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Abstract. In this work, the regularities of the change the shear strength oiWKH DGKHViLaht tHER Q G
SLHIRHOHFWULF FRHIILFLHQW LQ WKH PHW DBt©el M5VWBIP\2Kh2NK 1
(45KhN2MFA) - steel 45 + VS" were obtained during physical modeling of the shear of surfaces ofigedhll
samples and changesdgnamic viscosity environment of their interaction with the use of additional equipment of
the SMTs2 friction machine. It has been established that borating and boron carburizing of the surface of steel 45
leads to the absence of adhesion to the surfaiceteels 12Kh2N4 and 45KhN2MFA in certain ranges of normal
SUHVVXUHV,!DWQ&LWKH G\QDPLF YLVFRVLW\ RI OLTXLG DQewlddhHDVH
lubricating surfaces is determined to a greater extent for the system "12X&¢1 45", and partially for borating
VWHHO DQG ORZ YDOXHV RI G\QDPLF YLVFRVLW\ 3DV :LWK
phase of the lubricant in the "12X2H4teel 45" system, there is a tendency to an increase in thexud R 2 W 7
found that the absence of modification of steel 45 with boron and boron carbide predetermines the independence
the piezoelectric coefficient from the viscosity of the liquid lubricant and the shear rate. Boring and boron
carburizing stel 45 predetermines an increase in the piezoelectric coefficient by an average of 1.6 times with an
LQFUHDVH LQ G\QDPLF YLVFRVLW\ IURP 3DV WR 3DtV DW D
mm/s, the piezoelectric coefficient idatively constant in the systems under study. With the transition to contact
through a grease lubricant, there is an ambiguous manifestation of the rate of change of the piezoelectric coefficient

Key words: piezo coefficient, dynamic viscosity, lubricashear rate, tangential strength

Introduction

Forecasting the resource of mechanisms of mechanical engineering objects presupposes the presence
certain initial data. In this case, the main quantity is the wear rate of the surfaces of materialgs déteimined
both experimentally and theoretically. So, for example, when calculating the service life of a gear pair, it is
necessary to know not only the geometric parameters of the engagement, but also the parameters of the adhesi
properties and fague of the contacting surfaces. This is especially important when measures are proposed to modify
the working surfaces to improve the physical and mechanical properties of metals. The existing structural alloy
steels 12Kh2H4, 45KhH2MFA, highuality carborsteel 45 are widely used for the manufacture of a wide range of
mechanical engineering parts, including gears, gear shafts of gear drives for various purposes. Undoubtedly, th
presence of numerical value$the parameters of the adhesion properties of the listed jointly working metals will
determine the accuracy of the calculations performed, and the possible surface modification of one of them will
expand the information on the nature of its influenodh® manifestation of these parameters. Based on the above,
the establishment of regularities in the manifestation of the parameters of adhesion properties in systems o
structural metals seems to be an urgent scientific and fundamental task consitiéretbgy.

1. Review of previous publications, setting the goal of the work

The technology of surface modification of steel 45 by borating and boron cementation is proposed, which
predetermines the change in both the phase composition of the surfat@asrand their hardness3l

In [4], the regularities of the change in the shear strength of the adhesiveZhamdl the piezoelectric
coefficient in the metal systems "steel 4310X", "steel 45 + B- 40X", "steel 45 +< K- 40X" were obtained
during physical modeling of the shear between small samples in the environment of lubsR@&f3Nolf 10W-40,
TAD-17i, Litol-24 with distinctive dynamic viscosities using additional equipment of the SMfistion machine.
At the same time, the featurestb& manifestation of the parameters of the adhesion bond depending on the shear
rate have been established. The results obtained are typical for systems of materials in which alloyed structural ste
40X is a constant element. This steel has one alloyi@gent chromium, which predetermines the amount of
surface energy, due to a greater extent to the chemical eleirant

Steels 12Kh2N4, 45KhN2MFA can be alternative steel 40Kh structural metals, for example, as discussed
above, for the manufacture ofays. Moreover, they have a different content of chemical elements, and, accordingly,
surface energy (surface tension [5, 6]), which will affect the formation of adhesive interaction in contact with steel
45 when it is modified with boron and boron carbilfareover, the hardness of steels 12Kh2N4, 45KhN2MFA is

3
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less than steel 40Kh. From this, it is evident that it is necessary to perform not only an assessment of the
manifestation of adhesion parameters in systems of metals with steels 12Kh2N4, 45KhN2iti&80¢ o establish
their change depending on the decrease in the hardness of one of the elements of the friction pair, in this case it is
direct pair.

The aim of the work is to establish the regularities of changes in the parameters of the adhdsinaHhzon
systems of materials "steel 4645KhN2MFA", "steel 45 + B- 45KhH2MFA", "steel 45 + VS 45KhH2MFA",
"steel 45- 12Kh2H4", "steel 45 + B 12Kh2Gl "," steel 45 +< K- 12Kh2 Gt "in the physical modeling of the shift
between smalsized samples irhe environment of lubricants with distinctive dynamic viscosities using additional
equipment of the SMT2 friction machine.

Based on the above, this work seems to be a continuation of the complex of studies begun in [3, 4, 7].

2. Research methodology

The parameters of the adhesive bond were evaluated using an-BNtitsion machine with additional
equipment in accordance with the procedure described in [7]. In this case, movable saiigiesvere made of
steels 12Kh2N4, 45KhN2MFA, and fixed pads ie florm of triangularsshaped segments of steel 45 with surface
modification with boron and boron carbide, i.e. the same samples were used as in [4]. To estimate the pressure in tt
contact zone and the tangential shear strength, we used the averageofahmscontour areas, which were
determined from the indentations. The modeling of the manifestation of the properties of the lubricating medium
was carried out using the same lubricants as in [4]. The following lubricants were applied to the suffi@ce of t
samples:

- industrial oil F20A (GOST 20799 G\QDPLF YLVRRVLW\ BWtV 2z

- transmission oil TABL7i (GOST 23652 G\QDPLF YLVRKRVLW\ BWtV 2

- semisynthetic motor oil Wolf 10\A40 API SL/SF, dynamic viscosity at 48K 3DtV

- Litol-24 grease (GOST 21150 G\QDPLF YLVRKRVLWD DWW z

This choice of lubricants determined, firstly, different values of the dynamic viscosity for the liquid state of
aggregation of the lubricating medium, and setgrtie presence of a consistent medium. This makes it possible to
take into account the possible contact interaction of the surfaces of the teeth of gears of various gears, for exampl
in mechanical drives of machine tools, transmission units for cdrgactors, gearboxes of hahdld power tools.

To assess the parameters of adhesion without lubricant, the surfaces were thoroughly degreased with gasolir
"Kalosha".

3. Research results and their discussion
As a result of processing the tribograms af thear surfaces of a stepwise loaded contact in the considered
systems of materials, statistical data were obtained, which are summarizddedn 1, 2.

Table 1Parameters of approximation of experimental data for the system of materialsstd&kitNAMEE A VS)" in the
environment of lubricants

Parameter Steel 45 Steel < 6WHHO <K
Lubricant

— N Q < o) <

ol « ol © o | o

1 <t —_— [ <t —_ ' <t —_—

o |9 |52]|2 |o |2 |52/8 |o |2 |58

TOE 283 |Y |E [=28]3 |2 |F |=83
. - Wo011j 358 WO0,05j 56 W 0,24 189
Piezo coefficient i w O,l4j 0,24 W 0,38 ] 333

0,12 | 0,23| 0,12 | 0,12 | 0,15 | 0,13 | 0,17 | 0,12 | 0,11 | 0,1 | 0,14 | 0,15
- - - - 0,24 | 0,21 | 0,21 | 0,47 | 0,14 | 0,14| 0,16 | 0,13
Tangential strength| 2,02 | >0 >0 >0 >0 >0 >0 >0 >0 | >0 >0 >0
3 MPa at at at af at at at at at at at
j8 i |j8 |i8 |8 |i&8 |i&8 |i&8 |i&8 | is8 j8
MPa | MPa | MPa | MPa | MPa | MPa | MPa | MPa 8 MPa | MPa

MP
a
- - - - >0 >0 >0 >0 >0 >0 >0 >0
at at at at at at at at

i8 i8 i8 i8 i8 i8 i8 8
MPa | MPa | MPa | MPa | MPa | 8 MPa | MPa
MPa
Note. 1. The upper row of values at a shede # “ PPV WKH GRZHU RQH DW
mm/s.
2. The equation of the form is given for a system without lubricant.
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Analysis of the data obtained indicates the following.

First, the paramete® is determined only:

- in the absence dfibricant for the system "45KhN2MFAsteel 45". In this case, exclusively boronization
of the surface of steel 45 leads to a slight increase in the valfefroin 3.58 MPa to 5.6 MPa;

- when lubricating surfaces to a greater extent for the system "1@&Kh&teel 45" in the absence of surface
modification of steel 45, as well as when it is borated and low values of dynamic viscosity 3DV ,Q Wil
case, with an increase in the dynamic viscosity of the liquid phase of the interaction lubrieamterzcy to an
increase in the value o is observed. To a lesser extent, this parameter manifested itself for the system
"45KhN2MFA - steel 45" again with dynamic viscosity 3DV EXW ZLWKRXW PRGLILFDW

Table 2Parameters gbaroximation of experimental data for the system of misk@ii@isstéel 45 (+ B, + BC)" in the
environment of lubricants

Parameter Steel 45 6WHHO < 6WHHO <K
Lubricant o < o < o <
ol o ol © ol o
1 < — ' <t — ' < —
Y— o Y— (@] Y— o
S |2 |83/ | |2 |83/ |8 |8 |83|¢
L - ; | = - ; | = - ; | -
Piezo coefficient W036j 1344 Wwo02j 105 W033j 323
) Wo02j 556 Wwo037j 338
o101 01 | 0,a5| 0,11 | 0,28 | 0,27 | 0,2 | 0,28 | 0,16 | 0,28 | 0,1
3
- - - - 0,15| 0,45 | 0,15| 0,14 | 0,21 | 0,24 | 0,24 | 0,1
2
Tangential strength| 8.3 48 | 10,7 | >0at| 1,0 | >0at| >0at| 1,0 | >0at| >0at| >0at| >0
2 MPa i8 i8 i8 i8 i8 i8 at
MPa MPa | MPa MPa | MPa | MPa | | §
MPa|
- - - - 1,21 | >0at| 0,5 | >0at| 0,1 | >0at| >0at| >0 a
j8 i8 i8 i8 i8
MPa MPa MPa | MPa | MPad
Note. 1. The upper row of values at a shear rate “ PPV WKH GRZHU RQH DW
mm/s.

On the whole, the results obtained confirm the thesis given in [5] on the structural sensitivity of the adhesive
parameters. The mdastation of the adhesive interaction paramefrin the absence of lubrication can be
explained by the ratio of the hardness of the interacting surfaces. According to the research conditions, H12Kh2H/
<H45KhH2MFA <H45, and H45 <H45 + B <H45 + BC. Fromiahnit follows that in each of the contact options,
the parameterd is extrapolated back after the manifestation of plastic, elpktstic and elastic deformation of the
microprofiles of metal surfaces. Such interaction can be estimated in accordaéincenielaxation theory of
adhesion, which considers deformation processes, the appearance of internal stresses in the thinnest surface lay
and their subsequent relaxation [8]. In this case, the deformable metal layers have different thicknesses with o
interface. When the load is removed during elastic deformation, the dimensions are restored, i.e. there is ¢
sufficiently large supply of internal mechanical energy in the-sadace layers. From which it follows that such an
energy reserve is capatldéforming, among other things, the action of surface forces of adhesive interaction. While
the supply of such energy can be critically maximum only up to a certain value from the point of view of a possible
increase in the surface energy of one of themmmnents of the system. This is exactly what happened when
modifying steel 45 with boron carbide, i.e. it is possible to change the mechanism of adhesive interaction by the
nature of its appearance.

The manifestation of the parametgmf adhesive interaction in a lubricating medium can be explained by a
large adsorption decrease in surface strength (Rebinder effect) for a less solid component of the system of material
which predetermines the formation of the manifested large adhésices with a harder surface. Those. the less
solid surface of the component of the metal systems under study seems to be more susceptible to penetration of t
less viscous liquid phase of the lubricant, which manifested itself for the system "12Kk@é#i45". Based on the
above, the considered interaction can be estimated in accordance with the theory of weak boundary layers [8]. I
accordance with this theory, "weak" boundary layers with physicochemical properties that differ from those of the
uncerlying layers are formed in the contact zone. In this case, it is the "weak" layers that determine the strength o
the adhesive bond. In this case, the deformable metal layers have different thicknesses, but already with twi
interfaces. The first interfacis formed by the elements "body (rotating disk, material 12Kh2H4, 45KhH2MEA)
nearsurface layer of a lubricant with bulk properties”. The second surface is “auréaee layer of a lubricant with

5
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bulk properties- a counterbody (fixed block, matetisteel 45"). From which it follows that the shear fracture
mechanism can be not only cohesive [8], ie. within the adsorbed and deformed molecules of the lubricant (transitior
regions), but also mixed, taking into account the destruction of bonds alngdhaces. The latter is explained by

the characteristics of the microprofiles of the contacting surfaces, which causes uneven deformation of the lubrican
molecules distributed between them.

