the system outlet, defined as its outflow through the gaps,
show that it depends on the parameters of the mass flow rate at the system inlet (lubricant supply to the unit) and the
volume of the gaps. The other factors considered do not affect this parameter. In this case, an increase in volume leads to
a decrease in the force acting on the crosshead, and an increase in mass flow leads to an increase in it (Fig. 5). The analysis
of the relationship between the mass flow rate of lubricant at the outlet of the system and the volume of the gaps allows
us to establish that the ratio of the increase in flow through the gaps to the increase in volume is approximately . This
shows that to maintain the pressure in the system at the same level with an increase in the volume of the gaps, a twofold
increase in the mass flow rate of lubricant when feeding into the system is required.

To determine the extremum for each of the parameters under consideration that affect the process of establishing the
hydrostatic mode and identify the optimal value of the initial operating parameters of the unit, it is necessary to conduct
a second-order experiment that takes into account the patterns identified in this work.
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Abstract

Introduction. The challenge problem of the quality of lubricants has led to both large-scale and narrow-focused
theoretical and applied studies that relate to the operational properties of lubricants. In particular, the authors of the
publications are interested in the interaction of bearing and lubrication, since numerous types of machinery and equipment
contain these elements. In the literature, the composites used to strengthen the bearing surface are compared, the most
effective compositions are determined, and the advantages and disadvantages of the components are analyzed.
Mathematical models have been proposed and tested for some of the processes of the interaction under consideration, and
acceptable adequacy has been proved for some of them. However, the improvement of such solutions requires taking into
account the specifics of the tribosystem. This issue has been poorly worked out, and the presented article is intended to
fill this gap. When evaluating the wear resistance of a radial bearing, the compressibility of a high viscosity lubricant is
taken into account.

Materials and Methods. The study was based on the tribocontact scheme, which included the radius of the polymer-coated
shaft, the radius of the bearing sleeve, the height of the lubrication groove, and the thickness of the lubricating layer. To create
new mathematical models that took into account the compressibility of the lubricant, the authors used three equations: motion
of the liquid lubricant, continuity, and state. To verify the model, the results of calculations and laboratory tests were compared.
In the experiments, a bearing with a groove to preserve lubrication was used. Its rotation speed, loads and temperature conditions
were changed. Friction was measured using traditional methods and modern instruments.

Results. The bearing design was modified to take into account an additional factor — the compressibility of the
lubricant. The new model predicted the bearing capacity of the part by 8—10% more accurately, and the coefficient of
friction — by 7-9%. Fluctuations in the coefficient of friction up to 45 MPa (equivalent to a five-fold increase in load)
were detected and explained. This was due to dynamic changes in the surface contact conditions and the effects of
external parameters. Optimal applications of antifriction coatings based on hybrid composite materials were
determined. The possibilities of practical use of calculation models of a journal bearing were expanded. Its critically
important operational characteristics were evaluated in practice.

Discussion and Conclusion. The scientific research results described in this article make it possible to establish the
performance characteristics of the bearing at the design stage. The significant potential of this approach has been identified
in terms of increasing the reliability and durability of the studied part, and this seems to be an important step in the
development of bearing and lubricant technologies. In the future, the authors intend to study such factors as temperature
conditions, dynamic loads, and interaction with various lubricants. This will allow us to improve bearing designs and
expand their application areas.

Keywords: journal plain bearing, lubricant compressibility, high viscosity lubricant, wear resistance assessment,
tribosystem specificity, hybrid composite

Acknowledgements. The authors would like to thank Vladimir Ivanovich Kolesnikov, Academician of the Russian
Academy of Sciences, Head of the Laboratory of the Theoretical Mechanics Department, for his assistance in conducting
the experimental research.

© Bolgova EA, Mukutadze MA, Prikhodko VM, Kolobov 14, 2024


https://vestnik-donstu.ru/
https://doi.org/10.23947/2687-1653-2024-24-4-328-338
mailto:murman1963@yandex.ru
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2687-1653-2024-24-4-328-338%20%20&domain=pdf&date_stamp=2024-12-30
https://orcid.org/0000-0002-0737-1846
https://orcid.org/0000-0003-2810-3047
https://orcid.org/0000-0002-0907-9320
https://orcid.org/0000-0003-0104-1886

Bolgova EA, et al. Evaluation of Wear Resistance of a Modified Radial Bearing Design Taking ...

For Citation. Bolgova EA, Mukutadze MA, Prikhodko VM, Kolobov IA. Evaluation of Wear Resistance of a Modified
Radial Bearing Design Taking into Account Compressibility and Viscosity of the Lubricant. Advanced Engineering
Research (Rostov-on-Don). 2024;24(4):328-338. https://doi.org/10.23947/2687-1653-2024-24-4-328-338

OpMZMHCUle()e amnupudeckoe uccnedosamue
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NPH y4yeTe CKHMAeMOCTH U BA3KOCTH CMa304YHOI'0 MaTepHasia
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AHHOTAUMA

Beeoenue. AxryanpHas mpoOiieMa KayecTBa CMa304HBIX MaTepHajoB O0YCIIOBUIIA KaK MacIiTaOHble, TaK M Y3KOIPO-
(l)I/IHbH])le TCOPCTUYCCKUE U TMPUKIIAJHBIC UCCICAO0BAHNA, KOTOPHIC KACAIOTCA JIKCILUTyaTallUOHHBIX CBOMCTB cMa3ok. B
YaCTHOCTH, aBTOPOB ITyOJIMKALNi HHTEpECYeT B3anMOACHCTBUE MOIIUITHUKA U CMA3KH, TaK KaK 3TH 3JIEMEHTHI IPUCYT-
CTBYIOT BO MHOTHX BHaX MallWH 1 000py0BaHus. B uTepatype comocTaBisioTcs KOMIO3UTHL, KOTOPHIMH YIPOYHSIOT
TIOBEPXHOCTH TOJIIUITHUKOB, OTIPEeIIoTCsl Hanboee 3 QeKTHBHbBIE COCTaBbl, aHAIN3UPYIOTCS JOCTOMHCTBA U HEMIO0-
CTaTKH KOMIIOHEHTOB. [10 HEKOTOPBIM IIpolIeccaM pacCMaTPUBAEMOT0 B3aUMOICHCTBUS TPEITIOKEHBI U IIPOTECTUPOBAHBI
MaTeMaTHYECKHE MOJEIH, U Ul HEKOTOPBIX M3 HUX JJOKa3aHa IpHemMiieMas aJeKBaTHOCTb. OTHAKO COBEPLICHCTBOBAHHUE
TaKUX peIIeHnH TpeOyeT YIUTHIBAaTh crieln(UKy TpHOOCcHcTeMBbl. JlaHHBIH BOIpOC MpopaboTaH ciado, i MpeIcTaBIeHHAS
CTaThs IIPU3BaHa BOCIIOIHUTH 3TOT Ipobe. [Ipu orjeHKe M3HOCOCTOMKOCTH paJialbHOTO MOIIHITHAKA IPUHUMACTCS BO
BHMMAaHHUE CKMMAaEeMOCTh HCTHHHO BSI3KOI'0 CMa304HOT'O MaTepHana.

Mamepuanst u memoost. ViccnenoBanue 6a3upyercsi Ha cxeMe TPUOOKOHTAKTa, B KOTOPYIO BKIIFOUAIOTCS paJInyC Baja C
MOJTMMEPHBIM TOKPHITHEM, PaJIyC TOALIMITHUKOBOM BTYJIKH, BEICOTA KAHABKH JUISI CMa3KH U TOJIIMHA CMa304HOTO CIIOS.
Jnst co3iaHust HOBBIX MAaTEMaTHYECKUX MOJICINICH, YUUTHIBAIOIINX CXKMMAeMOCTh CMa304HOT0 MaTepralia, aBTOpHI 3a/1eH-
CTBOBAJIM TPH yPaBHEHHUS: IBIKCHUS )KUIKOTO CMa30YHOTO MaTepralla, Hepa3pbIBHOCTH B cocTosiHUSA. {711 Bepudukannu
MOJIENTN COTIOCTABMIIM MTOTH PACUYETOB M JaOOPAaTOPHBIX MCIBITAaHWH. B 3KcrieprMeHTax MCHOIB30BalM MOIMIIHMITHUK C
KaHAaBKOW JUIsl COXpaHEHUS CMa3Ku. MEHsUIH CKOPOCTh €T0 BpalleHHs, HArpy3KH M TeMIIepaTypHbIe YCIOBHA. TpeHue
U3MEPSIIN TPAAULIMOHHBIMI METOAAMH M COBPEMEHHBIMH HHCTPYMEHTAMH.

Pezynoemamot uccnedosanus. KoHCTpYyKIs MOMIIUITHAKA MOIAU(HIIPOBAHA C YICTOM JOMOIHUTEILHOTO (hakTopa — CHKH-
MaeMOCTH cMa3o4HOro marepuana. Hosas monmens Ha 8—10 % TOYHEEe NMPOTHO3MPYET HECYHIYIO CIIOCOOHOCTBH JeTajn
u Ha 7-9 % — ko3 dunmenT Tpenus. OOHAPYKEHBI U ITOIYYHITH 00BsICHEHHE KoyieOaHus koddduipieHTa Tperust 1o 45 MIla
(9KBMBAJIEHT IATHKPATHOTO POCTa Harpy3KH). ITO CBSI3aHO C AMHAMUYECKMMH W3MEHEHUSIMH B YCIIOBHSIX KOHTaKTa MOBEPX-
HOCTEH M BO3JIEHCTBHUSIMU BHEIIHHX MapaMeTpoB. OrperiesieHbl ONTUMaJIbHBIE 00J1aCTH IPUMEHEHNS aHTH(PUKLIHOHHBIX T10-
KpPBITHI Ha OCHOBE TUOPHIHBIX KOMITO3HIIMOHHBIX MaTepUAIOB. PacuimpeHsl BOSMOXKHOCTH TPAKTHYECKOTO UCIIOIB30BaHHUS
pacyueTHBIX MOAEINeH paalIbHOTO MOAIINITHHKA CKOIBKeHHUs. OLEHEHbI HA PAKTUKE €ro KPUTHUECKH BYKHBIE SKCINTyaTa-
LMOHHBIE XapaKTePHCTUKH.

Obcyacoenue u 3axknrouenue. Pe3ynpTaTsl HAYYHBIX W3BICKAHHHN, ONIMCAHHBIX B TAHHOH CTaThe, NAI0T BOSMOXKHOCTh Ha
oTane MPOCKTUPOBaHUA YCTaHABJIMBATD OKCIUTYyaTallTUOHHBIC XapaAKTEPUCTUKU ITOJUIUNITHUKA. BrisiBiIeH 3HAYMMBINA IOTEH-
nyaJI JaHHOT'O I10AX0/4a B IIJIaHE ITOBBINICHWA HAJICKHOCTU U JOJI'OBECYHOCTHU HCCHCZ[OBaHHOﬁ JACTaJIu, U 5TO NPECACTaABIA-
€TCsl BKHBIM II1arOM B Pa3BUTHH TEXHOJIOTHH TIOAIIMITHIKOB M CMa30YHBIX MaTepuaioB. B mepcnexkTuBe aBTOpbI Hame-
PEHBI U3Y4YHTh TakKe (aKTOpbl, KaK TEMIIepaTypHbIE YCIOBUS, AMHAMUYECKHE HArpy3KH M B3aUMOJICHCTBHE C Pa3ind-
HBIMH CMa309HBIMH MaTepHajIaMu. JTO MO3BOJIUT COBEPUICHCTBOBATH KOHCTPYKIMH MOIIMITHIKOB ¥ PaclIUpsTh 00J1a-
CTH X TIPUMCHCHHUSL.

KaroueBble cjioBa: paauaibHbIA MOANIMIHUK CKOJIBXEHHUS, C)KUMaeMOCTh CMa304HOTO MaTepHana, HCTUHHO BS3KUI

CMa304HBII MaTepHal, OIleHKa H3HOCOCTOMKOCTH, CrielM(HKa TPUOOCUCTEMBI, THOPUAHBIN KOMITO3UT

BaarogapHocTH. ABTOpPHI BBIP@XAIOT ONAarogapHOCTh pyKoBoawTemo nabopatopun Kadempsl «Teopermdeckas
MeXaHHUKa» akaJleMHuKy Poccuiickoil akagemuu Hayk KonecHukoBy Bramumupy VMBaHoBHUy 3a MOMOIIG B IPOBEACHUHI

OKCIICPUMCHTAJIbHBIX PICCJ'IC}IOBaHPIﬁ.
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Introduction. In all sectors of the economy, the efficient functioning of mechanisms requires working with high-
quality lubricants. The relevance of this issue stimulates scientific research that concerns the operational properties of
lubricants. In particular, the authors of the publications are interested in the interaction of two elements that are present
in many types of machines and equipment. It concerns, specifically, bearings and lubricants. Researchers often focus on
such a lubricant parameter as compressibility. Mathematical models are built to determine the potential efficiency of
lubrication in various bearing operating modes.

When studying lubricants, working oils are considered incompressible, but their volume still varies slightly. The
compressibility factor depends on the chemical composition of the oil, its temperature, its pressure level, and contamination
with air foam, which can cause cavitation, loss of efficiency, drop of oil pressure, origination of noise and erosion.

Modern lubricants play a significant role in increasing the service life of sliding bearings. Advances in chemistry and
materials science have made it possible to create new types of lubricants that significantly reduce friction and wear on the
working surfaces of bearing supports, and therefore increase the performance of the mechanism. The effect is provided
by hydrocarbons and molybdenum disulfide in the lubricant. The use of such lubricants not only increases the reliability
and durability of the supports, but also reduces the costs of maintenance and routine repairs.

Among modern developments in the field of polymer coatings, there are modifications of base materials to improve
their tribological characteristics. For this purpose, fillers are introduced into polymers [1], including such solid lubricants
as graphite, molybdenum disulfide, or carbon nanotubes [2]. These composites have significantly higher wear resistance
and can withstand the effects typical of industrial tribosystems [3]. Such coatings can function without special lubricants,
which significantly simplifies the operation of mechanisms and reduces operating costs.

At the design stage, it is critically important to take into account the interaction of various materials and coatings [4],
to analyze their operation under the influence of high temperatures and speeds. At the same time, the accuracy of
calculating the parameters of wear and interaction of surfaces allows for a significant increase of the reliability and
durability of friction units [5]. Paper [6] describes the composite structure, friction and wear characteristics of the
antifriction polymer fluoroplastic-containing coating.

Article [7] confirms that the use of rubber powder as a filler for epoxy polymers opens up new possibilities for the
creation of highly effective vibration-absorbing composites. The flexibility of the process allows changing the type,
content and combination of organomineral ingredients and epoxy compounds. This enables the material properties to
be adapted to specific requirements and operating conditions, which in turn helps improve the performance and
durability of equipment.

In [8], the problem of determining the nature of defects in fiberglass is considered. The solution [9] is based on the
analysis of the Fourier spectra of acoustic emission signals. It is found that interlayer damage to matrices appears and
develops in the frequency range of 160—240 kHz. This allows for early diagnostics and prompt elimination of such defects.

The fourfold increase in Young's modulus confirms the significance of using a soft template with modified
polydopamine and a dispersion coating [10]. Higher mechanical strength combined with improved thermal conductivity
opens up new prospects for the creation of materials capable of withstanding extreme operating conditions.

In [11], the capabilities of polyethylene oxide (PEO) solutions in chloroform are described. A multiple increase in
relaxation and stretching time indicates a qualitative change in the behavior of PEO and opens up new prospects for its
industrial application. Such changes can improve the mechanical stability of polymer products, expand the range of their
use and increase the efficiency of production processes.

As experiment [12] has shown, metal powders in the coating composition improve adhesion with the base material.
This helps to avoid peeling and cracking of the coating, which is critical for the durability and reliability of the brake
transmission. In [13], it is established that combined coatings can become a mechanical engineering standard — they will
be used in highly loaded and critical units.

Based on the results of research [14], it can be concluded that the introduction of antifriction polymer composite coatings
with a cold-curing matrix is promising in terms of increasing the reliability and efficiency of industrial equipment.
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In [15], a mathematical model for assessing electrophoretic mobility is proposed. It assumes that the presence of a
scalable structure of the adsorbed permeable polymer layer does not affect the Poisson-Boltzmann distribution of ions in
the double electrical layer.

One of the key approaches is the introduction of various fillers into polymers, including solid lubricants. Such
fillers as graphite [16], molybdenum disulfide [17] and carbon nanotubes increase significantly the wear resistance of
polymeric materials [18].

In [19], the aging of plasma-polymerized hexamethyldisiloxane coatings was investigated. They were activated by
helium or dry air plasma and compared to the aging of plasma-activated silicone elastomer.

Experimental data [20] indicate that the operational properties of the material are determined by the nature of the
acoustic emission. And this indicator depends on such variables as the filler concentration and curing temperature.

The theoretical calculation models [21] were visualized. Their accuracy was estimated. For this purpose, the following
tribological parameters were compared:

— determined by the results of numerical analysis;

— calculated by adequate regression models obtained experimentally.

The comparison proved the high accuracy of the models — within 9-13%.

For successful application of the above methods, it is necessary to take into account the specifics of each tribosystem.
Ignoring these features can lead to unreliable results or a decrease in the effectiveness of the proposed approaches.

It is noted in the literature that the liquid lubricant moving in the working gap contains atmospheric gases, on which
compressibility depends. This means that its introduction into the model allows us to more accurately predict the behavior
of the lubricant and the efficiency of lubrication in various bearing operating modes. This issue is not described in
sufficient detail in the available sources, and the presented research is intended to fill this gap. The authors created and
analyzed a mathematical model of a viscous lubricant in a bearing. Moreover, on the surface of the bearing bushing there
was a composite coating with fluoroplastic. The modified design of the bearing provided for the presence of a polymer
coating with a groove for better distribution of the lubricant, which, in turn, increased the durability of the system. Thus,
a method for engineering calculations of the design of a radial plain bearing with a groove in a polymer coating has been
developed for the first time. The new solution takes into account the compressibility of the lubricant and allows
determining the basic tribotechnical parameters. The research objective is to evaluate the wear resistance of a modified
design of a radial plain bearing taking into account the compressibility of a high viscosity lubricant. A high viscosity
lubricant is a medium that obeys Newton's law. This dependence describes the flow of numerous oils at temperatures far
from the freezing point quite well.

Materials and Methods. The wear resistance of a modified radial bearing design is estimated. Parameter Q specifies
the shaft speed. The surface of the modified bushing remains stationary.

A polar coordinate system is adopted to solve the problem. Its pole is the center of the bushing (Fig. 1).

Fig. 1. Tribocontact diagram

In this case, the contours of the shaft, bushing and modified bushing are described in the form:

r':r0(1+H),r':r1,r’:r1—h, )

where 7o — radius of the shaft with a polymer coating; »; — radius of the bearing bushing; h— groove height;

H — thickness of the lubricating layer.
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The viscosity of the lubricant depends on the pressure:
B =poe®”. ()
Here, p' — coefficient of dynamic viscosity of the lubricant; py — characteristic viscosity; o’ — constant;
p’ — hydrodynamic pressure in the lubricating layer; e — eccentricity.
The solution to this problem is based on the equation of liquid lubricant motion, the equation of continuity, and the

equation of state:

o't do’ o P 00

% ,82\/9’ _dp; a(plvri’)_,_ PV +l,a(p'vei) 0.p = AQ2p2 p.

= 5 3

or'

> >

Here, 6 — angular coordinate; vg, , v, — components of the velocity vector of the lubricating medium; p" — density

(dimensionless quantity).
Boundary conditions for system (3):

ve=0,v, =0atr =n,

v =V (6) v, =u" (6) atr'=r —h,

: . ' “)
Ve =1yQ, v,y =—Qesin®at r' =ry +ecosH,
p'(0)=r'(8)=py.
Here, p, — lubrication supply pressure; Q2 — shaft angular velocity.
We use formula (5) to move to dimensionless variables:
r'=n=0r,8=n—ry vy, =Qryv;, v, =Qdu,,
, . . i, , o
p=p'pp =E e = 5)
5 p
p = 2P p'=p'p
YO '
Here, u — horizontal component of the velocity; v — vertical component of the velocity.
As aresult of transformations (5) taking into account (3) and (4), we obtain:
A 2y 1 dp. O(pu;) O(pv;
%:,8?:_6_@&, (pu;)  O(p ):pr:p’ ©
or or A de  or 00
v=1l,u=-msinBatr=1-ncos0 = h(@)
v=0,u=0atr=0,0,<6<0,,
v=v*(9),u=u*(9)atr=n2,0S9S91,62SOS2TC, @)

p(0)=p<el>=p(ez>:p<zn>=%,
P3(02)=P2(02). p1(0:)=p2(6:1), O =const.

Here, n =¢ /3 — design parameter of a bearing with a standard support profile; 1 = a' /  — design parameter of a

bearing with an adapted support profile; A =#7uQ/ p g62 — compressibility parameter.

We introduce z = e . After a series of transformations, we obtain:

v, 118z o(pu;) 9(pv;)
L— l, :0, =. 8
ot Aad® o o0 p=p ®)

Boundary conditions for (8):
v=1lLu=-nsinOatr=nh(0),
v=0,u=0atr=0,0,<6<0,,
1 1 sin 6

V= U= atr=m,,0<6<06,,0, <06<2r, )
n(0)-n," " A(0)—nm, ’ v
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Using method [22], we found a self-similar solution to problem (8) taking into account parameters (9):
pv; = %+ Vi (r.0), pu; = —%+Ul— (r.0),
4 (’”:6) =\, (&-), V; (’”’9) = pv; (E.ai)’ U, (”»9) =—pi; (En)'h’(e),

£, =—1_at0, <0<0,,

- (0)
__r—m
& =————at0<0<0,u0,<6<2m (10)
h(0)-n,
Here, v — function depending on self-similar variable &; ¥, U — components of the velocity field; 6, — design

parameter characterizing the groove depth.
Taking into account (10), equations (8) and boundary conditions (9) take the form:

wi(E.;i)_aisvi(ii)_biaui(ai)'i_h,(e)pde éivi(ai)—oa (1D

g Pidr_ b
Ado n2(0) 1(0)

,» 1=17,

o P2y bpy @

AdO (o) +h) (h(0)+h)

\T[%:Oﬂta:o,%:l,ﬁi(é,e):p’ﬁi:()atazo,

<1

1
.(£,6)=0,d, =—nsinOat a=1,_[ﬁ,.(<:)dg:o,
0

p(0)=p(6,)=p(6,)=p(2n)=1. (12)
Taking into account (12) and (13), we obtain the following systems of equations.
For the velocity field:
-, - 2 b
W1(§1)=a1%(é1—1), V1(§1)=b1%—[1+?1j§1+15
-, . 3 b
¥ (82) =0 2% 1), vz(az)=b2%—(l+§jaz 4, (13)
- - 2 b
Ws(‘ga):“a%(§3_l): V3(§3):b3%_(1+?3)§3 +1.

For hydrodynamic pressure:

=2 2 2
1171=1+L2[6+2ﬁsine—21 1]21(9+3ﬁsine)]>< 1+(xp‘i —a—(p—fj ,
(1-m,) 240" p p  2\p

&,

Wh (‘iz):az %_az %792 (‘iz):bz %+(1_%j§2 +1,u, (‘iz): !&2‘7’2 (‘iz)d‘iz,

-0, p 1

) 2
)2 :1+6A(9—91)[1+afﬁ —%(pfj ]{l+ ezn (sine—sinel)—l[l—elsinelj(l+ 93_”91 (sine—sinel)ﬂ,

g

W5 (E‘;3):a3—3—a3 5 , V3 (é3)=b3g—3+(1—%jés +1,u3 (‘:3): J.ézﬁé (533)01&3,

0
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_ 2 2 >
p3:1+w{1+ap—f—a—(pfj J{H— 2N (sin®—sin6,)—

(1-m,)° po2\p -6,
If,_mn. m o :

——| 1-—-ysin0, || 1+ (szn@—sznGZ) . (14)
p 0, 6-6,

We solve equation (14) using the method of successive approximations, limiting ourselves to two approximations:

2
pe o’(p 6A . 1-7? -
pu=L pu=1 p3y=1p,=6A|l+a f—T(—fj —2(6+2nsm6—2 T]2(6+31”|Sm(?))j,
p p (1-ny) 2+1

5 2
D :+6A(9—61){1+ai§ —%(iﬁ] J{l+ 92—:[31 (sin@—sin@l)—(l—eﬂlsinelj(1+ 93—n91 (sinG—sinel)]:|,

A _ P 2 ~
Dxn :_6 © 622) 1+0°pi _a_(p_ij {l+ o (sin®—sin8,)-
(1-m,) p o 2\p 6-6,

_(1_61Sinezj(l+9iﬁe (Sine—sin()z)ﬂ. (15)

2

To determine the bearing capacity and friction force, we use formula (15):

s 0, 2z
R = 6“20;)9 Ipn cos6d9+jp22 cosed9+jp32 cos0d0 |,
0 01 0,
6 3 0 0, 2n
o7 : , .
R, = M2062 0 Ipu sm@d@—i—jpzz szn6d6+J‘p32 sindo |,
0 01 0,
L [1+ i 2) ]ll \m(o)+ﬂ(0) do+
P = H op——p -
o) o)

+Tl 5 (0) . v (0) 9+TL(M+dee}. (16)

2Pl (h(e)+h) (n(e)+h) | 5 pLA(O)  4(0)

These studies established the effectiveness of the proposed theoretical model in the specified parameter ranges. The
values of compressibility parameter A = 0.1-0.9 and stress ¢ in the range of 9—45 MPa were thoroughly tested to provide
the accuracy of the model and the possibility of its wide application.

Experimental Conditions. The research started with the verification of the developed calculation model. For this
purpose, numerical calculations were performed, which allowed us to estimate the basic parameters of the bearing
operation. The verification included a comparison of these calculation data with the results of laboratory tests. The
analysis showed that the calculation model predicted the behavior of the structure with a high degree of accuracy. At the
same time, the identified deviations were within the permissible error limits.

Experiments for a bearing with an oil-supporting groove contour were conducted under various operating conditions.
In particular, the rotation speed, loads and temperature conditions were changed. The correct selection of mode ensured
reduced wear and increased heat generation. This approach allowed for increased reliability and reduced downtime in the
operation of mechanisms.

The tests involved traditional methods of measuring friction and wear, as well as modern instrumental approaches.

This maintained high measurement accuracy and helped to better understand the mechanisms of friction and wear in the
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Research Results. The study allowed us to more accurately represent the performance characteristics of polymer-coated
bearings (Table 1). This is of great importance for their effective use in various engineering systems. With the new model, the

forecast of data on the bearing capacity turned out to be 8—10% more accurate, and on the friction coefficient — 7-9%.

Table 1
Results of Theoretical Research
Compressibility parameter
No o, MPa 0.5 0.4 0.3 0.2 0.1
Friction factor
1 9 0.00479000 0.00711300 0.00310000 0.00100000 0.00023000
2 18 0.00149000 0.00149100 0.00165300 0.00008500 0.00049350
3 27 0.00017300 0.00009200 0.00000600 0.00005050 0.00002700
4 36 0.00007500 0.00014130 0.00000400 0.00001160 0.00000793
5 45 0.00000100 0.00001070 0.00000100 0.00002700 0.00000687

The experiment showed the presence of fluctuations in the friction factor. This was due to dynamic changes under the
conditions of surface contact and the effects of external parameters. Such behavior of the friction factor with increasing
load indicated the complexity of interactions in the system, especially considering the maximum recorded load indicator.
It reached 45 MPa, which was equivalent to a step increase in load by 5 times (Table 2).

Table 2
Comparison of the Results of Theoretical Research and Experiment
Friction factor
Mode
No Theoretical research
. Considering Experiment
o, MPa V, m/s Coating L
compressibility
1 9 03 0.0105 0.0103 0.0104
2 18 0.3 0.0095 0.0093 0.0094
3 27 0.3 0.0090 0.0088 0.0090
4 36 0.3 0.0085 0.0080 0.0082
5 45 0.3 0.0075 0.0071 0.0074

The research results confirm the effectiveness of the developed theoretical models. Their implementation opens up
the possibility to significantly increase the load capacity of parts and to considerably reduce the friction factor. The results
of the work can be presented as follows.

1. The studies of radial plain bearings taking into account the compressibility of liquid lubricant, firstly, showed a
significant improvement in their operational characteristics. Secondly, the accuracy of engineering calculations for the
bearing capacity increased by 8—10%, and for the friction coefficient — by 7-9%.

2. The possibilities of practical use of calculation models of radial plain bearings were significantly expanded. Its
critical operational characteristics were assessed in practice.

Discussion and Conclusion. The results of the research described in this article establish the main operational
characteristics of the bearing at the design stage. The ability to increase the reliability and durability of the studied part is
an important step in the development of bearing and lubricant technologies.

The new method is premised on a theoretical background and has been experimentally confirmed. It is intended for
the development of calculation models of radial plain bearings. An important characteristic of the part is an antifriction
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polymer coating with a groove for retaining the lubricating fluid. The compressibility and rheological properties of the
lubricant are taken into account. Considering the previously established parameters of such grooves, a calculation model
that describes in detail the behavior of the bearing in the hydrodynamic mode, has been developed. Particular attention is
paid to the compressibility of a high viscosity lubricant, whose viscosity parameters depend on the pressure and friction
conditions. Recommendations for the use of bearings with optimal grooves have been formulated.

The scope of application of the research results is engineering design and verification calculations when it is necessary
to maintain a hydrodynamic lubrication mode. The method is potentially in demand in mechanical engineering, aircraft
manufacturing, instrument making, and other industries.

In further research, it seems appropriate to study such factors as temperature conditions, dynamic loads, and interaction
with various lubricants. This will allow for the improvement of bearing designs and expansion of their application areas.
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Abstract

Introduction. Highly porous composites — metal foams — are widely used due to their mechanical properties. The
literature presents various methods for their mathematical modeling, including those based on periodic Gibson-Ashby
cells. Piezoactive composites have a number of properties, such as high sensor sensitivity and a large bandwidth. This is
the reason for the interest in their modeling. However, when constructing such models from piezoceramic materials, a
certain difficulty, associated with the selection of the distribution of preliminary polarization, arises. It should be noted
that this issue, specifically for highly porous piezoceramics, has not been sufficiently studied in the literature. Therefore,
the objective of this work was to establish the effect of the polarization model on the characteristics of the piezoactive
composite.

Materials and Methods. The design material was PZT-4 piezoceramics, whose polarization depended significantly on
the conditions of its guidance (model geometry, electrode arrangement). The study was divided into two steps: in the first,
the residual polarization was calculated based on the theory known in the literature, the implementation of which was
performed in the ACELAN package; in the second, a number of problems for a composite cell were solved, and the
dependence of its properties on the polarization model was found. The finite element method implemented in the
ACELAN package was used as a method for solving the corresponding boundary value problems of electroelasticity for
piecewise inhomogeneous bodies.

Results. The problem of determining nonuniform polarization for two types of flat cell designs of highly porous
piezoceramics was solved. Some features of the obtained polarization distribution were noted, in particular, its nonuniformity
and the presence of counter polarization in some edges. The problems of determining natural frequencies and vibration
modes “intra cell” and their dependence on the polarization model (homogeneous and nonhomogeneous) were solved. It was
noted that some frequencies differed by 10%, while the vibration modes coincided qualitatively. The dependence of the
stress-strain state and output characteristics on polarization, whose difference in some values reached 15%, was analyzed.
Discussion and Conclusion. The process of polarization of highly porous piezoceramics has a number of features that
must be taken into account to obtain reliable information about its mechanical and electrical behavior. Auxetic properties,
the difference in the mechanical and electrical response of the cell in question are directly related to these features. Thus,
the polarization model has a significant impact on the characteristics of the piezoactive composite, which determines the
importance of its correct selection. The results obtained should be taken into account when modeling representative
volumes of highly porous piezoelectric composites to determine their effective properties, on the basis of which models
of piezoelectric devices are constructed, and their output characteristics are calculated.

