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Abstract. A model of graphite friction is proposed. In this model, the friction process is described as a process of
elastoplastic deformation of the surface layer. Moreover, the nanolayer, which contains 3-5 atomic monolayers,
behaves elastically and quickly collapses according to the Griffiths scheme, forming a layer like a solid lubricant.
Next, the mesoslayer enters into the friction process. If the friction of graphite is considered similar to the friction of
a viscous liquid, then from this approach it follows that friction depends on the speed of movement, has a structure
similar to Benard cells, which means self-organization and friction synergism occurs. The fact that the friction of
graphite cannot be explained using the usual Amonton law or on the basis of the hydrodynamic theory of lubrication
is due to the fact that it is associated with the viscosity of the solution, the theory of which has not yet been
completed.

Due to the reconstruction of its surface, the surface layer of metastable diamond becomes graphite and its friction
coefficient is the same value k = 0.1. If you remove the surface layer of metastable diamond, i.e. turning it into a
diamond, then its friction coefficient will be k = 0.6.

Keywords: graphite, diamond, friction, surface, self-organization, synergetics, speed, lubrication, elasticity.

Introduction

The performance of parts of various moving mechanisms and machines is mainly affected by friction. Currently,
there are five theories that explain the processes occurring during friction: mechanical (deformation); molecular
(adhesive); molecular mechanical; energy; hydrodynamic [1]. The study of the friction process is over 500 years old
[2] and continues to this day, due to the emergence of extreme conditions: high processing speeds of various metal
products, high pressures, high temperatures, aggressive environments, etc. [3]. In the theory of friction, it is
necessary to take into account both the mesoscopic approach [4] and the nanostructural approach [5]. In [6], a
mechanical friction quantum was proposed. During friction, especially under lubrication conditions, as well as in dry
friction, it is necessary to take into account the self-organization and synergy of the rubbing materials [7, 8].

In this article, we will review and propose the friction mechanism of two allotropic modifications of carbon -
graphite and diamond.

A graphite crystal is a layered structure consisting of graphene layers. Each layer consists of regular
hexagons of carbon atoms (C) measuring 0.335 nm, between which there are strong covalent bonds with an energy
of 170 J/mol. Between the layers there is a space of 0.7-1.6 nm in size, where weak Van der Waals forces act with
an energy of 16.7 J/mol (Fig. 1a). These graphene layers easily slide in the longitudinal direction and represent a
solid lubricant (Fig. 1b).
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Fig. 1. Structure of graphite (a) and layer diagram on the metal (b) [9]
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In work [10], graphites of various grades according to GOST [11] were used for solid lubrication. It has been
shown that colloidal graphite containing dispersed particles provides the best antifriction properties of metal
composite materials. Antifriction graphite and its application in industry have long been used [12]. In Kazakhstan, a
monograph is devoted to carbon materials [13].

The coefficient of friction of diamond on metal materials is 0.1, which leads to high abrasion resistance of
diamond, which is 90 times greater than the wear resistance of corundum, and 100 and 1000 times greater than that
of various abrasive materials. Diamond powders are indispensable for processing parts made of hard alloys [14, 15].
A large amount of information on diamond is available in [16].
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Fig. 2. Diamond lattice (a) [16]; Bundy carbon phase diagram [17]

The structure of diamond consists entirely of carbon (Fig. 2a) and belongs to the Fd3m symmetry. Lattice
parameter a = 0.35667 nm, density p = 3.52 (g/cm?®), molar mass M = 12.01 (g/mol) [16]. The Bundy phase diagram
of carbon is shown in Fig. 2b [17]. In the periodic table of Mendeleev D.l. shows the position of carbon in the
central column and top row (Fig. 3a). In the central column, carbon has the most covalent bonds per atom (4). The
top position makes its atoms the smallest among all the elements in the central column. The combination of these
two attributes gives diamond the highest concentration of binding energy and thereby gives it unmatched hardness
and other beneficial properties [18].

In Fig. 3b shows the dependence of the friction coefficient on hardness. As you can see, diamond has a
friction coefficient of about 0.1, just like graphite. As a result, diamond powder (DLC) can protect engine parts from
further mechanical wear or chemical erosion. In addition, the opposing moving parts now slide on a solid surface
that has a coefficient of friction much lower than that of any metal component (Fig. 3b). The movement of the
engine part will receive much less resistance and less energy (such as gasoline) needed to power the engine.
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Fig. 3. Periodic table of D.l., showing solid materials with atomic bonds. This table does not include hydrogen and noble gases (a);
friction coefficient as a function of hardness (b) [18]
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Diamonds and diamond powder are widely used in industry [19], electronics and optics [20]. From Fig. 2b it
follows that under ordinary conditions diamond is a metastable structure [17]. It becomes stable at high pressure and
high temperature [21, 22] or at sizes less than 30 um, when it becomes a nanodiamond [23, 24].

1. Research methodology

It has now become generally known that friction is significantly related to the surface layer of a solid [1-3].
Determining the thickness of this layer R(I) experimentally is a very difficult task, requiring ultra-high vacuum and
complex equipment [25]. This problem has been solved only for a few substances. For example, for gold R(I) = 1.2
nm, and for silicon - R(I) = 3.2 nm [25], i.e. they are a nanostructure. Theoretically, we first determined the
thickness of the surface layer of solids in [26-28] (Fig. 4a), and friction in [29] (Fig. 4b).
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Fig. 4. Scheme of a solid: nanolayer — mesolayer — bulk phase [28] (a); diagram of the movement of
atomically smooth diamond and graphite on atomically smooth metal surfaces with a constant speed u [29].

The thickness of the surface layer R(1) is given by the formula [26-28]:

R(1)=017-10"°.a-v[m]. (1)

In equation (1), you need to know one parameter - the molar volume of the element, which is equal to v =
M/p (M is the molar mass, p is its density), o = 1 m? - a constant, so that the dimension (R(l) [m]). Using formula
(1), we calculate R(I) (Table 1) for graphite parallel to the plane x = a = b and perpendicular to this plane x = ¢ [30].

Table 1. Parameters R(1) of graphite.