Second, borating and boron carburizing of the surface of 4ke&ads to the absence of adhesion to the
surfaces of steels 12Kh2N4 and 45KhN2MFA in certain ranges of normal pressures, a@wlificihis range is
determined by the upper limit of the mechanical pressure p. In general, the following holds:

- a larger range of pressures is typical for the system "12Kh2ktéel 45", which, for example, at a shear
rate of # “ PP V IRU OLTXLG OXEULFDQW LV IURP WR 03D ZKHC
with its boron carburizing. For greaghijs range is much smalleffrom O to 17 MPa for borating, and from O to 5
MPa for boron carburizing. At the same time, a twofold decrease in the shear rate leads to a decrease in the avera
range in a liquid medium by 2.5 times during boriding, andranease in the range by 1.25 times for a liquid
lubricant during boron cementation;

- a smaller range of pressures is typical for the system "45KhN2Mg#téel 45", which, for example, at a
shear rate off “ PP V IRU D OLTXLG OXEULFDQW LV IURP WR 030
31 MPa with its boron carburizing. However, for grease, this range appeared from 0 to 38 MPa for borating, and
from 0 to 23 MPa for boron carburizing. Ate same time, a twofold decrease in the shear rate leads to an
insignificant increase in the average range in a liquid medium during boriding, and its equality for a liquid lubricant
during boron cementation. For grease, the range was preserved witkambeboundaries during borating as in a
liquid medium, and its increase by 3.8 times during boron cementation. For a more detailed and visual assessment
the dependence of the upper pressure limit on the change in the dynamic viscosity of the ligeaaht lifp
accordance with the data of table 1, 2, graphical dependencies are built, Fig. 12.
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Fig 1. - Influence of dynamic viscosity on the manifestation of adhesion in the system of materials
"4A5KhN2MFAsteel 45" by pressure in contact

From Figure 1 it follows that in the material system "45KhN2Mfgteel 45", the change in the dynamic
viscosty of the liquid lubricant, starting from 0.11 3D + V SUHGHWHUPLQHY DQ LQFUHI
EHILQQLQJ RI WKH PDQLIHVWDWLRQ RI DGKHVLRQ IRUFHV GXULQJ ER
0.6 mm/s. The same takes pladeen it is borated and boroRHPHQWHG EXW DW D VKHDU UDWF
WKH VDPH WLPH WKH LQWHQVLW\ RI LWV JURZWK UHPDLQV XQFKDQJ}
not affect the change in the beginning of the manifiestadf adhesion between the surfaces during borating and
boroncarburizing steel 45. The viscosity also does not affect the beginning of the manifestation of adhesion
between the surfaces of the systems under study, even in the absence of modificaltidb, ste

From Figure 2 it follows that in the system of materials "12Kh2HAW HH O RQO\ DW D VKHD
0.8 mm/s, a change in viscosity causes a linear increase in the pressure of the beginning of the manifestation ¢
adhesion forces during bam carburizing of steel 45 in the entire modeled range. The same effect of viscosity occurs
during borating steel 45, but in the range from 0.11 to 0.2 Pa s, however, the increase in values occurs with greats
intensity.
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Fig2.- Influence of dynamic on the manifestation of adhesion in the system of materials
"12KhZ3 - steel 45" by pressure in contact

The obained and described results on the param@igenerally indicate the ambiguity and peculiarity of the
manifestation of adhesion between the studied surfaces of steels, activated for interaction by the supply of externs
mechanical energy of high mechaalipressures, excess surface energies due to the introduction of additional
chemical elements during the modification of steel 45 and components of the used lubricating media. ... At the sam
time, it should be noted the effect of a skerim structural lsange in liquid lubricants on the contour contact areas
during their compression, since the design pressures are sufficiently high. The pressures in the zone of frictiona
interaction ranged from 80 MPa to 260 MPa. Due to the complexity and versatiliye @omponents of these
processes and the limited information on their course, this issue is not discussed in the work and remains open.

Thirdly, the parameter has a simpler and rather informative calculated manifestation. For a more visual
assessment,rgphical approximations of the trends in the change in the piezoelectric coefficient in the considered
systems of materials when modeling the shear rate in the range of dynamic viscositiddfibgcants are shown

in Fig. 3, 4.
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thechange in the piezoelectric coefficient of adhesive bond in the material systerstdélkdiN2MFA

The analysis of the presented dependencies in Fig. 3,4 indicates the following.
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First, the absence of modification of steel 45 with boron and bontaideapredetermines the independence
of the piezoelectric coefficient from the viscosity of the liquid lubricant and the shear rate. In the simulated ranges of
viscosity and shear rate, the increment of the piezoelectric coefficient valmes. The exception is the system
"12Kh2H2 - steel 45". For this system of metals with the transition to a grease lubricant, the rate of increase in the
piezoelectric coefficient is 0.0064 (Pa's)At the same time, the average statistical valuethefpiezoelectric
coefficient are: for the system "12Kh2H2vV W HH O LQ WKH YLVFRVLW\ UDQJH IURP
0.003, for the system "45KhN2MFAsteel 45" “ JURP ZKLFK LW VHHPV REYLRX
the incease in the strength of the adhesive bond in the system "45KhN2BtEAl 45" is 1.2 times higher.
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Fig 4.- Influencefaynamic viscosity in the range of liquid (a, b) lubricant and taking into account
the range of the consistent state (c, d) on the change in the piezoelectric coefficient of adhesive
bond in the material system "12Kbf¢P45"

Secondly, boridingand boron carburizing steel 45 predetermines an increase in the piezoelectric coefficient
E\ DQ DYHUDJH RI WLPHV LQ WKH UDQJH RI YLVFRVLW\ RI D OLTXLC
“ PP V WKH SLH jéehHOreldEvelY doRstarR iH the $ystems under study. With the transition
to contact through a grease lubricant, there is an ambiguous manifestation of the rate of change of the piezoelectr
coefficient. For the system "12KH2 - steel 45 +<(<K ZLWK D VKLIW RI “ PPV WKH
WKH SLH]RHOHFWULF FRHrommvhiehQt\Wolldws that modBi€atidh with boron and boron carbide
predetermines a less intense increase in the strentith atihesive bond of the investigated metal surfaces.

Conclusion
The results obtained in the work revealed the features of the manifestation of the adhesive bond parameters i
the investigated metal systems when simulating changes in dynamic viscoditiKilh UDQJH IURP 3Dt

The constructed graphic patterns and the parameters of their mathematical approximation made it possible t
determine the direction of the processes of adhesive interaction of the surface of 45 steel modified mvitindoro
boron carbide with steels 12Kh2N2, 45KhN2MFA through lubricating formations compacted by contact pressure
with distinctive gradients of dynamic viscosity.

It has been established that the borating and boron cementation of steel 45 predetermipassienef the
range of working normal pressures in lubricating media, excluding the manifestation of the adhesive friction
component, and in contact with steel 45KhN2MFA upwards.
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The data obtained can be used, firstly, as reference values of the athoesiymrameters to substantiate the
possibilities of increasing the reliability of the operation of friction pairs during shear, and secondly, when
calculating the service life of a gear pair, in which the gears will be made from the studied systetesi@itma

The direction of further research is proposed to consider the study of the nature of the relationship betweer
the manifestation of the established paramefgend and the surface energies of the contacting surfaces of the
metal systems under consideration.
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Abstract. The article presents the values of the thickness of the surface layer and the sneiay of steel and

nickel parts of the aircraft industry. The thickness of the surface layer for the face (100) is about 1.7 nm, which

coincides with the thickness of the surface layer of ir&{l)=M/! = 1.7 nm, since iron in these steels is more than
7KH 5, OD\HU FRQWDLQV 8§ LURQ PRQROD\HUV ,Q WKH > @ SOL

mJnt LV REVHUYHG 7KH DYHUDJH WKLFNQHVV RI WKH VXUIDFH OD\HU

PRQROD\HUYV L #8ue coincidé&sLwith Yhe number of iron monolayers. The average value of the surface

energy of nickel alloys is greater than that of #mased alloys.

The article shows that the hardness of keglropy (HEA) coatings and metallic glasses (ML) is
approximaely the same, but almost 2 times higher than the hardness of steel and nickel coatings. For HEAs and MS
coatings, the thickness of the surface layer is also approximately the same. In our opinion, there are many
similarities between higlkntropy alloys ath metallic glasses.

The friction of steel and nickel coatings lies at the level 0f0064 For metallic glasses, the coefficient of
friction is higher than 0.2 or more. For HEAs, the coefficient of friction is much less than 0.1.

Keywords: nanostructugs, surface layer thickness, surface energy, anisotropy;ehigbpy coatings, friction,
metal, alloy, hardness.

Introduction

This work is a continuation of works {3], where for the first time a model of the surface layer of perfect
single crystals wasonstructed and the role of surface energy in physical processes occurring in the nanoscale
region was elucidated. Russia, Kazakhstan and China are present in all stages of production, both military and civ
aviation and space. This forces her to endadgke development and production of aircraft and spacecraft of various
types. Today, in terms of the total production of aircraft, Russia ranks third after the USA and France, but in terms
of the production of components for aviation, it is only in sevetdce in the world [4].

The constant improvement of aircraft designs required a continuous increase in strength and specific strengtl
(the ratio of strength to material density) while maintaining all the advantages of steels. If in aviation before 1941
the first of these parameters ranged from 800 to 1000 MPa, now it is from 1300 to 2000. However, the complexity
of the problem lies not so much in achieving such indicators, but in ensuring the operability of aircraft structures
made of appropriate mategalThe fact is that an increase in the strength of steels leads to a decrease in their
ductility, toughness, crack resistance, etc. In this regard, the developers of their new varieties are constantly
searching for compromises between increasing strengtheasuring reliability. Currently, three groups of high
strength steels are most often used in aviation technology: structural maitbyed; corrosion resistant; used for
the manufacture of parts operating in difficult conditions with increased frietionsubjected to chemietdermal
treatment [5].

Many publications appeared on the problems of aircraft construction and their materials. It is possible to list
only dissertations completed in the lasB3ears, where an bibliography is presentel 1.

1. Steel alloys in aviation

In aircraft construction, steel alloys still remain the basis of structural materials that can be divided into three
groups: highstrength steels, mediuailoyed steels, and corrosioesistant steels that operate under higgttibn
conditions and are subjected to thermal and chemical attack7]13Compared to conventional steels with a
strength of up to 1400 MPa, steels with a strength of up to 2500 MPa are needed, while parts made of these stee
must be wearesistant, tht is, resistant to corrosion, mechanical and heat treatments. This is achieved by reducing
surface and subsurface defects. Thus, knowledge and control of the surface of materials and parts in the aircra
industry is an urgent problem. Steel Vi8§18062000 MPa) and steel VK8 (19562100 MPa) are used in the
manufacture of largsized aircraft parts, for example, landing gear. They successfully replace titanium alloys,
which are much more expensive. Not so long ago, they began to melt the maragiNg(Std&0-1D, which has a
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strength of 145@500 MPa and unique mechanical and technological characteristics [15]. Due to the low content of
carbon and nitrogen, they are characterized by high ductility and toughness, which leads to the production of
complexshaped parts (Mi@&1 and MiG29 parts). Steel VK9 and VKS180ID are shown in fig. 1 and fig. 2.
VNS-2 steel, which is resistant to corrosion, is used for plating aircraft of various classes. For the production of such
parts as bars, forgings, steels EP8VNS25, VNS41, VNS=49, VNS50, CH2A and others are used. The
chemical composition of some of the steels listed above is shown in Table 1.

The most loaded unit of aircraft engines is the blade of the first stage of the turbine, which, due to the high
thermal stress and corrosion of the external environment, has a short service life of the aircraft engine as a whol
[10, 11, 18, 19].

Fig. 1- Aircraft landing gear from stee@VKS Fig. 2- Martensitaging steel VKIB0ID
Table 1Chemical cgposition of aviation alloys

Alloy Fe C S P Mn Cr Si Ni Cu Ti Mo Co
VNS- | 77,7 |<0,08 | 0,018 | 0,02 1,0 | 1415| 0,7 4,7- 1,75 | 0,15 - -
2-Sh | 74,9 5,5 2,5 0,3
VNS- | 76,5 | 0,03 | 001 | 0,01 | 0,25 | 11,5 | 0,25 9,0 0,2 All 0,15 0,5 |0,05Ca

25 73,2 12,5 10,3 | 0,003} 0,25 0,6 0,1Zr
EP817|73,95 | 0,05 - - 1,0 13,5 0,7 5,6 1,8 | 0,03 1,3 |[0,3Nb

73,22 | 0,08 14,5 6,2 2,2 0,1 1,7

A major role here is in the creation of new alloys, which are subject to the following requirements:

- the alloy should be distinguished by a higtlér of longterm strength and high creep at higimperature
operation;

- the alloy must be characterized by a low atomic diffusion coefficient and a stable structure;

- the alloy should be characterized by high fatigue strength and low sensitivitydioalestresses;

- the alloy should have a lower specific gravity.