Keywords: highly porous piezoceramics, nonuniform polarization, flat cell, finite element method
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AHHOTAUMSA

Beeoenue. BricOKONIOPHUCTBIC KOMITIO3UTHI — METAIUTHYCCKHE TICHBI — HAXOMAAT IIMPOKOE MPUMEHEHHE B CIUTy CBOHMX
MEXaHMYECKUX CBOMCTB. B JIMTEpATypC NPpEACTABIICHBI PA3JIMYHBIC METOAbI UX MAaTEMATUYCCKOTO MOJIC/IUPOBAHNS, B TOM
qHcIie, Ha OCHOBE IMEePHOANYEeCKUX siaeek | mocona-Omobu. [Ire30akTHBHBIE KOMIIO3HUTHI 00JIAAA0T PSAOM CBOMCTB, TAKUX
KaK BBICOKasl 4yBCTBUTEIBHOCTh CEHCOPOB U IIMPOKas 110JI0CA MPOIYCKaHUsl. DTUM 00YyCIIOBJIEH HHTEPEC K UX MOJEIIH-
poBanuto. OTHAKO TPU TIOCTPOCHUHM TAaKHUX MOJENEH M3 MbEe30KEePaMUUECKUX MATEPHaJOB BOZHHKACT OIpEcIICHHAS
TPYIHOCTb, CBSI3aHHAsI C BBIOOPOM pacIipe/ieIeHuUs IpeABapUTeNbHOM nomsipuzanuu. CienyeT OTMETUTb, YTO 3TOT BO-
POC, 0COOEHHO ISl BEICOKOTIOPUCTOH Me30KEPaMUKH, HEIOCTATOYHO H3Y4eH B nuTeparype. [loaToMmy menpro JaHHON
pa60T1)1 ABJIAJIOCH YCTAHOBJICHUC BJIMSAHUA MOACIIN MOJAPU3aANN Ha XapaAKTECPUCTUKHU TbE30AKTUBHOT'O KOMIIO3UTA.
Mamepuanst u memoost. Matepnana KOHCTPYKIIMH — Tbe30kepaMuka PZT-4, momspuzaims KOTopol CyIIeCTBEHHO 3aBH-
CHT OT yCJIOBUI ee HaBeAeHHs (TeOMETPUH MOJIENH, PACTIONOKEHHUS IeKTpoioB). MccienoBanue paszaeneHo Ha JBa miara:
B IIEPBOM IIPOBOJIUTCS PacUeT OCTATOYHOM MOJSIPHU3AIIHA HA OCHOBE TEOPHUN N3BECTHOH B IUTEPATYpE, PeaTU3anus KOTOPOi
ocymiectnieHa B makere ACELAN; Ha BTopoM peraercs psj 3aaad Ui ssYeKu KOMIIO3UTa U HAXOAUTCS 3aBUCUMOCTD €€
CBOHCTB OT MOJIENN TOJISIPH3aLUy. B kaduecTBe MeTo/1a pelIeHHsI COOTBETCTBYFOIIIX KPAEBBIX 3214 AJIEKTPOYIPYTOCTH IS
KYCOYHO-HEOTHOPOTHBIX TEJ UCIIONIL3YETCSl METO/I KOHEUHBIX AJIEMEHTOB, peann3oBaHHbil B makete ACELAN.
Pesynomamul uccnedosanus. Periena 3agaya onpeaesieHuss HEOAHOPOJHON MOJISIpU3ALMU ISl IBYX BUIOB KOHCTPYKLIMH
IUIOCKUX SIY€eK BHICOKOIIOPUCTOM Mbe3okepaMuku. OTMeUeHbl HEKOTOPhIE OCOOCHHOCTH MOJIY4YEHHOTO paclpeeIeHus
MOJISIPU3ALUH, B YACTHOCTH, €€ HEOJHOPOTHOCTh M HAIMYHME BCTPEYHOW MOJSIPHU3ALNU B HEKOTOPHIX pedpax. PemreHs
3ajJ]a4M OlpeeeHHs COOCTBEHHBIX YacTOT U (popM KoJieOaHUH «BHYTPH SUEHKM» U NX 3aBUCUMOCTb OT MOJIEJIH TOJISIPH-
3anuu (OAHOPOTHOW W HEOTHOPOIHOW). OTMEYaeTC s, YTO HEKOTOPBIE YacTOTHI oTirdaroTcs Ha 10 %, a hopmsbr komeba-
HHUI Ka4eCTBEHHO coBIanaroT. [IpoaHain3upoBaHa 3aBUCUMOCTh HAMTPSHKECHHO Je(POPMHUPOBAHHOTO COCTOSHUS U BBIXOJI-
HBIX XapaKTEPHUCTHUK OT IMOJIPU3AINH, Pa3HUIIA HEKOTOPHIX 3HAYSHUN KOTOPHIX tocturaia 15 %.

Oocyrcoenue u 3axnouenue. IIpoiiecc Mosipru3alui BEICOKOTIOPUCTHIX ThE30KEPaAMUK UMEET Psii 0COOEHHOCTEH, KOTO-
pBIe HEOOXOAUMO YUUTHIBATH [UIS TIOTyYEHHS TOCTOBEPHBIX CBEICHHI O €€ MEXaHMUECKOM H SJICKTPUIECKOM ITIOBEICHUH.
AYKCEKTHUYECKHE CBOMCTBA, pa3HUIIA B MEXaHUYECKOM U DJIEKTPUUIECKOM OTKIIMKE PACCMaTPUBAEMOMN STYEHKH HAMIPSIMYIO
CBSI3aHBI C STUMH 0cOOeHHOCTSIMH. TakuM 00pa3oM MOJIENb TOJSIPU3AIIH OKa3bIBaeT CYIIECTBEHHOE BIMIHUE HA XapaK-
TCPUCTUKHU NMTbE30AKTUBHOI'O KOMIIO3UTA, YTO ONPECACTIACT BAXKHOCTH €€ IPAaBUJILHOTO Bbl60pa. HOJ’Iy‘IeHHbIe pE3yJIbTaThl
HAJ0 YYUTHIBATh IPU MOJEIUPOBAHUH IIPEACTABUTEIBHBIX 00hEMOB BEICOKOMIOPHUCTHIX MBE30IEKTPHUECKUX KOMITO3H-
TOB JyIsI ONIpeeIeHuUs MX P PEKTUBHBIX CBOHCTB, HA OCHOBE KOTOPBIX CTPOSITCS MOZIEIIH ITbE303JIEKTPUUECKUX YCTPOHCTB
U PaCCUUTHIBAIOTCS MX BBHIXOJHBIC XapAKTEPHCTHKH.

KuawueBble ciioBa: BBICOKOIIOPpHUCTAsA NIbE30KEPAMUKa, HCOAHOPOAHAA MTOJIAprU3aliusd, IJI0CKasd ﬂqeﬁxa, METOA KOHCYHBIX
OJIECMCHTOB

BHaFO}IapHOCTI/I. ABTOpBI BbIpaXKaroT 6J'IaFOI[apHOCTB pe€aakuu XypHajla W PpCUHCH3CHTaM 3a BHHUMATCJIbHOC
OTHOIICHHUEC K CTAaThE.
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Introduction. One type of highly porous composite is a material constructed on the basis of Gibson-Ashby cells [1].
In [2], an assessment of the effective Young's modulus of porous titanium with open pores was performed on the basis of
a three-dimensional array of such cells. A comparison of the mechanical behavior of foam models composed of regular
and irregular arrays of open Gibson-Ashby cells is carried out in [3]. Figure 1 @ shows an open cell, Figures 1 » and 1 ¢
show modified Gibson-Ashby models with inclined edges for functionally graded lattice structures [4].

cell edge

a) b) ¢

Fig. 1. Schemes of cells of highly porous composite: a — Gibson-Ashby cell;
b — cell with inclined edges; ¢ — flat cell with inclined edges [4]

Homogenization methods used in modeling the effective properties of composites are considered in monographs [5, 6].
Studies on highly porous structures, such as foamy, cellular, honeycomb and cell structures are presented in monographs [7, 8],
in reviews [9-12], etc. In [13], the polarization of porous piezoceramics is considered experimentally and theoretically and,
based on a model example, features of some of its effective properties are theoretically explained, as mentioned above. The
issue of the effective properties of highly porous piezoelectric composites has not been sufficiently studied in the scientific
literature. This is primarily due to the fact that the process of describing the polarization of such structures is a certain difficulty.
This research is aimed at studying the influence of the polarization model on the stress-strain state of the cell and on the effective
properties of such composites. Two models are considered: the first model assumes uniform polarization; in the second, the
polarization distribution is calculated using methods and software known from the literature, among the developers of which is
one of the authors of this work. The work shows that the selection of the polarization model affects significantly the mechanical
properties of highly porous piezoelectric composites.

Materials and Methods

Mathematical Formulation of the Problem. We consider flat cells, which are elements of the structures shown in
Figure 1. The cell material is PZT-4 piezoelectric ceramics, described within the framework of the linear theory of
electroelasticity [14]. In the homogeneous case, it is polarized along the vertical axis, in the inhomogeneous case — the
polarization distribution is found according to the theory proposed in [15] and implemented in the finite element package
ACELAN [16].

Materials. Figure 2 a shows the geometry of a flat cell corresponding to the diagram in Figure 1 a with inclined edges,
the edge thickness is 1 mm, the external size is 10x10 mm. Figure 2 » shows a diagram of nonuniform polarization for
such a design, when the electrodes are located on the outer ends of the upper and lower vertical edges. The characteristic
feature of this polarization is its nonuniformity on inclined edges and the presence of its opposite directions on the upper
and lower horizontal edges. Figure 2 ¢ shows the polarization scheme for a composite element, whose periodicity is
realized through vertical and horizontal edges. The characteristic feature of the polarization of this element is the

practically unpolarized horizontal edges.
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a) b) ¢

Fig. 2. Schemes of cells and polarization of highly porous composite:
a — uniform polarization; » — nonuniform with electrodes on the lower and upper edges;
¢ — nonuniform with electrodes at the bottom and top on vertical edges

Methods. The finite element method (FEM) implemented in the ACELAN package is used as a method for calculating
the stress-strain state of cells [16].

Research Results. First, the natural frequencies and modes of vibrations “inside” the cell shown in Figures 1 c and 2 ¢
are investigated. In this case, the cell is fixed in the corners along the normal to the thickness of the horizontal and vertical
edges, which corresponds to the periodicity of the composite structure. Table 1 shows the natural resonance frequencies for
uniform and nonuniform polarization (Fig. 2 ¢), and Figures 3—5 show eigenvibrations at these frequencies.

Table 1
Eigenvibrations for Uniform and Nonuniform Polarization
Eigenvibrations in Hz
Frequency number \ Polarization

Uniform Nonuniform
1 0.43455 x 103 0.41271 x 103
2 0.47277 x 10° 0.47249 x 10°
3 0.54538 x 10° 0.49562 x 10°
4 0.61497 x 10° 0.58611 x 10°
5 0.67255 x 10° 0.67607 x 10°

For nonuniform polarization 1, 3 and 4, the natural frequencies are lower than for uniform polarization, but the
vibration modes 1-5 are qualitatively the same. Therefore, Figures 3—5 show the natural modes for a cell with uniform
polarization. Figures 3 a, b show the distribution of horizontal displacements and vertical displacements for the first
vibration mode. In Figures 4 a, b the distributions for the second mode of vibrations of horizontal displacements and for
the third mode of vibrations of vertical displacements are presented, respectively. In Figures 5 a, b the distribution of the
displacement modulus is presented for the fourth and fifth modes, respectively.
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Fig. 3. The first form of vibrations is uniform polarization:
a — distribution of horizontal displacements;
b — distribution of vertical displacements
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Fig. 4. Forms of vibrations of uniform polarization:
a — the second, distribution of horizontal displacements;
b — the third, distribution of vertical displacements
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Fig. 5. Forms of vibrations with the distribution of the displacement modulus
for uniform polarization: a — the fourth mode; b — the fifth mode

With longitudinal tension-compression of this cell in the vertical direction in the composite structure (modeled by the
free entire upper surface and the application of uniform pressure to the upper end of the vertical edges), the displacement
in the case of uniform polarization is 15% greater (Fig. 6 a). The potential on free electrodes is 3% higher in the case of
nonuniform polarization. It should be noted that the shear stresses (Fig. 6 b) are 10% higher in the case of nonuniform
polarization. The electromechanical coupling coefficient for the 7th oscillation mode (Fig. 6 ¢) is 14% higher for uniform
polarization of the cell.

3.27E+00
2.10E+00

4.38E-11

W
7.67E-11 2.86E+02
5.48E-11 \

1.92E+02
9.75E+01
3.46E+00

1.33E+00
5.73E-01
—1.85E-01

3.29E-11 -9.06E+01 -9.43E-01
2.19E-11 : § —1.85E+02 —1.70E+00
1.09E-11 —2.79E+02 —2.84E+00
0.00E+00 -3.73E+02 -

a) b)

Fig. 6. Under the action of vertical pressure, the distribution of:
a — vertical displacement; b — shear stresses;
¢ — distribution of vertical displacement on the 7th oscillation mode
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Calculations for the cell presented in Figures 2 a and b show that the vertical displacement (Fig. 7 a) under the action
of pressure on the end of the upper rod in the case of nonuniform polarization is 11% greater. In statics, under the action
of the potential difference at the lower and upper ends, the cell exhibits auxetic properties, which is associated with the
opposite polarization (Fig. 2 b) of the horizontal edges. Figures 7 b and ¢ show the distributions of vertical and horizontal
displacements. It is evident that when stretched vertically, the cell also expands horizontally.

I9.57E10 * 351E-08 [ —]———
{8.20E-10 2.97E-08

6.84E-10 2.43E-08 \ /
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6.24E-09

1.55E-09

~1.58E-09
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~7.83E-09
_1.14E-08

H

o

Fig. 7. Distribution: a — vertical displacement under the action of vertical pressure;
b — vertical displacement under the action of potential difference;
¢ — horizontal displacement under the action of potential difference

Discussion and Conclusion. Thus, on the basis of this stress-strain state (SSS), the effective properties of composites,
which are used in modeling piezoelectric devices, are found. Therefore, the study of the influence of the type of
polarization on the SSS of a highly porous piezoactive material is urgent.

The calculation of the preliminary polarization field in a cell of a highly porous material has shown that it depends
significantly on its geometry and the arrangement of the electrodes. These features include the fact that some edges are
practically not polarized, others are polarized in one direction, but nonuniformly, and, finally, edges with opposite
polarization may appear. The calculation of the mechanical and electrical response of the cell and its natural resonance
frequencies have proven that taking into account the nonuniformity of polarization leads to the fact that the magnitude of
the discrepancy between these results and the results for the model with uniform polarization reaches 15% and 10%,
respectively. And the cell with edges on which there is counter polarization exhibits auxetic properties. The paper shows
that in problems of determining the effective properties of highly porous piezoelectric composites based on the
construction of representative volumes from its cells, it is essential to take into account the inhomogeneous polarization
corresponding to their structure.

The practical relevance of the results obtained is due to the fact that the effective properties of composites allow for
modeling, calculation and optimization of various piezoelectric devices (sensors, emitters and receivers of acoustic waves,
piezoelectric generators, etc.) at the design stage.
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Abstract

Introduction. Energy conservation is an urgent topic of research in the mechanical engineering all over the world. A
particular direction in these studies is the search for energy-efficient methods of testing technical systems, which provide
the most accurate prediction of the reliability of the designed equipment. The duration of resource tests, established by
technical conditions and GOST standards, causes an irreversible loss of energy, amounting to more than 1.5 of the
resource of the tested machine, and the energy lost in the form of “harmful heat” is released into the environment.
Therefore, the problem of energy saving during testing is given special attention. One of the ways of energy saving under
testing of hydraulic machines is energy recovery. However, in papers devoted to energy recovery during testing of
hydraulic machines, the problems of energy recovery during testing of rotary hydraulic machines were solved, and for
reciprocating hydraulic machines, the problem of energy recovery during testing of plunger hydraulic cylinders was
solved. The results of these studies cannot be directly used for testing reciprocating hydraulic cylinders. In this regard,
the objective of this work has been formulated — to develop the structure and basic scheme of a test bench for
reciprocating hydraulic cylinders, providing the recovery of part of the energy spent on testing, due to which the energy
efficiency of the testing process is significantly increased.

Materials and Methods. The paper used simulation techniques for the stand functioning based on the application of the
theory of volumetric rigidity. To perform preliminary calculations of the stand operation process, a computer program
based on the SimInTech software package was developed.

Results. A structural and schematic diagram of a test bench for reciprocating hydraulic cylinders has been developed. A
mathematical expression has been obtained that provides a preliminary assessment of the test efficiency coefficient. A
computer program based on the SimInTech software package has been created, which allows the design parameters of
the stand affect its operational characteristics, including the coefficient of energy efficiency of the test process.
Discussion and Conclusion. The preliminary calculations of the operating characteristics of the stand showed that the
efficiency coefficient of the proposed stand was 1.7. It can be increased by conducting additional studies aimed at
obtaining rational design parameters of the stand. The proposed stand provides testing of reciprocating hydraulic cylinders
with recovery of part of the expended energy, and its mathematical model allows using the numerical methods in
calculations. This significantly simplifies the calculation process and increases the accuracy of the calculations. At the
same time, it is possible to obtain rational parameters of the stand already at the design stage, without resorting to
expensive and labor-intensive field studies.

Keywords: mathematic simulation, reciprocating hydraulic cylinders, test bench, energy recovery, test efficiency coefficient
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Opueuﬁaﬂbﬂoe amnupudecKkoe uccnedosatue
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AHHOTALMA

Beeoenue. Bo Bcem Mupe sHeprocOepexeHHe SBIICTCS aKTyalbHOH NpoOIeMoil ais ucclefoBaHWA B 00JacTH
MammHOcTpoeHus. Ocoboe HarpaBlieHHE B STHX HCCIEIOBAHUSIX — MOUCK 3HEProd(h(HEeKTUBHBIX METOIOB UCIBITAHUN
TEXHHYECKHX CHCTEM, KOTOpHIE MO3BOJSIOT Hauboiee TOYHO IPOTHO3MPOBATH HAAEKHOCTh IPOEKTUPYEMOTO
o0opynoBaHUs. YCTaHOBJICHHAS TeXHWYECKHMMHU ycnoBusaMH u ['OCTaMu UIMTENBHOCTH DPECYPCHBIX HCIIBITAaHHUH
MIPUBOJNUT K O€3BO3BPAaTHOM MOTEPE SHEPTUH, COCTABIIONIEH Oosee yeM 1,5 pecypca HCIBITYEMOM MallluHbI, TepsemMast
K€ TP 3TOM DHEPrusi B BUJE «BPEIHOIO TEIUIa» BBUIENSETCS B OKpyXaromlyio cpeny. I[losromy npobGieme
9HeprocOepexeHust B Mpolecce UCIBITaHUH yaensercs ocoboe BHUMaHue. OJHUM M3 MyTel HeprocOepekeHus Mpu
WCTIBITAHUSX THAPABIMYECKUX MAIINH SBJISIETCS peKynepanus sHepruu. OJJHako B paboTax, MOCBAIIEHHBIX PEKyNEpaluu
OHEPIrunu MNpU HCHOBITAHUAX THUAPABIMYCCKHUX MalllWH, PCIIAIMCh 3aJadyu PEKYyIECpalruu SHEPIruu IMpPU HCIbITAHUAX
THIPOMAIINH BPAIIaTeNbHOTO IEHCTBHA, a JUId TMAPOMAIINH BO3BPAaTHO-TIOCTYNATENHHOTO NEWCTBHS OblIa pelieHa
3ajaya pEKyIlepaluyd SHEPIHMU MPU HUCHBITAaHUAX IUIYHKEPHBIX THIAPABINYECKUX IMIMHAPOB. Pe3ynbpTaThl 3THX
HCCIIEOBAaHUH HE MOTYT HANPSIMYIO MCHOJIB30BAaThCS IS MCTIBITAHUH TTOPIIHEBBIX THAPOLMINHAPOB. B cBs3M ¢ 3THM
copMyIMpoBaHa [eJIb HACTOSAIIEH pabOTHl — pa3paboTKa CTPYKTYPHI M IPUHIUITMAIBEHON CXEMBI CTEH/Ia UCTIBITAHUN
TIOPITHEBBIX THAPOILIINHAPOB, 00SCIICUNBAIONIETO PEKYIEPALMI0 YaCTH SHEPTUH, 3aTPaunBAacMO Ha WCIIBITAHHMS, 32
cuéT yero sHepreTuyeckast 3p(HeKTHBHOCTH NPOIECCca UCIBITAHNA 3HAYMTEIBEHO TTOBBIIIACTCS.

Mamepuanst u memoosl. B paboTte NCIIOIB30BAIMCH METOIBI MOJICINPOBAHUS Ipoliecca (pyHKINOHUPOBAHUS CTEH A Ha
OCHOBE NPUMEHEHHUS TeopuH OO0BEMHOI EcTkocTH. Jlsi NpoBeneHMs TpeaBapUTENbHBIX pPacdy€TOB mpolecca
(YHKIIMOHMPOBAHUS CTeH/ja pa3paboTaHa KOMIIBIOTEpHas IporpamMMa Ha 6a3e mporpamMmmHoro kommiekca SimInTech.
Pesynvmamut uccnedosanusn. Pazpaboranpl CTPYKTypHas M IPUHLIUIIMAIBHAS CXEMbI CT€H/Ia UCIBITAHHS MOPLIHEBBIX
THIPaBINYECKUX IUIMHAPOB. [loyyeHo MaTeMaTUIeCKOe BbIpaKEHUE, [TO3BOJIAIOIIEE AaTh IPEABAPUTENILHYIO OLIEHKY
koaddurmenty sddexruBroct ucnpitannii. Co3ana KOMIBIOTEpHAs MporpaMma Ha 6a3e MporpaMMHOIO KOMILIEKCa
SimInTech, naromas BO3MOXHOCTh KOHCTPYKTHBHBIM IapamMerpaM CTEHJa BIMATh Ha €ro 9SKCIUTyaTallMOHHbBIE
XapaKTePUCTHKH, BKIF0Uast K03 duitneHt 3nepreTmdeckoil 3pPEeKTHBHOCTH MPOIIECCca NCTIHITAHNUS.

Oébcysycoenue u 3axkniouenue. 11poBeieHHbIE TIPEIBAPUTEIBHBIC PACUETHl XapaKTEPUCTHK (PyHKIMOHUPOBAHUS CTEHNA
MOKa3ad, 4To KodddunueHT s3pekTHBHOCTH MpeiaraeMoro creHa cocrasisier 1,7. Ero MOXHO MOBBICHTH 32 CUET
TIPOBEJCHUS JIOTIOJHUTENBHBIX HCCIICAOBAHUM, HAINPABICHHBIX HA MOIYyYeHHWE PAIMOHAIBGHBIX KOHCTPYKTHBHBIX
napameTpoB cTeHna. IIpemioskeHHbI CTeH oOecleunBaeT MCIBITAHUS MOPIIHEBBIX T'MAPABIMYECKAX LMIHHIPOB C
peKymepanuei yacTi 3aTpadeHHOlN SHEPIHH, a €ro MareMaTH4yecKass MOJEb MO3BOJISIET MCIONIb30BaTh NPH pacuérax
YHUCJIEHHBIE METOJbl. DTO 3HAYMTENHHO YIPOIIAET MIPOIECC PacyETOB M MOBBIINIAET UX TOYHOCTH. [IpH aTOM moONyyaTh
palOHAJIBHBIC MapaMETPhbl CTCHAA MOXHO YK€ Ha CTaJuM €Tro NPOCKTHPOBAHUA, HE HpH6eFaﬂ K IOpOTroCTOoAIINM U
TPy03aTpaTHLEIM HATYPHBIM HUCCICAOBAHUSAM.

Ki1ioueBble cj10Ba: MaTeMaTHIECKOE MOACIMPOBAHUEC, TOPIIHEBLIC THAPABINYCCKUC HUIMHAPBI, CTCH AJI UCIIBITAHWA,
pekynepanus SHepruu, KodhpPuiueHT 3¢ HeKTUBHOCTH UCTIBITAHUS

BaarogapHocTu. ABTOPBI BRIP@XKAIOT 0J1aroIapHOCTh PEAAKIUK U PELIEH3eHTaM 32 BHUMATEJIbHOE OTHOLICHUE K CTaThe
Y YKa3aHHbIC 3aMEYaHUs, YCTPAHEHHE KOTOPBIX MO3BOJIMIIO MMOBBICUTH €€ Ka4eCTBO.

Jnst uuruposanus. 3eauH A.P., Pridak A.T., beckonbuisaeni A.H., [Temmmerko A 1O., Ceparokosa FO.A. CteHna ucmbITaHus
TIOPIIHEBBIX THAPABIMYECKUX IMIMHIAPOB C pPEKylepanmeil 3Heprum: CTPYKTypa, MOACIMpOBaHWE W pacu€r. Advanced
Engineering Research (Rostov-on-Don). 2024;24(4):347-359. https://doi.org/10.23947/2687-1653-2024-24-4-347-359

Introduction. Most critical criteria of the quality of modern engineering products are their reliability and energy
efficiency. Reliability is maintained at various stages of the product life cycle [1]: at the stages of theoretical research [2],
development [3], production [4], and operation [5]. Energy efficiency is of great importance in the running of continuously
operating drives of technological [6], transport [7], loading-and-unloading machines [8], hydraulic excavators [9], and
other machines and mechanisms. Energy saving acquires special interest in the operation of highly loaded machines [10],
their testing [11], and diagnostics [12].
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At present, when testing hydraulic machines, loading systems are often used in the form of loading devices that
consume a significant amount of hydraulic or mechanical energy resources, which are inefficiently used and eventually
irretrievably lost.

One of the most important areas of improvement and development of new testing systems for hydraulic machines is
moving away from traditional hydraulic motor loading systems (mechanical, hydraulic, electrical and other braking
systems), which cause significant unproductive energy losses, to systems with energy recovery.

Therefore, the issue of maintaining energy recovery during testing is a relevant area for increasing energy saving of
hydraulic machines. A very promising design in this case is the test bench for rotary hydraulic machines [13], which can
be used as a loading system for a recuperative system of the “pump — motor — pump” type when testing reciprocating
hydraulic machines.

The diagram of the recuperative system of the “pump — motor — pump” type is shown in Figure 1. In this recuperative
system, the test energy transferred from the hydraulic pump to the hydraulic motor is returned from the motor to the pump
shaft through mechanical transmission II, which reduces significantly its unproductive losses during the test. In this case,
the load for the pump is the motor, and the load for the motor is the pump. The energy lost to overcome the internal
resistances of the test system is compensated by the electric motor through mechanical transmission I.

Based on the use of a recuperative system of the “pump — motor — pump” type [14], a test stand for hydraulic machines
with reciprocating motion (plunger hydraulic cylinders) [15] has been developed, which allows for significant energy
saving during the testing of plunger hydraulic cylinders.

;

Electric motor

Pump

Mechanical transmission I Mechanical transmission I1

7/

s

- \ \
Motor

Pressure valve Shunt valve

Fig. 1. Scheme of recuperative system of “pump-motor-pump” type

However, the said stand does not allow testing hydraulic piston cylinders. This research objective is to develop the
structure and basic diagram of a stand for testing piston hydraulic cylinders, which would provide the recovery of part of
the energy spent on testing, as well as its modeling and preliminary calculation of operational characteristics.

Materials and Methods. Based on previously known testing methods, a test stand for checking piston hydraulic
cylinders with energy recovery was developed [16]. The structural diagram of the proposed experimental stand is shown
in Figure 2.

The stand system includes four hydromechanical subsystems and a system for monitoring and controlling the testing
process:

1) primary energy source, which includes an electric motor EM and a hydraulic pump P and is designed to compensate
for the energy lost by the system during testing;

2) hydraulic cylinder testing mechanism, including the tested hydraulic cylinders HC1 and HC2, mechanical
transmission MT and hydraulic distributor HD;

3) guiding system consisting of check valves CV1, CV2, CV3 and CV4 and designed to control fluid flows when
changing the direction of movement of the working parts of hydraulic cylinders;
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4) energy recovery system, including hydraulic motor M, pressure hydraulic valve PV and mechanical transmission
MT, designed to create a load on the tested hydraulic cylinders and return part of the energy from the shaft of hydraulic
motor M to the shaft of hydraulic pump P and implement energy recovery during testing;

5) control and management subsystem “Automatic Control and Management System” (ACMS), designed to monitor
the basic technological parameters of the hydraulic cylinder testing process and manage this process. It includes pressure
sensors PS1...PS4; speed sensors SS1 and SS2; rotation sensor RS and kilowatt meter KM, designed to measure pressure
at characteristic points of the system, the rotation speed of the shafts of the hydraulic pump P and hydraulic motor M, the
angle of rotation of the rocker arm RA, the power consumed by the electric motor EM, and further processing of
information. For this purpose, the ACMS has an electronic system for processing, displaying on the screen and printing

the received information about the progress of the test.

|
| PS2 fe—— HCI RA He2 M .
el
: : I . P B =
| I _IL._ HD :I RS _: | 4% cv2 I
| = - I
| L____.___.—I i ILCV3 cv4_:
'___::::::: ACMS "—_:::,:_::—::—_:_1—
- pouy
| Fr 7 e H
| s P J' | :
| | 1 5w > I
I :,—- PS1 - | S SS2 jep-—— M -l-- PS4
I | I
I | I
T o S |
[ N B == : I/W
MT
I_. KM L_ __________ _J

Fig. 2. Structural diagram of the experimental test stand for piston hydraulic cylinders with energy recovery

In the structural diagram (Fig. 2), solid lines show the hydraulic and mechanical connections of the system elements,
and dashed lines show the connections of the ACMS elements.

According to the proposed structural diagram, the energy conversion model on the experimental stand will be
implemented as follows.

The energy that arises at the output of the primary energy source / as a result of its operation Ny, is transmitted with
some losses to the input of the hydraulic cylinder testing mechanism /7 Ny

Nuxit = Nowst *Niir (D

where 1.y — efficiency factor taking into account the corresponding energy losses.

The output power of the hydraulic cylinder test mechanism /7 after its double conversion within the second subsystem,
taking into account the corresponding losses, can be determined from equation:

Nt = Nowir *Nur» (2)
where Nguxir — output power of the hydraulic cylinder testing mechanism /I; n; — efficiency factor of the hydraulic
cylinder testing mechanism /7, taking into account energy losses arising in the second subsystem as a result of its double
conversion — from hydraulic to mechanical and vice versa. They consist of losses of hydraulic energy in the internal
hydraulic lines of the system and losses of mechanical energy during the movement of the pistons of the hydraulic
cylinders HC1, HC2, and energy in the mechanical transmission MT from the leading hydraulic cylinder HCI to the slave
hydraulic cylinder HC2.
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The power supplied to the input of the third subsystem of the guide system /// will be determined taking into account
the losses of hydraulic energy between the testing mechanism of hydraulic cylinders /7 and subsystem ///, which is lost
to overcome the hydraulic resistance of the corresponding hydraulic lines:

Nt = Nogar *Nir—iir» (3)

where Ny — capacity of the hydraulic flow at the input of guide system /I, n; i — efficiency of the hydraulic
transmission (hydraulic system) between the second and third subsystems, taking into account energy losses in the
corresponding hydraulic lines.

The capacity of the fluid flow at the outlet of the third subsystem is determined from equation:

Nt = N - N (4)
where Ny — capacity of the fluid flow at the outlet of subsystem /I7; n;; — efficiency of the third subsystem, taking
into account energy losses during the operation of the guide system.

The capacity of the fluid flow at the inlet of the energy recovery system is determined from equation:

Nty = Nttt *Nazr-1v > (%)
where Ny — capacity of the fluid flow at the outlet of the fourth subsystem; n;» — efficiency factor, taking into
account the corresponding energy losses.

The output power of the energy recovery system consists of two components: the power of the hydraulic flow
transmitted from the drain of the energy recovery system to the input of the hydraulic pump P, and the mechanical energy
transmitted from the hydraulic motor shaft to the hydraulic pump shaft through the mechanical transmission MT.

In this case, the total power given by the energy recovery system Ny,sp to the primary energy source can be determined
from formula:

Nty = Nosgy My (6)
where 1,y — total efficiency of the energy recovery system /V.

The total power supplied to the input of the primary energy source Ny from the energy recovery system, taking into
account the total efficiency factor, which considers both mechanical and hydraulic energy losses during its transfer from
the output of the energy recovery system to the input of the primary energy source 1;-; can be determined from formula:

Nuxi = Nuway *Npy-1- (7

Power Ny, received at the input of the primary energy source from the output of the energy recovery system is added
to power Nojux, received from the output of the electric motor EM, and is converted by the pump P into power Nuyw of
the working fluid flow at the output of the primary energy source, which can be determined from formula:

Nt :(Na,umx ‘MNoa-n +Nm)~nﬂ, ©)
where o — efficiency of the mechanical transmission between the electric motor EM and the pump P; nu — total
efficiency of the pump.

Nofux = Nomsx "Nops ©)
where Ny — power at the input of the electric motor EM (power consumed by the electric motor from the power supply
network); noq — efficiency of the electric motor.

The joint solution to equations (1)—(9) allows us to obtain equation:
1

Nomgux “Nop-n *Nog *Mu = de]{ Ny Ny N "Nur-v Ny 'nIV—IJa (10)

I1-11

or

Nor  _ Non-a " MNox "Mu "Nr7-11 . (11
Nomex 1 =My Myer N Nagr-ov My - Mav 1
In the right part of equation (11), we see the ratio of the power supplied to the tested hydraulic machines (HC1, HC2),
to the power consumed by the electric motor of the power source of the test system /. This is nothing more than the
efficiency factor of the test system k,4¢. Thus, the efficiency factor of the recuperative system under consideration is
generally determined from formula:

Nop-u "MNog "Mu N7 (12)
L=y My M M-y "My " Nav s
From equation (12), it is evident that in the general case, efficiency factor k44 of the proposed piston hydraulic cylinder

kapp =

testing system is determined by the efficiency factors of the subsystems and elements that make up the testing system. In the
numerator of equation (12), there is the product of the efficiency factors of all energy transmission elements — from the
primary source of electrical energy to the hydraulic cylinder testing mechanism, and in the denominator, there is the
difference between the unit and the product of the efficiency factors of the remaining elements of the system. Thus, to
increase the efficiency factor of the testing system, it is required, first of all, to increase the efficiency factors of all the
elements that make up the system.
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Theoretically, if the efficiency of all elements that make up the hydraulic cylinder testing system are equal to 1, then
the efficiency factor of the testing system becomes equal to infinity.

In accordance with the considered structural diagram, presented in Figure 2, a basic diagram of the experimental stand
has been developed (Fig. 3). In it, as a hydraulic recuperation system, a hydraulic transmission HST-90 is used, including
an adjustable hydraulic pump P1 and a nonadjustable hydraulic motor HM, kinematically connected by mechanical
transmission MT2.

The primary energy source / on the experimental stand has a hydraulic connection with the hydraulic cylinder testing
mechanism // through hydraulic line /1, which, in turn, is connected through hydraulic lines /13 and /14 to the guide
system /11, and then through hydraulic line /16 to energy recovery system /V and through hydraulic lines /6, [9 and /10 —
to the primary energy source /.

Fig. 3. Hydro-kinematic diagram of the test stand for piston hydraulic cylinders

Thus, the hydraulic system of the stand, like its energy system, is a closed circuit.