Graphite Structure M, g/mol p, g/sm® R(1)a, nm R(l)e, nm
2,26 0.90 (3) 2.46 (3)

C C6/mme-D;, 12,0107 175 1.17 (4) 3.19 (4)
1,65 1.24 (5) 3.39 (5)

From the table It can be seen from Fig. 1 that the thickness of the R(l)a. layer varies from 0.9 to 1.24 nm in the
upper plane, and the thickness of the R(I). layer varies from 2.46 to 3.39 nm perpendicular to this plane. This is due
to changes in the density of graphite and its layered structure. Natural graphite has p = 2.26 g/cm?, and artificial
graphite has p = (1.75-1.65) g/cm®. The number of monolayers in graphite is given in parentheses - n = R(l),, ./a, ¢
(a, c are lattice constants). In the R(I) layer, the number of monolayers varies from 3 to 5, depending on the porosity
of the graphite. It is shown in [31] that the surface energy of a bulk metal y», with an accuracy of 3%, is equal to:

v, =07-102.T, [Im?], 2

where Ty, is the melting temperature of the metal (K).
In the R(I) layer, it is necessary to take into account the size effect and the surface energy of the R(l) layer
becomes equal to y1 [32]:

11 =72(0=R()/R()+h) =03y, , ®)

Equation (3) shows that the surface energy of the R(l) layer is three times less than the surface energy of the
main crystal. To separate the R(l) layer from the rest of the crystal, it is necessary to expend energy, which is called
adhesion energy [32]:
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Wa =v1+72—Y12=7v1+72 =137, (4)

where vy12 is the surface energy at the phase interface, which is negligible due to a second-order phase transition.
Internal voltages ocis between phases y1 and y, can be calculated using the formula [33]:

o1 =W, -ATR(1), (5)

where E is Young's modulus of elasticity.

2. Results and discussion
Using equations (1) — (5), we calculate the elastic parameters for graphite.

Table 2. Elastic parameters of graphite

Graphite Wi, J/m? Wi, J/m? Gisa, GPa Gise, GPa E,, GPa E., GPa
C(p=226) 3,613 1,323 5,74 1,37 7,59 3,48
C@(p=175 2,801 1,026 3,75 0,93 5,88 2,70
C(p=1,65) 2,637 0,966 3,44 0,87 5,55 2,55

Graphite has an average value of Ty, = 3970 K and y2 = 2.779 J/m2. Internal stresses in graphite oisc lead to an
increase in the interplanar distance (Fig. 5), which can be easily separated from the rest of the crystal with simple
tape, turning it into graphene [34]. If we look at Fig. 4b, it can be seen that the friction process itself can be
described as a process of elastoplastic deformation of the surface layer. Moreover, the nanolayer, which contains 3—
5 atomic monolayers, behaves elastically and quickly collapses according to the Griffiths scheme, forming a layer
like a solid lubricant. Energy W, is spent on this. Next, the mesolayer (or mesoscopic layer) enters into the friction
process. In mesoscopics, it has been experimentally proven that plastic flow begins in a brittle material when it loses
shear stability, which is fundamentally different from the previous case.

Fig. 5. Increasing the interplanar distance of the surface layer.

The characteristic length for mesoscopics is the phase coherence length he, which can vary within wide
limits, but in mesoscopics it is always h, < 10 m = 1 micron.

As the upper graphite moves along the surface of the lower metal, a new surface of nanometer thickness is
formed again. This means that friction performs an oscillatory motion (Fig. 6a). As soon as the speed exceeds a
critical value and the formation of a nanolayer does not occur, friction begins to depend on speed. Layers R(1), R(Il)
and the bulk phase have different values of internal friction, which is proportional to the internal stresses €isc from
the table. 2. When the graphite from above begins to move, a turbulent fragment appears due to friction (Fig. 6b).

Fig. 6. Oscillatory motion of friction during the formation of a new surface (a);
diagram of the formation of a turbulent fragment (b)
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This is manifested in the microstructure found on the surface of steel 20 [35] (Fig. 7a) and on our
CrNiTiZrCu alloy [36] (Fig. 7b). There are many similarities between high-entropy alloys and metallic glasses [46].
A similar structure in Fig. 7 is typical for Bénard cells [37]. Bénard cells are the appearance of order in the form of
convective cells in the form of cylindrical shafts or regular hexagonal figures in a layer of viscous liquid with a
vertical temperature gradient. And the temperature gradient gradT ~ k, i.e. is proportional to the coefficient of
internal and external friction, so friction is similar to a viscous fluid. So, the friction of graphite and layered
materials on steel is similar to a viscous liquid, although there is another point of view [38]. In this paper, the
distance dependence of non-contact friction on a graphite surface is studied using a quartz tuning fork with
transverse vibration in the atmosphere. It is found that energy dissipation begins to increase when the distance is less
than 2 nm, exhibiting a form of phonon dissipation. However, as the distance decreases further, the dissipation is
different from the phonon dissipation and represents a huge friction energy dissipation peak, which is caused by the
hysteretic behavior between the vibration of the surface atoms and the vibration of the tip. This work advances the
understanding of the mechanism of energy dissipation in non-contact friction.

Fig. 7. Friction surface at the moment of a turbulent fragment of a sample made of steel 20 [35] (a)
and CrNiTiZrCu alloy [36] (b).

If the friction of graphite is considered similar to the friction of a viscous liquid, then from this approach it
follows that friction depends on the speed of movement, has a structure similar to Benard cells, which means self-
organization and friction synergism occurs. The fact that the friction of graphite cannot be explained using the usual
Amonton law or on the basis of the hydrodynamic theory of lubrication is due to the fact that it is associated with the
viscosity of the solution (viscous liquid), the theory of which has not yet been completed [39].

Using equations (1) - (5), we calculate the parameters for diamond [40].

Table 3. Diamond structure parameters

Diamond (hkl) Structure R(I), nm R(11), nm y, [41] I/m? y, [42] JIm?
100 0,29 (1) 2,61 (7) 9,100 9,300
C 110 Fd3m 0,41 (1) 3,69 (7) 6,274 6,570
111 0,68 (1) 6,12 (7) 5,270 5,400

From the table 1 it follows that the number of carbon monolayers in the R(1) layer of diamond is equal to one,
like in graphene. The total thickness of the surface layer H = R(I) + R(ll) is equal to: H-1go = 2.9 nm; He110- = 4.1
nm; H-111+ = 6.8 nm. The surface energy v is significantly greater than all materials known in nature, which means its
friction coefficient k ~ y L (L is the length of the path traveled) should also be large. However (Fig. 3b), today it is
believed that the low friction of diamond is due to the fact that its surface adsorbs air atoms (nitrogen, oxygen) and
the surface turns into a solid lubricant similar to graphite [16]. Here we will present a different point of view. The
elastic parameters of the surface layer of diamond are shown in table. 4.