According to the international classification, several shaglestal generations of heedsistant nickel alloys
(HNS) have been created for the manufacture of turbine blades of a ga® tengjme (GTE) [20]. The first
generation includes alloys of elements that are necessary for alloying: Al, Ti, Cr, Mo, Co, W, Ta, Nb. The second
and third generations contain, in addition to the first generation, also rhenium in the amout#ocdritl 56%,
respectively. The fourth and fifth generations contain the element ruthenium in addition to rhenium. In ZHNS
alloys, various chemical elements are contained in various proportions (Table 2).

Table 2Chemical composition and density otsiatdeletresistant nickel alloys (ZhNS) [21]

Content, % (by mass), alloying elements Densi

Alloy Cr Ti Mo W Re Ta Al Co Nb Hf etc ty
glcn?

First generation

@K F - 1,8 0,6 11,7 - - 51 7,5 1,1 0,1 - 8,635
@ K 6,1 - 4,0 6,9 - 7,0 5,6 5,0 - - - 8,84
PWA-1480 10,0 | 15 - 4,0 - 12,0 | 5,0 5,0 - - - 8,70
CMSX-2 | 8,0 1,0 0,6 8,0 - 6,0 5,6 5,0 - - - 8,56
CMSX-3 | 8,0 1,0 0,6 8,0 - 6,0 5,6 4,6 - 0,1 - 8,60
SSR99 | 8,0 2,2 - 10,0 - 3,0 55 5,0 - - - 8,56
RR2000 | 10,0 | 4,0 3,0 - - - 55 | 15,0 - - 1,0V 7,87
FK 8,0 15 2,0 8,0 - 6,0 5,0 5,0 - - - 8,63
:F 7,8 1,1 2,0 57 - 7,9 5,2 6,5 - - - 8,59
:F 8,0 20 | 225 | 50 - 3,5 6,0 55 - - - 8,25
DD3 9,5 2,0 4,0 55 - - 5,8 50 - - - 8,20
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Second generation

@K 4,0 1,1 16 | 11,7 | 2,0 - 5,8 7,0 1,1 - - 8,724
CMSX-4 | 6,5 1,0 0,6 6,0 3,0 6,5 5,6 9,0 - 0,1 - 8,70
Rene N5| - - 2,0 5,0 3,0 7,0 6,2 8,0 - 0,2 0,05C | 8,63

SCI80 5,0 1,0 2,0 5,0 3,0 8,5 52 | 10,0 - 0,1 - 8,84
SMP14 | 4,8 - 1,0 7,6 3,9 7,2 5,4 8,1 1,4 - - -

PWA-1484| 5,0 - 2,0 6,0 3,0 8,7 56 | 10,0 - 0,1 - 8,95
TMS-71 | 6,0 - 6,4 - 2,5 8,4 57 6,0 - - - -
TMS-82 | 4,9 0,5 1,9 8,7 2,4 6,0 53 7,8 - 0,1 - 8,90
DD6 4,3 - 2,0 8,0 2,0 7,5 5,6 9,0 05| 01 - 8,83
CMSX-8 | 5,4 0,7 0,6 8,0 15 8,0 57 | 10,0 - 0,1 - 8,85
Third generation
Rene N6| 4,2 - 14 6,0 5,4 72 | 575| 12,5 - 0,15 | 0,05C
0,004B | 8,97
0,01Y
CMSX-10| 2,0 0,2 0,4 5,0 6,0 8,0 57 3,0 0,1 | 0,03 - 9,05
CMSX- 20 | 0,24 | 04 54 6,5 8,2 | 5,78 - 0,08 | 0,03 - 9,02
10M
TMS-75 | 3,0 - 2,0 6,0 5,0 6,0 6,0 | 12,0 - 0,1 - 8,90
@K 2,5 - 2,0 1,3 9,3 88 | 557 | 11,0 - - 0,02y | 9,089
0,02Ce
0,02La
Fourth generation
<@F 2,5 - 4,0 4,0 6,0 4,5 6,0 6,0 - - 0,02y | 8,879
0,02Ce
0,02La
MC-NG | 4,0 0,5 1,0 5,0 4,0 5,0 6,0 - - 0,1 4,0Ru | 8,75
0,1Si
TMS-138 | 3,2 - 2,8 59 5,0 5,6 5,9 5,8 - 0,1 20Ru | 8,95
TMS-138A| 3,2 - 2,8 5,6 5,8 5,6 57 5,8 - 0,1 | 36 Ru | 902
EPM-102 | 2,0 - 2,0 6,0 | 595| 825 | 555 | 16,5 - 0,15 - 9,20
(MX-4)
Fifth generation
TMS-162 | 2,9 - 3,9 5,8 4,9 5,6 5,8 5,8 - 0,1 | 6,0Ru -
TMS-196 | 46 - 2,4 50 6,4 5,6 5,6 4,6 - 0,1 | 50Ru | 9,01

As an example, ifrig. 3 shows the structure of a single crystal with a reduced density after heat treatment
and casting of a GTE blade.

a) b)
Fig. 3- Microstructure of siaglestal castings fromalioy of reduced density (a) and a blade of gas turbine engine

2. Steel surface

To date, the physical chemistry of common steels is associated with their complexes of mechanical and
chemical properties. This is achieved by changing the cowtiemtrof carbon and alloying chemical elements,
through various influences on the technology of casting and processing of finished steel parts. The main factor tha
affects the operation of parts in aviation and mechanical engineering is the propettiessofface and surface
layer [22]. For aircraft parts, a surface layer is a layer in which the phase and chemical state are different from the
material from which the part is made. On Fig. 4a shows the scheme of the surface layer of the metal with the
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interpretation of the layers [23]. In what follows, we will consider transition layer 3, assuming the absorbed and
oxide layers to be remote. We also will not take into account the roughness of the metal shown in Fig. 4b. The
operation of aircraft parts in fficult conditions: the implementation of flights at supersonic speeds, which are
accompanied by "shock shocks" and aerodynamics of external force, a lot of repeated loads, flight modes in ba
weather and noeolimatic situations, in conditions of suddemgerature changes, forces the use of new approaches

to the choice of materials for aircraft industry. This is especially important for civil aviation aircraft parts, where,
first of all, it is necessary to increase the resource and cost, flight safetgdaneé the environmental impact [24].
Modern conditions, when choosing materials for aircraft construction, use a conceptual apparatus, which basically
contains the concept of the integrated quality of the material. Such a concept includes such ipgranzeters as

weight efficiency, reliability, controllability, and others [24].

Surface profilograms j—
Surface Layer Scheme L
wm
AL B "A} .
77 1
7 /;;/,r /f‘}:i»

1- adsorbed layer
2 - oxide layer (210 microns)
3 - transition layer (1680 nm)
4 - technological layer (several mm)

5- base metal . /

transverse

roughness roughness

z ' b)

Fig. 4- Scheme of the surface layer (a), surface roughness (b)

Weight efficiency is mainly related to parameters that include strength and stiffness, specific strength,
acoustic strength, and more. Since scientific and technological progressndt stand still both in fundamental
research and in applied sciences, aviation technology is based both on completely new materials (which we talke
about above) and surface modifications of new and old materials (Fig. 5 ).

METHODS FOR MODIFYING WORK SURFACES

Surface Thermal Deformation
_l Coating —I alloying impact }' impact |_
chemical chemical auenchin with shot
deposition thermal igh freqiency blasting

CVD] treatment currents

_{ a%r%‘s‘i%%'n I
PVD)
i

vibration
treatment

-

- ion laser
implantation hardening

laser electron magnetic
alloying beam treatment pulse processing

2 |

electrospark plasma
hardening

thermal
alloying

spraying

= [P v

hardening

= electron
surfacing beam

—{ cladding I

ultrasonic

cryogenic
treatment

treatment

smoothing
and rolling

I explosion

| i ] e
5 ) [

plasma flame
alloying hardening

i

on Ch: e Changing ucture Chan%e “geomeny

Jjn the surface chemical composition of the surface and energy sforage,
of the tool of the surface layer layer work handenin

of the surface layer

Fig. 5- Methods for whifying the surface of parts

As an example, surface modification by an electron beam is shown in Fig. 6, and its microstructure is shown
in Fig. 7.
13
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up to 5
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,mm 075 05025 0 025 05075 Lm atthe power density of the reflow source:
the foundation coating 1-0.75 10° Wiem’, 2-1.02 10° W/em?, 3-1.27 10° Wicm®

Fig. 7- Microstructure of coatings

The components of ireoarbonalloys include iron, carbon and cementite. The following phases exist in the

"iron-carbon" system: ferrite, austenite, perlite and ledeburite. The crystal lattice and microstructurecafbioon
alloys are shown in fig. 8, 9.

Fig. 8- Crystal latti@nd microstructure ferrite, x 500 [25]
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Fig. 9- Crystal lattice and microstructure austenite, x 500 [25]

Heatresistant alloys used for the manufacture of nozzle and working blades of gas turbines are complexly
alloyed multicomponent nickddased sgtems (Table 2). The influence of each alloying element inteigtperature
nickel alloys is multifaceted. The same chemical component can simultaneously be afoanftia element and
be part of a solid solution, increasing its strength.

3. Description of the empirical model
In [26], when considering the melting temperature of small particles, we obtained the following equation:

T(r) To1 R@)/r, (1)
where the parameter R(l) is determined by the expression:
R(I) 2VXRT, 2)
where 1lis the surface energis the molar volume, R is the universal gas constant, T is the temperature.
Experimental studies carried out by us with physical objects on thin films of various nature: mechanical,

optical, magneticq7], as well as the results of other researchers [25], showed the size dependence of all physical
properties of small particles and thin films. This dependency looks like this:

A A,1 R()/r, (3)
where A(r) is a physical proper{ynechanical, etc.), which depends on the linear size (size effedy,afphysical
property (volumetric), which does not depend on the size.
(TXDWLRQV DQG KDYH WKH VDPH VWUXFWXUH DQG GLYF
of equation (3) and write it down finally:

Ar) Ayl RM/r, r 1R, @)
A() Al R()/R() r, Ry dr drR(l).

This model is shown schematically in Figure 10. It is anlidg¢amically smooth single crystal without
vacancies, dislocations, and other defects.
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Fig.10- Schematic representation of the surface layer [26]

The de Broglie layeR,= dB=,/p for metals is from 0.01 nm to 0.1 nm. Quantum size effects begin in this
layer. The main quantwgiimensional structures include structures with a-tivoensional electron gasepitaxial
films, MIS structures, heterostructures, etc.; strusturéth onedimensional gas quantum threads or wires;
structures with zerdimensional gastquantum dots, boxes, crystallites [29].

The R(l) layer is described by the first dependence from Eq. (9) (r >> R(l)). In the R(l) layer with pure metal
atoms, reonstruction and relaxation occur, associated with the restructuring of the surface [30]. For gold, the lattice
constant is R(l) = 0.41 nm and the surface is rearranged at a distange R(I) § RI WKUHH DWRPLF F
Size effects in the R(l) layer are determined by the entire group of atoms in the system (collective processes). Suc
"gquastclassical” size effects are observed only in nanoparticles and nanostructures.