The most effective method of preliminary study of the properties of the technical systems being developed is its
modeling with subsequent research [17]; therefore, to confirm the correctness of the previously considered method of
modeling the test stand for piston hydraulic cylinders, its mathematical model has been developed using the theory of
volume rigidity [18]. For this purpose, the hydraulic system of the stand is divided into sections by characteristic points
(a total of 32 points, including points 01, 02, 03 and 04 of the feed system).

In accordance with the theory of volume rigidity of hydraulic systems, the time derivative of pressure, taking into
account the reduced coefficient of volume rigidity of the section under consideration Cyp;, can be determined depending
on the values of incoming Qs and outgoing liquid flow rates Qy.ix; using formula:

P (Y 0w O (13)

The flow rates of the working fluid for substitution into equation (13) are determined in accordance with the actual
operating conditions of the system using known dependences [19].
The feed rates of hydraulic pumps P1 and P2 and the flow rate of the hydraulic motor HM are determined taking into
account their volume efficiency factors.
Since the shafts of the hydraulic pump S2 and the hydraulic motor S3 are connected through a mechanical
transmission, the following dependence is satisfied:
®p3 = Opyl3 2, (14)
where i3 » — gear ratio of mechanical transmission MT?2 of rotation from the shaft of hydraulic motor S3 to the shaft of
hydraulic pump S2.
The rotation speed of the hydraulic pump shaft is set by the angular speed of the electric motor shaft S1 wg, and is
determined from the ratio:
Wp) = Wyl 2, (15)
where 7| » — gear ratio of mechanical transmission MT1 of rotation from the shaft of hydraulic motor S1 to the shaft of
hydraulic pump S2.
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The flow rates through the valves (pressure valves PV1...PV3 and check valves CV1...CV6) are determined by their
flow characteristics from the ratio:

if P < Pronen> then Oy, = 0;

D00 2 Praonas then Oy, = Oy L2 Lot (10
AP rnom

where p.; — pressure at the valve inlet; piomp — valve start-to-open pressure; Apwnom — difference between the full
valve open pressure at the nominal flow rate and the start-to-open valve pressure; Ox; — actual flow rate of the working

fluid through the valve; Quinom — nominal flow rate of the valve.
Figure 4 shows the kinematic diagram of the hydraulic cylinder testing mechanism. When modeling its operation, it
should be borne in mind that the speed of piston movement of the hydraulic cylinder HC1 is determined by the flow rate

of the working fluid supplied to its piston cavity:
by =2as (17)

L, = const

Fig. 4. Kinematic diagram of the hydraulic cylinder testing mechanism

The movement of hydraulic cylinder L, is transmitted to the mechanical transmission M T, which performs a rotational
movement around point A4.

The angular rotational speed of mechanical transmission MT is determined by the tangential component v; of the
movement speed of the piston of hydraulic cylinder HC1. It depends on angle i between the direction of its movement
and radius 71, that connects the point of rotation of the mechanical transmission MT and point B; that joins the rod of the
hydraulic cylinder HC1 with it:

%
®aAp :l,
n
or
V- Sin
o = 205 P (18)
n

Rotating around point 4, mechanical transmission M T transmits movement to the piston of the slave hydraulic cylinder
HC2, whose speed vu also depends on angle 3, between the direction of its movement and radius r,, that connects the
point of rotation of the mechanical transmission MT and point B; that joins the rod of the hydraulic cylinder HC2 with it:

Vg = 24D (19)
sinf3,

Having solved equations (18) and (19) simultaneously, we obtain a formula that determines the relationship between
the speed of movement of the pistons of the leading hydraulic cylinder HC1 and the slave hydraulic cylinder HC2:

7, sin
Vip =V = By . (20)
n sinf3,

From the analysis of triangles (according to the law of cosines) AG1B; and AG»B,, angles i and [, are determined:

2 2 g2
L +n" =L

cosP =———mm

2Lyn |

Ly +rs =15

cosP, = c2th 2
2L 1
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where L, and L,,— distances between the axes of the connection of the housings of the corresponding hydraulic cylinders
to the stand frame and their rods with the mechanical transmission MT; L; and L, — distances from the axis of rotation
of the mechanical transmission MT and points G; and G» of connection with the stand frame of the housings of hydraulic
cylinders HC1 and HC2, respectively.

During the return piston stroke of the slave hydraulic cylinder HC1, the working fluid is supplied to its rod cavity, and
then the rest of the calculation formulas remain unchanged.

o
Vi = Sm @1
In dynamic calculations, the movement of the piston of the leading cylinder HC1 is described by the equation of
motion:
dvy 1
— = Sy Ps —Suum - Ps—Vi ki —F1), 22
d M, ( Ps ar P T V1 Kipl 1) (22)
dx
=V . 23
il (23)

where vy and x,; — speed and displacement of the piston of the hydraulic cylinder HC1; M, — reduced mass; S, and
Suur— working areas of the pistons of the hydraulic cylinders; ps and ps— pressure in the corresponding cavities of the
hydraulic cylinder HC1; &mp,) — friction factor during movement of the working element of the first hydraulic cylinder
HC1, taking into account friction in the transmission mechanism RA; F; — force of impact on the working body of the
leading hydraulic cylinder from the side of the hydraulic cylinder HC2.

Force F) is determined by formula:

F = (Sn P20~ Suur - P23+ Vi 'ksz)' Z’;E? , (24)
where pyand p,3— pressure in the piston and rod cavities of the slave hydraulic cylinder HC2, respectively; v and &> — speed
of movement of the working body of the slave hydraulic cylinder HC2 and friction factor during its movement.

Research Results. Figures 5-9 show the results of the preliminary calculation of the proposed mathematical model
of the test stand. The calculations were performed using a special program developed in the SimInTech environment [20].
The calculations allowed us to determine the functional parameters of the stand already at the design stage and take
meaningful measures to improve them.

Having analyzed the graphs of the piston motion parameters of the tested hydraulic cylinders (Fig. 5), it can be
concluded that the test cycle of the piston hydraulic cylinders HC63.500.16.000 on the proposed stand will last about four
seconds. The piston motion speed, when the rod is extended, will be 0.24 m/s, and when it is retracted — 0.32 m/s.
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0.00
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Fig. 5. Change in the parameters of the piston movement of the leading hydraulic cylinder under testing:
1 — displacement; 2 — speed

The graphs (Fig. 5) show that the hydraulic cylinders are exposed to working fluid pressures of 120 to 130 atmospheres
under testing. Of particular interest is the fact that during testing, at the moment of reversing the direction of movement
of the piston, the pressure at all considered points becomes the same — about 70 atmospheres.
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Figure 6 shows data on the pressure at the nodal points of the hydraulic system of the stand under testing.
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Fig. 6. Pressure change at characteristic points of the hydraulic system of the stand under testing of hydraulic cylinders:
1 — hydraulic pump outlet; 2 — hydraulic motor inlet; 3 — piston cavity of HC1; 4 — rod cavity of HC1

The graphs of pressure variations in low-pressure hydraulic lines, which are shown in Figure 7, allow us to estimate
the magnitude and nature of the pressure change at the input to the feed hydraulic pump of the stand. It can be seen that
at the moment of reversal of the piston movement of the tested hydraulic cylinders, the pressure in the suction branch of
the main hydraulic pump of the stand increases sharply to 70 atmospheres. Particularly noteworthy is the fact that when
the direction of the piston movement of the leading hydraulic cylinder changes from extension to retraction, the pressure
at the outlet of the feed pump grows less than the setting pressure of its pressure valve. To explain this effect, it should
be recalled that the hydraulic system of the stand is essentially a closed system, i.e., the working fluid from the drain of
the recovery system enters the suction branch of the main pump of the stand. At some point during the operation of the
stand, this fluid is not enough, the main pump receives additional fluid flow from the feed pump. This fact is very
important to remember when designing a test stand.
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Fig. 7. Change in pressure at characteristic points of the low-pressure hydraulic system under testing of hydraulic cylinders:
1 — output of the hydraulic system of the hydraulic cylinder testing mechanism; 2 — input of the main hydraulic pump;
3 — output of the feed hydraulic pump

The graphs of power variations on the hydraulic machines of the test stand during testing (Fig. 8) show that the highest

Machine Building and Machine Science

power during testing of hydraulic cylinders occurs at the output of the hydraulic pump, and the lowest — at the input of
the main energy source of the bench — the electric motor. This is the main objective that the authors were trying to
achieve by creating a stand with a recuperative system: the recuperative system returns part of the energy spent on testing
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hydraulic cylinders back to the hydraulic pump, which reduces the overall energy consumption of the primary source,
and this provides an increase in the energy efficiency of the testing process. It should also be noted that when the direction
of movement of the pistons of the tested hydraulic cylinders is reversed, the power on some elements of the stand takes
on a negative value. Obviously, this is the effect of the release of energy accumulated in the system during its elastic
deformation, volume compression in the hydraulic system.
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Fig. 8. Change in power on the hydraulic machines of the stand under testing of hydraulic cylinders:
1 — hydraulic pump output; 2 — hydraulic motor shaft;
3 — in the hydraulic cylinder testing system; 4 — electric motor input

The graphs (Fig. 9) show that the instantaneous efficiency coefficient takes on a zero value when the direction of
movement of the pistons of the tested hydraulic cylinders is reversed. This is explained by the fact that at this moment,
the piston of the hydraulic cylinder stops, and therefore, the power on the tested hydraulic cylinders also goes to zero.
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Fig. 9. Test efficiency factors:1 — instantaneous value; 2 — average value

It is also seen that the value of the average test efficiency ratio approaches the value of 1.7. This indicates that the
power of the hydraulic cylinder test is 70% greater than the power expended during this test.

Discussion and Conclusion. The results of the research done by the authors and presented in this article show that
the proposed stand scheme allows testing piston hydraulic cylinders with a test efficiency factor of 1.7. Considering that
tests performed using classical loading methods have an efficiency factor of no more than 0.8-0.9, it can be concluded
that the proposed energy recovery scheme is two times more efficient than classical loading methods. That is, when testing
the same hydraulic cylinders, the energy consumed is more than two times less than when testing through special loading
means (mechanical, hydraulic, etc.) without energy recovery.
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The maximum (highest) value of the efficiency coefficient for testing piston hydraulic cylinders using the proposed
stand can be determined by equation (12). The proposed mathematical model of the stand and the program developed for
its study allow for a preliminary study of the influence of various design and functional parameters of the stand on the
test efficiency factor, as a result of which rational values of the design parameters of the stand can be obtained.
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Abstract

Introduction. Mechanisms with non-circular gears are of wide interest to researchers and inventors due to their
compactness and the implementation of a wide range of transfer functions. The development of this area is stimulated by
the advancements and reduction in cost of mechanical processing and additive manufacturing technologies, as well as the
use of applied mathematical modeling packages for the analysis and synthesis of non-circular gears. Traditionally, non-
circular gears are used to transmit rotational motion between parallel axes with a variable ratio of angular velocities.
However, their use in planetary gear schemes provides implementing various types of output link motion. The analysis
of the papers on the research area shows that gears with movable rotation axes have not been sufficiently studied from
the point of view of kinematics and dynamics. Most research papers reveal the theory of such mechanisms without
verifying the results obtained in practice. This work is aimed at the experimental verification of the kinematics of a
planetary mechanism with two external engagements, which contains elliptical gears.

Materials and Methods. The kinematic model of the mechanism under study is built on the basis of the velocity diagram
of its links, which made it possible to obtain expressions for finding an analogue of the angular velocity and the position
function of the output shaft. The experimental study of kinematics was performed on a laboratory stand containing a
model of a planetary mechanism with a set of replaceable gear wheels, absolute encoders on the input and output shafts
of the mechanism, a controller, and a PC for recording and processing the signal. The analysis of the obtained results was
performed on a computer using statistical analysis methods.

Results. As aresult of kinematic analysis, position functions were constructed for three alternative planetary mechanisms,
which had different geometric parameters of the gears and made it possible to implement various types of motion of the
output shaft: swinging motion, discontinuous motion, and unilateral uneven rotation.

Discussion and Conclusion. The analysis of the experimental results showed the adequacy of the constructed
mathematical model of kinematics to real mechanisms. The confidence interval of measuring errors at a reliability level
of 95% was 0.16+0.08° for the first version of the mechanism, 0.57+0.22° — for the second version, and 0.08+0.26° —
for the third. The proposed planetary mechanism with elliptical gears for implementing various types of motion can be
used in drives of process equipment in numerous industries: chemical and food (mixers), oil refining (pumping units for
crude production), mechanical engineering (compressors, pumps, automated machines), and others. The conducted
kinematic studies of the planetary mechanism and their experimental analysis are needed for further dynamic and force
investigations, as well as for the design of drives based on the proposed transmission.

Keywords: planetary mechanism, elliptical gears, kinematic analysis, position function, statistical analysis, uncertainty
of measurement, confidence interval

Acknowledgements. The authors would like to thank the Editorial board and the reviewers for their attentive attitude to
the article and for the specified comments that improved its quality.

Funding Information. The work was done with the financial support from the Kuban Science Foundation within the
framework of the research and innovative project no. NIP-20.1/135 “Design and Study of a Planetary Transmission with
Elliptical Gears as Part of a Piston Compressor Drive”.

© Prikhodko AA, Belina NA, Novitsky AV, Shchetinin MM, 2024


https://vestnik-donstu.ru/
https://doi.org/10.23947/2687-1653-2024-24-4-360-368
mailto:sannic92@gmail.com
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2687-1653-2024-24-4-360-368%20%20&domain=pdf&date_stamp=2024-12-30
https://orcid.org/0000-0002-3885-8235
https://orcid.org/0000-0002-0010-3910
https://orcid.org/0009-0005-4834-072X
https://orcid.org/0009-0005-1233-2525

Prikhodko AA, et al. Experimental Study of the Kinematics of a Double-Row Planetary Mechanism Using Two Elliptical External Gears

For citation. Prikhodko AA, Belina NA, Novitsky AV, Shchetinin MM. Experimental Study of the Kinematics of a
Double-Row Planetary Mechanism Using Two Elliptical External Gears. Advanced Engineering Research (Rostov-on-Don).
2024;24(4):360-368. https://doi.org/10.23947/2687-1653-2024-24-4-360-368

Opueunaﬂbﬂoe amnupudeckoe ucciedosamue

JKCIEePUMEHTAJIBbHOE HCCJIeJ0BaHNe KHHEMATHKH IBYXPSIAHOM IVIaHeTaPHOH nepeaavu
SJMJITUNTHICCKUMHU 3Y6'laTI)IM]/I KoJieCaMHU ¢ ABYMS BHCINHUMH 3alCIVICHUSAMHA
A.A. TTpuxoapko = D<), H.H. Beiimna"™', A.B. HoBunxuii'*', M.M. llleTunun

Ky6aHnckwuii TocyapcTBEHHBIN TEXHOJIOTHYECKHI YHIBEPCHUTET, T. KpacHonap, Poccuiickas denepanns

DA< sannic92@gmail.com

AHHOTaNUs

Beedenue. Mexanu3Mbl C HEKPYIJIBIMH 3yO4yaThIMH KOJIECAMH BBI3BIBAIOT IIMPOKWN HHTEPEC HCCIIEAOBAaTENICH |
n3o0perareneld BCIEACTBHE X KOMIIAKTHOCTH M pealU3alliy IIHPOKOTO CHEKTpa MepelaToyHbIX (yHKuui. PasButune
JTAHHOW 00JIaCTH CTHMYJIMPYETCS! Pa3BUTHEM U YJCUIEBICHHUEM TEXHOJIOTHH MeXaHHIecKoil 00pabOTKH M alINTHBHOTO
MIPOM3BOACTBA, a TAKXKE IPUMEHEHUEM IIPHUKIIAHBIX TAKETOB MaTEMaTH4YECKOI'0 MOJISITMPOBAHNS Il aHAJIN3a U CHHTE3a
HEKpYyTJIBIX 3yO4aTelx Kosiec. Hekpyriple 3y0uaThle Kojieca TpaJWIHMOHHO CIy)KaT Ul Tepefadd BpallaTeIbHOTO
JBIDKCHUS MEXy NapajieIbHbIMU OCAMH C IEPEMEHHBIM OTHOIIEHHEM YTJIOBBIX CKOpocTeil. OHaKo nX MPUMEHEHHUE B
CXeMax IUTaHeTapHbIX Iepesiad MO3BOJISET Peal30BaTh pa3InuHbIe BU/IBI IBH)KEHHS BEIXOJHOTO 3BeHA. AHANN3 padoT
IO TEMATUKE UCCICAOBAHUA MMOKA3bIBACT, UTO MEPEAAYN C IMOJABMKHBIMU OCAMH BpaAlICHHUA HCIOCTATOYHO HMCCIIEJOBaHbI
C TOYKH 3pEHHS KHHEMATHKN ¥ TMHAMHKH. BOJBITMHCTBO HayYHBIX pabOT PacKphIBAIOT TEOPHIO TAKMX MEXaHH3MOB, HE
OpOBOMA  BepH(HKALKMK IOJYyYCHHBIX pE3yJbTaTOB Ha MpakThke. lleiapo Hacrosimedl paboThl  SABJISIETCS
9KCIIEpUMEHTANIbHAS BepU(UKALUS KHHEMATHKH IUIAHETApHOTO MEXaHW3Ma C JABYMs BHEIIHMMH 3aleIUICHUSIMH,
HMEIOIIETO B CBOEM COCTABE LIUNTHYECKHE 3y0daThie Kojeca.

Mamepuansl u memoosl. Knnemarrieckasi MOJIeIIb UCCIIEAYEMOT0 MEXaHI3Ma ITOCTPOEHa Ha 0ase IiIaHa CKOPOCTEH ero
3BCHBCB, KOTOpLIﬁ TTO3BOJIMJI TOJTYYUTH BBIPAXKCHUA U1 HAXOXKICHU aHaJiora yFHOBOﬁ CKOpPOCTH 1 (byHKI_H/II/I TIOJIOKCHHUA
BBIXOZIHOTO BaJia. DKCIIEPUMEHTAIBHOE HCCIIeI0BaHIE KHHEMATHKH BBITIOIHEHO Ha JIAO0paTOpHOM CTEHJIE, CO/IepKaIeM
MakeT IUIAaHETAPHOrO0 MeXaHW3Ma ¢ HabOpOM CMEHHBIX 3y04aThiX KoJiec, aOCOJIIOTHBIE JHKOJAEPbl Ha BXOJHOM U
BBIXOZJHOM Bajlax MeXaHu3Ma, KoHtpoiurep u IIK mms permcrpammm u oOpaOOTKM CHTHaia. AHalU3 IOTyYEeHHBIX
pe3ynbTaToB npoBesieH Ha DBM ¢ ucmnonbp30BaHEM METOJOB CTATUCTHYECKOTO aHAN3A.

Pesynemamut uccnedosanusn. B pesynbrate KHHEMAaTHUECKOTO aHAIW3a IMOCTPOCHB! (PYHKIWHM MONOXKEHMS UIS TPeX
BAapUAHTOB IIJIAaHETAPHOI'0 MEXaHU3Ma, HUMCIOIHNX pas3IMYHbIE TCOMETPUUYCCKHUE MapaMETphI 3y6an1>1x KOJIEC U
MIO3BOJISIIOIINX PEATU30BAaTh PA3IMYHBIC BUABI JIBIDKCHHS BBIXOJHOTO Baja: BO3BPATHO-BPAINATEIBHOE IBIKCHUE,
JBIDKEHUE C OCTAHOBKAaMH M OJIHOCTOPOHHEE HEPAaBHOMEPHOE BpAIllCHHUE.

Oébcyycoenue u 3akniouenue. AHaATM3 pE3yIbTAaTOB OJKCHEPHUMEHTA IIOKa3aJl aJeKBAaTHOCTb ITOCTPOCHHOM
MaTeMaTH4ecKOW MOJIeIM KMHEMATHKH peajbHbIM MeXaHW3MaM. [loBepUTENbHBIN MHTEpBAJI OIIMOOK M3MEpEHHs IpU
ypoBHEe moctoBepHOCTH 95 % cocraBun Juid  mepBoro BapuaHta MexaHm3ma 0,16+ 0,08, mms  BTOpOro
Bapuanra — 0,57 + 0,22 u qnsa tperbero — 0,08 £ 0,26. IlpeanoxkeHHbIN MIaHETapHBIA MEXAHU3M C SJUTUNTUYECKUMU
3yO4aTeIMH KOJE€CAaMH JUIi pEalM3allid pa3JIMYHBIX BHUJOB [BIDKCHHUS MOXET OBITh NPHMEHEH B IIPHBOJAAX
TEXHOJIOTMYECKOT0 000pyI0BaHHUS MHOTHX OTpacieid MPOMBIIUICHHOCTH: XUMUYECKOW 1 NMHIIEBOH (IepeMeIInBaroIIye
ycTpoiicTBa), HedrenepepabaTbiBaroIIei (CTaHKH-Kayaiku JJIst J0ObIYM He(TH), MAIMHOCTPOUTENBHON (KOMITPECCOPBI,
HaCOCHI, CTAHKH-aBTOMAThl) 1 Apyrux. [IpoBeeHHbIe KWHEMaTHYECKUE MCCIICA0BAHNUS TUIAHETAPHOTO MEXaHU3Ma M MX
9KCTIIEPUMEHTANILHBIN aHAIN3 HEOOXOANMBI IIPH JAJIbHEHIIEM AMHAMUYECKOM U CHIOBOM HCCIIEIOBAHUSAX, a TAKKE MPU
MIPOEKTUPOBAHUH IIPUBOOB Ha 0a3e NMpeAoKeHHOH nepeayn.

KioueBble clioBa: IJIaHETAPHBIH MEXaHU3M, JJUIMIITHYECKUE 3y0OuaThle Kojeca, KWHEeMaTHYeCKUil aHalu3, QyHKIMs
TIOJIOKEHHUSI, CTATUCTUYECKUN aHAIIN3, HEONPEAEIEHHOCTh U3MEPEHUS, TOBEPUTEIbHBIA HHTEPBAI
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dunancupoBanue. Vccnenoanne BBIIOMHEHO IpH (puHaHCOBOM moanepkke Kybanckoro HayyHoro ¢poHzIa B paMKax
Hay4HO-MHHOBaImoHHoro npoekra Ne HIII-20.1/135 «KoHcTpynpoBanue W uccieqoBaHHWE IUIAaHETapHOH Iepenadn

QJINTHIITUYICCKUMHU 3y6‘IaTI>IMI/I KoJIECaMH B COCTaBC IPHUBOAA ITOPIITHEBOI'O KOMIIpECCOpa».
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Introduction. Mechanisms with non-circular gears have been known for a long time, but their experimental research
and practical implementation have long been difficult due to the focused specialization of such mechanisms, the
complexity and high cost of their manufacture. Nowadays, there is an increase in the interest of researchers in this topic.
At the same time, most scientific papers on designing non-circular gearing are based on the analysis of geometry [1] and
kinematics [2] to obtain the required transfer function for practical application [3]. In [4] and [5], mechanisms for
synthesizing angular velocity functions were developed and studied. Researchers proposed robotics with non-circular
gears, for example, a jumping robot [6], a hexapod robot [7], an exoskeleton mechanism for knee joint rehabilitation [8].
More efficient planting machines for the agricultural industry were studied from the point of view of kinematics [9] and
dynamics [10]. Other numerous devices were developed and designed.

A review of sources has shown that the most common gears are those with an elliptical centrode [11, 12]. Machines
[10] and devices [4] with elliptical gears are created, the geometry [13] is studied, and some design [14] and manufacturing
issues are resolved [15].

Elliptical gears are mainly used to transmit rotary movement between parallel fixed axes [16]. However, such use of
non-circular gears allows for only one-way nonuniform rotary movement, which limits the scope of their application.
Planetary gears have broader capabilities for implementing complex types of movement of working bodies. The creation
of drives based on them will provide the development and implementation of more efficient and compact machines for
various technological purposes.

Based on the results of the analysis of scientific literature in the field of transmissions with non-circular gears, a
planetary mechanism with elliptical wheels is proposed as an object of study. The objective of the work is an experimental
kinematic analysis of a planetary transmission. It is justified by the need to verify theoretical provisions for their correct
use at the following stages of design — in dynamic, force analysis and strength calculations.

Materials and Methods. The kinematic model of the mechanism is constructed on the basis of the velocity diagram
of'its links (Fig. 1).

Fig. 1. Velocity diagram for the mechanism under consideration:
1 — carrier; 2 — satellite shaft; 3 — elliptical gear on the output shaft;
4 — sun elliptical wheel; 5, 6 — elliptical wheels of the satellite

The analog of the angular velocity of the output shaft is determined as follows [17]:
©; Vp-AC _BD-AC

" _ . 1
%=, V.-DE BC-DE M
Segments BD, BC and DE are determined through the polar equation of the ellipse [17]:
a(l-e?
p((p) - M 2)

- l-e-cosq’

where ¢ — rotation angle, e and a — eccentricity and semi-major axis of an ellipse.
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We determine the engagement radii of gears 5 and 6:

2
BC:p5=M, 3)
l1—e;-cos Qs
a(l-e?
(1-¢2)

—9
1—e,-cos Qg

CD=pg = “

where e; and e;— eccentricities for each pair of elliptical gears, whose rotation angles @5 and ¢ are obtained as follows:

1-ef

= do,. 5
®s .[1+elz+2el~cosq)1 i ©)
P =T+ Ps. (6)
Based on the velocity plan and taking into account equations (3), (4), we define the required segments as:
BD =pgs—ps, O]
AC = EC =2a, )
DE =2a—-p,. &)
Based on (2)—(9), we obtain an expression for determining the analogue of the angular velocity of the output shaft:
—0)-2
o, = Pa—Ps)-2a (10)
Ps (2a ~Ps )
The rotation angle is determined by integrating equation (10) over joint coordinate ¢ :
R =jq>’3d<pl- (1

Variations of the kinematic scheme of the mechanism include replacing elliptical gears with cylindrical ones in one
of the pairs, for the study of which it is required to replace the radius functions with fixed values in the resulting
mathematical model.

We consider mechanisms with a pair of elliptical gears 3—6 (¢=0.28), and cylindrical wheels 4 and 5 of the following sizes:

— option 1: Rs=25 mm, R,/~25 mm;

— option 2: Rs= 18 mm, R/~ 32 mm,;

— option 3: Rs= 16 mm, R/~ 34 mm.

Figure 2 shows the graphs of the position functions obtained using (11).

¢, rad

0.0

/I

e
-7.5
0 KL 2_7t T ﬂ 5_” ¢1, rad
3 3 3 3

Fig. 2. Dependence graphs for the studied mechanism configurations
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The analysis of the graphs shows (in Fig. 2, numbers indicate studied options) that changing the sizes of the gear
wheels allows obtaining different types of output shaft movement: reciprocating-rotational (option 1), discontinuous

(option 2) and one-way nonuniform rotational movement (option 3).
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Research Results. The kinematic analysis confirmed the implementation of various transfer functions, and changing
the sizes of gear wheels allows for the kinematic synthesis of new mechanisms.
The object of the experimental study is a prototype, whose details are shown in Figure 3.

Fig. 3. Details of the prototype under study

Rotation angles are measured by absolute encoders (Table 1).

Encoder Characteristics

Table 1

Diameter

Output signal

Resolution

Linearity

Reading speed

22 mm

05V

360°/4096=0.088°

0.3%

0.6 ms

The signal is registered by the Arduino controller and processed on the PC (Fig. 4).

b)

Fig. 4. Schematic diagram () and external view (b) of the experimental stand: 1 — housing; 2 — input shaft;

3 — output shaft; 4, 5 — encoders; 6 — Arduino controller; 7— personal computer
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The processing and analysis of the measurement results were performed in the MathCAD application package. The

schemes of the studied options and the experiment results are shown in Figure 5.

a)

0 60 120 180 240 270 ¢,,°

b)

0 60 120 180 240 270 ¢.°

9

Fig. 5. Research results: a — option 1; b — option 2; ¢ — option 3

0 60 120 180 240 270 ¢,.°

Theor.
Exper.

(1)

Theor.
Exper.

Theor.
Exper.

As can be seen from the graphs, the measured values of the output shaft rotation angles are adequate to the constructed

model. Let us evaluate the results of the experiment using statistical analysis tools.

We determine the average value of measurement errors [18]:

67:%2:;1%”

where n — number of independent observations gy.
Let us calculate the sample variance:

1 n _\2
2 —_ —
s (qk)_n—lzk=1(qk 61) .
An estimate of the dispersion of the mean value is obtained as follows:

s* (qx)

2
s =—"
(4)=—
The standard uncertainty of Type A measurements is determined [19]:

u(q)=ys>(q)-

(12)

(13)

(14)

(15)
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Taking the measurement errors as values g; and processing them according to (12)—(15), we calculate the measurement
uncertainty. The results of the statistical analysis are given in Table 2.

Table 2
Statistical Analysis of Measurement Errors
Mechanism number Numbef/;)lflrenseasured Mean error value Uncertainty of measurement
1 195 -0.16° 0.04°
2 168 0.57° 0.11°
3 192 0.08° 0.13°

The confidence interval is defined as g+2u for a level of certainty of 95% and is —0.16 + 0.08° (option 1),

0.57 £ 0.22° (option 2), 0.08 £ 0.26° (option 3). Thus, the constructed mathematical model of kinematics is adequate to
the physical prototypes.

Discussion and Conclusion. A planetary gear with elliptical wheels is presented, providing the implementation of
nonuniform, discontinuous and reciprocating-rotational movement of the output shaft. The type of movement is
determined by the parameters of the gear wheels.

A kinematic model of the transmission was constructed, and the law of movement of the output shaft was obtained.
The analysis of mechanisms with different parameters of gear wheels showed the feasibility of a wide range of
transmission functions and types of movement of the output shaft.

The correspondence of the results of the conducted kinematic analysis to real mechanisms is confirmed by an
experimental study of the output shaft position functions for three options of the physical prototype. The performed
assessment of the adequacy of the mathematical model provides its using in dynamic and force analysis of machines
based on the proposed transmissions. The studied options of the mechanism can be used in drives of compact and easy-
to-balance technological machines.
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Abstract

Introduction. Modern tribology solves the problems of increasing the reliability of friction units through applying vacuum
wear-resistant coatings by the physical vapor deposition (PVD) method. More than five thousand scientific papers are
devoted to high-entropy alloys (HEA). However, an urgent question about the possibility of obtaining wear-resistant and
antifriction high-entropy coatings (HEC) using the PVD method remains unsolved. Its solution opens up the possibility
of using HEC in mechanical engineering. The presented article is intended to fill this gap. Research objectives are as
follows: to identify the key results on the creation of HEC by such PVD methods as vacuum arc evaporation and
magnetron sputtering, to establish tribological characteristics of PVD coatings.

Materials and Methods. From November 2023 to February 2024, the authors analyzed materials published in the Web
of Science, Elibrary, Scopus, Medline, CINAHL databases in the Russian and English languages.

Results. At the first stage, the literature on the vacuum arc coating method was considered. The issues of creating a
vacuum arc discharge, its technological features, disadvantages, as well as processes in the cathode region of the arc were
studied. The conditions of existence of cathode spots, the influence of temperature on the erosion coefficient, and
processes on the anode and substrate were noted. The dependence of the deposition rate on the value of the potential on
the substrate was shown. Nitride and combined coatings obtained by vacuum-arc method were analyzed: TiN, TiCN,
TiAIN, TiMoS, TiSiN, TiN/VN, TiAIN/DLC-Ti.

At the second stage, the history of the magnetron sputtering method was presented; technological features, types of
magnetrons and nitride coatings obtained in this way were described.

The third stage was devoted to the five-stage process of forming the coating structure. Island, layer-by-layer, and mixed
growth modes of coating were considered. A schematic representation of the fundamental processes of structure formation
was given. Defects in vacuum coatings were noted.

At the fourth stage, the HEC based on the HEA were presented. Parameters predicting the formation of a HEA solid solution
were indicated. Six families of high-entropy alloys were considered. Modern high-entropy coatings obtained by vacuum arc
and magnetron methods were evaluated. The results of studies of structural-phase and physico-mechanical properties were
summarized in the form of a table. The data of tribological studies of high-entropy coatings was presented.

Discussion and Conclusion. The literature on HEC describes the coating structure, physical and mechanical properties, and
thermal stability. The authors of the presented article found a gap in the research of tribology of high-entropy coatings. From
the known results, it can be concluded that these coatings are frictional. However, due to their high hardness and ductility,
they exhibit high wear resistance. In addition, it is difficult to talk about their tribological purpose. To solve the issue of the
possibility of using PVD coatings in mechanical engineering, attention should be paid to the development of compositions
with high hardness, wear resistance, and low coefficient of friction. They can be operated in tribo-loaded nodes.

Keywords: high-entropy coatings, high-entropy alloys, PVD coatings, vacuum arc method, magnetron method
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AHaJIM3 TeXHOJIOTUII HAHECEHHUS BHICOKOIHTPONUIHBIX MOKPBITHIA
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AHHOTALMSA

Bgeoenue. CoBpeMeHHast TpHOOJIOTHSI pellIaeT 3a7a4y MMOBBIIIECHNE HAJIKHOCTH Y3JIOB TPEHHS C TOMOLIBI0 HAHECEHHUS
BaKYyMHBIX H3HOCOCTOHKMX TIOKPBITHIA METOIOM (hH3NIecKoTo ocaxxaeHus (anri. physical vapor deposition, PVD). Bei-
COKO3HTpONHHBIM criaBaM (BOC) nocesimieHs! 6osee S Thic. HayyHBIX TPy10B. OTHAKO OCTABAJICS OTKPBITHIM aKTyallb-
HBII BOIIPOC O BO3MOKHOCTH MTOYYSHHUS N3HOCOCTOMKHX U aHTU(PUKIIMOHHBIX BRICOKOOHTPOIHMUHBIX MTOKpEITHI (BOIT)
PVD-meronom. Ero perienne oTkpbeiBaeT BO3MOKHOCTD IpuMeHeHus BOI B MamuHocTpoenuu. IlpeacraBnenHas cTaTes
MIpU3BaHa BOCIIOIIHUTH YKa3aHHBIHN Mpo0el. 3a1adun UCCIeAOBAHIS: 0003HAYNTH OCHOBHBIC PE3YIIBTATHI paboT IO co3/a-
nuro BOIT rakumu PVD-MeToamu, kak BakyyMHO-yrOBOE UCIIapeHHE 1 MarHeTpOHHOE pacIblIeHHE; YCTAHOBUTH TPH-
Ooorudeckue XapakTepucTuku PVD-mokpeITHii.

