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Abstract. In this work, the regularities of the change in the shear strength of the adhesive bond τ0 and the 

piezoelectric coefficient β in the metal systems "12Kh2N4 (45KhN2MFA) - steel 45 + B", "12Kh2N4 

(45KhN2MFA) - steel 45 + VS" were obtained during physical modeling of the shear of surfaces of small-sized 

samples and changes in dynamic viscosity environment of their interaction with the use of additional equipment of 

the SMTs-2 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 surfaces of steels 12Kh2N4 and 45KhN2MFA in certain ranges of normal 

pressures, at which τ0> 0 and the dynamic viscosity of liquid and grease. It was found that the parameter τ0 when 

lubricating surfaces is determined to a greater extent for the system "12X2H4 - steel 45", and partially for borating 

steel 45 and low values of dynamic viscosity μ = 0.027 Pa•s. With an increase in the dynamic viscosity of the liquid 

phase of the lubricant in the "12X2H4 - steel 45" system, there is a tendency to an increase in the value of τ0. It was 

found that the absence of modification of steel 45 with boron and boron carbide predetermines the independence of 

the piezoelectric coefficient from the viscosity of the liquid lubricant and the shear rate. Boring and boron 

carburizing steel 45 predetermines an increase in the piezoelectric coefficient by an average of 1.6 times with an 

increase in dynamic viscosity from 0.027 Pa•s to 0.19 Pa•s at a shear rate of 10.16±0.8. At shear rate = 5.08±0.6 

mm/s, the piezoelectric coefficient is relatively 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, lubricant, shear rate, tangential strength 

 

Introduction 

Forecasting the resource of mechanisms of mechanical engineering objects presupposes the presence of 

certain initial data. In this case, the main quantity is the wear rate of the surfaces of materials, which is determined 

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 adhesion 

properties and fatigue 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, high-quality carbon steel 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, the 

presence of numerical values of 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 influence on the manifestation of these parameters. Based on the above, 

the establishment of regularities in the manifestation of the parameters of adhesion properties in systems of 

structural metals seems to be an urgent scientific and fundamental task considered in tribology. 

 

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 surface structures and their hardness [1-3]. 

In [4], the regularities of the change in the shear strength of the adhesive bond τ0 and the piezoelectric 

coefficient β in the metal systems "steel 45 - 40X", "steel 45 + B - 40X", "steel 45 + ВС - 40X" were obtained 

during physical modeling of the shear between small samples in the environment of lubricants I-20A, Wolf 10W-40, 

TAD-17i, Litol-24 with distinctive dynamic viscosities using additional equipment of the SMTs-2 friction machine. 

At the same time, the features of the 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 steel 

40X is a constant element. This steel has one alloying element chromium, which predetermines the amount of 

surface energy, due to a greater extent to the chemical element - iron. 

Steels 12Kh2N4, 45KhN2MFA can be alternative steel 40Kh structural metals, for example, as discussed 

above, for the manufacture of gears. 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 carbide. Moreover, the hardness of steels 12Kh2N4, 45KhN2MFA is 
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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, 45KhN2MFA, but also to establish 

their change depending on the decrease in the hardness of one of the elements of the friction pair, in this case it is a 

direct pair. 

The aim of the work is to establish the regularities of changes in the parameters of the adhesive bond in the 

systems of materials "steel 45 – 45KhN2MFA", "steel 45 + B - 45KhH2MFA", "steel 45 + VS - 45KhH2MFA", 

"steel 45 - 12Kh2H4", "steel 45 + B - 12Kh2Н4 "," steel 45 + ВС - 12Kh2Н4 "in the physical modeling of the shift 

between small-sized samples in the environment of lubricants with distinctive dynamic viscosities using additional 

equipment of the SMTs-2 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 SMTs-2 friction machine with additional 

equipment in accordance with the procedure described in [7]. In this case, movable samples - disks were made of 

steels 12Kh2N4, 45KhN2MFA, and fixed pads in the form of triangular-shaped 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 the 

contact zone and the tangential shear strength, we used the average values of the contour 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 surface of the 

samples: 

- industrial oil I-20A (GOST 20799-88), dynamic viscosity at 40 ºС μ = 0.027 Pa•s; 

- transmission oil TAD-17i (GOST 23652-79), dynamic viscosity at 50 ºС μ = 0.106 Pa•s; 

- semi-synthetic motor oil Wolf 10W-40 API SL/SF, dynamic viscosity at 40 ºС μ = 0.19 Pa•s; 

- Litol-24 grease (GOST 21150-2017), dynamic viscosity at 50 ºС μ = 8 Pa•s. 

This choice of lubricants determined, firstly, different values of the dynamic viscosity for the liquid state of 

aggregation of the lubricating medium, and secondly, the 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 example, 

in mechanical drives of machine tools, transmission units for cars and tractors, gearboxes of hand-held power tools. 

To assess the parameters of adhesion without lubricant, the surfaces were thoroughly degreased with gasoline 

"Kalosha". 

 

3. Research results and their discussion 

As a result of processing the tribograms of the shear surfaces of a stepwise loaded contact in the considered 

systems of materials, statistical data were obtained, which are summarized in Tables 1, 2. 

 
Table 1. Parameters of approximation of experimental data for the system of materials "45KhN2MFA - steel 45 (+ B, + VS)" in the 

environment of lubricants 

Parameter Steel 45 Steel 45+В Steel 45+ВС 
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Piezo coefficient β 
58,311,0  р  

- 

6,505,0  р  

24,014,0  р  

9,1824,0  р  

3,3338,0  р  

0,12 0,13 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 0,17 0,14 0,14 0,16 0,13 

Tangential strength 

τ0, MPa 

2,02 >0  

at 

р≈23 

MPa 

>0  

at 

р≈2 

MPa 

>0  

at 

р≈23 

MPa 

>0  

af 

р≈30 

MPa 

>0  

at 

р≈26 

MPa 

>0  

at 

р≈58 

MPa 

>0  

at 

р≈38 

MPa 

>0  

at 

р≈23 

MPa 

>0  

at 

р≈1

8 

MP

a 

>0  

at 

р≈52 

MPa 

>0  

at 

р≈23 

MPa 

- - - - >0  

at 

р≈40 

MPa 

>0  

at 

р≈48 

MPa 

>0  

at 

р≈46 

MPa 

>0  

at 

р≈40 

MPa 

>0  

at 

р≈24 

MPa 

>0  

at 

р≈1

8 

MPa 

>0  

at 

р≈56 

MPa 

>0  

at 

р≈88 

MPa 

Note. 1. The upper row of values at a shear rate υ1 = 10.16 ± 0.8 mm/s, the lower one at υ2 = 5.08 ± 0.6 

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 parameter τ0 is determined only: 

- in the absence of lubricant for the system "45KhN2MFA - steel 45". In this case, exclusively boronization 

of the surface of steel 45 leads to a slight increase in the value of τ0 from 3.58 MPa to 5.6 MPa; 

- when lubricating surfaces to a greater extent for the system "12Kh2Н4 - steel 45" in the absence of surface 

modification of steel 45, as well as when it is borated and low values of dynamic viscosity μ = 0.027 Pa•s. In this 

case, with an increase in the dynamic viscosity of the liquid phase of the interaction lubricant, a tendency to an 

increase in the value of τ0 is observed. To a lesser extent, this parameter manifested itself for the system 

"45KhN2MFA - steel 45" again with dynamic viscosity μ = 0.027 Pa•s, but without modification of steel 45. 

 
Table 2. Parameters of approximation of experimental data for the system of materials "12Kh2Н4 - steel 45 (+ B, + BC)" in the 

environment of lubricants 

Parameter Steel 45 Steel 45+В Steel 45+ВС 

Lubricant 
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Piezo coefficient β 44,1336,0  р  

- 

5,102,0  р  

56,52,0  р  

3,3233,0  р  

8,3337,0  р  

0,1 0,11 0,1 0,15 0,11 0,18 0,17 0,1 0,18 0,16 0,18 0,1

3 

- - - - 0,15 0,15 0,15 0,14 0,11 0,14 0,14 0,1

2 

Tangential strength 

τ0, MPa 

8.3 4,8 10,7 >0 at 

р≈24 

MPa 

1,0 >0 at 

р≈30 

MPa 

>0 at 

р≈54 

MPa 

1,0 >0 at 

р≈42 

MPa 

>0 at 

р≈44 

MPa 

>0 at 

р≈60 

MPa 

>0 

at 

р≈5 

MPa 

- - - - 1,21 >0 at 

р≈17 

MPa 

0,5 >0 at 

р≈17 

MPa 

0,1 >0 at 

р≈62 

MPa 

>0 at 

р≈58 

MPa 

>0 at 

р≈38 

MPa 

 

Note. 1. The upper row of values at a shear rate υ1 = 10.16 ± 0.8 mm/s, the lower one at υ2 = 5.08 ± 0.6 

mm/s. 