The R(Il) a\AHU H[WHQGV DSSUR[LPDWHO\ WR WKH VL]H 5 ,, 8 55" ZKH
properties start from this dimension. Nanomaterials are commonly understood as materials whose main structure
elements do not exceed the nanotechnological bourafar00 nm, at least in one direction [31]. A number of
researchers express the opinion that the upper limit (maximum size of elements) for nanostructures should b
associated with a certain critical characteristic parameter: the mean free path of oatr@rsport phenomena, the
size of domains/domain walls, the diameter of the FRe&d loop for dislocation glide, etc. [32]. This means
that in the R(Il) layer there should be many dimensional effects associated with optics, magnetism and othel
physical properties according to equation (4). The layer R(ll) is described by the second dependence from equatiol
(4) (R<r<R(D)). The parameter R(l) is related to the surface tendioy formula (2). In [26], we have shown that,
with an accuracy of 3%, threlation is fulfilled:

vV 103T,,. (5)

where T, is the melting point of the solid (K).
The ratio is valid for all metals and for other crystalline compounds. At T=Tm from equation (2) we get:

R(); 024710° (6)

Equation (6) shows that the thickness of the surface layer R(l) is determined by one fundamental parameter
the molar (atomic) volume of the eleme#tM/ !, M is the molar mass (g/mol), is the density (g/cf), which
periodically changes in accordance with the table D.l. Mendeleev. In [35] Rusanov A.l. at a constant temperature
and phase composition)(at small r, obtains the following linear depencken

V KT, @)
where K is the proportionality factor depending on the temperature and composition of the .pifase Fig. 10
layer R(1l)). It follows from equation (7) that in the region of small radii of curvategardless of the specifics of

the system, the surface tension always decreases with a decrease in the radius of curvature and becomes equa
zero when the radius of curvature of the tension surface vanishes. Let's compare formulas (5) and (7):
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V ER() 10°T,. (8)
Where do we get:
E 103 T,/R(l) ©)
V 102 T, /R(I) T

Here Tnis the melting temperature of the nanostructétdd/ !, M is the molar mass (g/mol),is the density
(g/cn?). The presence in equation (9) of the coordinate r(x, y, z) or r(a, b, c) leads to surface tension anisotropy.
Finally we have:

R()x » 054710 **%(@>R(l), , 054710 **Y(b)°,R(1), . 054710 ** Z(c)®,

11
\, 10 ° T, Ry)/RM), \, 103 T, R,(N/R(), V. 103 T, R.(I)/R(). (1D
For equiatomic solid solws, the following relations are valid:
n n n
Tno (&M e, U Fe(y, (12)
il i1 il

where (T)i is the melting point of each alloy element (K), (\)the molar mass of each alloy element (g/mbi,

the density of each alloy element (gRnyg is the concentratio of each alloy element, n is the number of alloy
elements. Calculations of the surface energy will be carried out according to the formula derived under the
assumption that there are no phase transitions of the first kind for these substances umédtitigejpoint [36]:

Uy

. T
oM 1 0é"cpolT. (13)

%kl

where ! is the density of the crystalline substance, &b its molecular weightly, is the melting point, cp is the
molar heat capacityyd is the thickness of the first coordination sphere in the [hkl] direction, which for crystals with
body-centered (bccand facecentered (fcc) ) cubic structure is given by the relations [36]:

Im3m, Z 2159 & ly19 a/2; l111 al\f3, (14)
FA3M, Z 410 & liyo al/2;ly,, 2al+/3.

4. Calculation results and their discussion

Table 3 shows the values of the thickness of the surface layer and the surface energy of tgsstéehp
aircraft industry. Shown here are steels VRSh, VNS25 and EP817, which are corrosimsistant martensitic
steels. Martensitic steels are distinguished by high hardness and strength, and this is explained by the fact that t
martensite strcture, being nosquilibrium, is characterized by the presence of strong internal stresses. In
martensitic steels, when they are heated, carbon atoms are redistributed. This phenomenon is of a diffusion natur
As a result of this distribution, two phasa® formed in the steel structure, each of which differs in carbon content
and the shape of its crystal lattice.

Such phases, which are characterized by all steels of the martensitic class during their heating, are:

- ferrite, which contains a very smalmount of carbon up to 0.02% (elementary cells of the crystal lattice
of ferrite have a BCC structure; the rest of the space in such cells is occupied by carbon);

- cementite, in which the carbon content is much highep to 6.67% (the rhombic crystéttice of
cementite is formed by unit cells having the shape of a rectangular parallelepiped).

In our calculations, we use the bcc structure and formulas (12).

Table 3The thickness of the surface layer and the surface energy of steelipas# indhstry

Steel (hkl) Structure Tm, K R(l), nm J, mIm?2

VNS-2-Sh (100) 1,7 1887
(110) BCC 1887 1.2 1348

(111) 1,0 1110

VNS-25 (100) 1,6 1807
(110) BCC 1807 11 1291

(111) 0,9 1063

EP817 (100) BCC 1,6 1836
(110) 1836 11 1311

(111) 0,9 1080
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The thickness of the surface layer in Table 3 is about 1.7 nm for the (100) face, which coincides with the
thickness of the surface layer of ireR(1)=M/ ! = 1.7 nm, since iron in these steels is more than 70%. Congjderin
that the parameter of the cubic boBHQWHUHG ODWWLFH RI LURQ LV D QP WKI
iron monolayers, which undergo surface reconstruction or relaxation in this layer.

The diffusionless martensitic transformation hasnbeensidered both in theory and experimentally. It is
shown that it can be described, like twinning, as a result of the motion of partial dislocations (since a full dislocation
does not change the lattice). The movement of dislocations is, in fact, plefsticnation associated with surface
energy during the crystallization of the alloy.

Table 3 shows that the geometry of movement of partial dislocations is associated with orientational
FU\WWWDOORJUDSKLF UHODWLRQ¥D MKWH RTIJRQRIQGHMLanddiettiehs {RAGRA //
[111]M. In the plane [111] the lowest value of the surface energy (Table 3).

Table 4 shows the corresponding values for nickel alloys.

Table 4The thickness of the surface layer and the surface energli@mfaickbe aircraft industry

Alloy | (hkI) | Structure | Tm, K | R(I), nm | 3w, mIm?
First generation
(100) 1,9 1778
@K F (110) HCC 1778 14 1270
(111) 2,2 2092
(100) 1,9 1851
@K (110) HCC 1851 14 1322
(111) 2,2 2178
Second generation
(100) 2,1 1944
@K (110) HCC 1944 15 1389
(111) 25 2287
Third generation
(100) 2,2 2130
@K (110) HCC 2130 1,6 1521
(111) 2,6 2506
Fourth generation
(100) 2,1 2017
<@F (110) HCC 2017 1,5 1441
(111) 25 2373
Fifth generation
(100) 2,2 2077
TMS-196 (110) HCC 2077 1,6 1484
(111) 2,6 2444

7KH DYHUDJH WKLFNQHVV RI WKH VXUIDFH OD\HU RI QLFNHO DOO
§ 7KLY YDOXH FRLQFLGHYVY ZLWK WKH QXPEHU RI LURQ PRQRO
nickel allbys is greater than that of irdtased alloys. The structure of nickelsed alloys, like all alloys, is
determined by the temperature gradient in the crystallization region, as well as the crystallization rate, which, in
turn, depends on the magnitudetioé surface energy, which determines the conditions for heat removal from the
growing alloy during crystallization. Let us now consider the microhardness of steel (SS) coatingstiagh
(HEA) coatings, and metallic glasses (MS) and their frictionfients.

Table 5Hardness and friction of NS, VES and MS coatings

NS HV k HEA HV k FS HV k
<GKR]| 279 |0/443 CrNiTiZrCu 880 0,04 - - -
<GHK5 282 10,50 FeCrNiTiZrAl 585 0,06 FesoB2o 1100 0,25
W 382 | 0,55 CoCrFeNiMn 659 0,05 FersM0o2B2o 1015 0,28
@K F| 240 |0,38 CrNiTiZrCu 890 0,04 FexoNisoP14Bs 640 0,19

@K 280 | 0,42 AITiVFeNiZr 800 0,07 FergP13Cr 760 0,21
@K 250 | 0,52 MoTiVFeNiZr 740 0,12 FeeSiioBi12 890 0,26
@K 330 | 0,60 CuTiVFeNiZrCo 630 0,15 NizsSigB17 860 0,30
<@F 334 |0,53] MoTiVFeNiZrCo 790 0,18 CorsSiisBiog 910 0,29
TMS-196] 362 | 0,45| AITiVFeNiZrCoCr 780 0,23 TisoBesoZr10 730 0,23

Table 5 shows that the hardness of kégitropy (HEA) coatings and metallic glasses (ML) are
approximately the same, but almost 2 times higher thamandness of steel coatings. For HEAs and MS coatings,
the thickness of the surface layer is presented in Table 6 and is also approximately the same.
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Table 6Thickness of the surface layer of HEAs and MS coatings

HEA R(), nm FS R(l), nm

CrNiTiZrCu 1,4 FersMo2B2o 1,3
FeCrNiTiZrAl 1,3 MgesClbsY 10 1,8
CoCrFeNiMn 1,8 PdioNisoP20 1,4
CrNiTiZrCu 1,7 FesSiioBio 12
AITiVFeNiZr 1,6 TisoBesoZrio 17
MoTiVFeNiZr 1,4 FexoNiagP14Bs 1,2
CuTiVFeNiZrCo 1,7 NisoFegP14B6Al 2 1,2
MoTiVFeNiZrCo 1,8 Zr6:Cl2Al 1oFesDy: 1,9
AITiVFeNiZrCoCr 1,9 Zr41,2Ti13,5Cu12_d\IiloBe22,5 1,6

In our opinion, there is much in common between fagtropy alloys and metallic glasses (Figs. 11 and 12).

Materials containing

components with clearly defined AICoCrFeNi 3 -
boundary line Bulk metal glass _ _\b( r‘\o(.“( Tag TiZr
Al /CoCrCuFeNi

|
Reinforced composites carbon fiber

1000 |

<

o

3

g

£

g Lad | Silicon

n

L

w

Aluminium alloys Silicate glass
7/ Sodium-calcium Technical ceramics
Metals and alloys Borosilicate glass Glass glass
10
A r <
10 100 1000 HY

Fig. 11- Correlation of the elastic limit ands\hiekdness for composites, ceramics, glasses, metararaplighoys [37]
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It should be noted that the thickness of the surface layer equal to Rgl) for HEAs and MSs is much
lower than for structures with# or more elemental compositions (Table 7) [26]. Table 7 shows that the thickness
of the surface layer B(of the most common crystals is an order of magnitude greater than the thickness of the
surface layer of higlentropy alloys.
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Table 7The thickness of the surface layer of complex crystals [26]

Pomegranate group R(l), nm Pomegranate group R(l), nm
MgsAlo(SiOs)s 25,9 CaFeSisO12 211
FesAl2(SiOy)s 19,7 CaTix(FeSi)Or 22,7
MnzAl[SiO4]3 19,6 CaFe(SiOs)s 18,8
CasAl2[SiOy]3 217 Ca(VAIFe)2(SiOs)3 26,2

The first AusSizs metallic glass was obtained by an American group in the USA in 1960 [38the first
high-entropy alloy was obtained by Chinese researchers in 2004 [39], that is, 40 years later than metallic glasses.

Researchers identify 4 main features of HEA [39]:

1) high entropy of mixing;

2) distortion of the crystal lattice;

3) slow diffusion;

4) mixing effect.

In review [38], a list of five main models of the structure of amorphous alloys currently under consideration
is given, but there is no final model yet.

1. A model that treats rigid spheres as chaos when they are packed. Siactutthedensity of metallic
glasses is about 5% lower than that of the corresponding crystal structures, this model is not realistic.

2. Packing model for polyhedra. The model considers polytetrahedral packing, which assumes the packing
density of rigid sphre density polyhedra.

3. Stereochemical model. Due to the fact that the strongest interaction occurs between nearby atoms, it i
possible to consider metallic glasses as solids with saoge order, as happens in real crystals, with the only
differencethat metallic glasses allow some disorder. This model is valid for some metallic glasses, but is poorly
applicable to many amorphous alloys.

4. Efficient Packing Model for Quagiquivalent Clusters. The model is based on considering the structure as
some cking of clusters with a sherange order characteristic of the given alloy. Moreover, the coordination
polyhedron, which is formed from neighboring atoms, creates a local environment without pores between clusters
This model is applicable to metallitagses consisting of pure metals.

5. Model of the average order or packing by fractals. This model shows that the average order in metallic
glasses is described by the theory of fractals. These works are just getting started.

We emphasize once again thiat,our opinion, there is much in common between fggtropy alloys and
metallic glasses. Now let's turn to Table 5, namely, the coefficient of friction k. The friction of steel and nickel
coatings lies at the level of B016. The coefficient of frictiorof multi-element nitride ( ~ 0.96) turned out to be
slightly higher than that of TiN( ~ 0.84) and metallic (~ 0.87) coatings. For metallic glasses, the coefficient of
friction is higher than 0.2 or more. For WESSs, the coefficient of friction is rfesshthan 0.1. What is the reason for
this difference? In [40], within the framework of the thermodynamic approach, we obtained the following formula
for the coefficient of dry friction:

K Nﬁf’?so’ N, (15)

where lis the specific sufeH HQHUJ\ RI WKH PDWHULDO 6 LV WKH°KkR® Gith& W DU
energy, N is the average number of elementary destruction carriers (proportional to the number of defects), C is
constant. But according to the molecular kinetiotigethe friction force F ~ k is equal to:

F  3dL | V1, (16)

where lis the surface energy (Table 2), L is the length of the traveled path.

Equation (16) shows that the friction coefficient is proportional and increases withsingrsarface energy
according to (16), that is, the value &from Table 2 should lead to an increase in the friction coefficient. But the
reverse picture is observed experimentally, the friction coefficient decreases, which contradicts the moleticlar kine
theory, but becomes explainable from the point of view of our formula (16), which contains the Gibbs formula in the
denominators.

Considering the case where an alloy is formed from its constituent elements under isobaric conditions, the
change(Gmix of mixing from the initial elemental state to the state after fusion can be expressed as:

'Gmix 'Hmix T Smix ' (17)

An equilibrium state is a state at a minimum of free energy. On fig. 13a shows an increase in the entropy of
mixing with an increase in the number of elements for equimolar alloys. It can be seen that the entropy of mixing for
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solid solution phases increases from a small value for ordinary alloys to a large value fenthigly alloys of the
composition [41].