Mamepuanst u memoodst. C Hos16pst 2023 roga o ¢pespans 2024-ro aBTOpPHI IPOAHATU3UPOBAIIN MaTEepHalIbl HA PYCCKOM
1 aHTJIMHCKOM SI3BIKaX, OmyOnnkoBaHHEIE B 6a3ax Web of Science, Elibrary, Scopus, Medline, CINAHL.

Pezynomamut uccnedosanus. Ha nepBom sTame paccMaTpUBanach JUTEPAaTypa 0 BAKyyMHO-AyTOBOM METO/IC HAHECEHUS
MOKPBITHH. 3ydannch BOIPOCHI CO3AAaHMS BAKYYMHO-IYTOBOTO Pa3psilia, €r0 TEXHOJIOTHYECKHE OCOOCHHOCTH, HENO-
CTaTKH, a TaKKe MPOLEeCChl B KaTOAHOW oOsiacT jyrd. OTMEUEHBl YCIOBHS CYLIECTBOBAHUS KATOAHBIX ISTEH, BIUSHUE
TEMIIEpaTypbl Ha KO3 PUIIMEHT 3PO3HH, TIPOIIECCH! HA aHOAE M MOUI0KKe. [IokazaHa 3aBUCUMOCTh CKOPOCTH OCAXKICHHS
OT 3HAa4YeHUs TTOTEHIIMaNa Ha MOJJIOKKE. AHATM3UPYIOTCS HUTPUIHBIE U KOMOMHUPOBaHHBIE OKPHITHS, OTyYeHHBIE Ba-
kyymHo-nyroBeiM MeTonoM: TiN, TiCN, TiAIN, TiMoS, TiSiN, TiN/VN, TiAIN/DLC-Ti.

Ha BTOpoM »Tame npejcTaBieHa UCTOPUS MarHETPOHHOTO METOJa PACIBUICHUS, ONUCHIBAIOTCS TEXHOIOTMYECKHE OCO-
OEHHOCTH, BUABI MArHETPOHOB U TIOJIyYCHHBIE TAKUM 00pa30M HUTPUIHBIC TOKPBITHS.

Tperunit oTan nocesaeTcs MATHATAITHOMY Ipoueccy (GopMHUpOBaHMS CTPYKTYpPHI HOKpHITHS. PaccMarpuBaioTcs Mexa-
HU3MBI POCTa MOKPBITHI: OCTPOBKOBBIM, MOCIOWHBIN, cMemanHblil. JlaeTcs cxemarnueckoe n3oOpaxenue (hyHIaMeH-
TaJIBHBIX TIPOLIECCOB CTPYKTYpooOpazoBaHus. OTMeqatoTcst 1e()EeKThl B BAKYYMHBIX ITOKPBITHSAX.

Ha yerBepTom sTane npencrasieHo BOII Ha 6a3e BOC. Ykaszansl mapameTpsl, npecka3biBaroIe 00pa3oBaHue TBEP-
noro pactsopa BOC. PaccmarpuBaroTest mecTb ceMEHCTB BHICOKOHTPOIMHHBIX CIIaBoB. OLIEHUBAIOTCS COBPEMEHHBIE
BBICOKOOHTPOITUIHBIE TIOKPBITHS, TIOJIy4YeHHbIE BAKYyMHO-IyTOBbIM U MarHeTpOHHBIM MeTogaMu. O000marTcs B BUIE
TaOIHIBI Pe3yIbTaThl UCCIEIOBAaHNN CTPYKTYPHO-(Da30BBIX M (PU3NKO-MEXaHWYECKHX CBOUCTB. [IpuBonsATCS NaHHBIE
TPHOOJIIOTHUECKHUX UCCIIEJOBAHUH BHICOKOIHTPOIIMHHBIX IIOKPHITHH.

Obcyscoenue u 3axknroyenue. B mureparype o BOII ommchBaloTCs CTPYKTypa HOKPHITHS, (PHU3NKO-MEXaHIMYECKHE CBOM-
CTBa, TEPMHUYECKAsl yCTOMYMBOCTh. ABTOPBI ITPE/ICTABICHHON CTaThi OOHAPYKIJIM MPOOET B UCCIEA0BAHUSAX TPUOOIOTHH
BBICOKOIHTPOITMHHBIX MOKPHITHH. VI3 H3BECTHBIX Pe3yIbTaTOB MOJKHO C/AENATh BBIBOJI, YTO JAHHBIE TIOKPBITHS OTHOCATCS K
¢puxunoHHBIMU. OIHAKO W3-32 BEICOKOW TBEPIOCTH U IUIACTUYHOCTH OHH JIEMOHCTPUPYIOT BBICOKYIO H3HOCOCTOMKOCTH. K
TOMY JK€ CIIO)KHO TOBOPUTH 00 MX TPHOOJIOTMYECKOM HazHAaYeHWH. J[yis pereHns: Bompoca 0 BO3MOXKHOCTH MPUMEHEHHS
PVD-nokphITHii B MAIIMHOCTPOCHHUH CIIENTYeT yJIeUTh BHUMaHNE pa3padOTKe COCTABOB C BHICOKOW TBEPJOCTHIO, H3HOCO-
CTOMKOCTBIO ¥ HU3KUM KO3 duienToM Tperust. Ix Mo>XHO OyAeT HKCIUTyaTHpOBaTh B TPHOOHATPYKEHHBIX Y3/Iax.

KiroueBble ¢10Ba: BEICOKOSHTPOIUIMHBIE MOKPBITUS, BEICOKOIHTPOIUIHBIE cIUIaBbl, PVD-MOKpBITHS, BaKyyMHO-TyTOBOH
METO/I, Mar HETPOHHBIA METO
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Jast murupoBanus. [Tomreixo K H., Konechukos 11.B., ManTypos JI.C. AHam3 TEXHONOTUH HAHECEHHS BBICOKOIHTPOIMHMITHBIX
TIOKPBITUH  (PM3MYECKUM  METOZIOM  ocakneHus.  Advanced Engineering Research (Rostov-on-Don.  2024;24(4):369-391.
https://doi.org/10.23947/2687-1653-2024-24-4-369-391

Introduction. In modern tribology, the issues of increasing the reliability, wear resistance and durability of friction units
are relevant. Often, the stated tasks are solved by applying thin wear-resistant coatings to the tribocontact. Various
approaches to strengthening friction surfaces are known, and they are discussed in the presented review. Particular attention
is paid to the physical vapor deposition (PVD) method. The high level of PVD technologies allows applying coatings to the
friction surface with such a structure and properties that can “adapt” to friction conditions in a wide range of loads and
speeds. At the same time, a systematic approach to the selection of materials and modes of PVD application technology has
not yet been formed. This piece of research is intended to partially fill this gap. The article presents a review of the literature
on methods for applying PVD coatings to the tribocontact surface of modified and multicomponent layers.

The first PVD coatings appeared early last century and have been widely used in various industries. The method is based
on the evaporation of the cathode material in high vacuum (up to 10 Pa). The vacuum facilitates the transition of the material
from a solid state to a plasma state in an inert gas environment (Ar, N2, O2, CoH,, Ho, etc.). With the help of plasma, the
evaporated material is transferred to the sample, on which the coating structure is formed and grows. For the physical
implementation of the deposition method, various equipment, methods and technologies can be used. Let us name some,
with their own heating sources and methods of particle acceleration: thermal evaporation, molecular-beam epitaxy, ion
implantation, vacuum-arc deposition, magnetron sputtering. The latter two methods are particularly widely used [1].

The requirements for the substrate surface are due to the fact that the PVD coating accurately reproduces its relief. With a
branched relief and high surface roughness, internal stresses accumulate fast in the growing (in thickness) coating — the causes
of cracks and delamination. Therefore, the roughness value of the substrate surface must be at least class 10 (R, <0.12 um;
R.<0.6 um) according to GOST 2789-73!. This corresponds to the polished surface of steel.

A significant contribution to the development of technology for applying wear-resistant coatings using the physical
deposition method was made by S.N. Grigoriev, S.V. Fedorov, A.K. Sinelshchikov, V.P. Zhed, V.I. Kolesnikov,
A.L Grigorov, Yu.G. Kabaldin, A.V. Bely, G.D. Karpenko, [.P. Tretyakov, L.S. Sablev, L.I. Aksenov, A.A. Andreev,
V.G. Padalka [2].

The process under study goes through several stages [3].

1. Evaporation of a material (transition from a solid to a vaporous state).

2. Transfer of material vapors to the sample using inert gases.

3. Bombardment of the substrate surface by particles of material in the vapor phase to form an adhesive bond.

4. Origin and growth of the coating.

In mechanical engineering, solutions from leading global companies developing PVD coatings are widely used. Their
innovations are applied to harden, reduce the coefficient of friction, and protect parts from corrosion.

Materials and Methods. In the framework of the presented research, materials in Russian and English, published in
the Web of Science, eLibrary, Scopus, Medline, and CINAHL databases, were studied and reviewed. When forming
queries by keywords, the authors abandoned the random selection of sources in favor of a systematic approach and were
guided by a structured list of questions that they intended to consider. Exemplarily, having received a full understanding
of how the initial stages of the coating process are described in the theoretical and applied literature, the authors entered
new queries to obtain materials on the following stages. This method allowed us to create a representative sample of
sources to solve the problems of this study. The collected data were processed using the funneling technique. The first
narrowing of the funnel formed the structure of this article, discovered the basic topics of the review:

— vacuum-arc method of coating deposition;

— processes in the cathode region of the arc;

Y GOST 2789-73. Surface Roughness. Parameters and Characteristics. Moscow: Standartinform; 2006. 8 p. (In Russ.) URL: http:/www.omegamet-
all.ru/Data2/1/4294847/4294847701.pdf (accessed: 29.07.2024).
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— processes on the anode and substrate;

— coatings obtained by the vacuum-arc method;

— magnetron sputtering technique;

— coating growth and structure formation mechanisms;

— properties of high-entropy alloys;

— composition of high-entropy alloys and coatings;

— research techniques for studying high-entropy coatings.

The following steps in narrowing the funnel allowed us to focus on the parameters of processes and materials that
affect the qualities of coatings potentially suitable for use in mechanical engineering (e.g., heat resistance, hardness,
adhesive strength). Numerical data were summarized in tables. Illustrations were used to visualize the basic processes,
including those created by the authors of this article. At a certain stage of this work, the authors received a sufficient idea
of the number and volume of studies devoted to this or that technology. They turned out to be different. Calculations,
comparison and additional targeted search allowed us to conclude that there was a shortage of works considering this
problem from the point of view of tribology.

Research Results
Vacuum-Arc Method of Coating Deposition. Vacuum-arc discharge is a self-sustained discharge [4]. It develops in

the vapors of the cathode material. In this case, cathode spots (CS) of 10°-10~*m in size are formed on the surface of the
cathode itself [5]. In them, due to explosive emission of electrons, the boiling point of the material is quickly reached,
and it evaporates [6]. Figure 1 shows a diagram of the vacuum-arc method of coating deposition.

Ionized vaporized metal

Forcing solenoid ’

\ k ,
Arc ignition Argon J—> s Reaction gas
Cathode (target)

Cathode (target) | Substrate
cooling system
Support
(carousel)

Vacuum pump

Insulator -

Guide solenoid ~|

Fig. 1. Scheme of vacuum-arc coating method

The cooperation of academic institutes and universities in Russia has significantly influenced the development of the
theory and practice of the new direction. Vacuum-arc technologies are also actively developing in foreign research
centers: Lawrence Berkeley National Laboratory (USA), Sydney University of Technology (Australia), Cambridge
University (Great Britain), Fraunhofer Institute for Material and Beam Technology (Germany), Wuhan University of
Science and Technology (China), etc. [2].

The main unit of vacuum-arc installations is an electric arc evaporator. For uninterrupted operation during coating
application, a reliable starting of the evaporator, a stable arc discharge at a given current value, and localization of cathode
spots are required. It is also important to have a simple design for quick replacement of ignitions and cathodes, and not
to exceed the minimum droplet phase in plasma flows [2].

The authors analyzed this coating application method and noted a disadvantage — the formation of a droplet phase
with a size of 0.1-40 um. Due to this, surface heterogeneity is formed, which causes:

— increased roughness;

— low adhesion of the coating to the substrate;

— formation of internal stresses.
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The above-mentioned disadvantages contribute to the formation of structural defects. To reduce the droplet phase,
plasma flow separation using a magnetic field, and optimization of the electrical parameters of the vacuum coating
installation are used.

Processes in the Cathode Region of the Arc. CS contain erosion products, which are characterized by three phases:
microdroplet, vapor, and ionized [7]. The latter predominates when it comes to evaporation in cathodes made of refractory
materials [8]. In cathodes made of low-melting metals, the ionized phase accounts for up to 10% [9]. Note that in the
plasma flow of a molybdenum arc, the ionized phase accounts for 80-90% of all phases [10].

G.A. Mesyats et alias [8] developed an ectonic theory that described processes in the cathode region of a vacuum arc.
According to this theory, the beginning of the CS cycle is the explosive emission of electrons (EEE), which contributes to
the appearance of plasma. The potential difference between the electric discharge and the plasma is called the cathode fall
potential (CFP). Its value is close to the value of the ionization potential of the metal — and this is the key feature of the
phenomenon described. To determine the currents transferred through the CS, two of their characteristics are used — the
minimum current and the average value. The minimum (threshold) current is the current at which the CS and arc exist. The
parameters of the CS and the threshold current are the major characteristics of the cathode region and the arc discharge [11].

There are three types of cathode spots. The first is observed at the beginning of the arc discharge and moves at a speed
of 100-150 m/s [12]. The second is characterized by a more than twofold increase in evaporation and movement at a speed
of 50-75 m/s [13]. The third type of CS is considered the most harmful and affects the formation of the droplet phase in
vacuum-arc installations. The size of the CS cells depends on the cathode material. For example, the authors [14], studying
the formation of CS, have come to the conclusion that for a copper cathode, the size of the CS is about 50—80 pum. It consists
of fragments of 5-30 mm and brings current of 10-30 A. The life cycle of the CS is approximately 107-10" s in craters
with a diameter of 1 um. At the same time, at a distance from the cathode of 2-10* cm, the multiplicity and acceleration of
ions increase.

The authors [15] have determined that when some cells in the CS disintegrate, others are generated. The process can
also occur outside the boundaries of a given CS, but within its plasma halo. This is how other cells are formed and,
consequently, a new CS. In [15], it is concluded that CS move a distance of up to 300 um. As the discharge current
increases, the number and size of CP cells grow. Then, the CS is divided into fragments that repel each other [10].

In the early 20th century, J. Stark established that in the presence of a magnetic field perpendicular to the movement
of the CS, it moved against the action of the Ampere force [16]. In the case of the CS of the 1st type, a strong plasma
flow with a speed of 5-10 km/s will arise. The halo formed in the CS of the 2nd type has a plasma glow and moves in the
opposite direction.

From [17], the conditions for changing the speed of the CS movement are known. It grows if the magnetic field induction
and the discharge current passing through the cathode increase. It falls with an increase in temperature and arc current.

R. Tanberg has found that the CS cells emit plasma jets at a speed of (1-2)-10° cm/s. The speed depends on the cathode
material and the electrical parameters of the vacuum installation. Tanberg determined the composition of the plasma jets:
electrons, ions, drops of cathode material, and neutral atoms [18].

Considering the operation of the CS cells, we note that the consumption of the cathode mass directly depends on the
erosion products and phase. In the ionized phase, the consumption is constant, but when the drop phase appears, it grows in
accordance with the increase in the discharge that passes through the CS [2]. The erosion coefficient depends on the current,
temperature and material of the cathode (in low-melting materials, destruction occurs faster than in refractory materials).

In [19], the dependence of the erosion coefficient (K,) on the evaporation temperature for Al, Cu, stainless steel and
titanium carbide is considered. It has been found that K, for Al, Cu and stainless steel depends on the evaporation
temperature, and for titanium carbide in a given range of evaporation temperatures, K, does not practically increase. This
can be explained by the fact that erosion in this case is a process of intensive evaporation of the cathode due to the uneven
magnetic field of refractory materials.

To reduce the erosion coefficient, it is required to apply the coating with an increase in pressure of 10°-10! Pa. In
this case, the 1st type of CS will be actively formed, which will lead to a greater return of evaporated particles to the
cathode surface. This phenomenon is less often observed in the 2nd type of CS. From this, we can conclude that the
erosion coefficient of the 1st type of CS is less than that of the 2nd. If we consider the “gas — metal” pair, the maximum
reduction in cathode mass consumption occurs with an increase in the discharge current and depends on the formed gas
compounds with the evaporated material [20].

Thus, having considered the features of the formation of a vacuum-arc discharge and cathode spots, we can conclude
that for stable implementation of vacuum-arc deposition, cathode materials with close values of the threshold current of
the vacuum-arc discharge should be selected.
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Processes on the Anode and Substrate. When the anode is applied, the vapor evaporating from the cathode surface
condenses. The anode receives plasma energy. At the same time, its surface must have heat removal to the anode and
perform reverse radiation into the plasma with subsequent evaporation of the anode material [21].

It is necessary to reduce the size of the anode to heat it to the melting and evaporation temperature. In this case, it is
possible to apply coatings from the anode material with relatively high adhesion. When the anode is cooled to room
temperature, brittle porous coatings with a high concentration of internal stresses are formed on its surface.

The energy of ions bombarding the substrate consists of their initial energy and the energy acquired in the Debye layer
adjacent to the substrate when a negative potential is applied to it [1]:

E, =E)+ezU,, €))
where E; — ion energy; Eo — initial energy; Z — ion charge multiplicity; U, — substrate potential.

The authors [22] revealed the dependence of the deposition rate on the substrate potential when applying plasma flows
of chromium, molybdenum, zirconium and titanium (Fig. 2).
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Fig. 2. Dependence of the deposition (sputtering) rate on the substrate potential under interaction
with plasma flows of chromium (1), molybdenum (2), zirconium (3) and titanium (4).
Substrate material — steel 30, nitrogen pressure — 2.66-107 Pa [22]

From Figure 2, it can be concluded that the potential value at which the processes of condensation and sputtering come
into equilibrium depends on the nature of the evaporated material. As the potential value of the substrate increases, its
material and the deposited particles are sputtered. Removal of substrate atoms (contaminants) leads to an increase in its
temperature. Bombardment of hard alloy plates by chromium and titanium ions in a high vacuum at a potential of 1,000 V
increases their average bending strength by 10-15% and reduces strength variation by 40-80% in a few minutes [23].
When the coating is subsequently applied, a diffusion zone up to 2—-2.5 um wide is formed. This treatment provides high
adhesion of the coating to the substrate and makes it possible to harden steel with vacuum-arc coatings without losing
their physical and mechanical characteristics [14]. With increasing gas pressure, the rate of discharge and speed decrease.
This occurs when the active gas is released, which forms compounds with the evaporated gas.

Coatings Obtained Using the Vacuum-Arc Method. The vacuum-arc method (VAM) is used to obtain wear-
resistant protective coatings with high physical and mechanical characteristics and a low friction factor. Over the years
of developing vacuum technologies, scientists have produced numerous types of coatings for various branches of
mechanical engineering. The most famous coatings are nitride (TiN, TiCN, TiAIN, TiMoN, TiSiN) and nanolayer
composite (TiN/NbN, TiN/AIN, CrN/TiN, TiN/AITiN) ones. Recently, the development of multicomponent high-entropy
coatings has become a challenge.

Coatings obtained by VAM based on TiN with a nitrogen content of 37.5-52 at.% have been widely studied. Their
main feature is a cellular microrelief with a cell size of 0.5-3 um. The coating can contain two phases: Ti;N with a
hexagonal close-packed (hcp) lattice, and TiN with a face-centered cubic (fcc) lattice. Another characteristic of the coating
is a columnar structure. The diameter of the columns is 200 nm, grains with a diameter of 25—75 nm are elongated in the
direction of growth [2].

In nitride coatings, nitrogen affects microhardness. With increasing nitrogen pressure in the chamber, microhardness
increases to 35-53 GPa, and with further growth, it decreases to 2024 GPa. This is explained by a decrease in the
activation of nitrogen particles at a pressure of more than 1 Pa [2]. Note that the electrical conductivity of the coatings in
question depends on the nitrogen content. The friction factor is determined by humidity. If it is low (10%), then the
friction factor for chromium steel reaches 0.8, at 50% humidity — about 0.6, and during running-in — about 0.2.
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TiCN (titanium carbonitrides) coatings are formed through mixing N, with C:H> or CHy4. They have a columnar
structure with a column width of 260 nm. When acetylene is added, the microhardness increases to 50 GPa. Titanium
carbonitrides are almost twice as resistant to erosion (compared to TiN coatings) [24].

Coatings Tii_xAlkN are substitution solid solutions with a cubic lattice of the B1 TiN type at 0 <x <0.6. They are
highly resistant to oxidation at extensive temperatures. Microhardness grows to 30 GPa with an increase in aluminum in
the coating composition and the formation of aluminum nitride [25]. The authors [26] found that when applying TisoAlsoN
coating with a decrease in reference voltage from —300 V to —150 V, the concentration of aluminum in the coating
composition decreased, and this affected the microhardness. With a decrease in reference voltage by 30 V, the
microhardness value increased from 29.1 to 34.5 GPa.

The authors [27] applied a TiN coating by the vacuum-arc method and introduced MoS; into it through spraying
molybdenum disulfide using the magnetron method. It was found that when introducing MoS;, the hardness increased
significantly (up to 30 GPa). The friction factor decreased to 0.15, and the wear rate decreased by 20 times.

Coatings TiSiN have attracted the interest of scientists because Si is an alloying element of transition metal nitrides.
It is chemically related to nitrogen and has a minor atomic radius (if we are talking about transition metals). This is why
TiSiN coatings have a high microhardness value (30-45 GPa) and a low elastic modulus (200-250 GPa). During
tribological tests, silicon forms SiO, compound, and this solid lubricant reduces the friction factor to 0.5 [28].

When creating nanolayer composite coatings, layers of metals with different physical-mechanical properties, but close
thermal expansion coefficients, alternate. The authors [29] studied nanolayer composite coatings made of materials with
nanohardness of ~20 GPa. The TiN/NbN coating was found to have high nanohardness. The nanohardness of the TIN/VN
coating was 55 GPa, and this is a very high figure for a nanolayer coating.

The use of the VAM is important in the creation of combined MeC(MeN)/a-C:H coatings with alternating nitride and
carbon layers. Thus, in [30], TIAIN/DLC-Ti coatings were compared to DLC-Ti. The wear resistance of the combined
coatings turned out to be twice as high as that of DLC-Ti, due to an increase in nanohardness to 24 GPa and Young's
modulus — to 230 GPa.

In [31], the effect of ion implantation on the adhesive strength of TiN and Ti coatings was studied. Before applying
TiN coating with Ti sublayer, USA steel substrate was irradiated by argon ions with doses from 0 to 10'7 ion/cm?. For
TiN obtained on an irradiated substrate up to 10'7 ion/cm?, the adhesive strength increased to 11.3 N. This is twice as
much as the adhesive strength of TiN on a non-irradiated substrate. In the case of Ti monocoating, it was found that on a
sample without implantation, peeling occurs at minimal indenter loads, and with irradiation of 3-10'® and 1.5-10'7 ion/cm?,
the adhesive strength increases by 1.8-2.5 N. These values are typical for soft coatings, which include titanium. Thus, ion
implantation of the substrate increases the adhesive strength of TiN and Ti coatings.

In [32], MoTiN and MoCuN coatings were obtained by the vacuum-arc method, and the adhesive strength was
determined using scratch testing. It was found that MoTiN coatings had hardness of up to 40 GPa and an adhesive
strength — up to 22 N. This is significantly higher than that of MoCuN. Its hardness did not exceed 22 GPa, and the
adhesive strength was no more than 4 N. The authors [32] explained the results by the structure of the coatings being
formed. In the first case, a solid solution based on titanium nitride TiN was formed, in the second — a mixture of
molybdenum nitride Mo,N and free copper.

Thus, a review of the literature on coatings obtained by the vacuum-arc method allowed us to draw certain conclusions.
Such coatings are used to protect the surface of various tools. If we are talking about heavily loaded friction units, wear-
resistant and antifriction coatings are used. It is possible to use different materials and combine application technologies
to obtain combined coatings, such as TiMoSN, MeC(MeN)/a-C:H.

Magnetron Sputtering Method. Magnetron sputtering involves bombarding the target surface by high-energy ions
of the working gas (Ar, N,, O, CH,) in glow discharge in vacuum of 103-10"2 Pa at a temperature of 100-250°C. This
is one of the most common techniques for producing thin films. When sputtering target atoms, secondary electrons are
emitted, which maintains the existence of plasma. High sputtering speed is achieved through increasing the ion current
density due to a strong magnetic field [33].

The first magnetron sputtering systems (MSS) appeared in the early 1970s. At that time, cylindrical coaxial MSS of
normal and inverse type were used. Their main problem was nonregular sputtering of the material due to the escape of
electrons along the magnetic field lines. In this regard, the installations were modernized [34], technologies were
developed, new types of magnetrons were created and introduced into production. Let us name some of them:

— magnetron with a flat cathode;

— magnetron with a balanced magnetic field;

— magnetron with an unbalanced magnetic field;
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— unbalanced magnetrons with a vertical component of the magnetic field to the substrate;
— unbalanced magnetrons with magnetic field dispersion away from the substrate;

— unbalanced MSS with two magnetrons;

— magnetrons with devices for additional gas ionization;

— MSS with bipolar power supply.

The diagram of an unbalanced magnetron is shown in Figure 3.
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Fig. 3. Unbalanced magnetron circuit

Insulator

The main elements of the device are: a cathode-target, an anode, and a magnetic system. Magnetrons are made so that
a magnetic field is induced in parallel in the near-surface region of the target. As a result, secondary electrons are
accelerated towards the targets. One magnetic pole is located in the center, and the second is at the edges of the cathode.
This provides capturing the electrons that do not bombard the substrate itself. Thereby, the heating temperature of the
target is reduced, but the degree of plasma ionization is increased [35].

The main advantages of this approach [36]:

— repetition of the exact composition of the target in a coating with a high-density structure;

— using any material for application to the substrate;

— applying coatings at low temperatures;

— controlling the quality of coatings through changing the parameters of the application process.

Among the most noticeable disadvantages are:

— low sputtering speed;

— low efficiency;

— weak adhesion of the coating to the substrate;

— instability of the phase components of the coating;

— cost of equipment.

Currently, it is required to obtain nitride and high-entropy coatings using magnetron sputtering. These include
combined coatings, high-entropy coatings (HEC), as well as:

— cermet (TiN, ZrN, CrN, TiC, TiCN, TiAIN, AICrN, TiBN, CrAITiYN, Al203, SiO2);

— metal (Al, Ag, Au, Cu, Zn, Ti, Zr, Hf, Cr, Ta, Ni, Co, Si);

— nanocomposites (TiAIN/Si3N4, ZrN/Cu, TiN/CrN, TiN/AIN, CrN/AIN, TiN/CN).

Let us consider the main results of studies on coatings obtained by magnetron deposition method.

The authors [37] have determined that the magnetron type is suitable for depositing titanium nitride coatings with a
thickness of 1 nm to 1 um. For this purpose, they used a facility with pulsed sputtering on silicon substrates [38]. To
maintain process stability, they varied the distance between the target and the substrate in the range of 50-100 mm and
changed the nitrogen feed rate into the working chamber. Analysis of the obtained titanium nitride (TiN) coating has
shown that with a decrease in the distance between the target and the substrate, the mechanical properties of the coating
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deteriorate, its quality decrease. This is explained by the fact that due to the close distance, the thermal effect increases,
and the effect of thermal annealing occurs.

The authors [39] studied the growth rate of coatings on semiconductor substrates at room temperature. The feed rate
and operating power of the magnetron control unit were varied.

Using the magnetron deposition method, superhard Ti; «AlKN coatings were obtained at 0.5>x>0.6 with
microhardness of 40 GPa. It is worth noting that the lattice parameter for TiN decreased from 0.4255 nm to 0.417 nm [40].

Coating TiMo(SN) alternated layers of molybdenum disulfide MoS, with TiN, so the microhardness increased from 4 GPa
to 15-35 GPa with a friction factor of 0.02—0.1. MoS, was evaporated using a magnetron, and TiN was deposited using vacuum
arc deposition. MoS2Ti with nanohardness of 10 GPa and Young's modulus of 142—169 GPa was applied to a CrN coating with
nanohardness of 24-30 GPa and Young's modulus of 352-418 GPa. Due to molybdenum disulfide in the coating composition,
the friction factor decreased by 91-95%, wear — by 50-95% [41]. Pure molybdenum disulfide was applied using a magnetron
and studied without removing it from the chamber. Its friction factor was 0.002 [42]. Thus, adding MoS, to the coating
composition reduces significantly the friction factor.

Nanostructured multilayer TiN/AIN coatings obtained by magnetron method showed high results in micro drilling
and turning in comparison to TiN coatings. When drilling fiberglass, the durability of drills with TiN/AIN coating was
40% higher than without it, and 25% higher than with TiN coating [43].

An important property of coatings obtained by the magnetron method is adhesive strength. It provides evaluating the
resistance of the surface to delamination. In [44], the adhesive strength of nitride coatings CrN, TiN on carbon steel S235 is
evaluated. It is found that the application of a multilayer structure (sublayer + coating) provides for the adhesion
improvement. Thus, for CrN coating, the value of adhesion strength without a sublayer is 37 N, with a Cr sublayer — 40 N.
The indicators for TiN coating are 16 N (without a sublayer) and up to 24 N (with Ti sublayer). Adhesion strength increases
when applying coatings to a harder base in the form of pure metals, close in composition to the basic coating.

The authors [45] studied the adhesive strength of AITiNiAg and NiAg coatings obtained by the magnetron method.
The coatings were applied to silicon structures and molybdenum thermocompensators of power semiconductor devices
with annealing in vacuum, hydrogen, and without it. The adhesive strength was studied by scratch testing. The maximum
adhesive strength was found in samples of a silicon structure with a four-layer AITiNiAg coating (21.7 N) after annealing
in vacuum. For molybdenum thermocompensators, the two-layer NiAg coatings annealed in vacuum turned out to be the
strongest (13.5 N).

The review of the literature has established that magnetron sputtering is characterized by:

— ability to work with numerous materials;

— high accuracy of target composition repetition (at. %).

The method is widely used for applying thin layers to semiconductors, glass, and obtaining self-lubricating coatings
with a low friction factor.

Coating Growth and Structure Formation Mechanisms. When coatings are applied, the structure formation occurs
in several stages (Fig. 4). At the first stage, atoms are adsorbed from the plasma flow. The atom continues to move until
a chemical bond with the surface atoms is formed. At this stage, the atom may not form a chemical bond with the substrate
surface, depending on the material being applied and the method of application. After the atom is fixed to the surface,
chemical bonds are formed with the newly arrived atoms — this is how the coating is formed. Diffusion processes may
occur between the substrate and the film.

Fig. 4. Scheme of formation of coating structure: 1 — deposition of atom from plasma flow;
2 — movement of atom; 3 — formation of adsorption chemical bond of deposited atoms from plasma with substrate;
4, 5 — formation of coating cells; 6 — penetration of plasma atoms into substrate material

When an atom is adsorbed on a substrate, surface tension arises. The bonds between the atoms of the substrate and
the coating are lengthened, therefore, the energy depends on the type of bond formation. The achievement of energy
equilibrium is facilitated by the force of surface diffusion, which is determined by the temperature of the substrate and
the energy of the atoms.
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Figure 5 schematically shows three mechanisms of coating growth.
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Fig. 5. Schematic representation of three mechanisms of coating growth:
a — island, Volmer-Weber; b — layered, Frank-van der Merwe;
¢ — mixed, Stranski-Krastanov

The layer-by-layer mechanism operates if the bond strength between the coating atoms is less than the bond strength
between the coating and substrate atoms, and also if these forces are equal. In this case, the mismatch of the crystal lattices
should be minimal. The condition for the island mode to be realized is that the bond between the coating atoms should be
stronger than the bond between the coating and substrate atoms. The mixed mode occurs when the crystal lattice
parameters of the coating and substrate are mismatched [1].

B.A. Movchan and A.V. Demchishin [46] were the authors of the first significant works on the mechanism of coating
growth. In parallel, they developed physical deposition methods and proposed a diagram of the zone structure of coatings
depending on the substrate temperature. The researchers have clearly shown that the microstructure of PVD coatings is
conditionally divided into three zones with different homologous process temperatures (Tnm — ratio of the melting
temperature of the coating to the substrate temperature Tru/Tron)-

This model was improved by J.A. Thornton [47]. He introduced the partial pressure of argon in the chamber and the
intermediate zone T (between the first and second) into the diagram. The coating density in zone T is higher than in the
neighboring zones, the surface roughness is less.

During the formation of the microstructure at different stages [48], nuclei are formed, islands increase in size and
coalesce, polycrystalline islands and channels appear, and films grow (Fig. 6).
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Fig. 6. Schematic representation of structure formation processes: 1 — formation of nuclei; 2 — growth of islands; 3 — contact
and coalescence of islands; 4 — coarsening of grains, formation of polycrystalline islands and channels;
5 — development of structure and growth of coating [48]
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The formation of nuclei begins with the growth of isolated islands on the surface of the substrate. The size of the
islands is 20-30 A [49].