On the whole, the results obtained confirm the thesis given in [5] on the structural sensitivity of the adhesive 

parameters. The manifestation of the adhesive interaction parameter τ0 in the absence of lubrication can be 

explained by the ratio of the hardness of the interacting surfaces. According to the research conditions, H12Kh2H4 

<H45KhH2MFA <H45, and H45 <H45 + B <H45 + BC. From which it follows that in each of the contact options, 

the parameter τ0 is extrapolated back after the manifestation of plastic, elastic-plastic and elastic deformation of the 

microprofiles of metal surfaces. Such interaction can be estimated in accordance with the relaxation theory of 

adhesion, which considers deformation processes, the appearance of internal stresses in the thinnest surface layers 

and their subsequent relaxation [8]. In this case, the deformable metal layers have different thicknesses with one 

interface. When the load is removed during elastic deformation, the dimensions are restored, i.e. there is a 

sufficiently large supply of internal mechanical energy in the near-surface layers. From which it follows that such an 

energy reserve is capable of forming, 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 the components 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 parameter τ0 of 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 materials, 

which predetermines the formation of the manifested large adhesion forces 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 the 

less viscous liquid phase of the lubricant, which manifested itself for the system "12Kh2H4 - steel 45". Based on the 

above, the considered interaction can be estimated in accordance with the theory of weak boundary layers [8]. In 

accordance with this theory, "weak" boundary layers with physicochemical properties that differ from those of the 

underlying layers are formed in the contact zone. In this case, it is the "weak" layers that determine the strength of 

the adhesive bond. In this case, the deformable metal layers have different thicknesses, but already with two 

interfaces. The first interface is formed by the elements "body (rotating disk, material 12Kh2H4, 45KhH2MFA) - a 

near-surface layer of a lubricant with bulk properties". The second surface is "a near-surface layer of a lubricant with 
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bulk properties - a counterbody (fixed block, material steel 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 (transition 

regions), but also mixed, taking into account the destruction of bonds along the interfaces. The latter is explained by 

the characteristics of the microprofiles of the contacting surfaces, which causes uneven deformation of the lubricant 

molecules distributed between them. 

Second, borating and boron carburizing of the surface of steel 45 leads to the absence of adhesion to the 

surfaces of steels 12Kh2N4 and 45KhN2MFA in certain ranges of normal pressures, at which τ0> 0. This 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 "12Kh2H4 - steel 45", which, for example, at a shear 

rate of υ1 = 10.16 ± 0.8 mm/s for liquid lubricant is from 0 to 42 MPa when borated steel 45, and from 0 to 48 MPa 

with its boron carburizing. For grease, this range is much smaller - from 0 to 17 MPa for borating, and from 0 to 5 

MPa for boron carburizing. At the same time, a twofold decrease in the shear rate leads to a decrease in the average 

range in a liquid medium by 2.5 times during boriding, and an increase in the range by 1.25 times for a liquid 

lubricant during boron cementation; 

- a smaller range of pressures is typical for the system "45KhN2MFA - steel 45", which, for example, at a 

shear rate of υ1 = 10.16 ± 0.8 mm/s for a liquid lubricant is from 0 to 38 MPa when borated steel 45, and from 0 to 

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. At the 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 within the same boundaries during borating as in a 

liquid medium, and its increase by 3.8 times during boron cementation. For a more detailed and visual assessment of 

the dependence of the upper pressure limit on the change in the dynamic viscosity of the liquid lubricant in 

accordance with the data of table 1, 2, graphical dependencies are built, Fig. 12. 

 

 
 

a) at υ2 = 5.08 ± 0.6 mm/s; b) at υ1 = 10.16 ± 0.8 mm/s; 1)  steel 45 when borated; 2) with boron carburizing steel 

45; 3) steel 45 without modification 

 
Fig. 1. - Influence of dynamic viscosity on the manifestation of adhesion in the system of materials  

"45KhN2MFA - steel 45" by pressure in contact 
 

From Figure 1 it follows that in the material system "45KhN2MFA - steel 45", the change in the dynamic 

viscosity of the liquid lubricant, starting from 0.11-0.12 Pa • s, predetermines an increase in the pressure of the 

beginning of the manifestation of adhesion forces during boron cementation of steel 45 and the shear rate of 5.08 ± 

0.6 mm/s. The same takes place when it is borated and boron-cemented, but at a shear rate of 10.16 ± 0.8 mm/s. At 

the same time, the intensity of its growth remains unchanged. The viscosity in the range from 0.01 to 0.11 Pa•s does 

not affect the change in the beginning of the manifestation of adhesion between the surfaces during borating and 

boron-carburizing 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 modification, steel 45. 

From Figure 2 it follows that in the system of materials "12Kh2H4 - steel 45" only at a shear rate of 10.16 ± 

0.8 mm/s, a change in viscosity causes a linear increase in the pressure of the beginning of the manifestation of 

adhesion forces during boron 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 greater 

intensity. 
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a) at υ2 = 5.08 ± 0.6 mm/s; b) at υ1 = 10.16 ± 0.8 mm/s; 1) steel 45 when borated; 2) with boron carburizing steel 

45 

 
Fig.2. - Influence of dynamic on the manifestation of adhesion in the system of materials 

"12Kh2Н4 - steel 45" by pressure in contact 
 

The obtained and described results on the parameter τ0 generally indicate the ambiguity and peculiarity of the 

manifestation of adhesion between the studied surfaces of steels, activated for interaction by the supply of external 

mechanical energy of high mechanical pressures, 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 same 

time, it should be noted the effect of a short-term structural change in liquid lubricants on the contour contact areas 

during their compression, since the design pressures are sufficiently high. The pressures in the zone of frictional 

interaction ranged from 80 MPa to 260 MPa. Due to the complexity and versatility of the components of these 

processes and the limited information on their course, this issue is not discussed in the work and remains open. 

Thirdly, the parameter β has a simpler and rather informative calculated manifestation. For a more visual 

assessment, graphical 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 viscosity of liquid lubricants are shown 

in Fig. 3, 4. 

 

 

 
a, b) at = 5.08 ± 0.6 mm/s; b, d) at = 10.16 ± 0.8 mm/s; 1) steel 45 is not modified; 2) "steel 45 + BC"; 3) "steel 

45 + B" 

 
Fig. 3. - Influence of dynamic viscosity in the range of liquid (a, b) lubricant and taking into account the range of consistent state (c, d) on 

the change in the piezoelectric coefficient of adhesive bond in the material system "45KhN2MFA - steel 45" 

 

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 boron carbide predetermines 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 values is zero. 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)-1. At the same time, the average statistical values of the piezoelectric 

coefficient are: for the system "12Kh2H2 - steel 45" in the viscosity range from 0.001 Pa • s to 0.2 Pa•s β = 0.1 ± 

0.003, for the system "45KhN2MFA - steel 45" β = 0, 12 ± 0.003. From which it seems obvious that the intensity of 

the increase in the strength of the adhesive bond in the system "45KhN2MFA - steel 45" is 1.2 times higher. 

 

 

 
  

a, b) at = 5.08 ± 0.6 mm/s; b, d) at = 10.16 ± 0.8 mm/s; 1) steel 45 is not modified; 2) "steel 45 + BC"; 3) "steel 

45 + B" 

 
Fig. 4. - Influence of dynamic 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 "12Kh2H2 - steel 45" 

 
Secondly, boriding and boron carburizing steel 45 predetermines an increase in the piezoelectric coefficient 

by an average of 1.6 times in the range of viscosity of a liquid lubricant and a shear rate of 10.16 ± 0.8. At shear rate 

= 5.08 ± 0.6 mm/s, the piezoelectric coefficient is relatively 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. For the system "12Kh2Н2 - steel 45 + В (ВС)" with a shift of 5.08 ± 0.6 mm/s, the rate of decrease of 

the piezoelectric coefficient is 0.005 (Pa•c)-1. From which it follows that modification with boron and boron carbide 

predetermines a less intense increase in the strength of the adhesive bond of the investigated metal surfaces. 

 

Conclusion 

The results obtained in the work revealed the features of the manifestation of the adhesive bond parameters in 

the investigated metal systems when simulating changes in dynamic viscosity in the range from 0.027 Pa•s to 8 Pa•s.  

The constructed graphic patterns and the parameters of their mathematical approximation made it possible to 

determine the direction of the processes of adhesive interaction of the surface of 45 steel modified with boron and 

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 predetermines the expansion of 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 adhesive bond parameters 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 systems of materials. 

The direction of further research is proposed to consider the study of the nature of the relationship between 

the manifestation of the established parameters τ0 and β 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 surface energy 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 iron - R(I)=M/ρ = 1.7 nm, since iron in these steels is more than 

70%. The R(I) layer contains ≈ 6 iron monolayers. In the [111] plane, the lowest value of the surface energy (~1060 

mJ/m2) is observed. The average thickness of the surface layer of nickel alloys is R(I) ≈ 2 nm, and the number of 

monolayers is ≈ 6. This value coincides with the number of iron monolayers. The average value of the surface 

energy of nickel alloys is greater than that of iron-based alloys. 