Based on theffect of the entropy of mixing, it is possible to divide the variety of alloys into three fields, as
shown in Fig. 7b. Low entropy alloys are traditional alloys. Higltropy alloys are alloys with at least five main
elements. Medium entropy alloys areaR\V ZLWK « PDLQ H GéntrodyQeffewt of7activatiad fhie
appearance of a disordered solid phase essentially occurs in the field-ehtrighy alloys and should be present to
a lesser extent in mediuentropy alloys. Stabilization of a singplsolid solution phase is important for the
microstructure and properties that can be obtained in these materials [41].

6
25 | High-entropy alloys
! /
34 / : Medium-zntropy alloys
o
£3 Low-entropy alboys
£ / (traditional)
52 / Seore 0.6R
&1 161R2Z  Sww 0 69R_—
i 0 1 1 1 1 ] ]
1 3 5 7 9 1 13 15
The number of elements in an equimolar alloy
VA b)

Fig. 13Increment of the entropy of mixing by the number of elements in equimolar alloys in a disordenecof she
world of alloys by the entropy of mixing (b) [41]

Since tribological properties play a significant role in engineering,-@ighopy alloys and coatings will take
their rightful place among structural materials. For example, in the aerospasé&ynin which the issue of creating
tribological coatings with a low coefficient of friction under changing operating conditions (temperature, humidity,
pressure, atmosphere) is fundamental for further progress and the development of a new typemanequip
Spacecraft have a large number of moving parts: flywheels, gyroscopes, antenna and solar array drives, pump
gears [42]. All these parts are subjected to different loads and friction velocities from values close to zero to 20 m/s
in gyroscopic systas. For example, bearings used in gyroscope gimbals for fast positioning of spacecraft in orbit
rotate at a frequency of up to 500 Hz when performing maneuvers. It should be noted that in addition to high load:
and rotational speeds, parts are subjechtmging operating conditions: exposure to moisture during assembly and
ODXQFK RI DLUFUDIW H[SRVXUH WR DQ R[LGL]JLQJ DWPRVSKHUH ZKH(
fluctuations from- f & WR f & LQ RUELW DQG wKehDeWdriqndthX &tmadsphere. f
Requirements for mechanical characteristics, performance in various conditions, service life of products for the
aerospace industry currently exceed the capabilities of existingfriatiin materials, which necessitates the
development and implementation of advanced materials and technologies. So at the moment there is no antifrictio
PDWHULDO WKDW ZRUNV VWDEO\ LQ D ZLGH WHPSHUDWXUH UDQJH IUF
for the further developnme and production of higbpeed aircraft jet engines and snsadled engines operating
without cooling systems for aerospace vehicles. Therefore, in recent years there has been a great interest in ti
development of thin coatings to reduce friction andnedavorking surfaces, not only from scientists, but also from
enterprises of the militarindustrial and aerospace complex. In this regard, many works in this direction are closed.
Recent advances in the field of ipfasma technologies make it possilbedeposit coatings with desired properties
WKDW ZHUH XQDWWDLQDEOH HYHQ ILYH WR WHQ \HDUV DJR ([DPSOF
[43] and multilayer coatings [44] with unique mechanical and chemical properties.

Conclusion

In aircraft construction, steel and nickel alloys still remain the basis of structural materials. The results
presented in the article show that the hardness of-énigtopy (HEA) coatings and metallic glasses (ML) is
approximately the same, but almost 2 timaghbi than the hardness of steel and nickel coatings. For HEAs and MS
coatings, the thickness of the surface layer is also approximately the same. In our opinion, there are many
similarities between higkntropy alloys and metallic glasses. Equation (1@wshthat the friction coefficient is
proportional and increases with increasing surface energy according to (16), that is, the VaftmofTable 2
should lead to an increase in the friction coefficient. But the reverse picture is experimentallydliberitéction
coefficient decreases, which contradicts the molecular kinetic theory, but becomes explainable from the point of
view of our formula (16), which contains the Gibbs formula in denominators, which decreases fenthigly
alloys. Thus, higkentropy coatings can be used in aircraft construction due to their high hardness and low friction
coefficient.
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Influence of Pressure on Tire Wear of Mining Dump Trudk
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Annotation. The article shows the dependence of ground pressure on the number of wdegte anflation
pressure for dump trucks, the dependence of tire pressure, tire deformation and contact patch length on tire inflatio
pressure and tire temperature. Currently, some of the dump trucks in Russian quarries are operateddin off
conditions on soils with low bearing capacity. Work on weak soils requires the use of vehicles with high cross
country ability and low specific pressure on the ground. One way to improveaaffmobility is to use articulated

dump trucks.

Keywords: mining dump tuck, crosscountry ability, calculation, ground pressure, tire wear, contact patch

Introduction

With this articulated dump truck can maneuver in a narrow space due to the small turning radius of the
machine. Most of articulated dump trucks have capdimty 10 to 50 tons. In the former Soviet Union, production
of articulated dump trucks is the responsibility of the Belarusian production association BelAZ, which produces
threeaxle model BelAZ7528 and its modification BelAZ5281 with a carrying capacitf 36 tonnes [5].

If there is a need to use machines with a higher payload capacity on weak soils, the option of using multi
bearing dump trucks is being considered. A dump truck with a#swjported drive can continue to move even if
the tires of somef the wheels are out of order [7]. The disadvantages of such design can include: less reliability and
greater complexity of maintenance and repair of the transmission, in comparison with the transmission of classic
dump trucks, the high cost of dump trgaokith multisupported running.

1. Degree of development of the topic

On wheeled dump trucks, you can change the specific pressure either by changing the tire inflation pressure
or by increasing the number of dump truck wheels.

When loaded, a dump trutke deforms (Fig. 1).
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Fig. 1- Calculation scheme for determining the contact area
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The magnitude of the tire deformai %M lan be determined from the expression [1]:

1)
- coefficient of vertical deformation of the tire from the load;
tload on the tire, kN;
Ie® +air pressure in the tire, kPa.
5 (2)

whereﬁ +free radius of the tire above the axis of rotation, m.

The free radius of the tire can be assumed to be half the outside diameter of the unloaded wheel. The widtl

of a wheel's tire contact patcheaM is approximately equal to the width of the tire's racetrack. It is possible to
accept [3, 4, 5, 6]

3)

whereﬁ— width of the tire profile, m.

Large truck tires are characterized by ataagular contact patch shape. Then the wheel pressure on the
ground P is defined as:

(4)
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Fig. 2.2Dependence of ground pressure on tire inflation pressure
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Fig. 2 shows the calculated dependence of pressure on the ground, developed by BelAZ 75130 dump truck (
wheels) and a simitan weight dump truck with muksupported (eight pairs of wheels) on the inflation pressure of
tires. As the number of wheels increases, the load per wheel, wheel diameter and width decreases. This leads tc
decrease in the contact area of the whedh tie road. According to the results of calculations, we can conclude
that multisupport dump trucks exert less pressure on the ground than dump trucks with a classic layout. When yol
increase the number of wheels by 2.7 times the pressure developeddwnth truck on the ground is reduced by
1.2 times. The developed pressure is not enough in order to consider this parameter as a distinct advantage of dur
trucks with multipumped drive over conventional dump trucks, that limits the appropriatenessyodwsip trucks
with multipumped drive in quarries with weak soils due to their high cost and complexity of maintenance. However,
the multibearing course can be used when working in cramped conditions due to the high maneuverability of dump
trucks with it.

2. Results

The pressure exerted by the dump truck on the ground is significantly affected by the air temperature in the
tire, which depends, among other things, on the ambient temperature. Tables 1 and 2 show the calculate
dependencies of tire pressurire deformation and contact patch length on tire inflation pressure and tire
temperature.

Table 1Dependence of tire pressure, tire deformation and contact patch length on tire inflation pressure and tirtdZmperature fc

75130 dump truck
Pumping Ambient temperatur€C
pressure, Parameter
MPa -30 -20 -10 0 10 20 30 40
Tire pressure, MPa| 0,41 0,41 | 042 | 0,42 | 043 | 0,43 | 0,43 | 0,44
0,4 Deformation, m 0,16 | 0,26 | 0,45 | 0,15 | 0,15 | 0,14 | 0,24 | 0,14

Contact length, m | 1,48 | 1,46 | 1,45 | 1,44 | 1,43 | 1,41 | 1,40 | 1,39
Tire pressure, MPa| 0,37 | 0,38 | 0,38 | 0,38 | 0,39 | 0,39 | 0,39 | 0,40
0,55 Deformation, m 0,09 | 0,09 | 0,09 | 0,09 | 0,09 | 0,09 | 0,08 | 0,08
Contact length, m | 0,87 | 0,86 | 0,86 | 0,85 | 0,84 | 0,84 | 0,83 | 0,82
Tire pressure, MPa| 047 | 047 | 048 | 048 | 049 | 049 | 0,49 | 0,50
0,7 Defomation, m 0,12 | 0,22 | 0,12 | 0,21 ) 0,11 | 0,112 | 0,21 | O,11
Contactlength, m | 1,29 | 1,28 | 1,27 | 126 | 1,25 | 1,24 | 1,23 | 1,22

Table 2Dependence of tire pressure, tire deformation and contact patch length on tire inflation pressure and tireltiemperature f
posiion dump truck

Pumping Ambient temperaturéC
pressure, Parameter
MPa 30 | 20 | 10| o | 10 | 20 | 30 | 40
Tire pressure, MPa| 0,34 0,35 | 0,35 | 0,35 0,36 | 0,36 | 0,36 | 0,37
0,4 Deformation, m 0,11 0,117 | 0,21 | 0,10 | 0,10 | 0,20 | 0,20 | 0,10

Contact length, m | 094 | 093 | 0,92 | 0,92 | 091 | 0,90 | 0,89 | 0,89
Tire pressure, MPa| 0,37 | 0,38 | 0,38 | 0,38 | 0,39 | 0,39 | 0,39 | 0,40
0,55 Deformation, m 0,09 | 0,09 | 0,09 | 0,09 | 0,09 | 0,09 | 0,08 | 0,08
Contact length, m | 0,87 | 0,86 | 0,86 | 0,85 | 0,84 | 0,84 | 0,83 | 0,82
Tire pressure, MPa| 0,39 | 040 | 040 | 041 | 0,4 | 041 | 0,42 | 0442
0,7 Deformation, m 0,08 | 0,08 | 0,08 | 0,08 | 0,08 | 0,08 | 0,07 | 0,07
Contact length, m | 0,82 | 0,82 | 0,81 ) 0,80 | 0,79 | 0,79 | 0,78 | 0,78

When you change the pressure in the tire, the rate of tire wear changes. Using experimental data from ope
sources [9]a graph of the dependence of tire runability on inflation pressure was plotted (Fig. 3).
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Fig. 3.2Dependence of tire runability on inflation pressure

Tire mileage, %
3

The smallest error in approximating these values can be obtained by using a quadratic approximation.
Regression analysis showed: the correlation coefficient when using quadratic approximation is 0.9982, the
coefficient of determination 8quare) is 0.9965, the average error of approximation is 1.8769%. The coefficient of
determination is close to one, iwh indicates the high accuracy of the proposed empirical expression for
determining the tire wear of the vehicle depending on the pressure in the tire.

The mileage of a tire until it is completely worn out can be determined from an empirical expression:

()

whereP +ttire pressure;
P g trated inflation pressure of the tire;
L g #the nominal mileage of the tire before it is scrapped.

To determine the ratio of the tire's mileage to its nominal mileage, you can use the expression:

(6)

As the ambient temperatuohanges, the runability of the tire also changes. If we assume a temperature of
f& DV WKH QRPLQDO LQIODWLRQ WHPSHUDWXUH RI WKH WLUH WKH

(7)

wheret ambient temperature, K;
tg- air temperature wén inflating the tire.

Table 3 and Fig. Table 3 shows the calculated dependences of the ratio of tire run to full wear to the nominal
mileage on tire inflation pressure and tire temperature for BelAZ 75130mpedamp truck.

Table 3Dependence oétiunability on inflation pressure and ambient temperature

Pumping Ambient temperaturéC
ks Parameter 30 | 20| -10| o | 10 | 20 | 30 | 40
Pressure on ground, MPa 0,41 | 041 | 041 | 0,42 | 0,42 | 042 | 0,43 | 0,43
04 | Share of mileage to total wes ¢z | 571 | 074 | 0,78 | 0,81 | 0,84 | 0,86 | 0,89
and tear
Pressure on ground, MPa 0,44 044 045 045 045 | 0,46 | 0,46 | 0,46
0,55 Share of mileage to total we 093 | 0,95 | 097 | 009 | 1,00 | 1,00 | 1,00 | 1,00
and tear
Pressure on ground, MPa 045 | 045 | 046 | 0,46 | 0,46 | 0,47 | 0,47 | 047
06 | Share of mileage to total wes (g7 | 599 | 100 | 1,00 | 1,00 | 1,00 | 0,99 | 0,98
and tear
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Dependence of tire serviceability on ambient
temperature and tire inflation pressure
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Fig. 4.2Dependence of tire runability on inflation pressure and ambient temperature for BelAZ 75130
(at inflation temperature of 15 degrees)

As the ambient tengrature rises, tire wear decreases for tires with pressures below the rated pressure, and
increases for tires with pressures above the rated pressure.