Table 4. Properties of the surface layer of diamond

Diamond (hk1) Hiy, nm W, J/m? o(nki), GPa
100 2,9 11,83 58
C 110 4,1 8,16 41
111 6,8 6,85 29

The internal stresses oy of metastable diamond are an order of magnitude greater than those of graphite and
they are similar to the structure of silicon and germanium (Fig. 3a), in which covalent bonding is predominant. In

7
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the bulk of C, Si, and Ge crystals, each atom forms four covalent bonds with its nearest neighbors located at the
vertices of a regular tetrahedron. On the surface of the crystals, some of the bonds are broken, leading to its
reconstruction [25]. For Si and Ge crystals, surface reconstruction and its models are presented in [43]. The
Hanemann model consists of a chain of surface atoms that move up and down, but the bond length does not change
compared to the bulk. In other words, the topology of the connections does not change, which has not been
confirmed experimentally. Pendy's model, called the w-bonded atomic chain model. Here the communication
topology changes completely: two six-bar rings of an idealized structure turn into five- and seven-bar rings. This
model is recognized by many researchers, but it has not yet been confirmed experimentally.

In diamond, the bond between atoms is carried out by hybridized sp? orbitals. If we assume that diamond has
two bonding electrons for each orbital in the crystalline volume, they are divided in half on the surface. This
hybridization is associated with the excitation of electrons to an energetically higher state (Fig. 8). A structure
consisting of three sp? orbitals and one p orbital may be more advantageous. This leads to a different distribution of
electron density in space. In addition, sp? orbitals are localized almost exactly in the same plane. It follows that the
surface layer of diamond turns into graphite during reconstruction. To prove this conclusion, consider the
experimental results shown in Fig. 9. Here in Fig. 9a shows the photoluminescence of diamond, which clearly shows
the difference between the glow of the surface layer and the bulk of the diamond.
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Fig. 8. Change in the energy of electronic states during hybridization of s- and p-orbitals [43]

Experimental Raman spectra of the surface layer of diamond are shown in Fig. 9b. In Fig. 9b D-peak
(associated with carbons at the boundary of graphite crystallites) appears near 1350 cm™. The G-peak (associated
with in-plane vibrations of graphite) is located near 1570 cm™. Both peaks are located against a luminescent
background (Fig. 9b).

: G-peak
g ] D-peak -
Z
g ]

EW“

Raman shift, em™!
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Fig. 9. Photoluminescence of diamond samples [44], Raman spectra of the upper layer of diamonds [45]

Thus, the surface layer of metastable diamond, due to the reconstruction of its surface, becomes graphite and
its friction coefficient is the same value (Fig. 3b). If you remove the surface layer of metastable diamond, i.e. turning
it into a diamond, its friction coefficient will be k ~ 0.6 [16]. This means that our assumption about the formation of
a surface layer of diamond can be considered proven.

8
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Conclusions

Here we considered only two allotropic modifications of carbon - graphite (sp?) and diamond (sp®). There are
other modifications of carbon: carbyne (sp); a series of fullerenes (sp?** or sp**). The thickness of the surface layer
of fullerene Cg is R(I) = 135 nm, which is three! order of magnitude higher than R(I) for diamond and graphite.
Since friction, as shown above, is mainly determined by the surface layer, then for these modifications of carbon,
determining the friction mechanism is a task for the near future.
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Abstract. Oils are used in various lubrication systems, such as internal combustion engines, transmissions,
hydraulic systems, and specialized industrial applications. The aim of this study is to show how the kinematic
viscosity of oils for various applications changes with temperature. Sixteen different commercially available oils
were evaluated, from the group of engine oils, transmission oils, hydraulic oils, shock absorbers, chain saw
lubrication oils, air conditioning oils, hybrid vehicle internal combustion engines, and two-stroke engine fuel
mixtures. Kinematic viscosity was measured for two temperatures, that is, 25 °C and 50 °C. For the purposes of the
study, an Ostwald-Pinkiewicz capillary viscometer was used. According to the theory, the kinematic viscosity of all
16 oils tested decreased with increasing temperature. Knowledge of the viscosity behavior of oils in the group of
engine oils, transmission oils, hydraulic oils, and specialized applications is of great importance, especially when
considering the pumping resistance in gear pumps.

Keywords: chain saw lubrication oils, shock absorber oils, fuel mixture oils for two-stroke engines, SAE
classification.

Introduction

The kinematic viscosity of oil is one of the key parameters that determine its lubricating properties and
efficiency in various applications [1]. Oils are used in various lubrication systems, such as combustion engines,
gears, hydraulic systems, or specialized applications in industry [2]. Each of these applications requires appropriate
oil properties, which depend on, among others, viscosity, operating temperature, and environmental conditions. In
technology, the concept of kinematic viscosity, also called Kinetic viscosity or absolute viscosity, is very often used.
In the CGS system, the unit of kinematic viscosity is Stokes [St]. In practice, a 100 times smaller, called centistokes
[cSt]. The unit of kinematic viscosity in the SI system is square meters per second [m?/s]. In practice, however, a
unit 106 times smaller [mm?/s] is used, which is the equivalent of centistokes (cSt) [3]. In industrial practice, the
kinematic viscosity of oils is usually measured using a capillary viscometer, most often in accordance with the
national standards PN-77/C04166 or international standards such as 1SO 3104. This process consists in measuring
the time in which a given volume of liquid flows through a capillary under the influence of gravity, which allows for
precise determination of the flow properties of the liquid at different temperatures. Kinematic viscosity has been
assessed many times in the world literature, although these data are still not consistent or made at different
temperatures. In one of the works, the viscosity of 6 engine oils used on motorcycles was assessed with changing
temperature in the range of — 5 °C to +115 °C, which are important for the performance of combustion engines [4].
The next paper presents the results of the measurements of kinematic viscosity obtained using three different fast
measuring devices and a standardized method using the Ubbelohde capillary viscometer, where the most accurate
results were obtained for the Stabinger viscometer [5]. The intensive development that is happening in the fuel and
oil sector, both at the legislative and technological level, encourages scientists to carry out more ambitious research
[6]. One can also encounter an analysis of the nature of the action of additives in the form of POLYTRONMTC in
terms of its adaptation to high-speed and high-load conditions in the aspect of ball wear on a moving disc [7]. The
results of the influence of the dynamic viscosity of the lubricant material on the parameters of the adhesive bond
during the re-abrasion of Steel 45 [8] cannot be omitted. To examine resistance to degradation, the oils were also
subjected to the oxidation process and the most resistant groups of oils were indicated [9]. For hydraulic oils, the
dynamic viscosity was determined at temperatures of 40 °C and 100 °C [10], but hydraulic oils generally operate at
temperatures not exceeding 50 °C, which is why we selected the temperature of 25 °C during start-up and 50 °C
during standard pump operation during measurements. The aim of this article is to examine the kinematic viscosity
of 16 oils from the group of oils: engine, gear, hydraulic and oils for special applications at temperatures of 25 °C
and 50 °C. Special purpose oils include shock absorber oils, chainsaw lubrication oils, air conditioning oils, hybrid
vehicle combustion engine oils, and two-stroke engine fuel mixture oils. The properties of the oils at these two
temperatures will allow us to assess how the lubrication properties change at the operating temperature of standard
gear pumps.
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1. Materials and Methods