The article shows that the hardness of high-entropy (HEA) coatings and metallic glasses (ML) is 

approximately 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 high-entropy alloys and metallic glasses.  

The friction of steel and nickel coatings lies at the level of 0.4-0.6. 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: nanostructures, surface layer thickness, surface energy, anisotropy, high-entropy coatings, friction, 

metal, alloy, hardness. 

 

Introduction 

This work is a continuation of works [1-3], where for the first time a model of the surface layer of perfect 

single crystals was constructed 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 civil 

aviation and space. This forces her to engage in the 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 seventh place in the world [4]. 

The constant improvement of aircraft designs required a continuous increase in strength and specific strength 

(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 materials. The 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 strength and ensuring reliability. Currently, three groups of high-

strength steels are most often used in aviation technology: structural medium-alloyed; corrosion resistant; used for 

the manufacture of parts operating in difficult conditions with increased friction and subjected to chemical-thermal 

treatment [5]. 

Many publications appeared on the problems of aircraft construction and their materials. It is possible to list 

only dissertations completed in the last 2–3 years, where an bibliography is presented [6–12]. 

 

1. Steel alloys in aviation 

In aircraft construction, steel alloys still remain the basis of structural materials that can be divided into three 

groups: high-strength steels, medium-alloyed steels, and corrosion-resistant steels that operate under high friction 

conditions and are subjected to thermal and chemical attack [13-17]. Compared 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 steels 

must be wear-resistant, that 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 aircraft 

industry is an urgent problem. Steel VKS-8 (1800-2000 MPa) and steel VKS-9 (1950-2100 MPa) are used in the 

manufacture of large-sized 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 steel VKS-180-ID, which has a 
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strength of 1450–2500 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 

complex-shaped parts (MiG-31 and MiG-29 parts). Steel VKS-9 and VKS-180-ID 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 EP817, VNS-25, VNS-41, VNS=49, VNS-50, CH-2A 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 whole 

[10, 11, 18, 19]. 

 

  

Fig. 1. - Aircraft landing gear from steel VKS-9 Fig. 2. - Martensite-aging steel VKS-180-ID 

 
Table 1. Chemical composition of aviation alloys 

Alloy Fe C S P Mn Cr Si Ni Cu Ti Mo Co 

VNS-

2-Sh 

77,7- 

74,9 

< 0,08 0,018 0,02 1,0 14-15 0,7 4,7-

5,5 

1,75- 

2,5 

0,15-

0,3 

- - 

VNS-

25 

76,5- 

73,2 

0,03 0,01 0,01 0,25 11,5- 

12,5 

0,25 9,0- 

10,3 

0,2 Al 

0,003 B 

0,15-

0,25 

0,5-

0,6 

0,05Ca 

0,1Zr 

EP817 

 

73,95- 

73,22 

0,05- 

0,08 

- - 1,0 13,5- 

14,5 

0,7 5,6- 

6,2 

1,8- 

2,2 

0,03- 

0,1 

1,3-

1,7 

0,3 Nb 

 

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 high index of long-term strength and high creep at high-temperature 

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 sensitivity to residual stresses; 

- the alloy should have a lower specific gravity. 

According to the international classification, several single-crystal generations of heat-resistant nickel alloys 

(HNS) have been created for the manufacture of turbine blades of a gas turbine engine (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 amount of 2-4% and 5-6%, 

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 2. Chemical composition and density of single-crystal heat-resistant nickel alloys (ZhNS) [21] 

 

Alloy 

Content, % (by mass), alloying elements Densi

ty 

g/cm3 

Cr Ti Mo W Re Ta Al Co Nb Hf etc. 

First generation 

ЖС30М - 1,8 0,6 11,7 - - 5,1 7,5 1,1 0,1 - 8,635 

ЖС40 6,1 - 4,0 6,9 - 7,0 5,6 5,0 - - - 8,84 

PWA-1480 10,0 1,5 - 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 5,5 5,0 - - - 8,56 

RR2000 10,0 4,0 3,0 - - - 5,5 15,0 - - 1,0V 7,87 

МС2 8,0 1,5 2,0 8,0 - 6,0 5,0 5,0 - - - 8,63 

АМ1 7,8 1,1 2,0 5,7 - 7,9 5,2 6,5 - - - 8,59 

АМ3 8,0 2,0 2,25 5,0 - 3,5 6,0 5,5 - - - 8,25 

DD3 9,5 2,0 4,0 5,5 - - 5,8 5,0 - - - 8,20 
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Second generation 

ЖС36 4,0 1,1 1,6 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 5,2 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 5,6 10,0 - 0,1 - 8,95 

TMS-71 6,0 - 6,4 - 2,5 8,4 5,7 6,0 - - - - 

TMS-82 4,9 0,5 1,9 8,7 2,4 6,0 5,3 7,8 - 0,1 - 8,90 

DD6 4,3 - 2,0 8,0 2,0 7,5 5,6 9,0 0,5 0,1 - 8,83 

CMSX-8 5,4 0,7 0,6 8,0 1,5 8,0 5,7 10,0 - 0,1 - 8,85 

Third generation 

Rene N6 4,2 - 1,4 6,0 5,4 7,2 5,75 12,5 - 0,15 0,05C 

0,004B 

0,01Y 

 

8,97 

CMSX-10 2,0 0,2 0,4 5,0 6,0 8,0 5,7 3,0 0,1 0,03 - 9,05 

CMSX-

10M 

2,0 0,24 0,4 5,4 6,5 8,2 5,78 - 0,08 0,03 - 9,02 

TMS-75 3,0 - 2,0 6,0 5,0 6,0 6,0 12,0 - 0,1 - 8,90 

ЖС47 2,5 - 2,0 1,3 9,3 8,8 5,57 11,0 - - 0,02Y 

0,02Ce 

0,02La 

9,089 

Fourth generation 

ВЖМ4 2,5 - 4,0 4,0 6,0 4,5 6,0 6,0 - - 0,02Y 

0,02Ce 

0,02La 

8,879 

MC-NG 4,0 0,5 1,0 5,0 4,0 5,0 6,0 - - 0,1 4,0Ru 

0,1Si 

8,75 

TMS-138 3,2 - 2,8 5,9 5,0 5,6 5,9 5,8 - 0,1 2,0Ru 8,95 

TMS-138A 3,2 - 2,8 5,6 5,8 5,6 5,7 5,8 - 0,1 3,6 Ru 9,02 

EPM-102 

(MX-4) 

2,0 - 2,0 6,0 5,95 8,25 5,55 16,5 - 0,15 - 9,20 

Fifth generation 

TMS-162 2,9 - 3,9 5,8 4,9 5,6 5,8 5,8 - 0,1 6,0 Ru - 

TMS-196 4,6 - 2,4 5,0 6,4 5,6 5,6 4,6 - 0,1 5,0 Ru 9,01 

 

As an example, in Fig. 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 single-crystal castings from an alloy of reduced density (a) and a blade of gas turbine engine (b) [21] 
 

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 concentration of carbon and alloying chemical elements, 

through various influences on the technology of casting and processing of finished steel parts. The main factor that 

affects the operation of parts in aviation and mechanical engineering is the properties of the surface 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 difficult 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 bad 

weather and non-climatic situations, in conditions of sudden temperature 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 safety, and reduce 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 important parameters as 

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

 

 
1 - adsorbed layer 

2 - oxide layer (1-10 microns) 

3 - transition layer (10-30 nm) 

4 - technological layer (several mm) 

5 - base metal 

 

а) 
 

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 progress does not stand still both in fundamental 

research and in applied sciences, aviation technology is based both on completely new materials (which we talked 

about above) and surface modifications of new and old materials (Fig. 5 ). 

 

 
 

Fig. 5. - Methods for modifying 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. 
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Fig. 6. - Electron beam melting 

 

 
 

Fig. 7. - Microstructure of coatings 

 

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

"iron-carbon" system: ferrite, austenite, perlite and ledeburite. The crystal lattice and microstructure of iron-carbon 

alloys are shown in fig. 8, 9. 

 

 

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

Heat-resistant alloys used for the manufacture of nozzle and working blades of gas turbines are complexly 

alloyed multicomponent nickel-based systems (Table 2). The influence of each alloying element in high-temperature 

nickel alloys is multifaceted. The same chemical component can simultaneously be a carbide-forming 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: 

 

 ,r/)I(R1T)r(T 0                  (1) 

 

where the parameter R(I) is determined by the expression: 

 

,RT/2)I(R                  (2) 

 

where σ is the surface energy, υ is 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, magnetic [27], 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: 

 

 ,r/)I(R1À)r(À 0                  (3) 

 

where A(r) is a physical property (mechanical, etc.), which depends on the linear size (size effect), A0 is a physical 

property (volumetric), which does not depend on the size. 