Conclusion

The article considers the dependence of ground pressure on tire inflation pressure. THendegeof tire
pressure, tire deformation and contact patch length on tire inflation pressure and tire temperature are given. Th
calculation methodology is offered which allows to determine the ground pressure exerted by a dump truck, and tire
wear rate ba dump truck depending on tire inflation pressure and ambient temperature. Results of the work can be
applied both at creation of recommendations for choice of operating modes of dump trucks on the grounds with
various bearing capacity, and at desigrofigew dump trucks with mufsupported course.
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Annotation. With the active development of the mining sector, the share of open pit mining is increasing. It should
be noted that the increase in the volume of epgnmining depends on the volenand methods of excavation
works. The main technological equipment performing up to 80% of the total volume of excavation and movement of
minerals in open pit operations is hydraulic excavators. Consequently, efficient and highly productive operation of a
hydraulic excavator directly affects the efficiency and profitability of mining operatiéus.important factor of
development of mining industry today is to improve the reliability of technological machinery, namely energy
efficiency, durability and matainability of equipment. At the modern stage of development of mining equipment,
the use of mine excavators with a hydraulic drive of the working mechanism occupies a wider and wider niche [1].

Keywords: hydraulic excavator, rotary motion, speed, fomerking equipment, bucket, hydraulic cylinder, rod,
modeling.

Introduction

Hydraulic mining excavators are becoming increasingly common in-pipenining operations. Usually
digging is done by turning the bucket with the appropriate hydraulic cylibdéisometimes you need to organize
work in specific conditions. For example, in order not to use bulldozers, the excavator must ensure scraping the
bottom of the ledge, for which the teeth of the bucket must move horizontally. Another specific area where
excavators are used is in quarry reclamation work after they have been mined. During reclamation it is necessary t
level the sides of the quarry, and the bucket must move along inclined rectilinear trajectories.

When moving along specified trajectoried, teydraulic cylinders work, with the boom and arm hydraulic
cylinders providing the main action to move the bucket, while the bucket cylinder only maintains the required angle
of inclination of the teeth to the trajectory.

1. Degree of development of théopic

The digging process of the hydraulic excavator is determined by the operation of the hydraulic cylinders of
the bucket, arm and boom.

The hydraulic cylinders must be controlled to ensure that the bucket follows the desired path. Computers anc
specal distributors installed for control can set any desired rod speeds.

When digging, it is possible situations in which there will be a part of the caterpillars detachment from the
bottom hole soil the caterpillar together with the platform turns relatie the support rollers, close to the bottom
hole. Such movement limits the force on the bucket teeth when digtiwegefforts of the hydraulic cylinders rods
could provide more force, but the displacement of the working equipment when turning therptidges not allow
it.

Tilting moment at digging relative to track rollers of the undercarriage is caused by gravity forces from the
side of the working equipment and digging efforts, and the holding moment is an equilibrium of gravity forces of the
turntable (without working equipment) and undercarriage.

At present time, there is a technique by which the first version of the working equipment design is
developed, taking parameters similar to those of the existing models [2, 3], for it, forcegsnkoackets, boom
supports are determined according to the necessary digging forces and then stress calculations are made to check
strength. For the elements that do not provide the strength condition, design changes are made, and the stre
calculdion is repeated [4,5].

Schematic for obtaining expressions for calculating the speeds of movement of hydraulic cylinders rods is
shown in Fig. 1. The line KB shows the required trajectory of the bucket movement, its slope is determined by the
angle \.. This trajectory will coincide with the tangential component of the digging resistance Jarce
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Fig. 1.4Diagram for calculating the parameters of the mathematical model
5 LE,F, P, R, B, C;linges; Kbucket tooth tip; KSidicket profiléagram; CBarm; ABboom;
TE, FP, REnydraulic cylinders of boom, arm and lsc&et(ou, Gob, Gea, Gebu- gravity of boom, arm, bucket, hydraulic cylinders of
boom, arm, buck@f; Cya Cybu- center of gravity of the boom, arm and Ruckethorizontal tilt angles of boom, arm, and bucket

According to the presented expressions developed an algorithm and made a program in algorithmic languag
for research. The output of the results is provided in a table on the graph and in the farfigwt of the
calculation scheme on a scale. Calculations for an excavator with a bucket of 6 m3 and a bucket speed of 1 m/s a
made. Calculation results in the form of figures and graphs of velocity changes are shown in Fig. 2,3,4.
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Fig. 2.+Calcltation results in the form of a figure (positions of the working equipment
at the beginning and at the end of the digging trajectory)
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Table linput data of calculation variant 1

Parameter name dD'?‘gfam Value
esignation
Coordinates of the initial poirdf the trajectory, m G 7,0
Yirn 0,0
Trajectoy length, m Ly 6,0
Angle of inclination of the trajectory to the horizontal, deg. | 60,0
Angle between thek Dine and the trajectory, deg. “im 120

Speed, mis

01

(]

0,2

0,3

0,0

Stemn speed of the arm

Stemn speed ofthe boom

2,0

40

o

80

Time, sec

\ Stem speed of the bucket

Fig. 3.£Working equipment positions and cpsesl

Table 2Input data of calculation variant 2

Parameter name D'?‘gfam Value
designation
. I . . Qn 12,0
Coordinates of the initial point of the trajectory, m Y 10
trn 1
Trajectay length, m Ly 8,0
Angle of inclination of the trajectory to the horizahtdeg. | 60,0
Angle between theK Dine and the trajectory, deg. " iR 120
05
0.4 Stem speed of the arm
¥ o3
E
- 02
3 Stem speed of the boom
g 01
w
0.0
0,0 2,0 40 6,0 10,0
-0,1 .
Time, sec
-02
03 Stem speed of the bucket

Fig. 4.8Working equipment positions and speed charts
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2. Results

When digging in quarries, it is possible when the force from the hydraulic cylinders of the working
egupment is transmitted through one tooth of the bucket when meeting the unexploded mass of rock. The mos
unfavorable case for loading of working equipment is when the force is transmitted to the extreme tooth of the
bucket. There is a torque on the bucletm and boom from offenter force application. Thus, torsional moments
from asymmetric loading of a bucket are added to the acting bending moments from hydraulic cylinder forces that
has to be taken into account in calculations of strength and in ealettlement sections [6].

The technique of calculation of efforts in elements of the working equipment within the limits of a working
zone at uniform loading of all teeth of a ladle is resulted in [7]. According to efforts on hydraulic cylinderserods th
mathematical model resulted in a technique provides definition of possible efforts on teeth of the bucket within the
working zone.

Schematic for making up a mathematical model when forces are transmitted to the rock mass through one
outermost tooth isheown in Fig. 5.

The force on the bucket tooth is determined by the maximum forces on the working equipment hydraulic
cylinder rods, and depends on the weights, linear dimensions and coordinates of the working equipment element
position, as well as the ptien in the face face of the top of the bucket tooth, through which the force is transmitted
to the rock [8].

A o E' ¢l o K'

E R c D
A, T,E, F, P, R, B, GhingesK- bucket tooth thSD- bucket profile diagr&B- arm AB-boom TE, FP, REhydraulic
cylindersf boom, arm and bucket rot&tid®;, Gy Geb, Gea, Gebu- gravity of boom, arm, bucket, hydraulic cylinders of boom, arm, bucket
boom, arm, bucket; .o, 3, % edges

Fig. 5.#Work equipment diagram

When digging with one side of the buckehgtoutermost tooth), in addition to the forces and reactions
specified for digging, there are reactions in the form of a pair of forces on the articulated lugs from the torsion
torque.

The torque on the bucket from the digging forgepplied to the outenost tooth K:

Moo= J1.. " 1)
where KK'- is bucket width by teeth
J - digging force, b=( b1+ 12

This torque is perceived by a pair of forces in the hinges of the bucket to the CC' arm. Perception of the
torque by pairs of hydraulic cylinders can higrélgarded in view of sluggishness of joints of hydraulic cylinders in a
plane of action of the torque.

Additional reactions in the {oint from the torque:

Fe.rio= M/ KK (2)

32



MateULDO DQG OHFKDQLFDO (QJLZIBHULQ.

Additional from torque reactions in joint B:

Fg.Fto= Mi/BB (3)
Additional from torque reactions in joint A:

Fg.Fto= Mi/BB (4)

Conclusion

For an excavator with a 6mbucket the results of calculations of digging forces and forces during
transportation are obtained, it is revealed that reactions in tha beel and the handkeoom joint from forces
during transportation exceed reactions from digging forces3y %.

It is set that additional reactions act in a plane parallel to a plane of torque action, reactions at digging mode
are defined in a global oodinate system of an excavator, therefore it is necessary to consider such feature at
calculation of tensions in elements of the working equipment. The direction of action and decomposition of torque
should be taken into account when calculating the lugs.

To calculate the main part of the boom and arm it is necessary to take into account the torque from
asymmetric loading of the bucket, bending moment and compressive forces from digging reactions and forces fron
hydraulic cylinders.
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Plants
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Abstract. The influence of various coatings tre corrosion resistance of the valve stem of-sfitvalves has been
studied. To assess the quality of the obtained coatings, microhardness, corrosion resistance, deftyengtton
and tribological characteristics were determined. Researches have shatvthe most optimal way of anti
corrosion protection for the shaff valve stem is chromiusplating, which provides corrosion proofing, increases
wear resistance and surface microhardness.

Keywords: anticorrosion protection, shff valve, spindle,chromiumplating, chemical oxidation with oiling,
zinc-coating,corrosion proofing

Introduction

Shutoff valves are an integral part of the equipment, it has a certain impact on the level of its reliability.
Particularly important are the requiremerds $trength, tightness, reliability and durability of the design of-effut
valves. Particularly important are the requirements for strength, tightness, reliability and durability of the design of
shutoff valves [1]. The main disadvantage of sbiftvalve parts operatinf®, 3, 4]in water (steam) mains in heat
stressed conditions is corrosive wear, which limifsM VHU Y3l.FH OLIH

The purpose of this work is to improve the operational characteristics eb8hwrlves and extend the

overhaul life. In this work, the influence of various coatings on the corrosion proofing and mechanical
characteristics of shutoff valve parts was studied.

1. Methods of research

As an object of study, the element of the stifitvalves most susceptible to corrosion wassem designed
to turn on or off the flow of the medium (water) in the pipelines of thermal power plitselement is a spindle
made of steel 40X GOST 4543.

For testing, samples were made of steel 40Kh with subsequent heat treatment accordingdonte
YROXPHWULF KDUGHQLQJ DW f & DQG WHPSHULQJ DW f & WR H
for the spindle hardness (4245 HRC). Chrome plating, chemical oxidation with oiling, zawating with
chromiumplating (hereinafterinc-coating) [2]. A general view of the fabricated samples is shov#gind.

a) b) <) d)

a #uncoated; kchromium (Cr);3zinc (Zn); dchemical oxidation with oiling

Fig 1- General view of test specimens

Determination of the coosion resistance of the studied coatings was carried out in accordance with the
current standard GOST 9.3@3 [6]. The essence of the method, to determine the corrosion resistance, was to
accelerate the corrosion process by increasing the ambient téungeaad introducing a solution of sodium
chloride into the atmosphere. To carry out the tests, arvM8imatic chamber was used, designed to create heat
and salt fog with a dispersion ofll0 m (95% drops) and a water content a82)/m3.The volume of the chamber
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is not less than 0.4 m3, with automatic temperature mainten@heeests were carried out at a temperature of 35
f& DQG D GXUDWLRQ RI KRXUV

To determine the tensile strengththe samples, an IR 504460 tensile testing machine with the highest
ultimate load of 50 kN was used. The tensile testing machine is designed for tensile testing of specimens made ¢
metals, plastics, rubber and other materials within the technical iitpslof the machine. The strength test was
FDUULHG RXW RQ IODW VDPSOHV ZLWK GLPHQVLRQV R84 (1SO1689294) PP L

[7].

Tribotechnical tests were carried out on anZicrotribometer designed to study the charisties of
friction and wear of materials, as well as the characteristics of lubricBinéstests were carried out on round
VSHFLPHQV 1 LQ VLIH 7R VWXG\ WKH WULERWHFKQLFDO FKDUDTI
with the rotatiorof three indenters on a fixed disk. Test conditions: n = 60 rpm; t = 2 rgiia=N\60 N. The process
of tribological tests consisted in bringing the contacting bodies into contact, loading them and setting them in motion
relative to each other. Duringdlexperiment, the load in the friction pair, the speed of rotation of the main shaft, the
friction force arising in the tribocoupling, and the change in the vertical position of the platform with the lower
sample were recorded. Determine the total lineaamof a friction pair without taking into account thermal
expansion.