During the process of island coalescence, a driving force for grain coarsening is created due to the surface diffusion
of atoms and grain boundary movement. The resulting low-energy islands absorb others. As a result, the new single-
crystal island contributes to a decrease in the energy of the entire surface. The coarsening of the structure under
coalescence depends on the temperature, the size of the islands, and determines their orientation [50]. At low temperatures
and large island sizes, coarsening occurs more slowly due to grain boundary migration. During the coalescence of crystals,
the grains coarsen until their boundaries become large and immobile.

It should be noted that vacuum technologies require preparation of the substrate for coating application. This is
important because during coating growth, defects, such as porosity, internal stress, deformation of crystallites and the
crystal lattice, may appear. They occur both in the vacuum-arc method and in the magnetron method.

If there is macro-roughness on the sample surface, high internal stresses are formed in the coating, which lead to
delamination. Micro-roughness causes porosity of the coating and worsens its physical and mechanical properties.
Defects appear on the surface and increase with the growth of the structure. The formation of a droplet phase is possible
not only in vacuum-arc coatings, but also in magnetron sputtering of refractory materials [50]. Droplets on the surface
are formed rather quickly and stochastically. The result is screw dislocations, which cause spiral growth of crystals.
As shown in [51], during the coating process, the “craters” formed due to the separation of large particles are quickly
filled with ions of the applied material. Therefore, defects due to the droplet phase are substructural and do not greatly
affect the structure and properties of the coating.

Properties of High-Entropy Alloys. Research into HEA and coatings based on them has begun relatively recently.
In 2002, Professor Jien-Wei Yeh (National Tsing Hua University, Taiwan) developed a new class of materials [52].
Physical and mechanical properties of HEA have attracted the attention of scientists. Over 20 years, about 5,000 papers
on HEA have been published [53]. A characteristic feature of HEA is the mixing of 5 or more elements (each accounts
for 5-35% at.). In this case, a substitution solid solution is formed. It is single-phase. A phase with a bce-, fce-, or bee+cece
lattice is formed [54].

The key feature of HEA is the high entropy of mixing. It promotes the formation of solid solutions, which reduces the
likelihood of intermetallic compounds. As a result, HEA are characterized by thermal stability, corrosion and wear
resistance, increased plasticity at low temperatures, and resistance to ionizing radiation [55]. The average atomic
concentration (el/at.) is often used to characterize the atomic-crystalline structure of multicomponent systems. In high-
entropy alloys:

— at a concentration of up to 4 el/at., hep lattice is formed;

— in the range from 4.25 to 7.2 el/at. — a bcc lattice;

— at a concentration from 7.2 to 8.3 el/at. — a two-phase structure with bce and fec lattices;

— a level above 8.4 el/at. corresponds to an fcc lattice [56].

The properties of the HEA are described by 5 parameters [57]:

1) mixing entropy ASpx;

2) mixing enthalpy AH,;

3) difference in atomic sizes J;

4) electronegative difference Ay;

5) concentration of valence electrons VEC.

All criteria are calculated using expressions taking into account the atomic concentration of each i-th component of alloy c;.

The entropy of the HEA consists of:

— entropy of electron motion (ASp);

— entropy of atomic oscillation (AS,);

— configurational entropy of mixing (ASk);

— entropy of magnetic moments (AS,,) [58].

In a high-entropy alloy, configurational entropy (AS)) is higher than that of the components ASg, AS,, AS,.. But this is

not typical for common metals. Therefore, in high-entropy alloys, a single-phase solid solution is formed due to AS;. With
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an increase in the number of elements (1), AS; grows. This reduces the Gibbs energy AG = AH — T AS (AH — enthalpy,
T — absolute temperature, AS — entropy) and maintains thermodynamic stability [59]. The entropy and enthalpy of high-
entropy alloys are determined from the expressions:

AS, =R c;-In(c,), @
i=1
AI—Imix :Z4Cic_/AHrgga (3)

where R — absolute gas constant, R = 8.314 J/(K-mol); ¢; — atomic concentration of element i (at.%); AH 42 — enthalpy
of binary alloys near the melting point of elements AB, which are part of HEA.

At equiatomic concentration of components, the atomic concentration of an element is defined as ¢;=1/n. This means
that the entropy level is ASyix = R - In(n). At n=>5, the configurational entropy is: ASyx > 13.4 J/(K-mol), and the alloy is
considered high-entropy.

Figure 7 shows the dependence of the mixing entropy on the number of elements [60].
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Fig. 7. Dependence of mixing entropy on the number of elements [60]

In metals and simple alloys, atoms can occupy a place in the crystal lattice with equal probability. This is how they
differ from high-energy alloys, in which the crystal lattice is distorted due to the substitution of several elements with
different atomic sizes. If the sizes of atoms in the alloy structure differ significantly, then internal stresses are formed,
which cause an increase in the strength properties of the coatings [58].

The distortion of the crystal lattice determines the strength of the HEA and reduces diffusion. Slowing down the diffusion
enhances the formation and stabilization of the solid solution of the HEA, and also reduces the rate of crystal growth. The
possibility of forming an amorphous structure is opened up, but the thermal and chemical stability increases [61].

To predict the formation of solid solutions, the difference in atomic radii (in %) is used. This parameter is denoted by 6.
The formation of a structural phase in HEA is determined by:

4)

where n — number of components in the alloy; ¢;— content of the i-th component (at. %); ; — atomic radius of the i-th

n
component; 7 — average atomic radius 7 = E Ciri T
i

To describe the difference in atomic sizes, paper [62] proposes to classify the elements of the HEA. Table 1 shows
the classification and elements depending on the atomic size 9.
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Table 1
Classification of Elements by Atomic Size [62]
Atomic size (radius) group Group elements
Minimum Si—0.117 nm

Small (about 0.125 nm) Cr, Co—0.125 nm, Fe — 0.126 nm, Cu — 0.128 nm, V— 0.132 nm
Medium (about 0.145 nm) Al—0.143 nm, Ti— 0.145 nm, Nb — 0.159 nm

Large (about 0.160 nm) Hf — 0.159 nm, Zr — 0.160 nm
Out size (about 0.180 nm) Y —0.180 nm

To exclude the formation of Laves phases, intermetalledes, and amorphous phases, theoretical parameter Q is
proposed, which takes into account the melting temperature of the components:
_ T mAS mix

Q=
|AH

. (&)

mix

where T,, — average melting point of the components.

The average melting point is estimated together with the difference in atomic radii. High value Q > 1.1 and small
value & < 6.6 predict the formation of solid solutions.

The authors [57] proposed a variant of predicting the formation of solid solutions by electronegativity:

N
AX atten = Zci [1 —;—i} (6)

i=1
where y; — Pauling electronegativity for the i-th element; x, — average electronegativity.

In this case, electronegativity is the average ionization energy of the valence electrons of free atoms. The authors [63]
determined that solid solutions were formed in the ranges 3 <Ay < 6 and 1 < & < 6%. It was also established that solid
solutions with a bec lattice exist with a greater mismatch of atomic radii and lower electronegativity (in comparison to
the conditions for the fcc lattice).

The valence electron concentration (VEC) affects the stability of the structure of solid solutions and is defined as a

weighted average value:
VEC = Z] ¢ (VEC), 7

where c(VEC); — VEC for the i-th element.

When determining the electron concentration, special attention is paid to the stabilization of the solution due to the
accumulation of electrons at low-energy levels [59]. The density of the structure and bonds per atom are estimated. At
VEC > 8, one fcc phase is formed. At 6.87 < VEC <8, the bec and fce phases are mixed. At VEC < 6.87, the alloy contains
only the bee phase. In [64], the influence of VEC on the formation of AICoCuFeNi alloy lattice is analyzed. The bee
lattice was formed at low values of the valence electron concentration, and the fcc lattice — at high values.

The theoretical analysis allows us to determine the conditions for the formation of a solid solution:

— mixing enthalpy — 7 < AH,,;x < 22 kJ/mol,

— mixing entropy — 11 < AS,x < 19.5 J/(K-mol);

— difference in atomic sizes — 0 < 3 < 8.5%.

Composition of High-Entropy Alloys and Coatings. About 40 elements are known, from which approximately 500
materials can be obtained that meet all the criteria of high-entropy alloys [56].

In the literature, the elements of the HEA are divided into families. The first one is the most studied, it is based on 3d-
transition elements: Fe, Co, Cr, Ni, Mn, Al, Ti, Cu, V. These are elements with high hardness, corrosion and wear
resistance. One of the first and well-studied high-energy alloys is CoCrFeMnNi. This is the so-called Cantor alloy,
proposed in 2004. The second family of HEA is based on refractory metals (Hf, Ta, Mo, Nb, V, W, Cr, Zr, Ti). The third
includes low-melting elements (Al, Sn, Be, Li, Mg, Ti, Sc, Si, Zn). The fourth includes rare earth elements (Gd, Dy, Lu,
Tm, Tb, Y). The fifth consists of high-entropy bronzes and brasses (Zn, Cu, Ni, Mn, Al, Sn). The sixth, the youngest,
unites Au, Ag, Cu, Co, Cr, Ni, Pt, Pd, Ru, Rh [57]. Some elements belong to different families.
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To reach high values of hardness and strength in modern nitride HEA, transition d-metals with negative enthalpy (AH)
are used. The composition of nitride HEA and their hardness values are given in Table 2.
Table 2
Hardness Values of High Entropy Alloys [59]

Composition Hardness (GPa)

(AICrNiSiTi)N 15
(TiVCrZrY)N 18
(AICrMoSiTi)N 25
(TiAICrSiV)N 31
(AICrTaTiZr)N 35
(AIMONDSITsTiVZr)N 37
(AICINDSITiV)N 41
(TiHfZrVNDb)N 43

The authors [64] have found that the strength properties of high-entropy alloys are higher than those of numerous
metallic alloys. The yield strength and Vickers hardness values of HEA are high — at the level of metallic glass, titanium
and nickel alloys. NbCrMog sTaosTiZr and Al, sCoCrCuFeNi occupy a special place. Their Vickers hardness is close to
1000, and the elastic limit exceeds this value.

Heat-resistant HEA are widely used and could be applied in the aerospace industry. The first such alloys based on
Mo, Nb, Ta, W, V, had serious drawbacks — high density and low corrosion resistance. The problem is solved by
replacing the specified elements with others — Cr, Ti, Zr, Al [65].

An important characteristic of heat-protective alloys and coatings is the thermal coefficient of linear expansion
(TCLE). It affects the adhesion between the coating and the substrate, since in coatings with a low TCLE, thermal
transformations occur at high temperatures, which cause “peeling”, delamination, and further destruction of the coating:

— diffusion processes between the coating and the substrate;

— phase transformations;

— plastic deformations;

— oxidations;

— compressive stresses.

To solve the problem of coating destruction under the influence of temperature, it is proposed to use a thermal barrier
layer of high-entropy NiAICrWTaY SiHf coating with a thickness of 20—30 pum [66]. This allows reducing the diffusion
exchange, which causes an increase in the TCLE and adhesion between the combined coating and the substrate. It should
be noted that for tribological coatings, this criterion is not relevant due to the small thickness of coatings.

The authors [67] performed annealing of two coatings:

— (Al23.1Cr30.8Nb7.7S17 7Ti30.7)50Ns0 at bias potential (—100) V;

— (Al9.1Cr30.8Nby12S17.7T121.2)50N50 at bias potential (—150) V.

The annealing was carried out at a temperature of 900°C for two hours. The study of the microstructure showed that
oxide particles were formed on the surface of the coating. Their thickness for the coating (Alss,1Cr30sNb7,7Si7,7Ti30,7)50N50
was 100 + 12 nm, for the coating (Al 1Cr30sNbi12S177Tiz12)50Nso — 80+7 nm. Under the oxide films, the structure of
the coating did not change. The study confirmed that high-entropy coatings have high oxidation resistance and, in that
indicator, surpassed most of the coatings in use.

To obtain high-entropy coatings, PVD deposition methods are widely used: vacuum arc and magnetron. The properties
of several types of coatings from high-entropy alloys have been studied in detail: (AlCrTaTiZr)N, (TiAICrNbY)C,
(FeCoNiCrCuAlN, (AICtMoSiTi)N, (AICINbSiTiV)N, (TiAlCrSiV)N, (AIMoNbSiTaTiVZr)N, (TiVCrZrY)N,
(TiHfZrVND)N, (TiVCrZrH)N.

The authors [68] obtained high-entropy nitride coatings using vacuum-arc deposition and magnetron sputtering. It has
been found that metals of groups IV-V tend to form nitrides with a stable structure. The microstructure and hardness of

high-entropy nitride coatings depend on the parameters of the deposition process. In processes with the same parameters,
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expansion in the number of components leads to an increase in the hardness of the coatings. Improved tribological
properties are achieved by adding Mo or W elements, which reduce the friction factors. The addition of Al and Si increases
oxidation resistance due to the formation of protective oxide layers.

In [69], the production of a CoCrFeNi film with a thickness of about 1 um using ion-beam sputtering is shown. A film
of similar composition and thickness was also obtained using the high-pressure torsion (HPT) technique. In the
comparative analysis of the films, the textures and sizes of the crystallites were determined by X-ray diffraction, and the
hardness was measured through nanoindentation. The hardness of the film obtained by PVD was 9.8 + 0.3 GPa. This was
greater than that of the HPT sample (7.3+0.3 GPa). The grain size of the crystallites was about 20 nm.

The authors [70] obtained a CuTiZrCrNi coating on a substrate made of AISI 201 steel using magnetron sputtering.
It was found that after tribological tests, the coating wear was 3-10~ g/min. The friction factor of the CuTiZrCrNi coating
on copper was 0.041, on aluminum — 0.066.

In [71], a CrTiNiZrCu coating on an AISI 201 steel substrate obtained through magnetron sputtering is described.
Atomic force microscopy showed a cellular nanostructure of the high-entropy coating. Several models of its formation
are described, and the main reasons for the formation of such nanostructures are established.

The authors [72] used a magnetron to form a CrNbTiMoZr coating with a nanohardness of 9.7 GPa and high
tribological properties. In [73], multicomponent coatings based on AICrTiV with the addition of Cu and Mo were
considered. The researchers concluded that the corrosion properties of the coatings significantly exceeded the properties
of the steel substrate AISI 304. This was explained by the formation of stable oxides.

In [74], the creation of a TiTaHfNbZr coating with a thickness of 800 nm on a substrate of Ti-6Al-4V alloy was
described. It was obtained using magnetron sputtering. The tribological research showed that with an increase in load
from 1 N to 3 N, the wear of the substrate without a coating increased significantly, whereas for samples with a
TiTaHfNbZr coating the wear was insignificant.

In [75], vacuum arc and magnetron methods were used to obtain a (TiAISiCrNiCuOC)N coating with a B1-type lattice,
identical to TiN, with a superhardness of 47 GPa and a thermal stability of 900—1,000°C.

In [76], the production of a high-entropy nitride coating (TiZrHfVNb)N using the vacuum-arc method is shown. The
reference voltage changed from —40 to (—200) V. The coating thickness was 4.78 pm. The results of nanoindentation
showed that with a growth of the reference voltage, the following parameters increased:

— microhardness (from 19.34 GPa to 29.94 GPa);

— elasticity modulus (from 281 GPa to 384.1 GPa).

Tribological tests allowed us to establish the friction factor (1.193). The coating had low wear of 0.039 1-107 (mm?/N/mm).

Several works are devoted to the study of the structural-phase state and physical-mechanical properties of high-entropy

coatings. The main results of the studies are presented in Table 3.

Table 3
Results of Studies on Structural-Phase State and Physical-Mechanical Properties of HEA
Young's
. . Hard H, .
Name of coating Process variables arcness modulus, Structure Link
GPa

GPa
U.=-50V 16.00 305

(A123,1CI‘30,3Nb7,7Si7,7Ti30,7)50N5() Uc =-100 V 36.10 440 fce [77]
U.=-150V 34.10 400
U=-50V 25.00 330

(A129,1CI'30,8Nb| 1,2Si7,7Ti21,2)50N50 Uc =-100V 35.00 390 fce [77]
Us=-150V 37.00 395

(AlCrTaTiZr)N - 34.00-35.00 340-355 fce [78]
. N =40% 40.20 370

(AlCrMoTaTiZr)N fcc [79]
N =150% 37.00 420
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Rn=Ny/Ar=0 7.10 163 Amorphous
(AICrMnMoNiZrBg )N Ry =Ny/Ar=0.5 ~10.00 ~180 fec [80]
Rn=Ny/Ar=1 10.20 ~180 fec
U, =-50V 22.50 170
(TiZrNbHfTa)N U.=-100 V 33.00 276 fec [81]
U, =-150V 32.90 268
U, =-50V 22.50 170
(TiZrNbHfTa)N U.=-100 V 33.00 276 fec [81]
U, =-150V 32.90 268
(TiZrNbHfTa)C - 27.50 - fee [81]
. fcc + double
TiZrNbHfTa 5.40 - (triple) bonds [81]
Tromonn = 250°C 41.00 ~300
Tromionia = 350°C 45.00 ~310 [82]
. Tromionkn = 450°C 49.00 ~320
(TiVCrZrHH)N fcc
Tomnra = 300°C 31.24 300
Torxura = 500°C 11.85 250 [83]
Tomura = 700°C 2.30 ~60
Uc=-50V 21.00 337
(TiHfZrVNb)N Uc=-100V 28.70 361 fec [59]
Uc=-200V 29.50 373
. N=0% 20.90 -
(TiVCrZrY)N hcp [84]
N =100% 18.90 -

The data in Table 3 allow us to conclude that to obtain high-strength coatings, it is required to introduce transition
metals into their composition. The addition of nitrogen strengthens covalent bonds in the coating and significantly
increases the hardness. Coatings based on HEA are multi-parameter; therefore, to change the values of nanohardness and
Young's modulus, it is necessary to vary the process parameters during application: nitrogen supply, substrate
temperature, reference voltage.

Research on high-entropy coatings is based on the study of the coating structure, physical-mechanical properties, and
thermal stability. Less attention is paid to tribological studies. Table 4 summarizes their key known results.

Table 4
Results of Tribological Studies on High-Entropy Coatings

Name of coating Friction factor Wear intensity I 1076 (mm?/N/m) Link
(AICrTaTiZr)N 0.760 3.66 [85]
(AICtMoTaTiZr)N 0.800 2.90 [86]
(TiZtNbHfTa)N 0.960 2.90+0.20 [81]
(TiZrNbH{Ta)C 0.150 0.80+0.05 [81]
TiZrNbHfTa 0.870 17.00+1.00 [81]
(TiZrHfVNDb)N 1.193 390.00 [59]

Table 4 shows that high-entropy coatings have a high friction factor. Note that (TiZtNbHfTa)C has an extremely low
coefficient (0.15). This is explained by the formation of a free carbon phase, which acts as a solid lubricant and reduces
the friction factor. The high wear resistance of HEA is associated with an increase in hardness when alloying transition
metals, nitrogen, and greater resistance to plastic deformation.

Research Methods for High-Entropy Coatings. The microstructure of the HEC is examined using optical
metallography. Scanning electron microscopy (SEM) is used to study fine details. Its major advantages are high resolution
and clarity. In addition, SEM works with several types of induced radiation. In addition to X-rays, reflected and absorbed

electrons, as well as cathodoluminescence, are used. In this way, it is possible to study the surface relief, phase and
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orientation contrasts, and conduct micro-X-ray spectral and energy-dispersive analysis. In some cases, the capabilities of
electron microscopy and cross-sectional research are combined.

The chemical composition of the coatings is determined by an energy-dispersive X-ray detector. It allows point
probing or scanning of a section by the area of the figure or by the distribution map of chemical elements. To increase the
accuracy of determining the elemental and phase composition of the coatings, X-ray photoelectron spectroscopy and
Auger electron spectroscopy methods are used. Survey spectra are recorded from the surface of the coatings. They are
used to study the qualitative and quantitative composition of the surface. In addition, the spectra are used to determine
the electron lines of the chemical elements of the surface, which makes it possible to effectively determine the chemical
bond. This allows us to judge the phase in which the element is included.

X-ray structural analysis is used to determine the crystalline structure of high-entropy coatings. For this purpose,
reflections with maximum intensity are identified on the X-ray diffraction pattern. Based on them, conclusions are made
about the phase composition, the size of the coherent scattering regions, the parameters of the crystal lattice, and the
deformation of the crystal lattice of the coating [87].

Such stress-strain properties of the coating as hardness (H) and elastic modulus (£) are measured through
nanoindentation. In this case, the load curves are analyzed using the Oliver-Farr method [88]. For indentation in
continuous measurement mode, Berkovich diamond indenter is used. In addition to hardness and elastic modulus, it is
possible to determine:

— H/E ratio, i.e., resistance to elastic deformation (the ability of a material to change its shape and size when
deformed);

— H3/E?, i.e., resistance to plastic deformation.

H/E — indicator of tribological properties. The higher it is, the higher the wear resistance. Materials with H/E < 0.04
belong to the coarse-crystalline group (metals and alloys), and materials with H/E =~ 0.05 — 0.09 belong to the group of
fine-crystalline and nanomaterials (ceramics, coatings).

The tribological properties of the coatings are determined using friction machines by the “ball — disk” or “pin — plate”
scheme. Based on the test results, such coating characteristics as wear and friction factor are assessed.

Discussion and Conclusion. The literature analysis performed by the authors of the presented article makes it possible to:

— consider widely used methods of applying PVD coatings;

— grasp the principle of creating cathode spots using explosive electron emission in the vacuum arc method,;

— track the effect of discharge current in the process of forming cathode spots on the cathode;

— assess the importance of processes occurring on the anode and substrate.

One of the advantages of coatings obtained by vacuum-arc and magnetron methods is a wide range of materials for
synthesizing coatings with high physical, mechanical and tribological characteristics.

Three classes of growth of coating formation are distinguished. The essence of the process is determined. This is
nucleation with the growth of islands of 20-30 A in size. We emphasize that any coating may have defects: porosity,
internal stresses, deformation of crystallites and crystal lattice.

High-entropy alloys are formed by mixing five or more elements. High entropy promotes the formation of solid
solutions. This feature determines thermal stability, wear resistance, increased plasticity at low temperatures, corrosion
resistance, resistance to ionizing radiation. There are about 40 known elements that are included in high-entropy alloys;
therefore, special criteria (parameters) have been developed for the precise selection of materials, prediction of stability
and structural-phase state of high-entropy alloys:

— difference in atomic sizes of components J;

— mixing enthalpy AH,,;;

— mixing entropy ASx;

— difference in electronegativity of components Ay;

— valence electron concentration VEC.

Within the framework of this research, it is established that the issues related to nitride coatings obtained by vacuum-
arc and magnetron methods are sufficiently explored in the literature. There are fundamental studies on the structure of

coatings, their physical and mechanical properties, thermal stability. It is also known that high-entropy coatings are
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distinguished by high hardness with a face-centered cubic lattice, high thermal stability. Transition metals with the
addition of nitrogen are widely used in the compositions of the coatings under consideration. The main type of high-
entropy coatings is nitride. The coatings studied in this paper are characterized by a significant friction factor. However,
due to their hardness and plasticity, they demonstrate high wear resistance.

It is difficult to say that high-entropy coatings can already replace traditional ones in mechanical engineering.
However, over time, they will be widely used for elements that operate under high-temperature conditions.

Based on the literature analysis results, it should be noted that there is a limited number of papers considering this
issue from the point of view of tribology. For further research, it is necessary to develop high-entropy coatings that will
provide high hardness, wear resistance, and a low friction factor. This will make it possible to create coatings suitable for
use in tribo-loaded units, and therefore, in the mechanical engineering production processes. Thus, it is expected to receive

promising materials that will compete with traditional coatings.
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Abstract

Introduction. In the public domain there is enough literature on methods of treating the musculoskeletal system. The
possibilities of eliminating bone defects using patients' own (autologous) bones are described. The authors of theoretical
and applied studies also suggest using synthetic bioinert materials made of polymers, calcium phosphates, plastics, and
metals. The creation of three-dimensional matrices based on scaffolds for the formation of systems that are as close as
possible to bone tissue in structure has been studied. It is known that the active substances of the scaffold matrix can be
hydroxyapatite, tricalcium phosphate, as well as silicates, carbonates of magnesium, calcium, copper, zinc, and
manganese. The issue requires detailed study. In light of the stated problem, the features of the listed materials should be
considered separately. There are no such publications. The presented work is intended to fill this gap. Its objective is to
create a synthesis method and study the properties of nanoscale magnesium carbonate.

Materials and Methods. The materials for the research were samples of magnesium carbonate nanoparticles obtained by

EDN: KXALAI

chemical precipitation in water. They were studied using X-ray diffractometry, scanning electron microscopy, infrared
spectroscopy, and dynamic light scattering. Quantum chemical modeling was performed using the QChem program and
the IQmol molecular editor.

Results. 1t has been established that magnesium carbonate particles are rod-shaped, 2 to 10 um in length. They consist of
nanoparticles from 30 to 60 nm. The quantum chemical modeling educed the energy features of the interaction of the
basic magnesium carbonate, firstly, with chitosan with carbonate, and secondly, with a separate chitosan molecule. In the
first case, the energy value was lower, in the second, it was higher. That indicated the chemical and energetic advantage
of forming such complexes. The corresponding indices for the optimal coordination of magnesium carbonate with
chitosan were determined. In this case, the interaction was provided by the hydroxyl group of chitosan attached to the Ce
residue of glucosamine. For this process, the lowest energy AE=462.387 kcal/mol and chemical hardness 1=0.062 eV
were noted. Magnesium carbonate nanoparticles had optimal radius and zeta potential with the following parameters of
the initial reagents: 0.018 mol of ammonium carbonate, 0.03 mol of magnesium acetate, 0.15 g of chitosan.

Discussion and Conclusion. The obtained data indicate that nanoscale basic magnesium carbonate is a promising material
with a wide range of possibilities of practical application. From this point of view, its role in metabolic processes, namely
in the assimilation of macronutrients, is of particular interest. Nanoscale osteotropic magnesium micronutrient
synthesized in a biopolymer environment can be used as a biologically active filler for three-dimensional scaffold
matrices. Implementation of this solution in medical practice will improve the efficiency of bone tissue restoration.

Keywords: musculoskeletal injuries, bone defect repair, bone tissue analogue, nanoscale magnesium carbonate,
osteotropic magnesium micronutrient, scaffold matrix
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Pa3paboTka MeToaa MOJy4YeHUS] HAHOPA3MEPHOT0 KapOOHAaTa MArHHs, CTA0MJIN3UPOBAHHOIO
XUTO3aHOM, KaK OCHOBBI CKaQ oI I-MATPUKCOB /ISl pereHepaTUBHON MeIUIIUHbI
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AHHOTALMSA

Beedenue. B 0TKpBITOM J0CTYTIE TOCTATOYHO JIUTEPATYPhI O METOJIaxX JICUSHNSI ONOPHO-ABHATATENFHOTO anmapata. Onu-
CaHbl BO3MOXXHOCTH YCTPaHEHHS 1e(heKTOB KOCTH C HCIIOIb30BaHNEM COOCTBEHHBIX (Y TOIOTUYHBIX) KOCTEH IAI[IEHTOB.
ABTOpBI TEOPETHYECKUX U MPUKIIAJHBIX HCCIICAOBAHUM MpEAIaraoT MPUMEHITh TaKKe CHHTETHYECKHe OMOMHEpPTHBIE
MaTepHalbl U3 OJIUMEPOB, (ochaToB KabIHs, INIACTMACC, METAIIOB. M3y4yeHo co3nanue Ha ocHOBE cKaOII0B TpeX-
MEPHBIX MaTPUIL 715t POPMUPOBAHUS CHCTEM, ITO CTPYKTYPE MAKCUMAIBHO ONM3KHUX KOCTHOM TKaHU. M3BecTHO, 4TO JIeii-
CTBYIOIIIUMH BelecTBaMU ckaddosi-MaTpuiibl MOTYT ObITh THIPOKCHANIATUT, TPUKAJIbLUIT PocdaT, a TakKe CHIMKATHI,
KapOOHaThl MarHus, KaJIbIMs, MEJIU, IIMHKA U MapraHua. Borpoc HyaaeTcs B AeTalbHOM npopadoTke. B cBere 3asaBieH-
HOW TPOOJIEMbI 0COOEHHOCTH MEPEUNCIICHHBIX MaTEPHAIOB CJIENYeT U3y4arh MO OTAENbHOCTH. TakuX MyOJHKalUi HeT.
IIpencraBnennast paboTa npu3BaHa BOCIOIHUTE JaHHBIN poOeit. Ee e — co3paHue MeToaa CHHTE3a U NCCIIEJOBaHNE
CBOMCTB HAHOPA3MEPHOT'0 KapOOHATa MarHus.

Mamepuanst u Mmemoowi. MatepuanaMu sl HCCIIEIOBAHMS TTOCTY KN 00pa3Iibl HAHOYACTHIl KapOoHaTa MarHus, To-
JIydEeHHbBIE XMMHUYECKIM OCKACHHEM B Boje. [IX M3ydau MeToaaMy peHTTEHOBCKOH TU(PPAKTOMETPUH, CKAaHUPYFOIEH
JIEKTPOHHON MUKPOCKOIHH, HH(PPAKPACHOW CIIEKTPOCKOINU M ANHAMHUYECKOTO paccestHus cBeTa. KBaHTOBO-XxnMIUe-
CKO€ MOJIJIMPOBAaHUE MPOBOIMIIN ITPH TIoMoInH rporpammbel QChem n MonekynspHoro pegakropa IQmol.
Peszynemamut uccnedoeanusn. Y CTaHOBIICHO, YTO YacTHIBI KapOOHAaTa MarHus — CTEPXKHEOOpasHble, JUIMHOH OT 2 110
10 mxMm. OHu cocTosaT u3 HaHoyacTull oT 30 1o 60 HM. braroxapst KBaHTOBO-XUMHYECKOMY MOETHPOBAHUIO BHISBICHBI
SHEPreTH4YecKrue 0COOEHHOCTH B3aMMOAEHCTBUSI OCHOBHOTO KapOOHaTa MarHusi, BO-MIEPBBIX, C XUTO3aHOM C KapOOHATOM,
a BO-BTOPBIX, C OTAEIBHON MOJIEKYJION XHTO3aHa. B mepBoM ciydae 3HaUeHHE YHEPTHH HUXKE, BO BTOPOM — BhIIIE. DTO
yKa3bIBaeT HA XUMHUUECKYIO H 9HEPIEeTUYECKYIO BBIIOAY 00pa30BaHUs TaKUX KOMILIeKcoB. OnpeneneHbl COOTBETCTBYIO-
1K€ MOKa3aTeNy Il ONTUMAIbHOTO BapuaHTa KOOPIUHUPOBAHUS KapOOHaTa MarHus ¢ XUTO3aHOM. B aToM ciydae B3a-
nMozencTBre o0ecTieunBacT TUAPOKCHIIBHAS TPYIIa XUTO3aHa, MprcoeaunHeHHast K Cg ocTaTKy rintoko3aMuna. Jis nan-
HOTO TIpoliecca OTMedeHa camast Hu3Kkas sHeprust AE = 462,387 kkan/mMons 1 XuMudeckas xectkocTs 1 = 0,062 3B. Ha-
HOYacTHIBI KapOoHaTa MarHus 00JIalaloT ONTUMAIBHBIMH PaJIyCOM M J3€Ta-IOTEHINAIOM IIPH CIIEAYIOINX apaMeT-
pax ucxonusix peareHToB: 0,018 Moib kKapOonata ammonus, 0,03 Motk arierata Maruus, 0,15 T xuTo3aHa.
Oécyancoenue u 3axniouenue. IlonydeHHbIe TaHHBIE CBUICTEIBCTBYIOT O TOM, YTO HAHOPAa3MEPHBIN OCHOBHOW KapOOHAT
MarHus — 3TO MEPCIEKTHBHBIA MaTepHall C MIMPOKMMH BO3MOKHOCTSIMU MPAKTUYECKOTro mpuMeHeHus. C 3TOi TOUKH
3peHust 0cOObIl MHTEpEC NPENCTABISIET ero poJib B Ipolieccax 00MeHa, a8 UMEHHO B YCBOGHHH MakpOHYTpHueHTOB. CHH-
TE3UPOBaHHBINA B cpejie OHoronMMepa HaHOPa3MEPHBIH OCTEOTPOITHBINT MUKPOHYTPUEHT MarHusi MOXKHO HCIIOJIb30BaTh
Kak OMOJIOTHYECKH aKTHBHBIN HAMOJIHNUTENb TPEXMEPHBIX cKad(ona-MaTpuKcoB. Peann3amms JaHHOTO pEeLICHUs B Me-
JUIUHCKOM MPaKTHKE TO3BOJINT IMOBBICUTE 3()()EKTHBHOCTh BOCCTAHOBJIEHHSI KOCTHOH TKaHH.

Ki1roueBble c10Ba: TpaBMBI ONOPHO-ABUTATENHHOTO allapaTa, yCTpaHeHHne Ne(eKkToB KOCTH, aHAIOT KOCTHOW TKaHH,
HaHOpPa3MepHBIA KapOOHAT MarHus, OCTEOTPOITHBIM MUKPOHYTPUEHT MarHus, ckagQosa-maTpukce

Baaronaproctn. KomiekTiB aBTOpOB BBIpakaeT OmaromapHocTh VprHe MuxaitnoBHe [lleBdeHKo, KaHIUIATY TEXHUYECKIX
HayK, JIOIEHTY Kadeapbl (M3UKM M TEXHOJOTHH HAaHOCTPYKTYp W MaTepHaioB (u3nKo-TexHmdeckoro (akyisrera Ceepo-
Kagkasckoro ¢eneparbHOro yHUBEpCHTETa, 3a ITOMOIIb B HAIMCAHUHU 1 KOPPEKTUPOBKE TAHHOM padOTBHL.
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®unancupoBanue. Pabora BbinonHeHa npu (QUHAHCOBOH mNomiepke MUHHCTEPCTBA HAayKH W BBICIIEro OOpa3oBaHMs
Poccuitckoit @eneparniy B paMKax rocyJapcTBEHHOTO 3a1aHus 110 COTTIaIleHHIo O IIPEAOCTABICHUH CYOCHIUH U3 (heiepabHOTO
oromkera  Ne 075-03-2024-239/7 na temy «TpexmepHble OuononanmepHbie ckaddoiI-MaTpUKChl, 0OOTalleHHbIE
HAHOYACTHI[AMH OCTEOTPOIHBIX MUKPOHYTPHEHTOB, I pereHepalii KOCTHBIX TKaHei» (rpoekt FSRN-2023-0037).