Equations (1), (2), and (3) have the same structure and diverge as r → 0; therefore, we extend the definition 

of equation (3) and write it down finally: 

 

 
  ).I(RrR,r)I(R/)I(R1A)r(A

),I(Rr,r/)I(R1À)r(À

00

0



             (4) 

 

This model is shown schematically in Figure 10. It is an ideal atomically smooth single crystal without 

vacancies, dislocations, and other defects. 
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R0 - de Broglie layer; R1 - R(I) layer; R2 - R(II) layer; R∞ - massive sample layer 

 
Fig.10. - Schematic representation of the surface layer [26] 

 

The de Broglie layer R0=λdB=ћ/p for metals is from 0.01 nm to 0.1 nm. Quantum size effects begin in this 

layer. The main quantum-dimensional structures include structures with a two-dimensional electron gas - epitaxial 

films, MIS structures, heterostructures, etc.; structures with one-dimensional gas - quantum threads or wires; 

structures with zero-dimensional gas – quantum dots, boxes, crystallites [29]. 

The R(I) layer is described by the first dependence from Eq. (9) (r >> R(I)). In the R(I) layer with pure metal 

atoms, reconstruction and relaxation occur, associated with the restructuring of the surface [30]. For gold, the lattice 

constant is R(I) = 0.41 nm and the surface is rearranged at a distance R(I)Au=1.2/0.41≈3 of three atomic monolayers. 

Size effects in the R(I) layer are determined by the entire group of atoms in the system (collective processes). Such 

"quasi-classical" size effects are observed only in nanoparticles and nanostructures. 

The R(II) layer extends approximately to the size R(II)≈9R=R∞, where the bulk phase begins. Dimensional 

properties start from this dimension. Nanomaterials are commonly understood as materials whose main structural 

elements do not exceed the nanotechnological boundary of ~100 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 be 

associated with a certain critical characteristic parameter: the mean free path of carriers in transport phenomena, the 

size of domains/domain walls, the diameter of the Frank-Read loop for dislocation glide, etc. [32-34]. This means 

that in the R(II) layer there should be many dimensional effects associated with optics, magnetism and other 

physical properties according to equation (4). The layer R(II) is described by the second dependence from equation 

(4) (R0<r<R(I)). The parameter R(I) is related to the surface tension σ by formula (2). In [26], we have shown that, 

with an accuracy of 3%, the relation is fulfilled: 

 

 ,T10 m
3   . (5) 

 

where Tm 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: 

 

  9
Ì 1024,0R(I) .                 (6) 

 

Equation (6) shows that the thickness of the surface layer R(I) is determined by one fundamental parameter - 

the molar (atomic) volume of the element υ=M/ρ, M is the molar mass (g/mol), ρ is the density (g/cm3), which 

periodically changes in accordance with the table D.I. Mendeleev. In [35] Rusanov A.I. at a constant temperature 

and phase composition (α) at small r, obtains the following linear dependence: 

 

rK  ,                  (7) 

 

where K is the proportionality factor depending on the temperature and composition of the phase (α) (see Fig. 10 

layer R(I)). It follows from equation (7) that in the region of small radii of curvature, regardless of the specifics of 

the system, the surface tension always decreases with a decrease in the radius of curvature and becomes equal to 

zero when the radius of curvature of the tension surface vanishes. Let's compare formulas (5) and (7): 
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m
-3 T10)I(RÊ  .                 (8) 

Where do we get: 

 
r)I(R/T10

R(I)/T10Ê

m
3-

m
-3




. (9) 

 

Here Tm is the melting temperature of the nanostructure: υ=M/ρ, M is the molar mass (g/mol), ρ is the density 

(g/cm3). 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: 

 

).I(R/)I(RT10),I(R/)I(RT10),I(R/)I(RT10

,)c(z1054,0)I(R,)b(y1054,0)I(R,x(a)1054,0R(I)

cm
3

cbm
3

bam
3

a

311
cz

311
by

311
ax













            (11) 

 

For equiatomic solid solutions, the following relations are valid: 

 .)(c,)M(cM,)T(cT i

n

1i

i

n

1i

ii

n

1i

imim  


  (12) 

 

where (Tm)i is the melting point of each alloy element (K), (M)I is the molar mass of each alloy element (g/mol), ρ is 

the density of each alloy element (g/cm3), ci is the concentration 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 up to their melting point [36]: 

 








 


mT

o
p

hkl
hkl .dTc

M

l
               (13) 

 

where ρ is the density of the crystalline substance, and М is its molecular weight, Тm is the melting point, cp is the 

molar heat capacity, lhkl is the thickness of the first coordination sphere in the [hkl] direction, which for crystals with 

body-centered (bcc) and face-centered (fcc) ) cubic structure is given by the relations [36]: 

 

.3/a2l;2/al;al;4Z,m3Fd

,3/al;2al;al;2Z,m3Im

111110100

111110100



         (14) 

4. Calculation results and their discussion 
Table 3 shows the values of the thickness of the surface layer and the surface energy of the steel parts of the 

aircraft industry. Shown here are steels VNS-2-Sh, VNS-25 and EP817, which are corrosion-resistant martensitic 

steels. Martensitic steels are distinguished by high hardness and strength, and this is explained by the fact that the 

martensite structure, being non-equilibrium, 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 nature. 

As a result of this distribution, two phases are 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 small amount 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 higher - up to 6.67% (the rhombic crystal lattice 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) - (14). 

 
Table 3. The thickness of the surface layer and the surface energy of steel parts in the aircraft industry 

Steel (hkl) Structure Tm, K R(I), nm σhkl, mJ/m2 

VNS-2-Sh (100)  

BCC 

 

1887 

1,7 1887 

(110) 1,2 1348 

(111) 1,0 1110 

VNS-25 (100)  

BCC 

 

1807 

 

1,6 1807 

(110) 1,1 1291 

(111) 0,9 1063 

EP817 

 

(100) BCC 

 

 

1836 

1,6 1836 

(110) 1,1 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 iron - R(I)=M/ρ = 1.7 nm, since iron in these steels is more than 70%. Considering 

that the parameter of the cubic body-centered lattice of iron is a = 0.2866 nm, the R(I) layer contains 1.7/0.2866 ≈ 6 

iron monolayers, which undergo surface reconstruction or relaxation in this layer. 

The diffusionless martensitic transformation has been considered 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, plastic deformation 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 

crystallographic relations (the main one is “Kurdyumov-Sachs”: planes (111)A // (101)M, and directions [110]A // 

[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 4. The thickness of the surface layer and the surface energy of nickel alloys in the aircraft industry 

Alloy (hkl) Structure Tm, K R(I), nm σhkl, mJ/m2 
First generation 

 
ЖС30М 

(100)  
HCC 

 
1778 

1,9 1778 
(110) 1,4 1270 
(111) 2,2 2092 

 
ЖС40 

(100)  
HCC 

 
1851 

1,9 1851 
(110) 1,4 1322 
(111) 2,2 2178 

Second generation 
 

ЖС36 
(100)  

HCC 
 

1944 
2,1 1944 

(110) 1,5 1389 
(111) 2,5 2287 

Third generation 
 

ЖС47 
(100)  

HCC 
 

2130 
2,2 2130 

(110) 1,6 1521 
(111) 2,6 2506 

Fourth generation 
 

ВЖМ4 
 

(100)  
HCC 

 
2017 

2,1 2017 
(110) 1,5 1441 
(111) 2,5 2373 

Fifth generation 
 

TMS-196 
(100)  

HCC 
 

2077 
2,2 2077 

(110) 1,6 1484 
(111) 2,6 2444 

The average thickness of the surface layer of nickel alloys is R(I) ≈ 2 nm, and the number of monolayers is 
2/0.3524 ≈ 6. This value coincides with the number of iron monolayers. The average value of the surface energy of 
nickel alloys is greater than that of iron-based alloys. The structure of nickel-based 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 magnitude of the surface energy, which determines the conditions for heat removal from the 
growing alloy during crystallization. Let us now consider the microhardness of steel (SS) coatings, high-entropy 
(HEA) coatings, and metallic glasses (MS) and their friction coefficients. 