To measure the microhardness, a PRI@levice was used. The PMBTmicrohardness tester is a microscope
designed to measure the microhardri8$of metals, glass, abrasives, ceramics,arats and other material§he
principle of operation of the device is based on the indentation of a diamond pyramid into the test material under ¢
certain load and measurement of the linear value of the diagonal of the resulting imprint (GOST73.0#E/
microhardness of the samples under study was determined by the method of reconstructed imprint by a tetrahedr
pyramid with a square (Vickers base). The reconstructed indentation method consists in applying an indentation t
the test sample surface undke action of a static load applied to the diamond tip for a certain Tiheevalue of
microhardness was determined by dividing the normal load applied to the diamond tip by the conditional area of the
side surface of the resulting imprint.

Microscopic @alysis was performed using an MMP 1600T metallographic microscope. Inverse
metallographic microscope MMP600T is used for observation and analysis of metallurgical products, for
inspection and measurement of crystals, integrated circuit, microelectionines electronics industryicroscopic
examination can be carried out in a bright field with direct and oblique illumination, in a dark field, in polarized
light, by the method of phase contrast and interference.

2. Results about discussion
The resultof determining the corrosion resistance of the coatings under study are preséige@.in

a) b) c) d)

ZHuncoatedy +chromium plate (@rzinc covering (Zd)ichemical oxidation with oiling

Fig 2.- Results of corrosion tests

As the test results show, of all the studied samples, the uncoated sample is subject to the greatest corrosic
attack, m its surface there is a corrosion damage in the form of irregularly shaped spots, @827 0f the sample
surface. Chrome plating showed the highest resistance to corrosion. On a sample with a zinc covering, localize
corrosion is observed, the areawdiich is 10%. A sample coated in the form of chemical oxidation with oiling is
also slightly susceptible to corrosion, the area of corrosion damage is 15%.

The results of deformatiestrength tests are presentedrig.3.
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The results of deformatiestrength tests showed that the strength of the studied samples changes
insignificantly, within 10%, when coatings are applied.
The results of tribotechnical tests are showRim4.
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Fig 4.- Wear of surfaces, test samples
depending on the applied coating

It can be seen from the obtained results that surface wear decreases during chromium plating. When applyin:
Cr, a significant decrease in wear by 2.4 times is observedn\W4iag galvanizing and chemical oxidation, wear
increases significantly.

The results of measurements of the microhardness of the surface of the samples are Bigo%n in

20000 1041.00

1000.00
800,00 644.00
600.00

400.00 265.67

200.00 86.67 l
(-

0.00
Cr Zn Chemical oxide

Microhardness, MPa.
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Fig 5- The values of the microhardness of the samples in
depeding on the applied coating
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As a result of the study of the microhardness of the samples, it was found that during chromium plating
there is a significant increase in the surface microhardness, more than 60%. With the use of zinc plating, the
microhardnessf the samples decreased by 87%, and with chemical oxidation, by 60%.

The results of optical microscopy of the samples are shoWwigir.

Steel 40X Steel 40X+ chromium coatin¢  Steel 40X + zinecoating Steel 40X + chemical
oxidation with oling

Fig 6 - Results of optical microscopy of the studied samples,
PDJQLILFDWLRQ 1

Microscopic analysis of metallic materials makes it possible to obtain information about the nature of
corrosion damage. Various types of corrosion are observed on the obtained images of coated samples. The origin
sample is subject to continuous unifocorrosion. A more uniform structure is observed on a sample with a chrome
coating. Pitting corrosion is visible on same.4, and local uneven surface corrosion is visible on saiipla.

The presence of ireminc phases was found in the surface strigctifithe zinecoated sample.

Conclusions

The results of the conducted research indicate that the most optimal way of anticorrosion protection for the
gate valve spindle is surface chromium plating, which provides protection against corrosion. In tldis tagease
in wear resistance and microhardness of the surface of the parts is observed.
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Investigation of the Processes Occurring During the Operation of the Torque Converter
Hub in the Belarusian Autoworks Gearbox during CAE Modeling
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Abstract. The main objective of the study is to identify and eliminate the causes of breakdowns in the torque
converter hubs of mining dump trucks Belarusian Autowofkee relevance of the work carrieadit: during the
operation of dump trucks based on Belarusian Autoworks vehicles, in open pit conditions, according to enterprises
operating such equipment, in the period from 2019 to 2021, 75% of the failures and breakdowns of equipment
occurred due to thfact that the hub of the torque converter impeller is intensively loaded a part, which during its
operation is affected not only by mechanical loads, but also by temperature and others leading to the failure of the
specified unit in 85% of cases. For exale, hydrodynamic forces that arise during the period of immersion of gear
teeth in an oil bath, and so on. Therefore, it is proposed to conduct a comprehensive study of the processes occurri
with the wheel hub and identify the main loaded places. Gakito account the analysis carried out, it is possible to
produce a batch of wheel hubs with updated parameters and conduct trssialeiltests.

The novelty of the work carried out lies in the analysis of the operating conditions of the hub, whadddreve
a high boundary pressure that occurs at the point of transition from the air to the oil bath.

The object of researds the study of the processes that occur during the operation of the torque converter
hub, which affect the structure and occur intoé itself.

Research objectives:

- learn the ways and methods of conducting CAE analysis;

- analyze the design parameters of the installation that occur in the torque converter.bushing

Research methods: When performing the dissertation work, methotlgsa€qd and mathematical modeling
and system analysis of information, laboratory, bench and operational tests using computer gmecisigim
measuring equipment were used.

Keywords: CAE modeling, torque converter hub, hydromechanical transmission box.

Introduction

Engineering analysis of the transformer hub is an urgent engineering task in the conditions of the Maker LLP
enterprise. Under the conditions of the enterprise, manufacturing is carried out from SKD parts supplied from the
territory of the Rpublic of Belarus and repair and restoration of worn components and parts. During the operation
of the enterprise, for the period from 2017 to 2019, at the enterprise of 9 B&lE3 dump trucks with a carrying
capacity of 110 tons, as well as 4 Bel&XB13 dump trucks with a carrying capacity of 130 tons, the main most
worn parts were torque converters in hydromechanical transmigsgpt.).

Fig.1- Hydromechanical gearbox of BelAZ dump truck
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It should be noted that the equipment, and most impdytéot this work, the torque converter units, were
designed to work on specially equipped roads, with a maximum length8okrb at a rise of 8%, with a
WXUQDURXQG WLPH RI DW OHDVW NP +RZHYHU WK WHFKQLTX

In the hydromechanical transmission, a complex, siatige, lockable, fotwvheel torque converter is used.

At high loads, it increases the torque transmitted from the engine, and at low loads it transmits it without change, i.e
operates in hydradimode.

The most worn part of a hydromechanical gearbox is the torque converter hub. In all cars that came for
repairs in the period from 2019 to 2021, the hub (Fig.2.) was, in 4 cases, broken into two or more parts, in othel
cases it was worn out to ovenitical values.

The torque converter hub is attached to the crankcase and is a distributor of oil supplied to engage the frictior
clutches of the gearbox and block the torque converter, as well as to the torque converter cavity and to the
lubrication linefor lubricating the friction clutch disks and bearings.

Fig. 2- Hub of the torque converter

During the analysis of the causes of breakdowns of the torque converter hub, there are: wear and destructio
of the working surfaces of the wedgbaped groees, support hub and DOA rollers; destruction of the blade system,
filling with wear products of the working cavity and channels for pumping the working fluid.

Failure leads either to the exclusion of the possibility of timely locking of the reactor wbe&siamming
of the DOA rollers and complete blocking of the reactor wheels.

It is possible to diagnose the loss of the ability to jam the DOA of the second reactor in the dump truck
acceleration mode, which significantly increases the accelerationtdiraegiven speed, and reduces the distance
traveled during this time. If the DOA of any reactor turns out to be not wedged during the acceleration of the dump
truck at high values of the smlled gear ratio, then this malfunction can be detected bysixebsrapid heating of
the working fluid at the outlet of the gas turbine engine, since its efficiency will begin to decrease sharply.

To study the above problem, it is necessary to analyze the main factors affecting the torque converter
bushing, as welds find out how these effects affect the ability to carry out their direct technical functions. To carry
out such an analysis, it is possible to conductdadlle tests, which, however, require large labor and economic
costs and take long time intervaldnd the second method of analysis, using CAE technology, and specifically the
ANSYS software package [1].

1. Analysis of the operation of the design of the torque converter hub

During the analysis of the design of the torque converter hub, data waneenbbn defective machines, the
reasons for their failure, and the main defects were studied.

So, for example, from January 2019 to December 2021, 37 Belarusian Autoworks cars were out of action, the
main reason for failure in 30 cars is a breakdown eftdrque converter hub or a complete failure of the torque
converter. So, compared with machines manufactured at enterprises in other countries, the number of exits for
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similar reason is presented in Table 1.

Table 1Statistical data on the failuwarsfof the Belarusian Autoworks brand manufactured in the territory of the Republic of Kazak
and the Republic of Belarus

Causes of failure ofcpiipment for the period
The number from 20172019 Total
of cars in total -
Car Place of Year working in Fuel Failure of Failure of the number
model manufacture made 9 . s hydraulic of
the quarries of equipme | body lifting - .
the region nt failure | mechanisms transmlsglon failures
mechanism
Republic of
Belarus. City
BELAZ of Zhodino;
7555 Belarusian 2017 12 1 3 1 5
Automobile
Plant
The Republic
of Kazakhstan.
B%SASZ Karaganda | 2017 15 14 7 39 60
city, KLMZ
plant
The Republic
of Kazakhstan.
B7E£'3'5A72 Karaganda | 2018 5 1 5 24 30
city, KLMZ
plant
Republic of
Belarus. City
BELAZ of Zhodino;
7513 Belarusian 2018 s 1 1 0 2
Automobile
Plant
45
40
Failure offuel
35 injection
30 equipment
25 Failure of
20 mechanisms for
lifting the body
15
/\ Failure of hydraulic
10 transmission
/ \ mechanism
5 y - N
0 T T T \ 1
1 2 3 4

Pic. 3- The main reason for the failure of Belarusian Autoworks cars

As can be seen from the presented statistical data, the main reason for the failure of cars is the failure of al
automatic transmission, and a similar gewb is observed only in cars manufactured under license at the KLMZ
plant in the Republic of Belarus.

Also, all defective products were studied (Fieb.%
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Fig. 6- Torque converter hub of Belarusian Autoworks car with signs of wear

The presented materials show that the main place for the development of an automatic transmission
breakdown is the torque converter shaft hub.

Thus, in order to work out and determithe main causes of wear, it is necessary to carry out mathematical
modeling.
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2. Analysis of the mathematical model of the torque converter design

The 3D model of the torque converter impeller hub is divided into elements that will correspond to all
geometic characteristics. For these elements, the physical and mechanical characteristics of the materials that mak
up the hubs are set. After that, boundary conditions and external influence on the model are set. To set such
module of restrictions, it is messary to enter into the software package a number of mathematical dependencies that
describe the relationship of physical processes occurring during the operation of the hub. The second most importat
event is the search for input parameters that wibwalyou to determine and set the initial and final conditions of
work. Similar work should be carried out for each element where a different computational grid[B.used

During the work on the model, it was confirmed that all the main dimensions blithevere taken on the
basis of the design calculation of the entire assembly.

After determining all the boundary conditions, it is necessary to set the parameters of the solver. For
example, if you set the iteration parameter to 40, the solutions withnfiald tests 60% of the time. This parameter
allows you to assess the reliability of the studies. For the first preliminary calculation, this parameter can be sef
much less, since the analysis is carried out on a structure that is in operation anchdmagnaof safety and
durability, confirmed by fullscale tests and work in real conditio% |

To carry out the design analysis procedure, it is necessary to determine with what maximum pressure the
torque converter impeller hub supplies oil through tlielines to the torque converter overrunning wheel.
Determining the pressure, as well as the angular velocity and the forces developed at the same time, will be a test
the operability of the structure as a whole, it will allow you to track changegse tharameters by changing both
the manufacturing technology of the hub and making changes to the design of the part itself.

Let us give a brief algorithm for creating a model in the Ansys system by transferring the main geometry
from the NX software packee (Fig. 7.).

N\ Unsaved Project - Workbench (=)<
File View fools Units Help 7
_INew [ZFOpen... idl Save [ Savens... §)import... (-] @D Compact Mode
| o T _—
:‘E Analysis Systems Al |
4 Design Assessment

[&) Electric

HarmonicResponse

Linear Buckling
Magnetostatic
Modal

Modal (Samcef)
Random Vibration

Response Spectrum [rI——
Rigid Dynamics .