Kinematic viscosity was measured using an Ostwald-Pinkiewicz capillary viscometer in accordance with the
Polish standard PN-77/C04166 [11] and the international standard ISO 3104 [12], in particular procedure A, which
describes how to perform the measurement using hand-held glass viscometers. Kinematic viscosity v is defined (1)
as the ratio of the dynamic viscosity # of a liquid to its density p [12]:

A NES

(1)
The measurement of viscosity, using the flow of liquid through capillaries, is based on the Hagen-Poiseuille
law [13] (2):

_ar'Apt
8V )

where r — capillary radius in cm,

| — capillary length in cm,

t—flow time in s,

Ap — pressure difference causing liquid flow in Pa,

V — volume of liquid flowing in time t in cm?.

Taking into account the flow through the capillary only under the action of its own weight, and the formula
for the capillary constant k, we obtain and, dividing by the density of the liquid, we finally obtain the kinematic
viscosity formula (3) [14]:

v=Kk-t (3)

where v— kinematic viscosity

k — capillary constant,

t — flow time of a liquid of a given volume through the capillary.

The tests were carried out at two temperatures: 25 °C and 50 °C to assess the effect of temperature on the
viscosity of the oils.

The test procedure was as follows:

1. The oils were heated successively to two temperatures, that is, 25 °C and 50 °C in a controlled chamber;

2. Kinematic viscosity v was measured by determining the flow time of the oil under the influence of gravity
[15, 16] through the Ostwald-Pinkiewicz capillary, used many times during similar tests [17]. Then, using the
capillary constant k and the measured time t, the kinematic viscosity v was calculated from the relationship(3);

3. Development of a database of kinematic viscosity results for the 16 different oils (3 repetitions were
performed for each measurement test; then the mean and standard deviation were calculated, additionally indicating
the confidence interval).

The principle of kinematic viscosity measurement using the Ostwald-Pinkiewicz capillary viscometer
consists in measuring the liquid flow time of the tested from the measuring reservoir of the capillary with a volume
precisely defined by measuring lines (upper and lower measuring line) [4]. Based on knowledge of the capillary
constant k and the liquid flow time t, after substituting these values into formula (3), the liquid kinematic viscosity
of the tested is calculated [14]. To present the tested samples, 16 oils were characterized in Figure 1.
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Fig. 1. Samples of tested oils: 1 - 5W/20 (Energy Ultra JP), 2 - OW/30 (Legend Extra), 3 - 15W/40 (Universal), 4 - 20W/50 (Lubro), 5 - 10W/60

(Synthoil Race Tech GT1), 6 - L-HL 32 (Hydrol), 7 - HL 46 (Revline), 8 - PAO 68 (Hart), 9 - 15-WL 150 (Amortyzol), 10 - GL-4 80W/90 (Hipol),

11- GL-5 85W/90 (Hipol 15F), 12 - GL-5 LS 85W/140 (Hypoid LSD), 13 - 0W/16 (Hybrid SP), 14 - VG 68 (Pilarol), 15 - 0W/12 (Mixol S), 16 -
O0W/20 (2T Semisythetic).

2. Results and discussion

According to the methodology indicated, the oil flow time t was determined and then the kinematic
viscosity was calculated from the relationship (3). Table 1 presents the collected results of the kinematic viscosity v

tests at a temperature of 25 °C, while Table 2 presents the
temperature of 50 °C.

collected results of the kinematic viscosity v tests at a

Table 1. Kinematic viscosity test results vat 25°C
Time t [s] Kinematic viscosity[mm?/s] v=Fk
il ID 1 2 3 Capillary 1 2 3 Mean Standard
constant deviation
k
5W/20 236 240 237 0,2736 64,57 65,66 64,84 65,03 0,47
0W/30 362 366 369 0,2718 98,39 99,48 | 100,29 99,39 0,78
15W/30 854 841 825 0,2736 233,65 | 230,10 | 225,72 | 229,82 3,24
20W/50 1016 1044 1036 0,2718 276,15 | 283,76 | 281,58 | 280,50 3,20
10W/60 1151 1192 1174 0,2736 314,91 | 326,13 | 321,21 | 320,75 4,59
L-HL-32 216 215 213 0,2736 59,10 58,82 58,28 58,73 0,34
HL46 324 320 325 0,2718 88,06 86,98 88,34 87,79 0,59
PAO68 456 422 423 0,2736 124,76 115,46 | 115,73 118,65 4,32
AMORTH_OL 80 80 81 0,2656 21,25 21,25 21,51 21,34 0,13
80W/90 985 992 980 0,2736 269,50 | 271,41 | 268,13 | 269,68 1,35
85W/90 1126 1105 1109 0,2656 299,07 | 293,49 | 294,55 | 295,70 2,42
85W/140 2879 2890 2833 0,2736 787,69 | 790,70 | 775,11 | 784,50 6,75
0w/16 228 230 232 0,2656 60,56 61,09 61,62 61,09 0,43
VG638 490 485 450 0,2656 130,14 | 128,82 | 119,52 | 126,16 4,73
0wW/12 205 206 206 0,2656 54,45 54,71 54,71 54,63 0,13
2T 687 669 678 0,2656 182,47 | 177,69 | 180,08 | 180,08 1,95
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Table 2. Kinematic viscosity test results vat 50 °C