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

NS μ, HV k HEA μ, HV k МS μ, HV k 
ВНС-2Ш 279 0,43 CrNiTiZrCu 880 0,04 - - - 
ВНС-25 282 0,50 FeCrNiTiZrAl 585  0,06 Fe80B20 1100  0,25 
ЭП817 382 0,55 CoCrFeNiMn 659  0,05 Fe78Mo2B20 1015 0,28 

ЖС30М 240 0,38 CrNiTiZrCu 890 0,04 Fe40Ni40P14B6 640 0,19 
ЖС40 280 0,42 AlTiVFeNiZr 800 0,07 Fe78P13C7 760 0,21 
ЖС36 250 0,52 MoTiVFeNiZr 740 0,12 Fe78Si10B12 890 0,26 
ЖС47 330 0,60 CuTiVFeNiZrCo 630 0,15 Ni75Si8B17 860 0,30 
ВЖМ4 334 0,53 MoTiVFeNiZrCo 790 0,18 Co75Si15B10 910 0,29 
TMS-196 362 0,45 AlTiVFeNiZrCoCr 780 0,23 Ti50Be40Zr10 730 0,23 

 
Table 5 shows that the hardness of high-entropy (HEA) coatings and metallic glasses (ML) are 

approximately the same, but almost 2 times higher than the hardness 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 6. Thickness of the surface layer of HEAs and MS coatings 
HEA R(I), nm МS R(I), nm 

CrNiTiZrCu 1,4 Fe78Mo2B20 1,3 
FeCrNiTiZrAl 1,3 Mg65Cu25Y10 1,8 
CoCrFeNiMn 1,8 Pd40Ni40P20 1,4 
CrNiTiZrCu 1,7 Fe78Si10B12 1,2 

AlTiVFeNiZr 1,6 Ti50Be50Zr10 1,7 
MoTiVFeNiZr 1,4 Fe40Ni40P14B6 1,2 

CuTiVFeNiZrCo 1,7 Ni49Fe29P14B6Al2 1,2 
MoTiVFeNiZrCo 1,8 Zr62Cu22Al10Fe5Dy1 1,9 
AlTiVFeNiZrCoCr 1,9 Zr41.2Ti13.8Cu12.5Ni10Be22.5 1,6 

 

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

 

 
Fig. 11. - Correlation of the elastic limit and Vickers hardness for composites, ceramics, glasses, metal and high-entropy alloys [37] 

 
 

Fig. 12. - Correlation of yield strength and plasticity (tensile and compressive deformation at room temperature) for composites, 
ceramics, glasses, metal and high-entropy alloys [37] 

 

It should be noted that the thickness of the surface layer equal to R(I) = М/ρ for HEAs and MSs is much 

lower than for structures with 4–5 or more elemental compositions (Table 7) [26]. Table 7 shows that the thickness 

of the surface layer R(I) of the most common crystals is an order of magnitude greater than the thickness of the 

surface layer of high-entropy alloys. 
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Table 7. The thickness of the surface layer of complex crystals [26] 

Pomegranate group R(I), nm Pomegranate group R(I), nm 

Mg3Al2(SiO4)3 25,9 Ca3Fe2Si3O12  21,1 

Fe3Al2(SiO4)3 19,7 Ca3Ti2(Fe2Si)O12 22,7 

Mn3Al2[SiO4]3 19,6 Ca3Fe2(SiO4)3 18,8 

Ca3Al2[SiO4]3 21,7 Ca3(VAlFe)2(SiO4)3 26,2 

 

The first Au75Si25 metallic glass was obtained by an American group in the USA in 1960 [38], and the 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. Since the actual density 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 sphere density polyhedra. 

3. Stereochemical model. Due to the fact that the strongest interaction occurs between nearby atoms, it is 

possible to consider metallic glasses as solids with short-range order, as happens in real crystals, with the only 

difference that 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 Quasi-Equivalent Clusters. The model is based on considering the structure as 

some packing of clusters with a short-range 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 metallic glasses 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 that, in our opinion, there is much in common between high-entropy 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 0.4-0.6. The coefficient of friction of multi-element nitride (μ ~ 0.96) turned out to be 

slightly higher than that of TiN- (μ ~ 0.84) and metallic (μ ~ 0.87) coatings. For metallic glasses, the coefficient of 

friction is higher than 0.2 or more. For WESs, the coefficient of friction is much less than 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: 

 

,N
G

S
ÒÑk

0





           (15) 

 

where σ is the specific surface energy of the material, S is the contact area, T is the temperature, ∆G0 is the Gibbs 

energy, N is the average number of elementary destruction carriers (proportional to the number of defects), C is a 

constant. But according to the molecular kinetic theory, the friction force F ~ k is equal to: 

 

  ,LdLF              (16) 

 

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

Equation (16) shows that the friction coefficient is proportional and increases with increasing surface energy 

according to (16), that is, the value of σ 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 molecular kinetic 

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 ΔGmix of mixing from the initial elemental state to the state after fusion can be expressed as:  

 

mixmixmix STHG  .              (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 for high-entropy alloys of the 

composition [41]. 

Based on the effect 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. High-entropy alloys are alloys with at least five main 

elements. Medium entropy alloys are alloys with 2…4 main elements. The high-entropy effect of activating the 

appearance of a disordered solid phase essentially occurs in the field of high-entropy alloys and should be present to 

a lesser extent in medium-entropy alloys. Stabilization of a simple solid solution phase is important for the 

microstructure and properties that can be obtained in these materials [41]. 

 

 
а) 

 
b) 

 
Fig. 13. Increment of the entropy of mixing by the number of elements in equimolar alloys in a disordered state (a), division of the 

world of alloys by the entropy of mixing (b) [41] 

 

Since tribological properties play a significant role in engineering, high-entropy alloys and coatings will take 

their rightful place among structural materials. For example, in the aerospace industry, in 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 type of equipment. 

Spacecraft have a large number of moving parts: flywheels, gyroscopes, antenna and solar array drives, pumps, 

gears [42]. All these parts are subjected to different loads and friction velocities from values close to zero to 20 m/s 

in gyroscopic systems. 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 loads 

and rotational speeds, parts are subject to changing operating conditions: exposure to moisture during assembly and 

launch of aircraft, exposure to an oxidizing atmosphere when passing through the Earth’s atmosphere, temperature 

fluctuations from -100 ° C to 100 ° C in orbit and heating up to 1000 °C when entering the atmosphere. 

Requirements for mechanical characteristics, performance in various conditions, service life of products for the 

aerospace industry currently exceed the capabilities of existing anti-friction materials, which necessitates the 

development and implementation of advanced materials and technologies. So at the moment there is no antifriction 

material that works stably in a wide temperature range from 25 to 1000 °C, although this circumstance is a key point 

for the further development and production of high-speed aircraft jet engines and small-sized engines operating 

without cooling systems for aerospace vehicles. Therefore, in recent years there has been a great interest in the 

development of thin coatings to reduce friction and wear of working surfaces, not only from scientists, but also from 

enterprises of the military-industrial and aerospace complex. In this regard, many works in this direction are closed. 

Recent advances in the field of ion-plasma technologies make it possible to deposit coatings with desired properties 

that were unattainable even five to ten years ago. Examples include multiphase coatings of the “chameleon” type 

[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 high-entropy (HEA) coatings and metallic glasses (ML) is 

approximately 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 high-entropy alloys and metallic glasses. Equation (16) shows that the friction coefficient is 

proportional and increases with increasing surface energy according to (16), that is, the value of σ from Table 2 

should lead to an increase in the friction coefficient. But the reverse picture is experimentally observed, the friction 

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 for high-entropy 

alloys. Thus, high-entropy 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 Truck 
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Annotation.  The article shows the dependence of ground pressure on the number of wheels and tire inflation 

pressure for dump trucks, the dependence of tire pressure, tire deformation and contact patch length on tire inflation 

pressure and tire temperature. Currently, some of the dump trucks in Russian quarries are operated in off-road 

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 improve off-road mobility is to use articulated 

dump trucks. 

 

Keywords: mining dump truck, cross-country 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 capacity from 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 

three-axle model BelAZ-7528 and its modification BelAZ-75281 with a carrying capacity of 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 multi-supported drive can continue to move even if 

the tires of some of 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 trucks with multi-supported 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 truck tire deforms (Fig. 1). 

 
Fig. 1. - Calculation scheme for determining the contact area 
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The magnitude of the tire deformation   сan be determined from the expression [1]: 

                                                             (1) 

 

where  - coefficient of vertical deformation of the tire from the load;  

 – load on the tire, kN;  

 – air pressure in the tire, kPa. 

Contact area length of the wheel tire  [8]: 

 

                                                  (2) 

where  – 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 width 

of a wheel's tire contact patch area 
 
is approximately equal to the width of the tire's racetrack.  It is possible to 

accept [3, 4, 5, 6]: 

 

                                                (3) 

 

where - width of the tire profile, m. 

Large truck tires are characterized by a rectangular contact patch shape. Then the wheel pressure on the 

ground P is defined as: 

 

                                                             (4) 

 
а) of BELAZ-75130, b) of a dump truck with a multi-point drive 

 
Fig. 2. – Dependence 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 (6 

wheels) and a similar in weight dump truck with multi-supported (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 to a 

decrease in the contact area of the wheel with the road.  According to the results of calculations, we can conclude 

that multi-support dump trucks exert less pressure on the ground than dump trucks with a classic layout. When you 

increase the number of wheels by 2.7 times the pressure developed by the dump 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 dump 

trucks with multipumped drive over conventional dump trucks, that limits the appropriateness of using dump trucks 

with multipumped drive in quarries with weak soils due to their high cost and complexity of maintenance. However, 

the multi-bearing 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 calculated 

dependencies of tire pressure, tire deformation and contact patch length on tire inflation pressure and tire 

temperature. 