Jas uurupoBanus. brmHoB A.B., Pexman 3.A., I'Bo3menko A.A., fcras M.A., Konogkua M.A., TapaBanos M.A.
PaspaboTka MeTona MOTyYeHUs] HAHOPa3MEPHOTo KapOOHAaTa MarHus, CTaOMIM3UPOBAHHOTO XHTO3aHOM, KaK OCHOBEI
ckadosna-MaTpUKCOB JUIA  pereHepaTHBHOW MeauiuHbl. Advanced Engineering Research (Rostov-on-Don).
2024;24(4):392-401. https://doi.org/10.23947/2687-1653-2024-24-4-392-401

Introduction. Regenerative medicine constantly requires materials that help accelerate osteogenesis [1]. Even with
the emergence of new solutions, the problem remains urgent, since fractures are a very common type of injury [2]. It
should be noted that patients fully recover in only 16% of cases. According to the World Health Organization, there are
about 50 million severe injuries worldwide that cause the loss of labor capacity and invalidity. Therefore, the treatment
of bone tissue defects is a pressing medical and social problem [3]. To help the patient, three-dimensional biopolymer
matrices based on scaffolds are used. They contain elements that are close in structure to connective bone tissue. One of
such materials for regenerative medicine is nanoscale forms of magnesium carbonate [4]. Magnesium is an essential
microelement [5]. It is responsible for the strength of bones [6] and participates in their formation [7]. Orthopedic implants
are created on its basis [8]. In nanoscale form, magnesium carbonate has the following properties:

— low toxicity;

— good biocompatibility;

— permeability for drugs [9].

In biological interactions, the roughness and chemical composition of the surface of the elements play an important
role [10]. Future materials based on compounds in the nanometer range may eventually change the nature of the tissues
around the implant and increase the clinical success of this approach [11]. Biopolymers are used to improve the above
properties. One of them is chitosan [12]. It is an important biocompatible component of connective tissue. It dissolves
and decomposes well [13].

The main objective of this study is to create a method for synthesizing chitosan-stabilized nanoscale magnesium carbonate
and to study its properties. The material is considered as the basis for scaffold matrices for regenerative medicine.

Materials and Methods. Using chemical precipitation, magnesium carbonate nanoparticles were synthesized from a
magnesium-containing precursor, magnesium acetate. The precipitant was ammonium carbonate, and the stabilizer was
the polysaccharide chitosan. At the first stage, the required volume of 1% chitosan solution was added to the magnesium
acetate solution. Then, using a dropping funnel, the precipitant solution was introduced into the precursor solution at a
rate of 60 drops per minute with constant stirring. After the entire precipitant solution had been added, the resulting sol
was stirred for another 10 minutes. The synthesized sol was centrifuged and then dried in a drying chamber. This is how
magnesium carbonate powder samples were obtained. Their phase composition was studied using powder diffractometry
on an Empyrean device (PANalytical, the Netherlands) with the following measurement parameters:

— copper cathode (radiation wavelength — 1.54 A);

— measurement range — 10-90°20;

— sampling rate — 0.01° 20.

The microstructure of magnesium carbonate samples was studied using a MIRA3-LMH scanning electron microscope
(Tescan, Czech Republic).

To prepare the samples, carbon double-sided conductive tape was placed on the instrument table (12 mm), powder of
the material under study and a carbon layer 10 nm thick were applied. Measurement parameters:

— accelerating voltage — 10 kV;

— focal length value — 4.9 mm;

— In-Beam SE detector.

For the computer quantum chemical modeling of magnesium carbonate in the interaction with chitosan, QChem
software was used. The Hartree-Fock method and the basis set 6-31G! were selected for the research. The molecular
editor IQmol [14] was used to configure the molecules. The samples were examined by infrared (IR) spectroscopy. For
this purpose, an IR spectrometer with Fourier transform was used, FSM 1201 model (Russia).

!'Here, 6-31G is the basis set used in this research. STO-nG is a family of Slater-type orbital basis sets.
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Powders MgCO; and KBr were thoroughly mixed in a ratio of 1:300 and pressed into a tablet in a special press mold
under a pressure of 500—1000 MPa. The resulting samples were placed in a spectrometer, and measurements were taken
within the range of 400-4400 cm™'.

The average hydrodynamic radius of chitosan-stabilized magnesium carbonate nanoparticles was studied using the
dynamic light scattering method on a Photocor complex device (Russia). Their {-potential was estimated by the acoustic
and electroacoustic spectroscopy method on a DT-1202 spectrometer (Dispersion Technology Inc., USA).

The method for obtaining magnesium carbonate nanoparticles was optimized through a multifactorial experiment.
The following parameters were used:

— three variables (content of magnesium acetate, ammonium carbonate, and chitosan);

— two outputs (average hydrodynamic radius and zeta potential) [15].

The data were processed using the Statistica 10.0 program. The levels of variation are presented in Table 1.

Table 1
Levels of Variation of Variables
Name of parameters, designations Levels of variation of variables
Magnesium acetate content, mol 0.012 0.024 0.030
Ammonium carbonate content, mol 0.012 0.024 0.030
Mass of chitosan, g 0.150 0.300 0.450
Next, an experimental planning matrix was constructed (Table 2).
Table 2
Experimental Planning Matrix
No Volume of 0.8 M acetate Volume of 0.8 M carbonate solution | Volume of chitosan solution, ml
1 15 15 15
2 15 30 30
3 15 45 45
4 30 15 30
5 30 30 45
6 30 45 15
7 45 15 45
8 45 30 15
9 45 45 30

Research Results. At the first stage, the phase composition of the obtained samples was studied. The results are
presented in Figure 1.

<

20 30 40 50 60 70 20,°
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Fig. 1. Diffraction pattern of a sample of nanoscale magnesium carbonate stabilized with chitosan. Here, ® — MgCOs3,
O — Mg(COs)(OH)2 -3H20, A — MgCOs - SH20,* — MgO
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Next, the microstructure of the obtained samples of magnesium carbonate nanoparticles stabilized with chitosan was
examined using a scanning electron microscope (SEM) (Fig. 2).

SEM HV: 20.0 KV
SEM MAG: 160 kx
WD 984 mm  Date(m/diy):

SEM HV: 20.0 kV —
SEM MAG: 20.0 kx Det SE 2pm
WD: 9.94 mm  Date(m/dly): 1211623 Performance in nanospace

a)

Fig. 2. SEM micrographs of a sample of magnesium carbonate nanoparticles stabilized with chitosan:
a — magnification 20,000 times; » — magnification 160,000 times

To study the method of coordination of magnesium carbonate nanoparticles with chitosan, the quantum chemical modeling of
the molecular structures of magnesium carbonate with chitosan was performed. The results are shown in Table 3 and Figures 3, 4.
Here, HOMO is the highest occupied molecular orbit, LUMO is the lowest unoccupied molecular orbital.

Table 3
Results of Quantum Chemical Calculations of Molecular Structures of Magnesium Carbonate
and Basic Magnesium Carbonate with Chitosan
Type of
Interaction magﬁesium E, AL, Enowuo, | Bumo, n, eV
kcal/mol | kcal/mol eV eV ’
compound
Monomeric unit of chitosan - —1258.049 - —0.225 | 0.030 | 0.128
Through hydroxyl group that is attached to MgCO; —1720.436 | 462.387 |-0.161 | —0.037 | 0.062
Cs residue of glucosamine Mg(OH),CO; | -1994.103 | 736.054 | -0.179 | -0.111 | 0.034
Through hydroxyl group that is attached to MgCO; —-1720.366 | 462317 |-0.167 | —0.042 | 0.063
C; residue of glucosamine Mg(OH),COs; | —-1994.273 | 736.224 | —-0.182 | —0.064 | 0.059
Through amino group which is attached to MgCO; -1720.418 | 462.369 | —0.124 | —0.019 | 0.053
C; residue of glucosamine Mg(OH):CO; | —1994.104 | 736.055 | —0.156 | —0.048 | 0.054

d)

https://vestnik-donstu.ru

Fig. 3. Results of modeling the interaction of chitosan with magnesium carbonate through hydroxyl group attached to Cs
residue of glucosamine in chitosan: @ — model of the complex; b — electron density distribution;
¢ — gradient of electron density distribution; d— HOMO; e — LUMO; f— decoding of atoms
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—0.1267 %] E- [0.1951 =]

a)

e) b

Fig. 4. Results of modeling the interaction of chitosan with basic magnesium carbonate through hydroxyl group attached to Cs
residue of glucosamine in chitosan: @ — model of the complex; b — electron density distribution;
¢ — gradient of electron density distribution; d— HOMO; e — LUMO; f— decoding of atoms

To validate the quantum chemical modeling data, the samples were examined using infrared spectroscopy. The results

are shown in Figure 5.

r 1, RU
3.0
2.5
—— Chitosan stabilized
r2.0 magnesium carbonate
—— Chitosan
R— Magnesium carbonate
- 1.0
-0.5
0.0

v,em™' 3,500 3,000 2,500 2,000 1,500 1,000 500

Fig. 5. IR spectrum of magnesium carbonate nanoparticles stabilized with chitosan

To study the influence of input parameters on the synthesis of nanoscale magnesium carbonate, ternary dependences
were formed. Figure 6 shows the dependence of the average hydrodynamic radius of nanoparticles on the content of the

initial reagents.

m(chitosan), g
0.300

6,500 | 0.375
I 0.225

0.150

R, nm
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n(Mg(CH;COO),), mol

0.024 0.030

0.024
0.030 \//ﬂg n((NH4),CO3), mol
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[ 0.375 m(chitosan), g

36| 0.150

&-potential, mV

b)

Fig. 6. Dependences of the change in average hydrodynamic radius and electrokinetic potential on concentrations of initial
reagents: a — ternary surface describing the effect of initial reagents on particle size of magnesium carbonate; b — ternary surface
describing the effect of initial reagents on electrokinetic potential of magnesium carbonate particles

Analysis of the phase composition of the samples has shown that there are phases of anhydrous magnesium carbonate
(MgCOs), two configurations of magnesium carbonate in the form of crystal hydrate (MgCOs - 5H,0),
Mg>(CO3)(OH),3H>0 and magnesium oxide (MgO).

When analyzing the surface microstructure of magnesium carbonate nanoparticles, it is found that the sample has an
anisotropic shape. Magnesium carbonate is represented by rod-shaped particles from 2 to 10 pm in length, which consist
of nanoparticles from 30 to 60 nm in size.

The computer quantum chemical modeling allowed us to compare the energy of interaction with the basic magnesium
carbonate:

— chitosan with carbonate;

— a separate chitosan molecule.

In the first case, the energy value was lower than in the second. This indicates the chemical and energetic benefit of
forming such complexes (for magnesium carbonate, the interaction energy is more than 462.00 kcal/mol, and for the basic
carbonate — more than 736.00 kcal/mol).

In the optimal variant of coordination of magnesium carbonate with chitosan, the interaction occurred through the hydroxyl
group of chitosan attached to Cs residue of glucosamine. This interaction had the lowest energy AE = 462.387 kcal/mol and
chemical hardness = 0.062 eV.

The position of the functional groups was determined by IR spectroscopy of chitosan-stabilized magnesium carbonate
nanoparticles. Additionally, the spectra of pure chitosan and magnesium carbonate were recorded. The analysis of the IR
spectrum of magnesium carbonate showed that in the region from 2200 to 3000 cm™! there were the stretch vibrations of
the groups NH;*, NH,", NH' and CH,, —~CH;. The bands at 988 cm™!, 1102 cm™', 1414 cm™ and 1529 cm™ were associated
with vibrations of C~0 and C=0 in group CO5?[16]. The band at 620 cm™' corresponded to vibrations of the hydroxyl
group, and the bands at 698 and 852 cm™ were specified by vibrations of the bond Mg—O [17].

The analysis of the IR spectra of chitosan showed that the region from 2500 to 3400 cm™ was responsible for the stretching
vibrations of the following functional groups: —OH, —CHs, CH> [18]. The region from 1000 to 1900 cm™ characterized the
vibrations of bonds C-0O, C-O-C, —~CH,, —CHs, C-N, NH," [19]. The region of bands from 500 to 900 cm™ referred to
deformation vibrations: at 898 cm™ — bonds C-H [20], at 581, 652, 704 and 768 cm™ — bonds —~CH and —CH,.

As the analysis of the sample of magnesium carbonate nanoparticles stabilized with chitosan has shown, the range
from 2100 to 3000 cm™' contains stretching vibrations of the groups NHs*, NH>", NH', ~CH5, CH,, O-H. This is typical
for the chitosan molecule. There are also bands at 1414 cm™ and 1529 cm™', which correspond to vibrations C-O and
C=0 in group COs?, which confirms the presence of magnesium carbonate functional groups in the system [21]. The
binding of magnesium is confirmed by the presence of deformation vibrations C—0O and C=0 in group CO5* and bond
vibrations Mg—O and CO5>" in the range from 700 to 1100 cm™' [22].

A decrease in the intensity of the peaks at 620 cm™ and 1078 cm™, which correspond to the vibrations of groups
O-H and C-O, is noted. This indicates the interaction of magnesium carbonate and chitosan through hydroxyl groups and
is consistent with the results of quantum chemical modeling.
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The study on the ternary surfaces obtained suggests that the change in the ratio between magnesium acetate and
ammonium carbonate affects significantly the size and zeta potential of magnesium carbonate particles [23]. The average
hydrodynamic radius of the particles does not depend on the chitosan content. However, the change in zeta potential is
related to the stabilizer content and precipitant concentration, which is important for assessing the stability of nanoscale
systems. As a result, the parameters of the initial reagents are selected, at which the sample of magnesium carbonate
nanoparticles has an optimal radius and zeta potential:

— 0.018 mol ammonium carbonate;

— 0.03 mol magnesium acetate;

— 0.15 g chitosan.

Discussion and Conclusion. Magnesium in magnesium carbonate is needed for the normal functioning of the body.
In metabolic processes, it maintains the effective absorption of macronutrients. This allows us to talk about the urgency
and potential demand for the method of obtaining nanoscale magnesium carbonate stabilized with chitosan. This approach
is developed and optimized within the framework of the presented research. It has been established that magnesium
carbonate nanoparticles are rod-shaped agglomerates with a length of 2 to 10 um. These clusters consist of nanoparticles
with a size of 30 to 60 nm. The optimal way of coordinating molecules is the interaction of magnesium carbonate through
the hydroxyl group in Cs residue of glucosamine in the chitosan molecule. The advantage is provided by significant
indicators of energy and chemical rigidity.

IR spectroscopy of samples of magnesium carbonate nanoparticles stabilized with chitosan revealed a decrease in the
intensity of the bands that characterize the vibrations of group O-H (for magnesium carbonate) and the vibrations of
group C-O (for chitosan). It follows from this that the interaction occurs through the hydroxyl groups of chitosan.

The optimization of the method for synthesizing magnesium carbonate nanoparticles stabilized with chitosan,
performed within the framework of the presented research, allows us to make a number of statements.

1. With increasing magnesium acetate content, the particle size and electrokinetic potential of nanoscale magnesium
carbonate decrease.

2. With the growth of concentration of ammonium carbonate, the average hydrodynamic radius and surface charge of
magnesium carbonate nanoparticles increase.

3. The concentration of chitosan has a slight effect on the radius of the particles, but as its content increases, the surface
charge decreases.
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Abstract

Introduction. One of the main requirements to the methods of weld overlay of sealing surfaces of power valve trim parts
is to obtain a high-quality wear-resistant pad with minimal penetration and optimal process performance. Currently, arc,
electroslag, plasma, beam, induction and other surfacing techniques have been developed and introduced into production.
However, the influence of various arc welding processes with a consumable electrode in shielding gas on the geometric
parameters of weld beads and metal hardness of sealing surfaces is understudied. The presented research is intended to
fill this gap. The objective of its authors is to select such a process of arc welding of beads on parts of the power valve
trim with a consumable electrode in shielding gases, which would provide the best workability of the deposited metal.
Materials and Methods. Arc surfacing with a consumable electrode in a mixture of gases was performed on steel plates.
The welding torch was moved in a straight line, without transverse oscillations, using the FRC-9 mechanism (Fronius).
A microprocessor-controlled inverter-type digital current source TransPulsSynergic 3200 CMT (Fronius) was used as the
power supply. The following welding processes were analyzed: MIG/MAG process with self-regulation (Standard mode),
synergic process of MIG/MAG method (Synergic mode), short arc process with mechanical separation of electrode metal
droplets (CMT-ColdMetalTransfer), and synergic pulse-arc process (PulseSynergic). The short-cut process of bead
surfacing was evaluated by the stability of the values of the energy parameters of the bead surfacing mode in time at the
same electrode wire feed rates, which were recorded by oscilloscopes, as well as by comparing the geometric
characteristics of the deposited beads and the hardness of the deposited metal.

Results. The analysis of experimental data of the geometrics of the weld beads and their complex dimensional
characteristics made it possible to establish that the welding engineering requirements for the welded beads are most fully
met by long-arc surfacing by the PulseSynergic pulse-arc process.

Discussion and Conclusion. The study and the resulting data make a certain contribution to solving the problem of the
influence of arc welding processes on the parameters of weld beads and on the hardness of the metal of sealing surfaces.
A detailed analysis of the modes of arc surfacing of beads with a consumable electrode in shielding gases on the trim
parts of power valves can be used in further research on this topic. The conclusions of the authors will not only provide
considerable theoretical assistance to scientists, but will also make adjustments to the activities of practitioners.

Keywords: pulse arc surfacing, welding processes, short arc, long arc, consumable electrode, sealing surfaces
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OpueuﬂaﬂbHoe meopemuyieckoe uccnedosatue

Br100op npouecca 1yropoii HAMVIABKY IVIABSIIAMCS 3JI€KTPOAOM B 3aIIMTHOM rase
YIUIOTHUTEJIbHBIX TOBEPXHOCTEN IHEPreTHYeCKOi apMaTyphbl
J.B. Porozun =04, B.A. JIeHHBKHH

JloHCKOM rocyaapcTBEHHbIN TEXHUYECKUI yHUBEpCUTET, T. PoctoB-Ha-JloHy, Poccuiickas deneparust

D4 dmrogozin@ya.ru

AHHOTALMSA

Beeoenue. OnHo w3 TIaBHBIX TpeOOBaHMN K CrOCO0AM HAIIABKU YIUIOTHUTEIBHBIX MOBEPXHOCTEU JeTalieil 3aTBOpa
9HEPreTHYECKOI apMaTyphl 3aKII0YAeTCs B IOTyYSHUH KaueCTBEHHOTO HU3HOCOCTOMKOrO HAIUIABJICHHOTO CJIOS METaJlIa
IPY MUHUMAJIBHOM €T0 MPOIUIaBICHUH U ONTHMAIBHOM MPOM3BOANTENIHLHOCTH Mpoliecca. B HacTosiee Bpems pa3pabo-
TaHBI M BHEIPEHBI B IPOU3BOJCTBO IyTOBBIE, JIEKTPOILIAKOBEIE, INIA3MEHHBIE, JTy4eBble, HHIYKLIHOHHBIEC U APYTHe CIIO-
co0bl Hartu1aBKU. OJJHAKO BIUSIHUE PA3IMYHBIX TyTOBBIX CBAPOUYHBIX MTPOLIECCOB IUIABSIIIMMCS 3JIEKTPOAOM B 3aI[UTHOM
rase Ha reOMETPHYECKHE ITapaMeTphl HAIUTABICHHBIX BaJMKOB M TBEPIOCTb METajlUla YIUIOTHUTEIBHBIX ITOBEPXHOCTEH
HeocTaTouHo u3ydeHo. [IpencraBienHas Hay4yHas paboTa Npu3BaHa BOCIOIHUTH 3TOT npobed. Llenbio ee aBTOpOB sIB-
nsieTcs BBIOOP Takoro mporecca JyroBOil HAIUIaBKH BaJMKOB IDIABAIIMMCS DJICKTPOJOM B 3aIUTHBIX ra3ax Ha JeTalH
3aTBOpa SHEPreTHYECKOW apMaTyphl, KOTOpBIH oOecreyrBan Obl HaWJIydlIMe CBapOYHO-TEXHOJIOTMYECKHE CBOMCTBA
HAIUIABJICHHOTO MeTala.

Mamepuanst u memoodst. [lyroByio HaIIaBKy IUIaBSIIMCS SJIEKTPOZOM B CMECH I'a30B OCYIIECTBISUIA Ha TUIACTUHBI U3 CTAIIH.
HarmmaBounast Toperka nepemeniainach IpsMOJIMHEHHO, 6e3 monepedHbix Kotedanui, ¢ momorisio Mexanmma FRC-9 (Fronius).
B KauecTBe UCTOYHMKA IIMTaHMS NCTIOJIB30BAIH LIM(PPOBOI NCTOYHHUK TOKA MHBEPTOPHOTO THIIA C MUKPOIPOLIECCOPHBIM yIpaB-
nenrieM TransPulsSynergic 3200 CMT (Fronius). AHamm3y NOIBEPrayiCh CIEAYIONIHE CBAapOYHBIE MPOIECCHL: TPOIIECcC
MIG/MAG c camoperymupoBanueM (pexxum Standard), cuaeprerideckuii mporiece criocoda MIG/MAG (pexum Synergic), Tipo-
1iecc KOPOTKOH TyTOl C MEXaHWIECKIM OTPBIBOM Kartelib diekTponHoro meraiuia (CMT-ColdMetal Transfer) u cuaepreTidaeckuii
HMITyJIbCHO-TyToBO# npotiecc (PulseSynergic). ParpoHabHbIA poriece HAIIaBKU BaJIMKOB OLIGHUBAJICS CTAOMIIBHOCTBIO BEJH-
YUH SHEPreTHYECKUX MapaMeTpoB PeKHMa HAIUIABKH BAIMKOB BO BPEMEHH IIPH OAMHAKOBBIX CKOPOCTSIX MOJAUYH JIEKTPOIHON
TIPOBOJIOKH, KOTOPbIE (PUKCHPOBAIMCH OCLMILIOrpadamy, a Tak)ke CpaBHEHNE T€OMETPHUECKUX XapaKTEPHUCTHK HaILIABICHHBIX
BJIMKOB ¥ TBEPIOCTH HAIUIABICHHOTO METala.

Peszynvmamut uccnedosanus. AHannu3 SKCIEPUMEHTANBHBIX JaHHBIX T€OMETPUYECKUX Pa3MEPOB HAIUIABICHHBIX BaJU-
KOB M UX KOMIUICKCHBIX Pa3MEPHBIX XapaKTEPUCTHK ITO3BOJIMI YCTAaHOBHUTb, YTO CBAPOYHO-TEXHOJIOTHYECKUM TpeOoBa-
HUSIM, TIPEIBSBISIEMBIM K HAIUIABJISIEMBIM BaJIKaM, HanOoJIee ITOJTHO COOTBETCTBYET HaIIaBKa JJIMHHOM JyTrOf MMITYJIb-
CHO-JIyTOBBIM TIporieccoM PulseSynergic.

Oobcyrncoenue u 3axnwyenue. [IpoBeleHHOE UCCIIEJOBAHUE U MOJIYUYEHHbIE B PE3yJIbTaTe €ro JaHHbIe BHOCST ONpese-
JICHHBIH BKJIa] B PEIIeHHe POOIeMbl BIUSHUS TyTOBBIX CBAPOYHBIX IPOIECCOB Ha apaMeTpPhl HATIIABICHHBIX BAJIMKOB
W Ha TBEPAOCTh METAIa YILIOTHUTENBHBIX MOoBepXHOCTEH. [101pOOHBIi aHaIM3 peKMMOB TyTOBOH HAIUIaBKH BaJHKOB
TUIABSIIUMCS DJIEKTPOAOM B 3aIIMTHBIX ra3ax Ha JETad 3aTBOPa DHEPreTHUECKOI apMaTyphl MOXKET OBITh HCIOJIB30BaH
B JAJIbHEHIIHNX UCCIICIOBAHMAX Ha OTY TeMy. BBIBOABI aBTOPOB HE TOJIBKO OKaXXyT OIYTHMYIO TEOPETHYSCKYIO OMOIIb
YUYEHBIM, HO U BHECYT KOPPEKTUBBI B JIESITEIILHOCTD CIIELHATNCTOB-ITPAKTHKOB.

KiroueBble cj10Ba: NMITyIbCHO-TyTOBasi HAIlJIaBKa, CBAPOYHBIE TMPOIIECCH, KOPOTKas Iyra, AIHHHAS AyTa, IUIABAIIHHCS
3NEKTPOJ], YIJIOTHUTEIbHBIE TOBEPXHOCTU

BJaarogapHocTi. ABTOPEI BEIPaXaroT 01arolapHOCTh PEAAKIINY U PEIEH3EHTaM 32 BHUMATEIFHOE OTHOLIEHHUE K CTAaThe
1 3aMeYaHusl, KOTOPbIE MO3BOJIIIIN MOBBICUTH €€ KauecCTBO.

Jas uurupoBanus. Poro3un /1.B., Jleauskua B.A. Bribop npomecca AyroBoii HamiaBKy IDIABSIIIAMCS DIIEKTPOIOM B
3alUTHOM Ta3¢ YIUIOTHUTEIBHBIX MOBEPXHOCTEH 3HEPreTHIeCKOl apmaryphl. Advanced Engineering Research (Rostov-
on-Don). 2024;24(4):402—412. https://doi.org/10.23947/2687-1653-2024-24-4-402-412

Introduction. One of the main results of the mechanized weld overlay of sealing surfaces of power valve trim parts
in protective gases is the production of a high-quality wear-resistant weld layer of metal with minimal penetration [1].
The requirements for the metal of the weld layer are divided into three groups: welding and process, operational, and
economic [2].

Welding and process requirements determine the absence of pores, cracks, areas with embrittled structure, and other
welding defects that arise under surfacing. The deposited metal should be easily formed, have good slag separation in a
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wide range of modes both in single-layer and multi-layer surfacing. Thermal expansion coefficients of the base and weld
metal should be comparable. Otherwise, cold cracking may occur in the fusion zone with subsequent peeling of the weld
metal. The content of various elements in the weld metal determines its structure, phase composition, hardness, and wear
resistance [3].

The group of welding and process requirements also includes the productivity of arc surfacing in protective gases,
which fluctuates up to 8 kg/h, and the layer thickness — up to 10 or more millimeters. Higher productivity can be achieved
by using more powerful heat sources. However, when heating above a certain value, the proportion of the base metal in
the deposited metal increases, harmful elements pass from it, the volume of liquid metal grows, and the primary structure
of the deposited metal becomes larger [4]. In some cases, slow cooling of the deposited layer and its tempering reduce
wear resistance and other quality indicators of the metal of the deposited layer. Contradictions often arise between the
possibility of raising the productivity of deposition through increasing the power of the heat source and the quality of the
deposited layer [5]. Therefore, technology factors determined by the method and mode of deposition affect the size and
distribution of structural components in the deposited metal, its strength and quality.

The welding and process properties of the deposited bead are determined by the type of deposition process. One of
the fundamental properties of the deposited metal of the sealing surfaces of power valves is its hardness [6]. Currently,
arc, electroslag, plasma, beam, induction and other techniques of surfacing are widely used to form sealing surfaces on
parts of energy valve trims [7, 8]. An effective and well-researched method of surfacing is arc surfacing with a consumable
electrode in protective gases [9, 10].

The result of intensive development of power semiconductor devices (power transistors) in the last decades of the
20th century was the creation of new modern welding low-inertia, high-speed power sources (welding rectifiers),
equipped with inverter converters capable of controlling process modes at the microcycle level. This expands significantly
the scope of application of arc welding and surfacing due to the possibility of implementing specific welding processes
with a short and long arc at the hardware level [11]. However, the influence of various arc welding processes with a
consumable electrode in a protective gas on the geometric parameters of the deposited beads and the hardness of the
deposited metal has not been sufficiently studied. In this regard, the objective of this research is to determine the process
of arc surfacing of beads with a consumable electrode in protective gases on the parts of the trim of power valves, which
would provide the best welding and process properties of the deposited metal.

Materials and Methods. The effect of various arc welding processes produced by a consumable electrode in
protective gases on the geometric dimensions of the beads and on the hardness of the metal of the deposited surfaces was
investigated under mechanized surfacing with a reverse polarity current of individual straight beads on plates (made of
steel 20 GOST 1050 with a thickness of 10 mm, a length of 300 mm and a width of 150 mm) with electrode wire Sv-
08G2S with a diameter of 1.2 mm in a mixture of protective gases (8§2% Ar + 18% CO»). Protective gas consumption was
13—15 I/min, without transverse oscillations of the welding torch. The distance between the end of the contact tip and the
surface of the welded plate was maintained constant — 20 mm.

The weld beads were arranged parallel at a distance of at least 20 mm from each other. Each subsequent bead was
welded after the preceding one had been thoroughly cleaned of slag. The temperature of the metal of the preceding bead
was no more than 100°C.

The surfacing speed was 30 cm/min (18 m/h) and was provided by the FRC-9 surfacing torch movement mechanism
(Fronius).

The registration of electrical parameters during the entire process of bead surfacing (current value and voltage drop
across the interelectrode gap) was performed by the IRSP-11 welding process measuring and recording device. Reading
and viewing the registration results in the form of oscillograms was performed on a personal computer using the
IRSP Read software.

The hardness of the deposited metal was measured according to GOST 6996 on samples in the cross section after the
application of attack-polishing method in a 4% alcohol solution of nitric acid according to Rockwell (HRC) on a Metrotest
ITBRV-187.5-M hardness gauge. The hardness value was determined as the arithmetic mean at three points.

For surfacing the beads, a digital inverter-type current source with microprocessor control TransPulsSynergic
3200 CMT (Fronius) was used, which had a sufficient number of synergic programs for controlling the electrical
parameters of the welding mode and provided 4 types of surfacing process:

— MIG/MAG process (Standard mode);

— synergistic process of the MIG/MAG method (Synergic mode);

— CMT process with a flexible software control system for the transfer of “cold metal” by a short arc (CMT mode);

— pulsed-arc process (PulseSynergic mode).


https://vestnik-donstu.ru/

Rogozin DV, et al. Selection of the Process of Arc Welding of Sealing Surfaces of Power Valves with a Consumable Electrode in the Shielding Gas

The rational process of bead surfacing was assessed by the stability of the values of the energy parameters of the bead
surfacing mode over time at the same feed rates of the electrode wire, which were recorded by oscillograms (Fig. 1-4). The
results are given in Tables 1-3.

Research Results. The energy parameters of the surfacing mode are:

— average value of the surfacing process current (/cp);

— voltage drop across the interelectrode gap (Usp).

For short arc surfacing:

— short-circuit current curve i(teo);

— arc burning current curve iry(f);

— peak current value (1), interrupting current of the liquid bridge between the drop immersed in the weld pool and the
electrode;

— duration of short circuit &, arc burning #, and of the whole cycle #;

— short circuit frequency f.

The MIG/MAG (Standard mode) arc surfacing process was carried out with a constant feed rate of the electrode
wire vnn (hereinafter referred to as the electrode) with self-regulation of its melting, without the use of regulating
devices, with a long arc (without short circuits) in an inert, active protective gas and their mixture, with a short arc
(with short circuits of the inter-arc gap). The parameters of the MI/G/MAG process surfacing mode are given in Table 1
(modes 1-3). A section of the MIG/MAG process oscillogram (Standard mode) is shown in Figure 1.
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Fig. 1. Oscillogram of MIG/MAG process (Standard mode): surfacing mode 2 in Table 1
Table 1
Parameters of the Surfacing Modes by MIG/MAG Process and MIG/MAG (Synergic mode)
Short
Voltage, . circuit
Mode Vin Process current value, A v Duration, ms frequency,
No. | m/min s
Icp 1633 IH Unp tl('j tm tu ﬁc3
188—-198 130-190 190-310 2-4 - 6-28
1 5.0 19 4-24 59
194 160 250 3 14 17
220-230 190-210 250-360 2-4 5-26 7-30
2 6.5 21 51
225 190 310 3 15 18
252-263 235-245 300-380 2-4 25-65 27-69
3 8.0 25 21
256 240 340 3 45 48
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188-201 140-180 220-260 2-6 2-29 4-35
4 5.0 19 52
193 160 240 3 16 19
223-240 160220 280-310 3-8 8-38 11-46
5 6.5 19 35
234 190 290 5 23 28
254-265 220-260 300-320 - 6—-46 8§-52
6 8.0 24 26 33
258 240 310 4 26 30

Note. Numerator shows the smallest and largest values of the electrical and time parameters of the surfacing processes.

Denominator shows the average value of the corresponding parameters during the bead surfacing time.