Time t [s] Kinematic viscosity[mm?/s]
Oil ID v=kt
1 2 3 Capillary 1 2 3 Mean | Standard
constant deviation
K
5W/20 102 103 102 0,2736 27,91 28,18 27,91 | 28,00 0,13
0W/30 145 147 145 0,2718 39,41 39,95 | 39,41 | 39,59 0,26
15W/30 260 258 253 0,2736 71,14 70,59 69,22 | 70,32 0,81
20W/50 317 320 312 0,2718 86,16 86,98 | 84,80 | 85,98 0,90
10W/60 416 421 428 0,2736 113,82 | 11519 | 117,10 | 11537 | 1,35
L-HL-32 81 82 82 0,2718 22,02 22,29 22,29 | 22,20 0,13
HL46 105 104 104 0,2736 28,73 28,45 28,45 | 28,55 0,13
PAOGS 162 160 161 0,2718 44,03 43,49 | 43,76 | 43,76 0,22
AMORTH_OL | 40 40 39 0,2736 10,94 10,94 10,67 | 10,85 0,13
80W/90 297 304 306 0,2718 80,72 82,63 |8317 |8217 1,05
85W/90 298 296 297 0,2736 81,53 80,99 | 81,26 | 81,26 0,22
85W/140 620 622 646 0,2718 168,52 | 169,06 | 175,58 | 171,05 | 3,21
0W/16 96 92 92 0,2736 26,27 25,17 25,17 | 25,54 0,52
VG68 148 145 145 0,2718 40,23 39,41 | 39,41 | 39,68 0,38
0wW/12 77 78 79 0,2736 21,07 21,34 21,61 | 21,34 0,22
2T 203 204 202 0,2718 55,18 5545 | 54,90 | 55,18 0,22

In order to clearly present the measured values of the kinematic viscosity of oils, they are presented in Fig.
2, where a comparative graph for two temperatures (25 °C and 50 °C) is shown. Analysis of the test results shows
that with increasing temperature, the kinematic viscosity v of all 16 tested oils decreased according to the theory. It
should also be noted that the error bars for the temperature of 50 °C are more than twice smaller than for the
temperature of 25 °C.
500
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Fig.2. Dependence of kinematic viscosity of oil at two temperatures 25° C and 50° C

It should also be noted that the kinematic viscosity v of the 85W/90 oil for the indicated temperatures drops
more intensively than for the 80W/90 oil. For a temperature of 25 °C, the difference in kinematic viscosities v
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between the indicated oils is 26 mm2/s, while for a temperature of 50 °C, this difference decreases to 2 mm?/s. On
average, for all 16 oils tested, the kinematic viscosity v drops by about 65%. The smallest decrease in kinematic
viscosity v was observed for the shock absorber oil (AMOTTH_OIL), which was 49%, while the largest decrease
was observed for the gear oil (85W/140), which was 78%. It has been proven that operating temperature and the
quality of the hydraulic oil quality affect the volumetric efficiency of the gear pump [18], therefore the presented
results are essential for the users of these devices. It should be emphasized that the kinematic viscosities v of the oils
are determined at different temperatures. Usually according to the SAE classification [19] or according to the ISO
classification [20, 21], which determines both cold and warm conditions. However, it is important to select
temperatures that are as close as possible to the standard operation of the pump.

Conclusions

This study focuses primarily on indicating the decrease in kinematic viscosity v of oils from the group of
engine oils, transmission oils, hydraulic oils, shock absorbers, chain saw lubrication oils, air conditioning systems,
hybrid vehicle combustion engines, and two-stroke engine fuel mixtures. Studies conducted at two temperatures will
be helpful in making rational decisions regarding the selection of oil for pump operating conditions. The main
conclusions of this study are as follows:

The kinematic viscosityv of the 16 oils tested for temperatures of 25 °C and 50 °C drops significantly
according to the theory. Moving from lower to higher temperatures, the kinematic viscosity v of the oils tested
dropped by an average of about 65%. The smallest decrease in kinematic viscosity v was noted for shock absorber
0il (AMOTTH_OIL) and the largest for 85W/140 transmission oil) was noted.

The kinematic viscosity v of the oil is crucial for its lubricating properties and affects the efficiency of the
mechanical systems in which it is used. Choosing the right oil, adapted to the temperature conditions in which it will
operate, has a direct impact on the durability of the equipment, energy consumption, and efficiency of their work.

Knowledge of the kinematic viscosityv behavior of oils from the group of engine, gear, hydraulic, and
special-purpose oils is of great importance, especially when considering the pumping resistance in gear pumps,
which we plan to study in the next stage of work.

In future studies, the analysis can also be extended to higher operating temperatures and other types of
specialist oils to obtain a more complete picture of their behavior under variable thermal conditions.

References

[1] Tormos, B., Bermidez, V., Ruiz, S., & Alvis-Sanchez, J. (2023). Degradation effects of base oils after thermal
and electrical aging for EV thermal fluid applications. Lubricants, 11(6), 241.

[2] [2] Stepien, Z. (2024). Powertrain and fuel diversification — challenges for engine oils. Nafta - Gaz, 80(1), pp.
45-54

[3] Dynamic and kinematic viscosity of fluids https://gorner.pl/aktualnosci/lepkosc-dynamiczna-a-kinematyczna-
plynow/ -accessed 18/09/2024

[4] Severa, L., Havli¢ek, M., & Kumbar, V. (2009). Temperature dependent kinematic viscosity of different types
of engine oils. Acta Universitatis Agriculturae et Silviculturae Mendelianae Brunensis, 57(4), 95-102.

[5] Wolak, A., Zajac, G., & Stowik, T. (2021). Measuring kinematic viscosity of engine oils: A comparison of data
obtained from four different devices. Sensors, 21(7), 2530.