 
Table 1. Dependence of tire pressure, tire deformation and contact patch length on tire inflation pressure and tire temperature for BELAZ-

75130 dump truck 

Pumping 

pressure, 

MPa 

Parameter 

 

Ambient temperature, oC 

-30 -20 -10 0 10 20 30 40 

0,4 

Tire pressure, MPa 0,41 0,41 0,42 0,42 0,43 0,43 0,43 0,44 

Deformation, m 0,16 0,16 0,15 0,15 0,15 0,14 0,14 0,14 

Contact length, m 1,48 1,46 1,45 1,44 1,43 1,41 1,40 1,39 

0,55 

Tire pressure, MPa 0,37 0,38 0,38 0,38 0,39 0,39 0,39 0,40 

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 

0,7 

Tire pressure, MPa 0,47 0,47 0,48 0,48 0,49 0,49 0,49 0,50 

Deformation, m 0,12 0,12 0,12 0,11 0,11 0,11 0,11 0,11 

Contact length, m 1,29 1,28 1,27 1,26 1,25 1,24 1,23 1,22 

 
Table 2. Dependence of tire pressure, tire deformation and contact patch length on tire inflation pressure and tire temperature for a multi-

position dump truck 

Pumping 

pressure, 

MPa 

Parameter 

 

Ambient temperature, oC 

-30 -20 -10 0 10 20 30 40 

0,4 

Tire pressure, MPa 0,34 0,35 0,35 0,35 0,36 0,36 0,36 0,37 

Deformation, m 0,11 0,11 0,11 0,10 0,10 0,10 0,10 0,10 

Contact length, m 0,94 0,93 0,92 0,92 0,91 0,90 0,89 0,89 

0,55 

Tire pressure, MPa 0,37 0,38 0,38 0,38 0,39 0,39 0,39 0,40 

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 

0,7 

Tire pressure, MPa 0,39 0,40 0,40 0,41 0,41 0,41 0,42 0,42 

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 open 

sources [9], a graph of the dependence of tire runability on inflation pressure was plotted (Fig. 3). 
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Fig. 3. – Dependence of tire runability on inflation pressure 

 

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 (R-square) is 0.9965, the average error of approximation is 1.8769%. The coefficient of 

determination is close to one, which 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: 

 

    (5) 

where P – tire pressure;  

     Pн – rated inflation pressure of the tire;  

     Lн – 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 temperature changes, the runability of the tire also changes. If we assume a temperature of 

15°C as the nominal inflation temperature of the tire, the dependence takes the form (6,9): 

 

    (7) 

 

where t – ambient temperature, K; 

    tн - air temperature when 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 75130 open-pit dump truck. 

 
Table 3. Dependence of tire runability on inflation pressure and ambient temperature 

Pumping 

pressure, 

MPa 

Parameter 

Ambient temperature, oC 

-30 -20 -10 0 10 20 30 40 

0,4 

Pressure on ground, MPa 0,41 0,41 0,41 0,42 0,42 0,42 0,43 0,43 

Share of mileage to total wear 

and tear 
0,67 0,71 0,74 0,78 0,81 0,84 0,86 0,89 

0,55 

Pressure on ground, MPa 0,44 0,44 0,45 0,45 0,45 0,46 0,46 0,46 

Share of mileage to total wear 

and tear 
0,93 0,95 0,97 0,99 1,00 1,00 1,00 1,00 

0,6 

Pressure on ground, MPa 0,45 0,45 0,46 0,46 0,46 0,47 0,47 0,47 

Share of mileage to total wear 

and tear 
0,97 0,99 1,00 1,00 1,00 1,00 0,99 0,98 
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Fig. 4. – Dependence of tire runability on inflation pressure and ambient temperature for BelAZ 75130  
(at inflation temperature of 15 degrees) 

 

As the ambient temperature 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. The dependences of tire 

pressure, tire deformation and contact patch length on tire inflation pressure and tire temperature are given. The 

calculation methodology is offered which allows to determine the ground pressure exerted by a dump truck, and tire 

wear rate of a 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 designing of new dump trucks with multi-supported 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 open-cut mining depends on the volume and 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 operations.  An important factor of 

development of mining industry today is to improve the reliability of technological machinery, namely energy 

efficiency, durability and maintainability 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, force, working equipment, bucket, hydraulic cylinder, rod, 

modeling. 

 

Introduction 

Hydraulic mining excavators are becoming increasingly common in open-pit mining operations. Usually 

digging is done by turning the bucket with the appropriate hydraulic cylinder, but sometimes 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 to 

level the sides of the quarry, and the bucket must move along inclined rectilinear trajectories. 

When moving along specified trajectories, all hydraulic 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 the topic 

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 and 

special 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 relative to the support rollers, close to the bottom 

hole. Such movement limits the force on the bucket teeth when digging - the efforts of the hydraulic cylinders rods 

could provide more force, but the displacement of the working equipment when turning the platform does 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, forces in joints, brackets, boom 

supports are determined according to the necessary digging forces and then stress calculations are made to check the 

strength. For the elements that do not provide the strength condition, design changes are made, and the stress 

calculation 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 force Р01. 
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Fig. 1. – Diagram for calculating the parameters of the mathematical model 

А, Т, E, F, P, R, B, C, D - hinges; K - bucket tooth tip; KSD - bucket profile diagram; CB - arm; AB - boom;  
TE, FP, RD - hydraulic cylinders of boom, arm and bucket;  Gb, Ga, Gbu, Gcb, Gca, Gcbu - gravity of boom, arm, bucket, hydraulic cylinders of 

boom, arm, bucket; Cgb Cga Cgbu - center of gravity of the boom, arm and bucket;αс, β, γ - horizontal tilt angles of boom, arm, and bucket 
 
 

According to the presented expressions developed an algorithm and made a program in algorithmic language 

for research. The output of the results is provided in a table on the graph and in the form of a figure 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 are 

made. Calculation results in the form of figures and graphs of velocity changes are shown in Fig. 2,3,4. 

 

 
 

Fig. 2. – Calculation 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 1. Input data of calculation variant 1 

Parameter name 
Diagram 

designation 
Value 

Coordinates of the initial point of the trajectory, m 
Хtrn 7,0 

Ytrn 0,0 

Trajectory length, m Ltr 6,0 

Angle of inclination of the trajectory to the horizontal, deg.  60,0 

Angle between the СК line and the trajectory, deg. СКB 120 

 

 

 
Fig. 3. – Working equipment positions and speed charts 

 

 
Table 2. Input data of calculation variant 2 

Parameter name 
Diagram 

designation 
Value 

Coordinates of the initial point of the trajectory, m 
Хtrn 12,0 

Ytrn 1,0 

Trajectory length, m Ltr 8,0 

Angle of inclination of the trajectory to the horizontal, deg.  60,0 

Angle between the СК line and the trajectory, deg. СКB 120 

  

 
 
 

Fig. 4. – Working 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 

equipment is transmitted through one tooth of the bucket when meeting the unexploded mass of rock. The most 

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 bucket, arm and boom from off-center 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 selection of element 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 cylinders rods the 

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 is shown 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 elements 

position, as well as the position in the face face of the top of the bucket tooth, through which the force is transmitted 

to the rock [8]. 

 

 
A, T, E, F, P, R, B, C, D - hinges; K - bucket tooth tip; KSD - bucket profile diagram; CB - arm; AB - boom; TE, FP, RD - hydraulic 

cylinders of boom, arm and bucket rotation; Gс, Gр, Gк, Gcb, Gca, Gcbu - gravity of boom, arm, bucket, hydraulic cylinders of boom, arm, bucket of 
boom, arm, bucket; αс, α0, φb, ψ - edges 

 
Fig. 5. – Work equipment diagram 

 

When digging with one side of the bucket (the outermost 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 force P0 applied to the outermost tooth K: 

 

Mto=Р0×KK'      (1) 

where KK' - is bucket width by teeth, 

          Р0 - digging force, Р0 =(Р01
2+ Р02

2) 

 

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 be disregarded in view of sluggishness of joints of hydraulic cylinders in a 

plane of action of the torque.   

Additional reactions in the C-joint from the torque: 

 

Fc.Мto = Mto/СС'      (2) 
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Additional from torque reactions in joint B: 

 

FB.Мto = Mto/BB'      (3) 

 

Additional from torque reactions in joint A: 

 

FB.Мto = Mto/BB'      (4) 

 

Conclusion 

For an excavator with a 6m3 bucket the results of calculations of digging forces and forces during 

transportation are obtained, it is revealed that reactions in the boom heel and the handle-boom joint from forces 

during transportation exceed reactions from digging forces by 5-30 %. 

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 coordinate 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 from 

hydraulic cylinders. 

 
References 

[1] Komissarov A. P., Teliman I. V., Experience of using working equipment of hydraulic excavators // Technological equipment 

for the mining and oil and gas industry: Proceedings of the XVI International Scientific and Technical Conference "Readings in 

memory of V.R. Kubachek", Ekaterinburg: UGUU, 2018. - P. 121-124. 