The synergistic process of the MIG/MAG method (Synergic mode) is a self-organizing system that automatically
changes its process control structure by selecting the required synergistic program. In Syrnergic mode, setting one
parameter of the surfacing mode leads to an automatic change in all other process parameters by switching to a new
program that maintains a stable surfacing process (Table 1, modes 4-6). A section of the oscillogram of the synergic

process of the MIG/MAG method (Synergic mode) is shown in Figure 2.
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Fig. 2. Oscillogram of the synergistic process of the MIG/MAG

method (Synergic mode): parameters of surfacing mode 5 in Table 2

Under short arc surfacing using the MIG/MAG method (Standard mode) and under the synergic process using the
MIG/MAG method (Synergic mode), the current during a short circuit increases (short-circuit current curve iws(#)) according
to the exponential law. When the bridge is interrupted, the arc burning current (arc burning current curve im(ty,)) also
decreases according to the exponential law, as in the case of surfacing from parametric welding rectifiers that do not have an
inverter converter [12, 13].

A reliable interruption of the bridge in the specified surfacing processes occurs with a certain current reserve I, < 0.71,
where I, — peak current value at the moment of interruption of the liquid bridge between the electrode tip and the weld
pool; Iy = Uy, / Z, — steady-state short-circuit current; U,, — voltage at the output of the power source; Z, — complex
electrical resistance of the surfacing circuit [12].

It is known that the nature of the process with frequent short circuits of the arc gap depends on the rate of increase of
the current at the beginning of short circuit iws(#) and at the interruption of the liquid bridge ira(#x) [14].

According to [14], when surfacing with an electrode of 1.2 diameter from welding rectifiers that do not have inverter converters,
at a high rate of current increase, i > 200-300 kA/s, the process is stable, but is accompanied by increased spatter. At low rates of
current increase, i < 40 kA/s, the process occurs with rare short circuits, unstable. At rates of 40—130 kA/s, the process is stable,

with little spatter.
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Welding power sources with inverter converters are equipped with step-down output transformers with low
inductance, which provide low inertia of the source and the time constant of the circuit. The short duration of the time
constant of the electric circuit provides a high rate of current increase at the moment of contact of the liquid metal of the
electrode with the weld pool. This should worsen the reliable closure of the interelectrode gap and contribute to an increase
in metal losses due to spattering from the pool and the electrode tip due to an increase in the axial component of the
electrodynamic forces acting on the metal drop located at the electrode tip and the weld pool.

In this research, when surfacing beads using the processes in the modes specified in Tables 1 and 2, with short
circuits of the arc gap from an inverter-type source with an electrode feed rate (vuy) of 6.5 m/min, it was determined
that the rate of current increase at the beginning of a short circuit during the MIG/MAG process (Standard mode) was
40-45 kA/s, in the Synergic mode — 20-25 kA/s, in the CMT mode — 25-30 kA/s.

The results of processing the oscillogram data presented in Table 1 (modes 1-6) show that MIG/MAG surfacing
processes with short circuits (Standard mode and Synergic mode) are unstable in both electrical and time parameters.
This contributes to the formation of droplets of uneven sizes and uneven frequency of their transfer. This circumstance is
the reason for the unsatisfactory formation of the surface of the weld bead, which is manifested in the uneven, bumpy
outline of its surface — scaling.

The control of the surfacing process in the CMT system is performed simultaneously by feedback signals on the
instantaneous value of the welding current and voltage at various stages of the short circuit of the arc gap through acting
on the low-inertia welding power source and on the feed rate of the electrode.

The CMT feeder uses a “push — pull” electrode feed system. A more powerful DC pusher motor feeds the electrode
wire from the cassette into the flexible hose at a constant speed equal to the average speed of its melting. The reversible
pulling servomotor installed in the torch body maintains the reciprocating movement of the electrode wire as it exits the
current-supplying tip of the welding torch at a variable speed according to a given program.

The nature of the change in the electrical parameters of the process according to the CMT algorithm at an electrode

feed rate of 6.5 m/min is shown in Figure 3.
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Fig. 3. Oscillogram of the CMT process: parameters of surfacing mode 8 in Table 2
Table 2
Parameters of Surfacing Modes by CMT Process
Short circuit
e Current value, A | Voltage, V Durati fi Drop
urrent value, oltage, uration, ms requency,
Mode | speed, g q Y volume
no. Vi, 1/s
m/min | I I I Unp tes tea tu S mm’
7 5.0 175 240 300 14 5 6 11 90 1.72
6.5 220 250 380 16 6 7 13 77 1.54
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In order to explain the technological advantages of the CMT surfacing process, the feature of changing the electrical

parameters of the algorithm in one cycle (Fig. 4), taken from the oscillogram in Figure 3, is considered.
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Fig. 4. Fragment of one cycle from the oscillogram of CMT process: mode parameters — in Figure 3

From the fragment of the oscillogram of one cycle (Fig. 4), it follows that at point (p.) 1, the process of interrupting
the bridge starts at a relatively low current (135 A). This is much less than in the MIG/MAG process. The voltage drop on
the interelectrode gap in 0.25 ms increases to the sum of the near-electrode voltage drops, and then, after 0.75 ms,
increases to 32 V (p. 2), and the current increases to 380 A (p. 2) with a rate of increase of 250 kA/s.

The metal of the electrode wire, melted during the arc burning time in the time interval between p. 1 and p. 3 (about 4 ms)
at a relatively high current value, is displaced from the electrode tip to its side surface. Then, within 1.0 ms, the current sharply
decreases to the value of the base current (/sss — 90 A) at a rate of 290 kA/s, and the voltage decreases to 23 V. In the time
interval of 2.0 ms (between p. 4 and p. 5), the length of the arc gap is reduced, and the voltage is decreased to 18 V. The value
of the base current between p. 4 and p. 5 is automatically maintained constant by the source control system, the molten metal
from the side surface of the electrode descends under its tip, takes the form of a spherical segment.

When the liquid metal of the spherical segment of the electrode comes into contact with the surface of the weld pool
(p. 6 on the voltage curve), a reliable short circuit of the electric circuit occurs without splashing, which is observed during
MIG/MAG surfacing, for 1 ms, and for 2 ms (between p. 7 and p. 8), the voltage drop on it is maintained constant (5 V),
the current value is 250 A, respectively.

At p. 8, the servomotor is reversed, and the electrode starts moving in the opposite direction from the weld pool. The
current value decreases to 130 A (p. 9) and remains unchanged for 2.5 ms (the interval between p. 9 and p. 10), and the
voltage on the bridge increases by 1 V. At the same time, the bridge continues to be pulled out of the pool and narrows.

In p. 10, the bridge interrupts, the voltage on the arc gap becomes greater than the sum of its near-electrode drops, and
the arc ignites. At the same time, the servomotor is reversed, and the electrode begins to flow toward the weld pool at an
increased speed. Simultaneously, the voltage on the arc gap between p. 10 and p. 11 increases. This causes a high rate of
current increase (480 kA/s) to a value of 380 A. In the time interval between p. 11 and p. 12, intensive melting of the
electrode occurs, and the surfacing process cycle is repeated.

From the oscillogram data (Fig. 3 and Table 2), it follows that the CMT process is the most stable, since it has virtually
no deviations — both in electrical and time parameters.

When surfacing a bead using the CMT process (Fig. 3), the current value during a short circuit of the arc gap, compared

to the MIG/MAG process, at the same electrode feed rate, is lower, and the process is more stable and has a pronounced


https://vestnik-donstu.ru/

Rogozin DV, et al. Selection of the Process of Arc Welding of Sealing Surfaces of Power Valves with a Consumable Electrode in the Shielding Gas

cyclic nature. The frequency of short circuits is higher, and the duration of the arc and the cycle time are shorter (Table 2).
This contributes to a finer metal transfer, satisfactory formation of the surface of the surfacing bead with uniform scaling.
In the process of pulse surfacing (PulseSynergic), along with the use of the Synergic process itself, it is possible to
cyclically alternate the energy parameters of the surfacing process. Due to such a pulsed change in the process current
and arc voltage, the heat input in the weld pool is regulated, which, in turn, affects the geometrics of the surfacing bead.

The major task of pulsed arc surfacing (welding) with a consumable electrode with a long arc is to provide controlled
fine-droplet transfer of metal in the region of modes with natural large-droplet transfer. The best process properties here
are manifested when using spatially stable arcs, which are observed in a protective environment of argon or in a mixture
with more than 80% Ar and CO..

The section of the oscillogram of the PulseSynergic surfacing is shown in Figure 5. The parameters of the pulse
surfacing process at different electrode feed rates are shown in Table 3, and the parameters of the rollers are shown in
Table 4 (modes 9-11).

The current pulse has a trapezoidal shape, the amplitude of which is determined as I, = I, — I6as.
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Fig. 5. Oscillogram of the pulse-arc process (PulseSynergic mode): surfacing mode parameter 10 in Table 3

Table 3
Parameters of Surfacing Modes by PulseSynergic Process
Voltage, Current pulse
Mode Feed Process current value, A g Duration, ms P Drop
speed, Van, A% frequency, 1/s volume,
no.
m/min Ip I In Un tum ta tu Sinn mm’
9 5.0 157 45 430 24 3 7 10 100 1.19
10 6.5 192 70 430 24 3 5 8 125 1.11
11 8.0 233 100 430 26 3 3 6 166 1.15

The characteristic feature of the control algorithm of the surfacing process of the PulseSynergic mode is that the
average process current (/cp) and its base current (/s1;) are set by the electrode feed rate, and their values increase with an
increase in the electrode feed rate. At the same time, the peak pulse current (/;) and its duration (fimv) remain unchanged,
and the pause duration (#;) is reduced with a simultaneous increase in the pulse repetition frequency (fimm), the volume
of drops remains almost the same, fine-droplet (Table 3). Under such conditions, the surface of the deposited bead has a

fine uniform scaly texture.

Machine Building and Machine Science

409



https://vestnik-donstu.ru

410

Advanced Engineering Research (Rostov-on-Don). 2024;24(4):402—412. eISSN 2687—1653

Table 4
Parameters of Beads Deposited by Different Processes
Bead ) . .
) Depth of : Height of . Surfacing | Welding Form
Mode | Surfacing . width .| Penetration Hardness

penetration, convexity, area mm? shape factor
no. process e, area, mm? . . . HRC

a, mm g mm (calculation) | coefficient | fusion

mm
1 2.4 8.8 32 10.0 20.0 2.8 3.7 21.0
2 | MIG/MAG 3.0 10.7 32 15.0 24.5 33 3.6 24.0
3 33 14.5 2.9 21.0 29.4 5.0 44 18.5
4 2.3 9.2 2.9 9.2 18.2 3.2 4.0 29.0
5 Synergic 1.2 10.1 3.6 4.0 26.0 2.8 8.4 24.0
6 4.0 14.4 3.0 22.0 30.0 4.8 3.6 19.0
7 1.5 7.0 3.7 3.8 20.3 1.9 4.7 25.0
CMT
8 2.2 10.2 3.7 7.0 27.8 2.8 4.6 24.5
9 2.3 11.4 2.6 10.4 20.0 44 5.0 20.0
Pulse
10 ) 32 12.6 2.9 17.0 25.0 4.3 3.9 22.0
Synergic

11 3.6 14.4 3.0 22.3 323 4.8 4.0 19.0

Note. The hardness of the plates made of steel 20 GOST 1050 was 10—12 HRC.

Table 4 shows the data on the geometric parameters of the beads deposited under the same conditions, at the same
electrode feed rates. Based on these data, the dimensional characteristics of the beads were calculated (deposition shape
coefficient kyu = e/g, penetration shape coefficient ks = e/a, and deposition completeness coefficients p, = Fu/(eg)),
which characterize the completeness of filling a rectangle with the weld with dimensions e and g [8, 15]. Based on these
indicators, it can be concluded that it is advisable to weld the beads to create sealing surfaces for power engineering valves
using a long arc through the PulseSynergic surfacing process, which provides stable electrical and time parameters that
meet the welding and process properties of the surfaces under weld overlay.

Discussion and Conclusion. As a result of the conducted research, data were obtained that are of great importance
for studying the influence of arc welding processes on the dimensions of deposited beads, on the hardness of sealing
surfaces. The revealed patterns of changes in time of energy parameters of the surfacing mode with a short and long arc
in the process of transferring electrode metal in the inter-arc gap can be taken into account when using low-inertia welding
inverter power sources by specialists in their practical activities. The analysis of the modes of arc surfacing of beads with
a consumable electrode in protective gases on the parts of the trim of power valves and the specific data obtained during
it can be used in the further development of arc surfacing technologies and in future research on this topic. The selection
of the gas-shielded arc welding process for sealing surfaces of power valves in favor of the PulseSynergic long arc welding

process provides an opportunity to validate the minimization of electrical and time parameters of the welding process.
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Abstract

Introduction. In medicine and related industries, bioinspired approaches are used for the survival analysis, among which
the Cox regression model holds a specific place. The practice of its application is described in the theoretical and applied
literature. However, a significant drawback of this method requires careful study. The fact is that the features correlate
with the hazard function linearly, and the model does not use more complex dependences. This causes some difficulties
in studying survival analysis. The presented work is aimed at solving this problem. The object of study is the extended
Cox model, in which the hazard function includes a nonlinear combination of features.

Materials and Methods. A database of prostate cancer patients was used, since this was a common diagnosis in global
oncology. A class of extended Cox models with an additive/multiplicative hazard function was defined. To solve the
problem using the optimization method, a fitness function was constructed that evaluated the results of prognosis, the
number of features, and the degree of overtraining of the model — the complexity and load of the compiled hazard
function. An algorithm of pollinating ants has been developed to optimize the fitness function. It simulates the
reproduction of flowering plants using pollinating insects and consists of three parts: an ant colony algorithm, a genetic
algorithm, and an ant pollinator algorithm. The quality of training of the Cox model was assessed by C-index.

Results. A metaheuristic algorithm for ant pollinator optimizing was proposed, providing for the construction of hazard
functions of the extended Cox model. The set of parameters for training the standard Cox model was the entire set of
features used: TNM, prostate-specific antigen doubling time (PSADT), Gleason score, serum PSA concentration at
diagnosis, patient age and education, Rh factor. C-index value of the trained model was 0.853691. The extended Cox
model with the found additive/multiplicative hazard function had a higher C-index value — 0.856241 with a smaller
number of features used (TNM, PSADT, and Gleason score). In terms of quality, this approach is not inferior to or superior
to the classical Cox model. Reducing the number of features involved should improve the efficiency of medical decisions
and speed up the start of treatment.

Discussion and Conclusion. The presented algorithm for constructing survival analysis models increased the accuracy
of predicting the occurrence of a terminal event, and reduced the number of features used for this purpose. The difference
in accuracy for the studied data set seemed insignificant — C-index increased from 0.853691 to 0.856241 (by 0.3%). At
this, the number of features taken into account was reduced from 7 to 3 (by 57.1%). Consequently, the proposed method
solves effectively the problem of feature selection, and can be applied to improve the quality of prognostication.

Keywords: prostate cancer, survival prediction, terminal event probability, Cox regression model, ant pollinator algorithm
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AHHOTaNUs

Beedenue. B MenuiyHe 1 CBSI3aHHBIX C HEIO OTPACIIAX AJIS aHATM3a BEDKHBAEMOCTH HCIOIB3YIOTCS ONOWHCTIMPUPOBAH-
HBIE TTOIXO/IBI, CPEIH KOTOPBIX 0c000€ MECTO 3aHMMaeT perpeccnoHHas moaenb Kokca. [IpakTika ee mpuMeHEHHs OIH-
caHa B TEOPETHYECKOH M MPUKIaIHON uTeparype. OaHako TpeOyeT TIaTeabHOH MPOpadOTKH CYIIECTBEHHbIH HEJJ0CTa-
TOK JJAaHHOTO MeToza. /leJio B TOM, YTO IPU3HAKK KOPPEIHUPYIOT ¢ (GYHKIMEH prcKa JIMHEHHO, U MOJIENb He 33/1eHCTBYET
GoJiee CIOXKHBIE 3aBUCHMOCTH. DTO CO3/1a€T TPYAHOCTH TIPH MCCIICIOBAHNH aHAN3a BDKUBaeMOCTH. [IpencraBieHHas
pabora HalleseHa Ha pelieHHe JaHHOH npooieMbl. OOBEKT N3yUdeHus1 — pacuiupeHHas Moens Kokca, B KOTopoid QyHK-
LIUsI PUCKA BKIIIOYAET HETMHEHHYI0 KOMOMHAIMIO IPU3HAKOB.

Mamepuanvi u memoowt. Vicrionp3oBanack 6a3a TaHHBIX OOJBHBIX PAKOM IPeCTaTeNIbHON JKee3bl, TaK KaK B MUPOBOM OH-
KOJIOTHH 9TO IIMPOKO PaclpoCTpaHeHHbIi anarHo3. OmnperesieH Kiace paciMpeHHbIX Mozenel Kokca ¢ aganTnBHO-MyIbTH-
TUTMKAaTHBHOMW (yHKIMeH prucka. [IJ1st perieHus 3a1a4i METOI0M ONTHMH3ALMH TOCTPOeHa (DYHKIHS PUCTIOCOOICHHOCTH, KO-
TOpast OLIEHUBAET PE3YJIbTaThl IPOTHO30B, KOIMUYECTBO IIPU3HAKOB, & TAKKE CTENEHb NEPE00yUEHNS MOAEIH — CII0KHOCTD U
Harpy>XeHHOCTb COCTAaBICHHOHN (QYHKIMH prcKa. 11 onruMusaIiiy (GyHKIUH IPUCTIOCOOJICHHOCTH pa3padoTaH alropruT™ My-
paBbeB-onbuHTENEH. OH NUMUTHPYET PA3MHOXKEHHUE [IBETKOBBIX PACTEHUH C TOMOIIBIO HACEKOMBIX-OIBUTUTENCH U COCTONT 13
Tpex JacTeil: MypaBbHHBIIN aTOPUTM, TEHETHUECKUH aJITOPUTM 1 alrOpUTM onbuleHus. KauectBo oOyuenus moxenu Kokca
orieHnBaIM 110 C-MHIIEKCY.

Peszynomamut uccnedosanus. IIpeyioxkeH METa3BPUCTHIECKUH AJITOPUTM ONTHMH3ALUK MYpPaBbEB-OIBIIUTEINCH, 1103~
BOJISIIOIUH CTPOUTH (pyHKIMH prcKa paciuupeHHol Monenu Kokca. Habop napameTpoB uist 00y4eHHs: cTaHIapTHON MO-
nenu Kokca — Bech HCHONB3yeMbIi KOMIUIEKC TIPU3HAKOB: PaCIPOCTPAHEHHOCTh OIYXO0JIEBOTO MIPOIIEecca, BpeMsl yABOE-
Hust npocrarcnenuduyeckoro anturena (IICA), cymma 6atos no mkaine ['nrcona, ceiBopoTouHast KoHteHTpanums [ICA
Ha MOMEHT MOCTaHOBKH JIMarHO3a, BO3pacT ¥ 00pa3oBaHME MalueHTa, pe3yc-pakrop. 3HaYCHUE C-UHeKca 00yueHHON
mogenn — 0,853691. Pactmpennas mozaens Kokca ¢ HaliJleHHON aJIMTHBHO-MYJIbTUILIMKATHBHOW (yHKIHEH pHcka
nMmeet OoJiee BRICOKHI moka3zateiab C-uHaekca — 0,856241 ¢ MEHBIINM KOJMYECTBOM HCIOJIb3yEMbIX PU3HAKOB (pac-
MIPOCTPAHEHHOCTH OITyXO0JIeBOTO Tpotiecca, BpeMs yaBoerus [ICA u cymma 6amioB no ['mucony). o xagecTBy sTOT
MOJXO0/] HE YCTyTaeT Kinaccuaeckoi Mmoaenu Kokca mm npeBocxoaut ee. CokpaleHue yncia 3a/1eiicCTBOBaHHbIX MIPU3HA-
KOB JJOJDKHO TTOBBICHTH ONIEPATHBHOCTH BPAa4eOHOTO PELICHHS U YCKOPUTH HAYalIO JICYEHHS.

Oécymcoenue u 3akniouenue. IlpenctaBneHHBIN alTOPUTM OCTPOSHHS MOJIENIeH aHaTN3a BBDKHBAEMOCTH TTOBBICHII TOU-
HOCTH IPEe/ICKa3aHUs HACTYIUICHHUS TEPMUHAIBHOTO COOBITHS M YMEHBIIMI KOJMYECTBO MCIOIB3YyEMBIX JJISI ATOH Ien
Npu3HaKoB. Pa3HuIa B TOYHOCTH VISl HCCIIEyeMOro Habopa JTaHHBIX MPEICTaBIIeTCsl HecylecTBeHHO — C-MHaeKc
Bo3poc ¢ 0,853691 1o 0,856241 (wa 0,3 %). I1pu 3TOM KOIHIECTBO NPUHIMAEMBIX BO BHIMAHHUC IPU3HAKOB COKPATHIIOCH
¢ 7 no 3 (na 57,1 %). CnenoBaTenbHO, IPEIUIOKEHHBIA MeTOA AP PEKTUBHO penIaeT 3aady BbIOOpa MPU3HAKOB U MOXKET
OBITh IPUMEHEH JIJIsI TOBBILICHUS Ka4eCTBa NPOTHO3UPOBAHHUS.

KiroueBble cioBa: pak mIpeacTaTeNbHON KeJe3bl, MPOTHO3UPOBAHHE BBDKMBAEMOCTH, BEPOSATHOCTh HACTYIJICHHUS
TEPMHUHAIBHOTO COOBITHSI, pErpecCHOHHast MoJenb Kokca, aroputM MypaBbeB-OIBUIUTEIEH

Baarogapuocru. ABtops! Onaroaapst biarosemenckyo E.A., nokropa ¢pu3nKo-MaTeMaTH4ecKuX Hayk, npodeccopa,
3a KOHCYJIbTAILIMIO B 001aCTH TeopHru Ipad)oB U aIrOPUTMOB OITUMH3ALIUH.

Jst nutupoBanus. Mukymik V.1, XXapuaos .M, Kaees A }O. AnroprM ocTpoeHust PYHKIMH PUCKa pacIIMPEHHONH MOICITI
Kokca m ero mpumeHeHne Ha 0a3e MaHHBIX OOJBHBIX PAaKOM TMpeNCTAaTeIBHON Kene3bl. Advanced Engineering Research
(Rostov-on-Don). 2024;24(4):413-423. https://doi.org/10.23947/2687-1653-2024-24-4-413-423
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Introduction. Survival analysis is a set of statistical methods that provide the estimation of the probability of a
terminal event, after which the object goes out of control. The methods involve working with data that has a time
characteristic. This is the time from the beginning of observation to the occurrence of a terminal event or the exit of an
object from observation. The possibility of working with objects that have been no longer under observation is of interest
to applied areas of science, including medicine [1].

One of the classic models of survival analysis is Cox regression model [2]. Its hazard function uses a linear
combination of features, which in general may not be entirely correct, since the influence of features on the hazard
function value can be expressed by a nonlinear correlation. For each problem, the contribution of features and the hazard
function can correlate differently. This is determined by the data used and requires special approaches to finding forms
of dependences. Various methods for determining dependences of features in the hazard function are considered in [3].
This paper proposes to use the extended Cox model, whose hazard function establishes not only an additive, but also a
multiplicative combination of features. Aside from that, a method for constructing such models is described depending
on the data used and the set of features.

Building a model involves solving the problem of feature selection, one of the key problems in data analysis [4]. It
consists of finding the optimal set of features sufficient to build a forecast. The solution gives an idea of which features
have greater prognostic significance. The problem can be formulated in terms of optimization and solved using
optimization methods. The proposed ant pollinator algorithm for its solution refers to metaheuristic hybrid optimization
methods. It uses ant colony and genetic optimization algorithms, as well as the first developed model of flower crossing.

The algorithm is implemented on the basis of data of patients with prostate cancer. In the world medical practice, this is
one of the most common malignant neoplasms in men [5]. The introduction of screening based on the assessment of serum
concentration of prostate-specific antigen (PSA) has significantly changed the structure of newly diagnosed cases of prostate
cancer. If previously most of them were locally advanced and metastatic forms of tumor, now localized forms dominate.
Due to this, the frequency of radical interventions has increased, and the ten-year survival rates of certain groups of patients
who have undergone radical prostatectomy or combined hormonal radiation therapy have approached 100%.

Despite the obvious success in the diagnosis and treatment of prostate cancer, several important issues remain
unresolved and require research.

Modern methods for predicting survival in prostate cancer are based on a combination of factors: age, tumor grade
and histological differentiation, serum PSA concentration, its doubling time [6] and density [7]. The Cox and other models
of survival analysis provide a general idea of fate, but their accuracy in predicting outcomes for individual patients can
vary. Moreover, a prognosis based on a set of features does not provide an indication of the significancy of each feature.
This limits the ability of clinicians to adapt treatment recommendations to the needs of an individual patient.

Improving approaches to assessing cancer patient survival is a key aspect of scientific research in oncology. More and
more attention is being paid to the accuracy of prediction, which is critical for selecting a therapeutic strategy. A high-
quality prognostic model more accurately determines the risk for the patient and allows for adapting treatment approaches
depending on the expected outcome. This can improve both treatment outcomes and the patient’s quality of life.

Under conditions of high workload for medical personnel, limiting the number of features in the forecast model is of
significant practical value, as it shortens the time spent on making medical decisions. Simplifying the model allows focusing
on key aspects of the clinical picture, which reduces the likelihood of incorrect interpretations of data. In addition, the use of
a limited set of features increases the reproducibility and stability of the forecast results, i.e., its reliability.

The objective of this research is to develop an algorithm for constructing survival analysis models with the selection
of key features. The accuracy of the new approach should be no lower than that of the Cox model. Note that various
methods for constructing hazard functions of the Cox model define not one extended Cox model, but a whole class of
algorithms with different hazard functions. This approach to adapting the hazard function to the set of available data and
features is selected as a way to achieve the stated goal.

The tasks solved in this research are listed below.

1. A class of extended Cox models with an additive-multiplicative hazard function is defined.

2. A fitness function that evaluates the results of forecasts of the extended Cox model is constructed.

3. An optimization method that solves the problem is created.

4. A program that implements the proposed algorithm is developed.

5. The result of the program's operation on a database of patients with prostate cancer is obtained, and the effectiveness
of the developed algorithm is shown.
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Materials and Methods. In the survival analysis, survival and hazard functions are used to estimate the risk of the
event under consideration. The first function is a stochastic characteristic that determines the probability of survival
(absence of a terminal event) over a given time. In other words, survival function S(¢) is defined as the probability that
the terminal event does not occur before time #:

S(t)=P(T >1),
where 7 — time of the terminal event occurrence.

Survival analysis models construct survival curves for each data sample based on its features. The models are often
specified using a hazard function, which defines the probability of a terminal event occurring in an infinitesimal time

interval between ¢ and A¢, given that it has not occurred before #:

Plt<T<t+At|T >t
7b(t):AltlTo ( At | )

The Cox proportional hazards model computes the hazard function for a single instance as a linear combination of its
features, establishing a relationship between the instance features and the hazard function.

On the one hand, the explicit assignment of the hazard function makes the model transparent and convenient for
interpreting forecasts. On the other hand, the assumption of a linear relationship between features and forecast is a
limitation and cannot be fulfilled for all practical problems.

Research Results. Let S be the training dataset. The hazard function in the classical Cox model is:

}»(t|X,-): Ao exp(BlXil +...+BpXip) =X exp(B-Xi),
where B — vector of influence of features; X; € S — data instance.
In [3], the hazard function of the Cox model is considered in a generalized form A(#.X;) = Aoexp(g(B-X:)), where g(B-X)
is the function that establishes the relationship between the features of the instances. In this paper, function g is a
polynomial of a special form.
Let F={f, /5, ..., fa} be a set of all features. |F] =p. F;— a subset of features: F; C F. P/(F;) — polynomial composed

of features f'€ F:
&l 7|

P(F)=) 0. ) 17,
=l j=l

where & ={(&,.&,.....& )}, & €{0; 1} — a set of indicators of the occurrence of the i-th feature in the term of the

polynomial; ¢; € {0, 1} — marker indicating the occurrence of the i-th monomial in P,.

Thus, polynomial P,(F;) is the sum of monomials, each of which is a product of features. In this case, the degree of a
feature in a monomial is no more than one. Hazard function M#X;) = hoexp(g(B-X))), where g(B-Xi) = Py(F, B-X)), is called
additive-multiplicative, since the value of each feature in it can be included either in the sum or in the product.

To obtain and process the results, it is required to evaluate the quality of the constructed model. In [8], the quality of
the model is evaluated using the loss function, and this is a general approach for any learning model. The most commonly
used evaluation indicator is the Concordance index (C-index). It was also selected to evaluate the extended Cox model.
The C-index takes into account both observed events and censored cases [9]. Here, the rank correlation between the actual
survival time and the model predictions is quantitatively determined. The C-index shows the ratio of correctly ordered
(concordant) and comparable pairs [10].

The paper considers the hypothesis of an extended Cox model with prediction accuracy no lower than that of the
classical Cox model.

Let (S, P,(F))) be the C-index of the extended Cox model trained on data S, with an additive-multiplicative hazard
function constructed using polynomial P,(F), and c¢(S, Py(F)) — C-index of the classical Cox model trained on the same
data S. The hypothesis can be formulated as:

3P, (F,).F, < F:c(S.P,(F,)) 2 c(S. P (F)). (1)

To find non-trivial examples of the hypothesis, a problem was set and an algorithm was developed. The problem can
be formulated in terms of the optimization theory. It is necessary to construct polynomial P,(F;) on subset ' with the
largest value c(S, Py(F;)) with a minimum set of features F;. T Thus, two optimization conditions are introduced
(S, Py(Fy)) — max and |F| — min. Another problem of constructing a polynomial should be taken into account. As the
number of possible features increases, the number of possible polynomials, including those constructed due to overfitting,
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grows exponentially. Typically, such polynomials consist of the sum of a relatively large number of monomials, and the
monomials themselves consist of a large number of factors. Such polynomials increase the accuracy of the model only
on trained data and do not readily lend themselves to analysis.

To get rid of the problem of overtraining, the paper proposes optimization by two additional criteria: the number
of monomials in P,(F;) and the loading of polynomial P,(F;), which reflects the number of multiplicative connections
in the polynomial.

The number of monomials is defined as Z‘f‘ ¢; . However, to construct a correct condition, it is necessary to take into

account the nonlinearity of the contribution of the number of features to the objective function. With a small number of
incoming features, a more significant change in the indicator is expected than with a large one. Therefore, the paper

log, [Z,«E‘Pl’j |

p

proposes the indicator:

K =

q

Note that value K, does not exceed 1.

Z‘f‘ ¢@; — max at Vo; = 1, hence:

> ol =201

log, (2” -1) <log,2? =p,
K, <l

It is not entirely correct to define the polynomial loading as the number of multiplicative bonds. In this case, the real
assessment of the polynomial complexity is not reflected with a different number of monomials included in it. The
indicator should demonstrate the loading of each incoming monomial; therefore, the following value is introduced in the

Z \F\,%
B = i,9;#0 J=1 i
4 fel '
Zl_ Pi |Ft|

Given the introduced characteristics, the optimization problem consists of finding P, (F;) under the conditions:

work, not exceeding 1:

c(S,Pq (F, )) — max,
F, — min,
K; — min, 2)
Bq — min.

Let us move on to one-dimensional optimization by introducing balancing coefficients w:
£,
f = (D]C(S,Pq (E ))_(Dz __(,03Kq _Q)4Bq —> max.
p
Or it is represented as a sum:
F,
f=w ~c(S,Pq (F,))+(o2 ~(1——’]+w3 -(I—Kq)+(o4 ‘(I—Bq)—> max. 3)
p

The last form of recording, if necessary, allows us to fix the value of the objective function f by introducing an explicit
relationship between the balancing coefficients:

0 = i 5

I+y,+73
0, = 12 5

I+y,+73

_ V3

3= 5

I+y,+7,

o, =1-0, -0, —0;.
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For any 71, y2, v3 € (0; 1). Thus, by selecting the required y; or directly w;, it is possible to strengthen or weaken the
corresponding conditions of system (2). The task is to find the maximum of the objective functionf (3) under certain w;.

To solve the optimization problem, the article presents the developed ant pollinator algorithm. It is based on the model
of an ant colony adapted to the task. The algorithm transforms a set of graph vertices representing features or their product
into a model. The process of pollination and reproduction of flowering plants using pollinating insects is simulated. The
solution includes three algorithms:

— ant colony algorithm is used to build the model,;

— genetic algorithm improves the performance of ant colony algorithm;

— pollination algorithm provides selecting properties or their product.

The result of the algorithm is polynomial P,(F;), which maximizes function f(3). Each monomial included in the sum
of the polynomial is represented by a flower. The set of flowers forms a graph. The pollinating ants build a path along it.
Each ant determines a set of flowers, and the sum of the corresponding monomials forms polynomial P,(F;). The estimate
of the path built by the ant is the value of function f(3) for the extended Cox model with g = P,(F)).

The ant stage of the algorithm is a simple ant colony algorithm adapted to the problem [11]. Each ant & has a different
set of parameters oy, Br, Or The sensitivity of ants to pheromones o, determines the degree to which ants exploit the
solutions found. The heuristic sensitivity B sets the level of exploitation of heuristic information. The pheromone intensity
Ok determines the amount of pheromone that an ant deposits on a flower during the search for a solution. The static
parameters of the algorithm are: number of ants n, evaporation rate p, initial level of pheromones To.

Each ant chooses a vertex stochastically according to the rule:

T8 ()b
()=l

3w (omd

where p*(f) — probability of choosing flower v by ant k at iteration ¢; 1,(f) — amount of pheromone deposited on flower

“

v at iteration #; 1, — heuristic information, which is calculated as 1, = ¢(S, P; = v). The second part of this equality is the
C-index of the extended Cox model trained on one monomial of flower v.
Each ant deposits pheromone according to the rule:

O
SRR ©

where P,(F;) — polynomial constructed by ant k; f— objective function.