[6] Tucki, K.; Orynycz, O. (2021). Bioenergy and Biofuels. Sustainability, 13, 9972.
https://doi.org/10.3390/su13179972

[7] Kubich V.I., Cherneta O.G., Yurov V.M., Portnov V.S., Amangeldikyzy A., Kopobayeva A.N., Madisheva
R.K., Askarova N.S. (2024) Influence of PolytronTMC Composition on the Tribological State of the System of
materials “40Ch - Transmission Oil - HCh15” when Simulating Friction Modes and Lubrication Conditions.
Material and Mechanical Engineering Technology, 2024(2), pp. 8-17

[8] Kubich, V.1., Cherneta, O.G., Yurov, V.M. (2023) Influence of Dynamic Viscosity of a Lubricant Material on
the Parameters of Adhesion Bond in the Systems of Materials 12KH2H4-STEEL 45, 45KHN2MFA-Steel 45 when
Boring and Borocement Steel 45. Material and Mechanical Engineering Technology, 2023(1), pp. 3-9.

[9] Krasodomski, W., Skibinska, A., & Zétty, M. (2020). Thermal Oxidation Stability of Lubricating Greases.
Advances in Science and Technology. Research Journal, 14(3).

[10] Stanciu, I. (2023). Some methods for determining the viscosity index of hydraulic oil. Indian J. Sci. Technol,
16(4), 254-258.

[11] Polish Standard PN-77/C04166. Testing of shear resistance of lubricating oils and hydraulic fluids in an
ultrasonic device.

[12] International standard ISO 1SO 3104:2023 Petroleum products — Transparent and opaque liquids —
Determination of kinematic viscosity and calculation of dynamic viscosity

[13] Paludan, M. V., Dollet, B., Marmottant, P., & Jensen, K. H. (2024). Elastohydrodynamic interactions in soft
hydraulic knots. Journal of Fluid Mechanics, 984, A55.

[14] Viswanath, D. S., Ghosh, T. K., Prasad, D. H., Dutt, N. V., & Rani, K. Y. (2007). Viscosity of liquids: theory,
estimation, experiment, and data. Springer Science & Business Media.

[15] Hebda M., Wachal A., Tribology. Scientific and Technical Publishing House, Warsaw 1980. (In Polish)

15



Material and Mechanical Engineering Technology, Ne3, 2024

[16] Zwierzycki W., Industrial oils and lubricants. ITE, Radom 1999. (In Polish)

[17] Tilloev, L., Dustov, K., Alimov, A., Bobokulov, F., & Ruziev, F. (2021, April). Research the content of waste
(yellow oil) of the shurtan gas chemical complex in Uzbekistan. In Journal of Physics: Conference Series (Vol.
1889, No. 2, p. 022057). 0P Publishing.

[18] Novakovi¢, B., Radovanovi¢, L., Zuber, N., Radosav, D., Pordevi¢, L., & Kavali¢, M. (2022). Analysis of the
influence of hydraulic fluid quality on external gear pump performance. Eksploatacja i Niezawodnosé, 24(2).

[19] Guan, L., Feng, X. L., & Xiong, G. (2008). Engine lubricating oil classification by SAE grade and source based
on dielectric spectroscopy data. Analytica Chimica Acta, 628(1), 117-120.

[20] Novakovi¢, B., Radovanovié, L., Zuber, N., Radosav, D., Pordevi¢, L., & Kavali¢, M. (2022). Analysis of the
influence of hydraulic fluid quality on external gear pump performance. Eksploatacja i Niezawodnosé, 24(2).

[21] Wolak, A., & Zajac, G. (2017). The kinetics of changes in kinematic viscosity of engine oils under similar
operating conditions. Eksploatacja i Niezawodnosé, 19(2), 260-267.

Information of the authors

Lukasz Gierz, PhD DSc Eng., professor, Poznan University of Technology
e-mail: lukasz.gierz@put.poznan.pl

Karolina Perz, PhD Eng., associate professor, Poznan University of Technology
e-mail: karolina.perz@put.poznan.pl

Bartosz Wieczorek, PhD DSc Eng., professor, Poznan University of Technology
e-mail: bartosz.wieczorek@put.poznan.pl

Cristina Peixoto Matos, PhD., professor, Politécnico de Viseu
e-mail: cristinapeixoto@mat.estv.ipv.pt

Lukasz Wargula, PhD DSc Eng., professor, Poznan University of Technology
e-mail: lukasz.wargula@put.poznan.pl

16


mailto:lukasz.gierz@put.poznan.pl
mailto:karolina.perz@put.poznan.pl
mailto:bartosz.wieczorek@put.poznan.pl
mailto:fduarte@mat.estv.ipv.pt
mailto:fduarte@mat.estv.ipv.pt
mailto:lukasz.wargula@put.poznan.pl

Material and Mechanical Engineering Technology, Ne3, 2024
DOI 10.52209/2706-977X_2024 3 17 IRSTI 55.03.03 UDC 621.83.052.4

Analysis of the Stress-Strain State of the Surfaced Tooth in the T-FLEX CAD Application
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Abstract. This work is devoted to the analysis of the stress-strain state of the surfaced gear teeth using the T-Flex
CAD software. The study showed that the surfaced teeth are able to withstand workloads, as well as loads increased
by 50%, demonstrating a deformation of only 2%. Zones of maximum stresses and deformations have been
identified, which makes it possible to predict the durability and reliability of the surfaced teeth. The conducted
studies confirm the effectiveness of the electroslag surfacing method for restoring gears and its application to
improve the performance of gears under high loads.

Keywords: stress-strain state, analysis, T-Flex CAD, gear tooth, surfaced tooth, material, finite element method.

Introduction

The restoration of gear teeth is an important task in mechanical engineering, especially in conditions of
intensive operation and high loads. One of the effective methods of tooth restoration is electroslag surfacing, which
allows to restore the geometry and properties of the teeth, ensuring their long-term operation [1, 2]. As part of this
study, a laboratory installation for electroslag surfacing of gear teeth was developed. This installation was designed
taking into account all necessary technical requirements and tested in a laboratory [3, 4].

The quality of the tooth sample was assessed using visual, capillary, ultrasound, micro- and macrostructural
analyses. The results of the analyses showed that the surfaced tooth has high performance characteristics and can be
effectively used in real conditions [5, 6].

To analyze the stress-strain state of a gear with a surfaced tooth, the T-Flex application program was used,
which allows mathematical modeling of common physical phenomena and solving important practical problems that
arise in everyday design practice. All calculations are performed using the finite element method (FEM). At the
same time, an associative relationship is maintained between the three-dimensional model of the product and the
calculated finite element model. Parametric changes of the initial solid-state model are automatically transferred to
the grid finite element model [7].