[2] Lagunova Yu. A., Komissarov A.P., Shestakov V.S. Designing of mining excavators. - M.: Innovative mechanical 

engineering, 2017. - 228 p. 

[3] Komissarov A. P., Lagunova Y. A., Teliman I. V., Shestakov V. S. Methodology of determining the reactive loads in 

hydraulic excavators // Proceedings of the XXVI International Scientific and Technical Conference in Sevastopol September 23-

29, 2019 - Donetsk: DonNTU, 2019. - 500 p. 

[4] Ivanov I.Yu., Komissarov A.P., Teliman I.V., Lukashuk O.A. Analysis of lever-hydraulic mechanisms of working equipment 

of hydraulic excavators // Technological equipment for mining and oil and gas industry. Proceedings of the XV International 

Scientific and Technical Conference. - Yekaterinburg: Ural State Mining University, 2017. - P. 51-54. 

[5] Zykov P.A. The method of optimal choice of the model of a single-bucket hydraulic excavator for the given mining-

geological and technical conditions // Mining equipment and electromechanics. - No. 1. - 2014, pp. 37-42. 

[6] Babenkov P.Yu., Shestakov V.S. Modeling the working process of a hydraulic excavator // Mining equipment and 

electromechanics. - No. 1. - 2018, pp. 10-14. 

[7] Lukashuk O.A., Komissarov A.P., Lagunova Yu.A. Development of a digital control system for the main drives of a mining 

excavator as the most important direction for increasing the efficiency of the excavator // IOP Conference Series: Materials 

Science and Engineering, 709 (2), 2020. paper # 022117, https: // www.scopus.com DOI: 10.1088 / 1757-899X / 709/2/022117 

[8]  Shestakov V.,  Bezkorovainyy P., Franz T. Determination of the working area of a hydraulic excavator // E3S Web of 

Conferences, Volume 177 (2020), Ekaterinburg, Russia, April 2-11, 2020. R. Apakashev, D. Simisinov and A. Glebov (Eds.) 

Information of the authors 

 

Bezkorovainyy Pavel Gennadyevich, Senior Lecturer, Abylkas Saginov Karaganda Technical University 

e-mail: bpg82_karlion@mail.ru 

 

Teliman Irina Viktorovna, Candidate of Technical Sciences, Senior Lecturer, Abylkas Saginov Karaganda Technical 

University 

e-mail: ir4ik87_telbez@mai.ru 

 

Malybaev Nurlan Sakenovich, Candidate of Technical Sciences, Associate Professor, Abylkas Saginov Karaganda Technical 

e-mail: malybaevnurlansakenovich@mail.ru 

 

Shestakov Victor Stepanovich, Candidate of Technical Sciences, Senior Lecturer, Ural State Mining University 

e-mail: shestakov.v.s@mail.ru 

 

 

 

https://www.e3s-conferences.org/component/solr/
https://www.e3s-conferences.org/component/solr/
https://www.e3s-conferences.org/component/solr/
https://www.e3s-conferences.org/articles/e3sconf/abs/2020/37/e3sconf_umd2020_03017/e3sconf_umd2020_03017.html


Material and Mechanical Engineering Technology, №1, 2023 

 

34 

 

DOI 10.52209/2706-977X_2023_1_34                           IRSTI   53.49.15                                      UDC 621.9.048.7 

 

Methods for Increasing the Operating Life of Shut-Off Valves of Thermal Power 

Plants 

 
GavrilovaV.V.*, Musafirova G.Ya. 

 Yanka Kupala State University of Grodno, Grodno, Republic of Belarus  
*corresponding author 

 

Abstract. The influence of various coatings on the corrosion resistance of the valve stem of shut-off valves has been 

studied. To assess the quality of the obtained coatings, microhardness, corrosion resistance, deformation-strength 

and tribological characteristics were determined. Researches have shown that the most optimal way of anti-

corrosion protection for the shut-off valve stem is chromium-plating, which provides corrosion proofing, increases 

wear resistance and surface microhardness. 

 

Keywords: anti-corrosion protection, shut-off valve, spindle, chromium-plating, chemical oxidation with oiling, 

zinc-coating, corrosion proofing. 

 

Introduction 
Shut-off valves are an integral part of the equipment, it has a certain impact on the level of its reliability. 

Particularly important are the requirements for strength, tightness, reliability and durability of the design of shut-off 

valves. Particularly important are the requirements for strength, tightness, reliability and durability of the design of 

shut-off valves [1]. The main disadvantage of shut-off valve parts operating [2, 3, 4] in water (steam) mains in heat-

stressed conditions is corrosive wear, which limits it’s service life [5]. 

The purpose of this work is to improve the operational characteristics of shut-off valves 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 shut-off valves most susceptible to corrosion was chosen, designed 

to turn on or off the flow of the medium (water) in the pipelines of thermal power plants. This element is a spindle 

made of steel 40X GOST 4543-71. 

For testing, samples were made of steel 40Kh with subsequent heat treatment according to the regime: 

volumetric hardening at 850 ° C and tempering at 500 ° C, to ensure the requirements of the design documentation 

for the spindle hardness (42 - 45 HRC). Chrome plating, chemical oxidation with oiling, zinc-coating with 

chromium-plating (hereinafter zinc-coating) [2]. A general view of the fabricated samples is shown in Fig. 1. 

 

 

    

a) b) c) d) 

 

a – uncoated; b – chromium (Cr); c – zinc (Zn); d – chemical oxidation with oiling 

 
Fig. 1 - General view of test specimens 

 

Determination of the corrosion resistance of the studied coatings was carried out in accordance with the 

current standard GOST 9.308-85 [6]. The essence of the method, to determine the corrosion resistance, was to 

accelerate the corrosion process by increasing the ambient temperature and introducing a solution of sodium 

chloride into the atmosphere. To carry out the tests, an MS-71 climatic chamber was used, designed to create heat 

and salt fog with a dispersion of 1–10 μm (95% drops) and a water content of 2–3 g/m3. The volume of the chamber 
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is not less than 0.4 m3, with automatic temperature maintenance. The tests were carried out at a temperature of 35 

°C and a duration of 152 hours. 

To determine the tensile strength of the samples, an IR 50447-50 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 of 

metals, plastics, rubber and other materials within the technical capabilities of the machine. The strength test was 

carried out on flat samples with dimensions of 100 × 20 × 3 mm in accordance with GOST 1494-84 (ISO 6892-84) 

[7]. 

Tribotechnical tests were carried out on an FT-2 microtribometer designed to study the characteristics of 

friction and wear of materials, as well as the characteristics of lubricants. The tests were carried out on round 

specimens Ø 40 × 5 in size. To study the tribotechnical characteristics of the samples, a test scheme was applied 

with the rotation of three indenters on a fixed disk. Test conditions: n = 60 rpm; t = 2 min; Nstart = 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. During the experiment, 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 linear wear of a friction pair without taking into account thermal 

expansion. 

To measure the microhardness, a PMT-3 device was used. The PMT-3 microhardness tester is a microscope 

designed to measure the microhardness [8] of metals, glass, abrasives, ceramics, minerals and other materials. The 

principle of operation of the device is based on the indentation of a diamond pyramid into the test material under a 

certain load and measurement of the linear value of the diagonal of the resulting imprint (GOST 10717-75 The 

microhardness of the samples under study was determined by the method of reconstructed imprint by a tetrahedral 

pyramid with a square (Vickers base). The reconstructed indentation method consists in applying an indentation to 

the test sample surface under the action of a static load applied to the diamond tip for a certain time. The value 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 analysis was performed using an MMP 1600T metallographic microscope. Inverse 

metallographic microscope MMP-1600T is used for observation and analysis of metallurgical products, for 

inspection and measurement of crystals, integrated circuit, microelectronics in the electronics industry. Microscopic 

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 results of determining the corrosion resistance of the coatings under study are presented in Fig. 2. 

 

    

            a)          b)           c)           d) 

 
а – uncoated; b– chromium plate (Cr); c – zinc covering (Zn); d – chemical 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 corrosion 

attack, on its surface there is a corrosion damage in the form of irregularly shaped spots, on 70 - 75% of the sample 

surface. Chrome plating showed the highest resistance to corrosion. On a sample with a zinc covering, localized 

corrosion is observed, the area of which 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 deformation-strength tests are presented in Fig.3. 
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Fig. 3. - Tensile strength indicators depending on 

from applied coating 
 

The results of deformation-strength tests showed that the strength of the studied samples changes 

insignificantly, within 10%, when coatings are applied. 

The results of tribotechnical tests are shown in Fig.4. 

 

 
 

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 applying 

Cr, a significant decrease in wear by 2.4 times is observed. When using galvanizing and chemical oxidation, wear 

increases significantly. 

The results of measurements of the microhardness of the surface of the samples are shown in Fig. 5. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5 - The values of the microhardness of the samples in 

depending 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 

microhardness of the samples decreased by 87%, and with chemical oxidation, by 60%. 

The results of optical microscopy of the samples are shown in Fig. 6. 