: : ;
Shape Optimization r____A | B |- D |
Static Structural 1 | Type Text | Associ... | Date/Time

Static Structural (Samcef) 2 Events | Automotive Powertrain Fluid-Structure Interaction (FSI) f

v

@) Thermal-Electric A 8 ‘ c ‘

B2 Transient Structural ey o S ‘ o
ﬂ Transient Thermal i

}B Component Systems
E m BladeGen

@) CFx

@ EngineeringData [Fes N
A

I Explicit Dynamics (LS-DYNA Ex

§ Bxernal Connection 3 1 - ~ie - T - Date Modified  ~ tocation -
External Data { & : iz S i

(@@ Finite ElementModeler

EY FLUENT b

I T : v:eﬂ All/ Cus%ormzeL J

O0NEEEEEERR

o Ready [ | Hide Progress ][ Hide4Messaoes]

Fig. 7- Dialog box for creating a new study of basic design parameters

During the transfer of the finished geometry of the hub, it is necessary to dwell on a number of basic
requirements, without which the studies will have significamors. The first significant feature of working in the
Ansys software package is the use of units of measurement in feet and inches by default (Fig.8.). And the secon
feature of the portable model is the variable diameter of the oil lines in the hsibdnou
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Fig. 8- Dialog box for selecting the project calculation system

Fig. 9- General geometrical parameters of oil pipelines in the body of the hub of the torque converter impeller

To conduct a study of the main parameters of the structureeagoned above, it is necessary to split the
entire geometry into a grid of control volumes. Taking into account the fact that all the main elements of the
structure must be broken with the most efficient $4ép

All operations for dividing into contrgjrids are typical sequences of actions. For example, to create a mesh
on the rear working surface of the torque converter impeller hub, it is necessary to create the boundary faces of thi
surface and set their sequence (Fig.10.).

For the convenience ofelecting the desired surfaces, it is necessary to use the possibility of partially
canceling the display of the structure, since the choice of incorrect parameters often entails an incorrect calculation.
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[ N
' Selection Name
Enter a name for the selection group:

linletSA

% ppply selected geomatry
" Apply geometry items of same:

I Size

B Type

™ Location X
™ LocatonY

™ Locaton Z

Cancel I

Fig. 10- Selection of initial and boundaagasirf

Since the finite element method is based on the method of mathematical matrices [5]. That is, the entire
surface of the body that is being considered is divided into a large number of polygons, each of which can be
described by the equations of phgsiecnathematics in partial derivatives, then it is necessary to set the boundary
conditions and actions of mathematical operators (Fig. 11.).

' Inflation
Use Automatic Inflation 7Program Controlled
| Inflation Option Smooth Transition
‘ Transition Ratio .0,i72
O] Maximum VL'ayers 5
Growth Rate [1,2
| Inflation Algorithm |Pre

View Advanced Options [No

' Sizing
| Use Advanced Size Function | On: Curvature
| Relevance Center 'Medium
[ Initial Size Seed | Active Assembly
‘ Smoothing Medium
Transition |Slow ;
'Span Angle Center \Fine 5’5
|| Curvature Normal Angle Default (18,0 °) . 5:; ‘
Min Size ' Default (3,3225e-005 m) Y
Max Face Size ‘:Default (9,3225¢-003m)
Max Size | Default (1,8645¢-002m) |
Growth Rate | Default (1,20) |
Minimum Edge Lengtﬁ 1,3263e-003 m

Fig. 11- Setting basic grid parameters

After carrying out similar procedures with all elements of the toopuerter impeller hub, it is necessary to
conduct a visual analysis of the structure for uniformity of filling the entire surface of the structure with mesh

elements (Fig. 12.).
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Fig. 12: Visual analysis of the uniformity of filling the surfateatitkenith a mesh

To conduct a fulfledged study of the influence of the main structural parts and methods of manufacturing a
hub, it is necessary to simulate the process of operation of this product.

To conduct such a study, we will create a catiah model in which we will lay down the main boundary
conditions for the operation of the torque converter impeller hub (Table 2) and configure the program solver
module.

Table 2Boundary conditions for torque converter hub parameters

Parameter desigtian Units of measurement of the parametg Numeric values
Maximum developed power at the hu kW 50
Maximum angular speed of rotation o st 3394

the hub
Oil flow through hub oil lines kals 97,8
Oil pressure at the outlet of the oil
pipelines of the hub kPa 300
0] pressure at the inlet to the oll KkPa 200
pipelines of the hub

Based on the description of the design of the entire unit, it should be noted that in the cavity where the hub of
the impeller of the torque converter is located, there is al amaunt of air and atomized oil, therefore, it is

necessary to take into account the influence of these conditions, for this we will make changes to the environmente
conditions subprocessor (Fig.13,14).

Fig. 13- Menu for making changes to thereneitbparameters during the experiment
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QOutline Material: gg | C!
Details of gg

Basic Settings Material Properties

Option General Material v‘;
Thermodynamic Properties =]
Equation of State =]
Option Ideal Gas v|
Molar Mass 18.5 [kg kmol~-1]
Spedific Heat Capacity =]
Option Value v ‘

Spedific Heat Capadity | 2213 [Jkg”-1K~-1]

Specific Heat Type Constant Pressure ‘v}
Reference State =]

Option Specified Point v/

Ref. Temperature 25[C]

Reference Pressure 1 [atm]
Reference Specific Enthalpy =
Ref. Spec. Enthalpy | 0. [J/kg]
Reference Spedific Entropy =]

Ref. Spec, Entropy 0. DkakK]

Transport Properties
Radiation Properties

BEHA

Electromagnetic Properties

)

Fig. 14:- Changes made to the environment parameters

The next stage in the creation of the calculation model is the process of determining the zone of action of the
given conditions. That is, the approximate disiens of the cavity where the impeller hub is installed are set, the
temperature at the beginning and at the end of the cycle, ambient pressure, humidity, contact boundaries of variot
media are set. Conditions are set for the maximum and minimum flovofréte working fluid through the oil
pipelines, temperatures in different sections.

Next, a calculation zone is created in which the specified conditions will be created (Fig. 15.).

Outline | Domain: SA a
Details of SAin Flow Analysis 1

BasicSettings | Fiuid Models | Initisization | ~|*

Location and Type

Location 850 ¥ ()
Domain Type Fluid Domain v
Coordinate Frame Coord 0 v!
Fluid and Particle Definitions... a8
Outiine | Domain: SA [ X | Fiuid 1
Details of SA in Flow Analysis 1
Basic Settings | Fluid Models | Initializa * |»
Heat Transfer =] Fluid 1 a
Option Isothermal | v | Option Material Lbrary [v|
Material -] v|
Fluid Temperature 25[C] i Q
Morphology =]
Turbulence a Option Continuous Fi|
Opkion kEpsion v Q [] Minimum Volume Fraction
Wall Function Scalable | v| Domain Models
Pressure a
Advanced Turbulence Control
Reference Pressure 0 [atm]
Combustion =] ey Moded =
Option None v Option NonBuoyant  |w
Thermal Radiation =] Dowisio Motens =
1 Option Stationary v/
i None v
oo - Mesh Deformation =]
[ Electromagnetic Model Option None vl
o J[ oy J[ cose | |[Coc )(awr ] ome |

Fig. 15: The main parameters of the environment during thetexperimen
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After determining all the boundary conditions, it is necessary to set the parameters of the solver. For
example, if you set the iteration parameter to 40, the solutions will correspond to field tests in 60% of cases (Fig
16). The indicated parameteriteration, allows us to evaluate the reliability of the studies, however, for the first
preliminary calculation, this parameter can be set much less, since the analysis is carried out on a structure that is
operation and has a margin of safety and dlitgbonfirmed by fullscale tests and work in real conditions.

Fig 16- The result of the boundary conditions and specifying the degree of accuracy of the solver

As mentioned earlier, in order to find and develop all possible design parameterspsh complete 3D
model of the torque converter hub design is required. As it became known, in the course of working on the model,
all the main dimensions of the hub were designed on the basis of the design calculation of the entire assembly (Fic
17.). The torque converter model was made in the NX software pafkhge

Fig 17-Model of the torque converter of the car Belarusian Autoworks

After building a complete model of the analyzed node, simulations of the node operation process were
carried out However, due to the high complexity of conducting this kind of research, the moments of interaction
between the turbine wheel structure and the hydraulic fluid were analyzed (Fig. 18.).
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Fig. 18- Model of a working hydraulic transformer of thieaB&latoworks car made in Ansys

Also, to ensure the accuracy of the unit, all the main units were made, the influence of which on the operation
of the torque converter is taken into account in the work (Fig. 19.).

Also, during the construction of the nadfactors such as the influence of the ambient temperature during
the operation of the mechanism, the operating time, and the type of working fluid were taken into account.

It is worth noting the fact that due to the imposition of certain conditiond®mdlculation in the ANSYS
system [6], hamely the increase in the time of the calculations, for example, when using-tleddatl model
shown in picture 7, the calculation time increased to 2 months and 7 days of computer time. Such calculation term
are not acceptable for real production. Thus, some of the mating parts were replaced by boundary conditions, takin
into account the parameters below (Table 3).

Table 3Main geometric parameters of the hub
Parameter designation Value
The maximum diameteaf the hub, mm 180,23
Maximum diameter of the oil channel, mm 131
Minimum diameter of the oil channel, mm 10,98
Degree of partiality 0,42
Number of oil channels 8
Hub lattice pitch, mm 9,78
Number of rotor blades 67

Fig. 19- Main parametexrsd geometric dimensions of the most loaded parts of the torque converter impeller hub

Thus, in order to determine some parameters of the boundary conditions, it is necessary to conduct separa
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studies, for example, calculations were made for the blatelif the turbine wheel of the torque converter, since
when studying fullscale samples, at the manufacturer's plant, traces of cavitation resolution and the appearance of
network of cracks. However, the operating conditions of the unit as a wholet dentfte cause of such a defect;

also, when studying the design documentation at the manufacturer, data were obtained that the replacement of tl
recommended structural material was not carried out. Thus, the study of the phenomena occurring in thie process
also necessary (Fig. 20.).

Fig. 20- Volumetric model of a turbine wheel blade

Conclusion

According to the results of the calculation carried out in the program, taking into account all possible related
factors, a picture of the stress distribatia the body of the blade was obtained (Fig. 21.).

The marked impact zones are in excellent agreement with the parameters collected during field observation:

[6].

On the mathematical model, the zone of maximum loads is visible at the root of the tunbeiebimde, and
a regularity was found in the analysis of factory drawings. In turbine wheels assembled by welding the turbine
wheel blades with the wheel itself and the hub and the hub assembled by milling with a CNC machine, in 85% of
cases the destruoti of the impeller hub began in the welding zones.

Confirmation of the received data can be seen in Fig. 21.

Fig. 21- Voltage in the turbine wheel blade when the torque converter hub reaches operating speed

Another factor necessary to study the operaof the torque converter hub is to study the process of
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pumping fluid in the cavities of the hub itself and the effect of the outgoing fluid velocity on the development of
cracks in the hub itself. So, compared with the design made on a CNC maadhidieyéinsions, quantity and quality
of these holes are very different from those in the torque converter hubs made at the KLMZ plant.

To study the influence of these parameters, the hub model was analyzed at speeds and operating modes of t
corresponding @rformance characteristic.

So, it turned out that the quality of the holes obtained at the KLMZ plant differs from those obtained on a
solid workpiece (Fig. 22.).

Fig. 22: Speed parameter calculation results

As can be seen from Fig. 22, fluid inleét#o the openings of the torque converter hub are stress and
cavitation disturbance concentrators (marked with yellow and red colors). For example, when liquid enters the hole,
there is a sharp narrowing of the hole, which is obtained due to the manuafattchnology of the hub, in which
the pressure rises abruptly, thereby causing cavitation phenomena and high vibration zones.

And given the previous information, namely that the blades of the turbine wheel are welded, and not made by
obtaining from a dad billet. And the turbine wheel, in turn, is fastened to the torque converter hub by means of
landing, and is not made in one piece, hot deformation zones are formed [7].

To test the hypothesis, an analysis was carried out of the torque converter leufsamad solid billet.

The analysis showed a decrease in the zones of cavitation impact and displacement of the cavitation zon
from the walls of the holes to the zone of the middle flow of liquid penetrating into the hole, thereby protecting the
metal (Fg.23.).

Fig. 23:- Analysis of the design of the torque converter hub made from a whole billet

Thus, various parameters of the torque converter operation were analyzed and the performance
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characteristics were obtained, as well as the internal dregies at which the vibration of the main parts of the
mechanism occurs (Fig5).

In Fig. 11, yellow indicates the natural frequencies of the torque converter hub made from a solid workpiece,
and in other colors, the internal frequencies of the compgetd of the workpiece hub, made at the KLMZ plant,
and in red the resulting oscillations of the product as a whole.

Also, during the process of obtaining a solution, data were obtained on the maximum speed of the hub, the
pressure developed in the oildim (Fig. 24).

Fig. 24.#Obtained velocity and pressure values during the study

Fig. 25- Analysis of the internal frequencies of the torque converter
Thus, it can be assumed that the manufacture of the impeller hub from parts, and the coofhtetmmparts
by welding and splined joints, was the cause of the development of all the above defects, since the resulting
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vibrations, as well as the presence of welds in the structure, and places for the development of defects, increase t
risk explosve development of cracks and subsequent resolution or jamming of the entire assembly as a whole.
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