In this paper, the finite element method using T-Flex software is used to analyze the stress-strain state of a
surfaced tooth. A comprehensive analysis of the surfaced teeth allows to identify possible defects and helps prevent
premature failures and wear of the gear.

The purpose of this study is to analyze the stress-strain state of the surfaced teeth in order to assess their
performance characteristics.

The object of the study is a model of a surfaced gear tooth.

The relevance of the study is due to the need for effective methods of restoring gears that are subjected to
high loads and intensive operation. Electroslag surfacing significantly extends the service life of gear teeth, which is
important for the engineering industry and other industries where the reliability and durability of gears play a key
role.

The novelty of the research lies in the use of T-Flex software for detailed analysis of the stress-strain state of
the surfaced teeth, as well as modeling with an increased load by 50%.

Research method: literary review, modeling, analysis.

Research methodology: simulation modeling of the stress-strain state, creation of a three-dimensional model
of surfaced teeth in T-Flex software, static analysis by the finite element method (FEM) to determine the distribution
of stresses and deformations; analysis of simulation results under workloads and under loads increased by 50%;
comparison of the results of the analysis of surfaced teeth with the results for non-surfaced teeth; determination of
maximum stress and strain zones and assessment of the performance characteristics of surfaced teeth.

1. Research methodology

To simulate a surfaced tooth, the following parameters were used as initial data: module m = 20, number of
teeth z = 29, pitch diameter d = 580 mm, material of the surfaced tooth - steel 70 (GOST 14959-79).

Characteristics of the objects of study, such as strength, modulus of elasticity, shear modulus, density, tensile
strength, compressive strength are shown in Table 1.
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Table 1. Initial data for modeling

Physical and mechanical properties Steel 70 (GOST 14959-79)
Modulus of elasticity 206000 N/mm?
Poisson's ratio 0,29

The shear modulus 79844.96 N/mm?
Density 7810 kg/m?

Yield strength 834 N/mm?
Tensile strength 1030 N/mm?
Compressive strength 1030 N/mm?

The static analysis in the program is carried out by calculating the stress-strain state of structures under the
action of forces applied to the system constant in time. To determine the forces acting in cylindrical gears, using the
"Analysis" tab, three main forces were used (Fig.1): circumferential, radial and normal.

L

Fig. 1. — Diagram of the force in the engagement of cylindrical gears

The circumferential force F; is directed tangentially to the dividing circle of the gear tooth and is responsible
for the transfer of power between the teeth, which is determined from the following equation [8]:

2T,
R=—a )

where d — pitch diameter;
Tmax — the greatest moment of a normally flowing technological process (Tmax= 39226 N/m).

| 2.39226-10°

580

R =135262N.

The radial force F; acting perpendicular to the circumferential force is directed from the center of the gear to
the point of contact of the teeth and affects the bearings, creating a radial load [8]:

tga
cos g '

Fr=F 2

where o — angular correction;
B - helix angle.
There is no angular correction for the gear tooth under study, tgo = tg20° = 0.36. In straight tooth gears cosf3

6
F =135262 = 49235N.
The normal force F;, is determined by the formula [8]:
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A 3)

Fn = cosaCos S’
In straight tooth gears tgp = 0.

135262

h = =143942N.
cos20°-1

When the normal force is distributed to all teeth of the gear, the normal force is set according to the formula

[8]:
[
Fp=—2, (4)
z
where z — number of teeth.
v 143942
Fn = = 4963N.
29

It is also possible to take into account the expansion/compression stresses of the material or deformation of
the structure by the amount of known displacements. Displacements are the value of the absolute displacements of
the model at the measurement points (sensors) determined at each point 1, 2, 3, etc. (Fig. 2). The points are fixed
along the involute of the tooth surface [9, 10, 11, 12, 13], and the surfaced tooth (A) is highlighted taking into account
the depth of penetration [14].

The displacement is determined by the formula:

[2 2 2
A=X +VYi +zi, (5)

where X, y, z - the components of the displacement vector of a certain i node of the finite element grid.

The equivalent stress in the surfaced tooth is analyzed to determine the distribution of internal forces arising
in the material under the influence of external loads. This analysis allows us to identify stress concentrations that can
become potential zones of the onset of cracks or other defects. The equivalent stress is calculated using the formula

[8]:

1 2 2 2 2 2 2
Uu:\/E\/("x_Gy) +(oy —07)" +(o7 —ox)” +6(rxy +7y; +7xz), ©)

where oxy,; - Stress in the direction of the corresponding axis OX, OY, OZ of the global coordinate system;
Tyy, Txz, Tyz - the stress in the direction of the OX, OY, OZ axis of the global coordinate system acting on a site
with a normal parallel to the OX, OY, OZ axis.

Fig. 2. - Fixing points along the tooth involute: A-surfaced tooth (the arrows indicate the applied forces).
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The design sequence (Fig.3) includes the creation of a model of a gear with a surfaced tooth (A), a grid for
the finite element method, fastening, applied forces and measurement points of the calculation result of finite
element analysis. The grid type is absolute, the grid size is 10, the minimum curve size is 5, the number of finite
elements is 142805 (Fig.4).

I}s

Construction of the gear model ~ Model of the surfaced tooth

\\‘)

Gear fragment with surfaced tooth Application of forces

Creation of the model for analysis Execute the calculation Output of results

ol

Fig. 3. — Modeling steps in the T-Flex program

As part of the study, the surfaced tooth will be tested for tensile strength by increasing the applied force by
50%. This will allow assessment of how the tooth material endures with increased loads and identify possible limits
of its stability. A 50% increase in strength will give a more complete picture of the behavior of the surfaced tooth in
extreme operating conditions, predicting its durability and reliability.

a) b)

a — gear fragment with surfaced tooth; b — finite element grid

Fig. 4. — Preprocessing preparation of the problem solution

The results of this test will help determine how effectively the surfaced material is able to withstand

additional loads, and identify potential points of failure or vulnerabilities in the gear design.
After completion of the preprocessing preparation, the calculation is started, which allows to visually assess

the stress-strain state of both the surfaced and other gear teeth.
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2. Results and discussion
The results of static analysis under workloads of the stress-strain state of the fragment are shown in Figure 5.

Saaava ) wemeand T ire—
. " e e aree
ML e s el TN 27 Vo sep bt et 30 5

a) b)

Fig. 5. — Simulation results of the stress-strain state: displacement (a), stress (b), stress concentration zones (c)

The results of modeling the stress-strain state with a load increased by 50% are shown in Figure 6.