Ty

The second stage is the application of the genetic algorithm. It modifies parameters of the ant colony algorithm taking
into account the efficiency of the solutions found [12]. The algorithm sequentially applies three operators to the ant
population (their parameters): selection, crossing over, mutation. The roulette wheel method is used as the selection
operator. An ant gets into a new population with the probability:

Lo J(AE)
2./ (B(F))

The crossover operator is the bitwise sum of the bit representations of the parameters of the selected individuals. The

(&)

mutation operator is the inversion of a random bit in the bit representation of the parameter of the individual.

Pheromones left on vertices-flowers are also used at the pollination stage. This stage employs the population idea.
Four operators are applied to the flower population: selection, crossbreeding, linebreeding, and aging. Each flower, in
addition to the stored value of the vertex-monomial, has a parameter — age. The selection operator choses flowers with
the highest concentration of pheromones. The crossbreeding operator introduces new flowers with some probability, the
monomial of which is the product of the combination of features from the monomials of the parent flowers:

Vi z(ei’ri’ni’oi)a
T, T,

Vi ij =VioVi = | € = qu ce; Ue/. fq’Tk :T;nk = C(S,PE ek)’ok = Omax |5

where ¢ — monomial of a new flower; T — random amount of pheromone not exceeding 1o, deposited on the flower;
n — heuristic component; o — age of the flower; 0, — established lifetime of the flower.
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If the transformation results in flowers already in the population, then new flowers are not created, but the age of the
existing ones is updated. The linebreeding operator is unlikely to add a new flower with a single feature to the population.
This operator is used to leave the opportunity for displaced traits to participate in the algorithm. The aging operator
decreases the age indicator for each flower. If the aging indicator becomes zero, the flower is eliminated from the
population.

Thus, the configurable parameters of the algorithm are: n, o, p, Omax, %, o, Q0, Piross, Pmur- The selection of their values
depends on the current application task and affects the convergence rate of the algorithm. Note that the parameters o, o, Qo are
adapted under the operation of the genetic algorithm; therefore, their initial values do not have a large effect on the convergence
rate of the algorithm, especially with a significant number of iterations of the algorithm presented below.

Start

1. Define parameters n, To, P, Omax, %0, Po, Q0, Pirosss Pmut

2.Setc=0,P=0

3. Place a set of flowers V' = {v; = (e; = f, . = rand(0, 1), i = (S, Pi = f5), 0i = Omax) | Vi € F}

4. Place a set of ants 4 = {ox = (o = dlo, Pr = Po, Ox = Qo) }

5. Until the stop criterion is reached

5.1. For every ant ox € 4

5.1.1. Ex®) = {Vrandom}

512, eit—1)

5.1.3. ct) =n;

5.1.4. Until cy(t) > cx(t — 1)

5.1.4.1. Select v in accordance with rule (4)

5.1.42. E(t)=U {v}

5.1.4.3. it — 1) = cu(®)

5144 B =%, cr,0n @

5.1.4.5. ci(®) =AS, Pr)

515 If el(t) > ¢

5.1.5.1. ¢ = c(t)

5152.P=P;

5.1.6. For each v; € Ex(f), calculate At, according to rule (5)

5.2. Apply the selection operator 4 = Sseiecrion(A)

5.3. Apply the crossover operator 4 = Scrossover(A)

5.4. Apply the mutation operator 4 = Syurarion(A)

5.5. Apply the flower selection operator V' = Syeieciion(V)

5.6. Apply the crossbreeding operator V' = Scosspreeding(V)

5.7. Apply the linebreeding operator V = Siinebrecding(V)

5.8. Apply the aging operator V' = Suging(V)

6. Return values ¢, P

The algorithm's stop criterion can be the number of iterations or the convergence of solutions to a single value. Thus,
the presented method of optimizing pollinating ants solves the problem of constructing a hazard function and selecting
features for the extended Cox model. If there are non-trivial examples for hypothesis (1), they can be found by the
described method.

The algorithm was tested on a database of patients with prostate cancer. They were treated or observed from January
1996 to December 2016 at the Russian Scientific Center of Radiology and Surgical Technologies named after
Academician A.M. Granov, Ministry of Health of the Russian Federation [13]. The study included anonymized data on
the prevalence of the tumor process in 5,073 patients.

The list of features used in the research, with the description and the number of non-zero entries, is presented in Table 1.
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Table 1
Dataset Features
N f the featu
ame of the feature Number of
Description Value completed
short full records
Damage to adjacent organs and 1 — localized
- Type of tumor .
TS soread structures, presence of regional and 2 — locally advanced 5073
P distant metastases 3 — metastatic
. PSA doubling .D01'1b1i'ng of semm PSA (?oncentration . .
DT fime indicating possible doubling of tumor Floating point number 2423
cell count
1 —GS<7

‘GS’ Gleason score Qrdlnal Yarlal?le. Reftlec.ts the 2—GS=7 3968
histological differentiation of the tumor

3—GS>7
Prostate-specific antigen. Glycoprotein,
Sompsn e soml s b i
) iu . .
‘PSA’ concentration that ry P . .p Floating point number 4760
. gland. Liquefies ejaculate, improves
prompted biopsy . .
sperm motility. Concentration above 4
ng/ml may be grounds for biopsy.
0 — secondary general
Patient' 1 ient’ i i fll— ial
“Education’ atlenF s C’omp e'ted patient’s education at time o sc-j:condary specia 4622
education level | diagnosis 2 — higher
3 — academic degree
‘Age’ Age of the patient | Patient's age at diagnosis Integer 5073
‘Rhesus’ | Rhesus factor The presence or absence of the protein 1 — positive 399

responsible for the Rh factor 2 — negative

Not all the features presented in Table 1 are essential for the survival study. There are also insignificant ones (e.g.,
‘Education’, ‘Rhesus’). They are needed to demonstrate the correct operation of the algorithm that solves the problem of
feature selection. The presence of correlated and not very important features shows the practical possibility of using the
algorithm under conditions when neither the dependence of features nor their significance are known in advance.

The algorithm is implemented in the Python programming language in the CoxPHFitter package from the Lifelines
library. The Pandas software library was used to store and process the data.

Before running the algorithm, the data was preprocessed. This is due to the fact that the prostate cancer patient database
has gaps in a number of values for some patients. To eliminate the problem, two methods of processing the database were
used — deleting observations and replacing them taking into account other values in the column [14]. The features ‘TS’,
‘DT’ and ‘age’ are important and play a role in the consistency of the data; therefore, observations without these features
were removed. The Gleason score was ranked. Each observation was assigned one of three values: 1 — GS < 7 (1281
observations), 2 — GS =7 (1479 observations), 3 — GS > 7 (1208 observations).

For the remaining features, missing values are filled using the weighted k- nearest neighbors method. This missing
value imputation is based on the assumption that the proximity of samples by measured features indicates their proximity
by unmeasured features [15]. The weighted k-nearest neighbors method is preferable due to the low time costs of missing
value imputation [16], although there are more efficient approaches [17].

The algorithm is implemented with the following set of parameters: n=12; 19=0,01; p =0.8; 0max =3; 0o =0.5; o =2;
Qo =25; Piross = 0.9; puu = 0.2. The given list of parameter values is recommended for the initial configuration of the algorithm.
However, it can be modified to solve a specific problem. Table 2 presents the results of the proposed algorithm.
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Table 2
Values of C-index and Fitness Function f Depending on Polynomial
of Hazard Function of Extended Cox Model, Found for Given Balancing Coefficients
Polynomial of additive-multiplicative hazard function of . Fitness Balancing coefficients
C-index .
extended Cox model function o1 02 O3 04
‘TS’ + ‘DT’ 0.836789 0.782894 0.91;0.05;0.05;0.05
‘TS’ x ‘GS’ + ‘DT’ 0.840516 0.842814 0.99;0.05;0.05;0.05
‘TS’ +°DT’ + ‘GS’ 0.849790 0.746328 0.9;0.0;0.05;0.05
‘TS’ + ‘DT’ + ‘GS’ + ‘TS’ x ‘DT’ 0.849828 0.827410 0.94;0.05;0.0;0.0
‘TS’ +‘GS’ + ‘TS’ x ‘DT’ x ‘GS’ 0.849830 0.841567 0.97;0.05;0.05;0.0
‘TS’ + ‘GS’ + ‘DT’ x ‘GS’ 0.850000 0.787661 0.94; 0.0;0.05;0.0
‘TS’ + ‘DT’ + ‘GS’ + ‘PSA’ + ‘Education’ + ‘Age’ + ‘Rh’ | 0.853691 0.838012 0.99; 0.0;0.0;0.05
‘TS’ + ‘DT’ + ‘GS’ + ‘TS’ x ‘GS’ 0.855292 0.809308 0.94;0.05;0.0;0.05
‘TS’ + ‘TS’ x ‘GS’ + ‘GS’ + ‘TP’ x ‘DT’ 0.856241 0.764870 0.91;0.0;0.05;0.0
‘TS’ + ‘TS x ‘GS” x ‘PSA’ + ‘III"” + ‘PSA” + ‘GS’
X PSA” + DT + ‘TS’ x ‘GS’ + ‘TS x ‘PSA’ 0.861085 0.839459 0.95;0.05;0.0;0.0
‘TS’ + ‘DT’ + ‘GS’ + ‘PSA’ + ‘Education’ + ‘Age’ R
+RE 4 TS’ % ‘GS” + “TS” x ‘PSA” + ‘GS’ x ‘PSA” 0.861643 0.826508 0.97;0.0;0.0;0.05
‘TS’ + ‘DT’ + ‘GS’ + ‘PSA”’ + ‘Education’ + ‘Rh’ + ‘TS’
X “GS’ + “TS" x ‘PSA” + ‘GS’ x “PSA’ + “PSA” x “Age’ 0.862345 0.845098 0.98;0.0;0.0;0.0

In Table 2, the variations of the occurrence of features in the hazard function are ranked in ascending order of the
C-index. The values of the balancing coefficients of fitness function (3), for which the presented solution was found,
and the value of the function itself are also indicated here. The last rows of the table contain the hazard functions with
the highest concordance index. They are quite complex for analysis due to the loading associated with the low values
of the corresponding balancing coefficients.

Discussion and Conclusion. The best set of features for training the standard (non-extended) Cox model is the entire
set of features presented, i.e., function ‘TS’ + ‘DT’ + ‘GS’ + ‘PSA’ + ‘Education’ + ‘Age’ + ‘Rh’ with the C-index value
of 0.853691. At the same time, the extended Cox model with the found hazard function ‘TS’ + ‘TS’ x ‘GS’ + ‘GS’ +
‘TS’ x ‘DT’ has the higher C-index value of 0.856241 with a smaller number of features used.

The results of this research allow us to draw certain conclusions. If we keep in mind the presented database, then the
parameters ‘TS’, ‘DT’, ‘GS’ are sufficient to build a high-quality survival analysis model. Thus, the result of the study is the
possibility of building a survival model with a smaller number of features used. Moreover, the proposed solution is not inferior
to or exceeds the effectiveness of the classical Cox model, for the training of which numerous features are used.

The algorithm created within the framework of this work is capable of solving the problem of finding the best
combination of features in an acceptable number of iterations (30). A set of regularizing coefficients provides setting a
certain configuration for the algorithm. Thus, an application engineer can make a choice in favor of improving the quality
of prediction, reducing the number of features or eliminating the problem of overfitting.

Thus, the class of metaheuristic algorithms is acceptable for solving the problem. At the pollination stage, monomials
are constructed in a polynomial, i.e., the search for multiplicative dependences of features is performed. At the stage of
the ant colony algorithm, a polynomial is constructed from monomials, i.e., the search for additive dependences of features
is carried out. The genetic stage is required to improve the convergence and stability of the ant colony algorithm.

For the data set considered, the proposed algorithm increased the prediction accuracy. Yet, only slightly. C-index
increased by only 0.3%, from 0.853691 to 0.856241. However, the number of features considered decreased by 57.1%,
from 7 to 3. Fewer features in the predictive model make the work of doctors easier, allow them to gain time when making
decisions, and can reduce the likelihood of errors in interpreting data.
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Abstract

Introduction. When managing traffic at the packet level in modern telecommunication networks, it is proposed to use
methods that transform a self-similar stochastic packet flow into a quasi-deterministic one. To do this, it is required to
apply complex probabilistic laws of distribution of self-similar flows. From the literature, methods of balancing the
network load are known, which, with the problem indicated above, contribute to increasing the efficiency of
telecommunication systems. However, there is no strictly mathematical solution to find out the optimal probabilistic
characteristics of the output flow, based on the input flow. The presented research is intended to fill this gap. Its objective
is to create a method for determining the optimal probabilistic characteristics of the packet flow, using the minimum value
of the measure closeness of the self-similar input and quasi-deterministic output flows.

Materials and Methods. To solve the research problem, the parameters of the output flow distribution were selected so
that the approximation function was close to &-function. The Kullback-Leibler divergence was used as a measure
closeness of the input and output distributions of time intervals. Methods of set theory, metric spaces, multidimensional
optimization, and teletraffic were used. The solution algorithm included minimization of the Kullback-Leibler divergence
and the limit passage to 8-function.

Results. A probability distribution was shown — an approximation of 8-function, which maintained the equality of time
intervals of a quasi-deterministic output packet flow. A method for transforming a self-similar input flow into a quasi-
deterministic output flow was presented. The Kullback—Leibler divergence was used as a measure of their closeness. The
minimum of the Kullback-Leibler divergence between the input and output flows with a normal distribution was achieved
in the case of equality of the mathematical expectations of these flows. Using the passage to the limit, it was established
that time interval 7 between packets of the quasi-deterministic output flow should be equal to the mathematical
expectation of the time intervals between packets of the input self-similar flow. To obtain a quasi-deterministic flow, the
passage to the limit was performed for the found value of the mathematical expectation at ¢ — 0.

Discussion and Conclusion. The application of this method will reduce the negative impact of self-similarity of network
traffic on the efficiency of the telecommunication network. The use of quasi-deterministic flows makes it possible to
predict the load of network resources, which can be the basis for improving the quality of user service. Two difficulties
associated with calculations and practical implementation of the solution are eliminated. Firstly, it is difficult to use the
delta function as a function of the output flow distribution density. Secondly, there are no ideal deterministic flows in the
operation of telecommunication networks. The proposed method has great potential in the design and optimization of
communication networks.

Keywords: self-similar packet flow, quasi-deterministic packet flow, packet arrival time intervals, Kullback-Leibler
divergence
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AHHOTaNUs

Beeoenue. Ilpu ynpasnenun TpagukoM Ha ypOBHE ITAKETOB B COBPEMEHHBIX TEJIEKOMMYHUKAIIMOHHBIX CETSIX CBSI3H MPE/-
JaraeTcst 3aA€HCTBOBATh METO/IBI, TPE0OPa3yIOIINe CAMOIOIO0HbIH CTOXaCTHIECKUI OTOK MAKETOB B KBa3UAECTEPMUHH-
poBaHHBIN. J{J1 3TOr0 HY’KHO NPHUMEHHUTH CJIOXKHbIE BEPOSITHOCTHBIC 3aKOHBI PACIPEIEIICHNSI CaMONOI00HBIX TOTOKOB.
W3 nmurepatypbl H3BECTHBI METO/IBI OATaHCHPOBKH CETEBOM HArpy3KH, KOTOpbIE IPH 0003HaYEeHHOI BBIIIE TPOOIEeMe CIIo-
COOCTBYIOT MOBBINIECHUIO 3(D()EKTUBHOCTH TEIEKOMMYHHKAIIMOHHBIX CUCTEM cBsA3U. OIHAKO HET CTPOTO MaTeMaTHYECKOTO
peLIeHNS, TO3BOIISIONIETO Y3HATh ONTHMAJIbHBIE BEPOATHOCTHBIE XapaKTEPHUCTUKHI BBIXOTHOTO MIOTOKA, OPUEHTHPYSICh Ha
BxonHoil. [IpencraBnenHas HayuHast paboTa Ipr3BaHa BOCHOIHUTE TOT rpodelt. Ee 1ens — co3nark MeTo onpeieseHus
ONITHMAJIBHBIX BEPOSITHOCTHBIX XapaKTEPUCTHK ITOTOKA MTAKETOB, HCIIOJIB3Ys] MUHUMAIbHOE 3HaYeHUE MEPHI OJM30CTH ca-
MOIIOZOOHOTO BXOJHOTO M KBa3UAETEPMUHUPOBAHHOTO BEIXOJHOTO TIOTOKOB.

Mamepuanst u memoost. J11s1 pellieHust 331241 HUCCIIEIOBaHMS TApaMETPhl paclpeieieH s BBIXOIHOTO [TOTOKA BHIOMpa-
JIUCh TaK, 4TOObI (DYHKIHS anmpoKcuManuy Obuia 6iin3ka K §-pyHkiunu. B kauecTBe Mepbl OJIM30CTH BXOAHBIX U BBIXOJI-
HBIX paclpesieeHnii BpEeMEHHBIX HHTEPBAJIOB HCTIONIb30BATH AnBeprenimo Kynsoaka — Jleibnepa. 3aaelicTBoBany me-
TOJBI TEOPUI MHOXECTB, METPHUECKHUX IPOCTPAHCTB, MHOTOMEPHON ONTUMHU3AIMHU U Tenerpaduka. B anropurm pemre-
HUsI BKIIFOUWIIM MUHUMU3aLuMIo nuBepreHunu Kyns0aka — JleiiOnepa u npenenbHblii nepexoi K §-QyHKIHH.
Pesynomamot uccnedosanus. IlokazaHo BepOsSTHOCTHOE pacipeaeieHie — npuonmkenue 8-pyHkuum, odecrneunBaro-
11eil paBeHCTBO BPEMEHHBIX HHTEPBAJIOB KBAa3UAETEPMEHHPOBAHHOTO BEIXOJHOTO ITIOTOKA MakeToB. [IpencTaBnen meron
peoOpa3oBaHKsl CAMOIIOJOOHOTO BXOJHOTO TIOTOKA B KBa3HIeTEPMUHUPOBAHHBIN BEIXOAHOW. B KauecTBe MephI X OJH-
30CTH HCTIONB30BAIM JuBepreHunio KympbOaka — Jlelionepa. Munanmym nuBeprenimn KymnpOaka — JleiiOnepa mexmy
BXOZHBIM M BBIXOJHBIM ITOTOKAMH C HOPMAaJIBHBIM PacTpeeICHUEM JOCTUTACTCS B CIIydae PaBEHCTBA MATEMAaTHIECKUX
OXKHMJIaHUH 3TUX MOTOKOB. C MOMOIIBIO TPEIENIFHOTO IEPEX0/1a yCTAHOBIICHO, YTO MHTEPBAJI BpeMeHU T Mex 1y IakeTaMu
KBa3HUIETEPMHUHHUPOBAHHOTO BBIXOIHOTO MOTOKA JIOJDKEH OBITh paBEH MaTeMaTHUECKOMY OXXHIAAHHIO WHTEPBAIOB Bpe-
MEHH MEXKAy MaKeTaMH BXOIHOTO CaMoINoJ00HOro moroka. C menpio MOoMydeHHs] KBa3UAETEPMUHUPOBAHHOTO MOTOKA
BBITIOJIHSETCS TIPEIENIbHBIA TIepexo/] ISl HailICHHOTO 3HAYeHUs] MaTEeMaTHYeCKOro OXUAaHus mpu 6—0.

Oobcyxcoenue u 3axnouenue. IIpuMeHEHUE JAHHOTO METOJIa YMCHBIIUT HETATUBHOE BIMSHUC CAMOIOJO0MS CETEBOTO
Tpaduka Ha 3PPEKTUBHOCTH TEICKOMMYHHKAIIMOHHON ceTH. Mcronp30BaHne KBa3HICTEPMUHUPOBAHHBIX TOTOKOB JacT
BO3MOKHOCTh POTHO3UPOBATh HATPY3KY CETEBBIX PECYPCOB, UTO MOXKET OBITH 0a30¥ IIIsl OBBIIIEHHS KayecTBa 00CITy-
JKMBaHUS MOJIb30BaTENEH. Y CTPaHIIOTCS JIBE CIIOKHOCTH, CBSI3aHHBIE C pacdeTaMt M IIPaKTHYECKOH peanu3anueii pemnie-
HUsl. Bo-TiepBBIX, 3aTpyIHUTEIHHO HCIOI30BaTh AEIbTa-(DYyHKIUIO B KadyecTBe (DYHKIMU IUIOTHOCTH PACHPEIEIICHHS
BBIXOZIHOTO TOTOKA. BO-BTOPBIX, MpU 3KCILTyaTalllK TEIEKOMMYHHUKAIMOHHBIX CEeTel HE ObIBAET UCANIbHBIX JETEPMHU-
HHPOBAHHBIX NOTOKOB. [IpeioxeHHbIi MeTo1 001a1aeT OOIBIINM ITOTEHIIMAIOM IIPH IIPOSKTHPOBAHUH U ONITHMHU3AIINN
CEeTel CBS3U.

KaroueBble cji0Ba: caMOIOI00HBII MOTOK MAKETOB, KBA3UICTEPMHHUPOBAHHBIH TOTOK AKETOB, BPEMEHHBIC HHTCPBAIbI
MOCTYTUICHUS NTAKETOB, nuBeprennus Kynnoaka — Jlelionepa

BnarouapﬂocTn. ABTOpI:I BbIpaKaroT 6J'Ial"0[[apHOCTI> pCaAakun U peuCH3CHTAM 3a BHUMATCJIIbHOC OTHOLICHUC K CTAaThE
1 3aM€YaHnsl, KOTOPBIC ITO3BOJIUIIA ITOBBICUTH €€ Ka4€CTBO.
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Introduction. Telecommunication networks operate under conditions of increasing loads and traffic growth, which
is subject to complex probabilistic distribution laws and cannot be accurately predicted. Self-similarity of the packet
flow creates stable dependences, which limits the volume of information exchange between users [1]. In [2], methods
were proposed that met the requirements of quality of service (QoS) of the communication. The authors of the
mentioned work believed that it was necessary to focus on the priority traffic of new generation networks. However,
their solution did not eliminate the problem of self-similarity of packet flows. Millan G. and Lefranc G. proposed a
model for managing network flows taking into account the channel capacity, without considering the fractal
characteristics of traffic [3]. In [4], techniques for load balancing taking into account the multifractal properties of
traffic were developed. However, they did not solve the problem of self-similarity and structural optimization of output
flows. Ushanev K.V. and Makarenko S.I. [5], having analyzed methods for increasing the stability of networks taking
into account complex traffic characteristics, proposed models for transforming self-similar input flows [6]. In this case,
strict mathematical analysis allowed minimizing the differences between the distributions of input and output flows
and, consequently, eliminating self-similarity. However, in [6], this solution is absent.

High-quality regular data transmission involves the use of a constant bitrate (CBR) traffic source model [4]. In this model,
a node transmits fixed-size packets at equal time intervals 7. If the time between sending packets is significantly greater than
the transmission time of one packet, then the packet size may be insignificant. As noted in [4], under conditions of the limited
bandwidth, this model can be used to maintain traffic stationarity and minimize delays. Paper [7] shows the advantages of CBR
for networks with strict requirements for transmission time characteristics, and [8] emphasizes its effectiveness under conditions
of high sensor density. According to [9], the predictability of traffic in this model makes it more effective in terms of energy
savings, which is critical for energy-constrained devices.

As shown in [10], the CBR model is traditionally associated with wireless sensor networks, but it can also be useful
in general purpose networks [11]. It is useful for solving load balancing problems in telecommunication systems [12].

Thus, to ensure predictability and stability of network operation, it is important to consider quasi-deterministic packet
flows. They need to be integrated into applications with high quality of service and performance requirements [13].

Researchers have repeatedly addressed the problem of limiting the impact of fractal characteristics of network load [14]. It
is known, for example, that it is possible to control traffic at the packet level. This reduces the number of retransmissions of
packets and structural similarities between them [15].

The necessity of determining the optimal time intervals between packet downloads is worth mentioning separately.
This is of particular importance for traffic management and involves transforming a self-similar stochastic packet flow
into a quasi-deterministic one.

The approach described in [16] provides the transformation of the input packet flow with a gamma distribution into a
quasi-deterministic output flow based on the solution to the Lindley equation system. However, [16] does not provide
recommendations for reducing the impact of long-term dependences on QoS for other self-similar distributions.

The objective of the presented research is to create a method for obtaining optimal probabilistic characteristics of the
output packet flow. The solution is based on the use of the minimum value of the measure of closeness of two flows: self-
similar input and quasi-deterministic output.

Materials and Methods. Parameters of the output flow distribution were selected so that the approximation function
was close to §-function (the Dirac delta function, also known as the distribution function of the quasi-deterministic output
flow). The measure of closeness of the input and output distributions of the time intervals of packet flows is the Kullback—
Leibler divergence. Methods of the set theory, metric spaces, multidimensional optimization and teletraffic were used.
The algorithm for solving the problem included a passage to the limit of §-function, which allows restoring the quasi-
deterministic flow, as well as minimization of the Kullback-Leibler divergence. To do this, partial derivatives were found
and equated to zero.

We assume that the characteristics of the probability distribution of intervals between input traffic packets
A 01,0, ..., 0,) are known. Here, 01, 05, ..., 0, — distribution parameters; T — time distance between packets. Hurst
exponent 0.5 < H< 1, 0,(H) [17]; g(t; M1, M2, ..., Nn) — probability distribution of the values of intervals between packets
in the output flow without self-similarity with parameters ni, 12, ..., M.

The conditions for using premetrics are known from [17]:

1) p(f, )2 0;

2)p(f,g) >0 f=g.

It is necessary to determine:

1. probability distribution g(t; 11, M2, ..., Nw) based on its approximation to §-function (Dirac function), providing the
equality of time intervals of the quasi-deterministic output packet flow;
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2. method that provides obtaining optimal probabilistic characteristics of the output packet flow.

The decision is based on the minimum value of the measure of closeness of the self-similar input and quasi-
deterministic output flows.

We take into account three restrictions:

1. minimal value of premetrics p(f, g) — min;

2. functions f{t; 01, 6>, ..., 6,) and g(t; N1, M2, ..., Mm) — piecewise continuous;

3. function p(f, g) — differentiable with respect to variables 1, M2, ..., N in the entire domain of definition:

ap(f.2)

vn;
on;

i < oo, where:j =1,2,...,m.

Research Results. We assume that the probability distribution of the quasi-deterministic output flow is described by
the Dirac function [18]:

g(vnima....m,)=8(t-T).
There are two reasons why we use this same function (or §-function) as the probability distribution function.
1. It takes non-negative values:
8(t-T)=0.
2. The integral over the entire number axis is determined by the expression:

J‘mS(r—T)dr:O.

Note that when calculating the premetric value p(f, ), it is difficult to use the delta function as the output flow distribution
density function. In addition, ideal deterministic flows do not exist under the operating conditions of telecommunication
networks. Therefore, it makes sense to use a quasi-deterministic flow instead of a deterministic one. In this case, when
changing one parameter of the distribution density function, it tends to the Dirac delta function in the limit.

Let us consider a uniform distribution with a mathematical expectation equal to 7, and a range of values equal to AT.
The distribution density function in this case will have the form:

L oirr Al AT
p(t)=1AT 2 2.
0, otherwise

At AT — 0, the distribution density of this flow p(z) — o (1 — 7).

In practice, jitter makes it impossible to maintain uniform intervals between packets. Most often, mathematical models
of telecommunication processes are built on the assumption that the jitter value obeys the normal distribution law [19].
For a deterministic packet flow, the time intervals between them are distributed normally with mathematical expectation
p = T and standard deviation that must satisfy the three-sigma rule [20]: 0 < 36 < Jy, where Jy — normative value of jitter.

In [18], it is established that a jitter-induced quasi-deterministic flow with a normal distribution converges weakly to
d(z—T)atd—0.

This means that the best approximation to a deterministic flow is a quasi-deterministic packet flow with a normal
distribution. Its mathematical expectation coincides with a constant time interval between packets 1= 7 and standard
deviation o, limited by jitter level Jo:

%ﬂf

1 2

g(umma...m,)=g(tpo)= e ° .
oV2n

To achieve the research objective, we use the Kullback-Leibler divergence as premetrics [17] Dx.(f]lg). Taking into
account its properties and the adopted assumptions, we formulate the lemma.
Lemma. Let f{1; 01, 0>, ..., 8,) be piecewise continuous function:

f(r; 91,92,...,9;1):{(P(T; 61,92,...,9”),r2t,
0,t<t.

)

Here, t>0— some threshold value, and ¢(z; 01, 0, ..., 8,) > 0 — continuous function on interval (t, +oo).

Output flow g(t; 1, 6) obeys the normal distribution of time intervals between packets without self-similarity with
parameters p and ¢ > 0.

It is required to prove that Dk;(f'|| g) reaches a minimum when the mathematical expectations f'and g are equal.
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Proof. We use the approach described in [17].
Cross entropy H(f, g) can be defined in two ways.

The first:
+00
H(f):—jf(r;61,62,...,6n) In[ £(1,0,.,0,,....0,) |dt =
ey i
Ift—u
; A
= :0,,0,,..., 0,)l
I f(’[.' 1,Y2 )I’l G\/Ee
max{t,O}
The second:

+o0

H(f,g)z—J. (p(r;el,ez,...,en)|:ln((5 2n)—%(f;uj2:|d‘c=

t
+00 +00

t t

For the density function of the input packet flow:
+00
J 0¢(1:6,.0,,....0, )dT=1.
t

Hence:

H(f.g) =ln(0 2n)+ﬁI(r—u)z¢(r,~61,62,...,6n)dr:

:ln(c 2n)+$j(12 —21u+p?)¢(7:0,,0,,...,0, )dt =
t

| +o0 Mz +00
:ln(c 2n)+g-‘-(12—2m)(p(t;91,62 ..... Gn)dt+gj@(t,’@l,ez,...,en)dr:
t t

2 +00

)
= ln(c 2n)+u—+LJ‘rch(r;el,Gz,...,Gn)dt—M—zJr(p(r;el,ez,...,ﬁ,,)dt.
c
t

2 202
t

20

It is also known:

Iup(r,-el,ez,...,e,,)dwE(el,ez,...,e,,),
t

+00

t

where £ — function that provides determining the mathematical expectation of an input self-similar packet stream.

Thus,
2

H(fg)=in(o 2n)+“—+L2vz(el,ez,...,en)—%E(el,e2 .....

26% 20 o

Then:
D (fllg)=H(f.g)-H(f)=

Let us solve the problem of multidimensional optimization:

D
Dy (f11g) H L E0,0,....0,).
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1
=in(o 2n)+;7+gv2(el,ez,...,en)—G—“ZE(el,ez,...,en)—H(el,ez,...,

2

3

“

(&)

(6)

(7
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It means:
p= E(OI,GZ,...,O,,).
For normal distribution:
E(g)=mn,
consequently,

E(g)=E(0,8,.....9,).
E(f)=E(g)-

Let us use Sylvester's criterion:

0*Dy; (f llg ) 1
e ®
ou c
A necessary and sufficient condition for the minimum Dx;(f|| ) is the equality of the mathematical expectations of
the input and output packet flows.

For a deterministic flow, time interval 7 between packets can be determined by the limit transition as ¢ — 0, that is:
T=limE(el,ez,...,e,,)=E(el,ez,...,e,,). ©)
c—0

The last equality is possible because expression E(6,, 0,, ..., 0,) does not explicitly contain . Therefore, within the
framework of this method, for a quasi-deterministic output flow, the time interval between packets is equal to the
mathematical expectation of the time intervals of a self-similar stochastic flow.

The sequence of implementation of the developed method is given below.

1. The normal law with the standard deviation limited by jitter value Jy should be used as the law of distribution of
time intervals between packets of the output flow.

2. It is necessary to find the mathematical expectation of the input self-similar packet flow E(01, 0, ..., 6,) and
determine the value of mathematical expectation p of the output flow, which has a normal distribution. For this, the
statement of the previously proven lemma is used.

3. For the found value p, time interval p = T of the quasi-deterministic output packet flow is determined.

As an example, consider a self-similar flow with the Pareto distribution:

o

O 5o
flvost, )=t " (10)
0,t<t,.
It is required to determine value pu = y(a, T,) that minimizes Dgz(f|| ).
For the Pareto distribution:
o0
H(f(x))= —j T2 (b41)log (v 2l (b+1)) dx. (1)
The cross entropy of the laws under study is equal to:
M(f(t) g(r :—J.ow‘“’lrf; In dr. (12)
(o)) = e
We reason in the same way as when proving the lemma. We obtain:
ot
o= (13)
a—1

This expression corresponds to the mathematical expectation of the Pareto distribution.

Let us find the second derivative, and then value p minimizes value Dx.(f || £).

To obtain a quasi-deterministic flow, we perform the limit transition for the found value of the mathematical
expectation at ¢ — 0:

T = limp = lim 2&m = %o (14)
60 o0 —1 a-—1
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Thus, when transforming a self-similar input packet stream into a quasi-deterministic output stream, the value of the
time intervals of the quasi-deterministic flow 7 coincides with the mathematical expectation of the input flow [21].

Discussion and Conclusion. The conducted research opens up new possibilities for providing telecommunications
under conditions of limited network resources. The authors used mathematical methods and obtained optimal probabilistic
characteristics of the output packet flow using the minimum value of the measure of closeness of the self-similar input
and quasi-deterministic output flows. According to the lemma proved in this paper, for a normal distribution for the output
flow, the minimum value of the Kullback-Leibler divergence is achieved if the mathematical expectations of the input
and output flows are equal. The solution to the multidimensional optimization problem verified the adequacy of the
proposed method. Its capabilities should be taken into account when working with telecommunication networks. The use
of this approach can limit the negative impact of flow self-similarity and thus improve the quality of user service while
maintaining the volume of information exchange.

In the future, the authors plan to develop methods for reducing the self-similarity of network traffic. Such an approach
will presumably be based on the Jensen-Shannon divergence. This measure of closeness differs from the Kullback-Leibler
distribution in that it is a complete metric and is bounded from above [22].
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