    

    

Steel 40X Steel 40X+ chromium coating Steel 40X + zinc-coating Steel 40X + chemical 

oxidation with oiling 

 
Fig. 6. -  Results of optical microscopy of the studied samples, 

magnification 10× 

 

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 original 

sample is subject to continuous uniform corrosion. A more uniform structure is observed on a sample with a chrome 

coating. Pitting corrosion is visible on sample No.4, and local uneven surface corrosion is visible on sample No.3. 

The presence of iron-zinc phases was found in the surface structure of the zinc-coated 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 this case, an increase 

in wear resistance and microhardness of the surface of the parts is observed. 
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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 Autoworks. The relevance of the work carried out: 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 the fact 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 example, 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 occurring 

with the wheel hub and identify the main loaded places. Taking into account the analysis carried out, it is possible to 

produce a batch of wheel hubs with updated parameters and conduct their full-scale tests. 

The novelty of the work carried out lies in the analysis of the operating conditions of the hub, which revealed 

a high boundary pressure that occurs at the point of transition from the air to the oil bath. 

The object of research is the study of the processes that occur during the operation of the torque converter 

hub, which affect the structure and occur in the hub 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, methods of physical and mathematical modeling 

and system analysis of information, laboratory, bench and operational tests using computer and high-precision 

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 Republic 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 BelAZ-75135 dump trucks with a carrying 

capacity of 110 tons, as well as 4 BelAZ-7513 dump trucks with a carrying capacity of 130 tons, the main most 

worn parts were torque converters in hydromechanical transmission (Fig.1.). 

 

 

Fig.1. - Hydromechanical gearbox of BelAZ dump truck 
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It should be noted that the equipment, and most importantly for this work, the torque converter units, were 

designed to work on specially equipped roads, with a maximum length of 6-8 km at a rise of 5-8%, with a 

turnaround time of at least 170,000 km.  However, the technique didn’t work in some cases even 50,000 km. 

In the hydromechanical transmission, a complex, single-stage, lockable, four-wheel 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 hydraulic mode. 

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 other 

cases it was worn out to over critical values. 

The torque converter hub is attached to the crankcase and is a distributor of oil supplied to engage the friction 

clutches of the gearbox and block the torque converter, as well as to the torque converter cavity and to the 

lubrication line for 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 destruction 

of the working surfaces of the wedge-shaped grooves, 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 wheels, or to jamming 

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 acceleration time to a given 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 so-called gear ratio, then this malfunction can be detected by excessively rapid 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 well as 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 conduct full-scale tests, which, however, require large labor and economic 

costs and take long time intervals.  And 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 were obtained on 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 of the torque 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 a 
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similar reason is presented in Table 1. 
 

Table 1. Statistical data on the failure of cars of the Belarusian Autoworks brand manufactured in the territory of the Republic of Kazakhstan 
and the Republic of Belarus 

Car 

model 

Place of 

manufacture 

Year 

made 

The number 

of cars in total 

working in 

the quarries of 

the region 

Causes of failure of equipment for the period 

from 2017-2019 Total 

number 

of 

failures 

Fuel 

equipme

nt failure 

Failure of 

body lifting 

mechanisms 

Failure of the 

hydraulic 

transmission 

mechanism 

BELAZ 

7555 

Republic of 

Belarus. City 

of Zhodino; 

Belarusian 

Automobile 

Plant 

2017 12 1 3 1 5 

BELAZ 

7555 

The Republic 

of Kazakhstan. 

Karaganda 

city, KLMZ 

plant 

2017 15 14 7 39 60 

BELAZ 

7557 

The Republic 

of Kazakhstan. 

Karaganda 

city, KLMZ 

plant 

2018 5 1 5 24 30 

BELAZ 

7513 

Republic of 

Belarus. City 

of Zhodino; 

Belarusian 

Automobile 

Plant 

2018 3 1 1 0 2 

 

 
 

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 an 

automatic transmission, and a similar problem is observed only in cars manufactured under license at the KLMZ 

plant in the Republic of Belarus. 

Also, all defective products were studied (Fig. 4-6.). 

Failure of fuel 

injection 

equipment 

Failure of 

mechanisms for 

lifting the body  

mechanisms for 

lifting the body 
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Fig. 4. - Defective torque converter hub 
 

 
 

Fig. 5. - Torque converter hub assembly 

 

 
 

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 determine the 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 

geometric characteristics. For these elements, the physical and mechanical characteristics of the materials that make 

up the hubs are set. After that, boundary conditions and external influence on the model are set. To set such a 

module of restrictions, it is necessary 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 important 

event is the search for input parameters that will allow you 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 is used [2]. 

During the work on the model, it was confirmed that all the main dimensions of the hub were 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 will match field 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 set 

much less, since the analysis is carried out on a structure that is in operation and has a margin of safety and 

durability, confirmed by full-scale tests and work in real conditions [3]. 

To carry out the design analysis procedure, it is necessary to determine with what maximum pressure the 

torque converter impeller hub supplies oil through the oil lines 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 of 

the operability of the structure as a whole, it will allow you to track changes in these parameters 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 package (Fig. 7.). 

 

 
 

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 significant errors. 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 second 

feature of the portable model is the variable diameter of the oil lines in the hub housing. 
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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 structure, as mentioned 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 step [4]. 

All operations for dividing into control grids 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 this 

surface and set their sequence (Fig.10.). 

For the convenience of selecting 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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Fig. 10. - Selection of initial and boundary surfaces 

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 physics, mathematics in partial derivatives, then it is necessary to set the boundary 

conditions and actions of mathematical operators (Fig. 11.). 

 

 
 

Fig. 11. - Setting basic grid parameters 

 

After carrying out similar procedures with all elements of the torque converter 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 surface of the structure with a mesh 

 

To conduct a full-fledged 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 calculation 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 2. Boundary conditions for torque converter hub parameters 

Parameter designation Units of measurement of the parameter Numeric values 

Maximum developed power at the hub kW 50 

Maximum angular speed of rotation of 

the hub 
s-1 3394 

Oil flow through hub oil lines kg/s 97,8 

Oil pressure at the outlet of the oil 

pipelines of the hub 
kPa 300 

Oil pressure at the inlet to the oil 

pipelines of the hub 
kPa 200 

 

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 a small amount 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 environmental 

conditions subprocessor (Fig.13,14). 

 

 

Fig. 13. - Menu for making changes to the environment parameters during the experiment 
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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 dimensions 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 various 

media are set. Conditions are set for the maximum and minimum flow rate of the 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.). 

 

 
Fig. 15. - The main parameters of the environment during the experiment 
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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 parameter - iteration, 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 in 

operation and has a margin of safety and durability confirmed by full-scale 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 parameters, the most 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 (Fig. 

17.). The torque converter model was made in the NX software package [5]. 

 

 
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 the Belarusian Autoworks 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 model, factors 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 conditions on the calculation in the ANSYS 

system [6], namely the increase in the time of the calculations, for example, when using the full-fledged model 

shown in picture 7, the calculation time increased to 2 months and 7 days of computer time. Such calculation terms 

are not acceptable for real production. Thus, some of the mating parts were replaced by boundary conditions, taking 

into account the parameters below (Table 3). 

 
Table 3. Main geometric parameters of the hub 

Parameter designation Value 

The maximum diameter of the hub, mm 180,23 

Maximum diameter of the oil channel, mm 13,1 

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 parameters and 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 separate 
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studies, for example, calculations were made for the blade blade of the turbine wheel of the torque converter, since 

when studying full-scale samples, at the manufacturer's plant, traces of cavitation resolution and the appearance of a 

network of cracks. However, the operating conditions of the unit as a whole cannot be the cause of such a defect; 

also, when studying the design documentation at the manufacturer, data were obtained that the replacement of the 

recommended structural material was not carried out. Thus, the study of the phenomena occurring in the process is 

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 distribution in the body of the blade was obtained (Fig. 21.). 

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

[6]. 

On the mathematical model, the zone of maximum loads is visible at the root of the turbine wheel blade, 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 destruction 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 operation of 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 machine, the dimensions, 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 the 

corresponding performance 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 inlets into 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 manufacturing technology 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 solid 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 hub made from a solid billet. 

The analysis showed a decrease in the zones of cavitation impact and displacement of the cavitation zone 

from the walls of the holes to the zone of the middle flow of liquid penetrating into the hole, thereby protecting the 

metal (Fig.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 



Material and Mechanical Engineering Technology, №1, 2023 

 

51 

 

characteristics were obtained, as well as the internal frequencies at which the vibration of the main parts of the 

mechanism occurs (Fig. 25). 

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 component parts 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 oil lines (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 connection of these parts 

by welding and splined joints, was the cause of the development of all the above defects, since the resulting 



Material and Mechanical Engineering Technology, №1, 2023 

 

52 

 

vibrations, as well as the presence of welds in the structure, and places for the development of defects, increase the 

risk explosive development of cracks and subsequent resolution or jamming of the entire assembly as a whole. 
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