Warkload Loads; wncreased by 50%

b) c)

Fig. 6. - Simulation results of the stress-strain state with increased loads by 50%: in comparison (a); displacement (b), stress (c)
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Displacements and stress values are recorded at the measurement points (Fig.7, 8).
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Fig. 7. - Graphs of displacements (a) and stresses (b) of the surfaced tooth
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According to the results of the analysis, it can be clearly seen that the surfaced tooth withstands working
deformations and stresses (Fig. 5, 6, 7, 8). Stress is concentrated on the roots of the tooth (Fig. 5, ¢). With an
increased load of 50%, the surfaced tooth is deformed by 2% (Fig. 6, a) compared to the rest of the gear teeth, while
the maximum stress is fixed at the measurement points — 0.3116 MPa (Fig. 7, 8).

Conclusions

1) A qualitative and quantitative analysis of the surfaced tooth was carried out.

2) The stress-strain state of the surfaced tooth has been developed. The analysis allows to determine the stress zones
and deformation of the surfaced gear tooth.

3) The surfaced tooth withstands workloads (Fig. 5).

4) The degree of deformation of the surfaced tooth with an increase in the workload by 50% is 2% (Fig. 6, a).

5) The high loads at points 2, 8 and 2°, 8” (Fig.7, 8) are explained by the fact that tensile and compressive loads are
concentrated on these zones.
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A Device for Measuring the Wear of Replaceable Rotary Tool Inserts of Milling Drums of
Road Milling Machines
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2 Office of the patent attorney «Kadyrov and Partnersy», Almaty, Kazakhstan
*corresponding author

Abstract. In the article, based on studies of the wear of the cutting surfaces of the incisor inserts of road cutters, an
original device is proposed that allows measuring all wear elements of the cutting inserts of road cutters, including
the kinematic profile of the wear site proposed for the first time. Experimental studies of prototypes of assemblies
with elastic elements embedded in them have been carried out and a decrease in noise content in the general flow of
measuring information has been achieved due to the simplicity of the design and the absence of destabilizing
complex-profile and kinematically dependent mechanisms and assemblies in it. For the first time, the proposed
solutions made it possible to increase the efficiency of road milling machines (RMM), including expanding their
operational, technological, economic, and design and mechanical capabilities.

Keywords: measurement, tool inserts, wear elements, kinematic profile, wear site, road milling machines.

Introduction

The operation of milling drums of road milling machines is accompanied by intensive wear of replaceable rotary
tool inserts. At the same time, depending on the operating conditions, the size of the wear pads, as well as the shape
of the worn surface, vary greatly. In these conditions, the development of a device for mobile measurement of all
wear elements of replaceable rotary cutter rates of milling drums of road milling machines is relevant. Improving the
efficiency of road milling machines by considering them as an object of management and creating automatic milling
process control systems based on standard components of road milling machines.

1. Methodology

It is established that from the moment of embedding a round replaceable tool insert into the surface to be
processed and until they come out of contact with this surface, chips with a thickening at the end are formed, the
size of which depends on the speed and depth of milling. Figure 1 shows a prefabricated cutter with a round shank
used in milling drums.

Fig.1. - A prefabricated cutter with a round shank

The body 1 (Figure 1) of the cutter consists of a head and a cylindrical shank. A replaceable carbide tip 2 is
attached to the head using high-temperature solder. With the help of a wear washer 3 and a clamping sleeve fitting
the shank 4, the assembly structure of the tool insert in the tool holder is based with the possibility of periodically
turning it at an angle of 10° (per revolution of the rotating milling drum). This rotation is performed in the absence
of chip removal by this cutting plate [1]. The rotation of the tool insert is facilitated by low-amplitude "swinging" of
the shank with a sleeve inside the washer and minor dynamic vibrations of the tool holder body. All this creates a
precessional movement of the tool insert inside the base hole of the tool holder, provides conditions for uniform
wear of the cutting and contacting surfaces of prefabricated tool inserts. With uniform (along the arc of the circle)
wear of the cutting part of the head of the tool insert, the effect of self-sharpening of the cutting parts occurs, which
increases the service life of the tool insert as a whole.
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Tip 2 is made of tungsten-cobalt hard alloys for example, (VK6 with 94% tungsten carbide and 6% cobalt)
cap-shaped (three versions), or cylindrical shape [1] Tungsten carbide (WC) with a hardness of 9 according to the
Mohs school is close to the hardness of diamond (hardness 10), while cobalt, as a more viscous malleable material,
provides cementing properties to this two-component alloy [2].

For tangential rotating cutting inserts with metal-ceramic tungsten-cobalt alloys, the cutting angle is reduced
compared to radial ones, which leads to a 20-25% reduction in cutting force and a reduction in the energy intensity
of the process.

Research [3] based on statistical processing of 1470 pieces of worn cutting inserts on Wirtgen W500 and
Wirtgen DC200 milling drums has established that 63% of assembled cutting inserts are subject to uniform wear;
19% are subject to intense wear of the cutter body (when using them as scoring tool holders (item 2 in Figure 1.2),
or when working in a viscous environment, for example, in viscous asphalt); 13% are subject to uneven wear due to
jamming in the tool holder and 5% of cutting inserts fail due to chipping and destruction of carbide tips (item 2 in
Figure 1).

The operation of milling drums with prefabricated rotary cutting inserts is characterized by [3, 4]: frequency
of operation of the cutting inserts, variable area of the removed layer with one cutting insert, a variable (changing)
number of cutting inserts in operation, which causes variations in the forces, moments and cutting power required
for milling.

The total path length in the asphalt concrete pavement of one cutting insert is determined as [5]:

1= arc cos(1l — E) 1)
6 R

where L — is the path length of the cutting insert 3 per one revolution of the milling drum 2 from point «b» to point
«a», passed in asphalt concrete pavement 1, Figure 1.6;

S — the area of the worn-out coating;

P — depth of cut (depth of cut) of the cutting insert;

R — milling drum radius;

o — the angle between the points of contact of the cutting insert with the asphalt concrete pavement;

o and v — respectively, the angular velocity and the speed of relative movement (feed) of the milling drum.

2
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Fig. 2. - Path length of the cutting insert in an asphalt concrete road surface

To ensure the performance of incisal inserts, dry or wet cooling is used [7].
In the first case, the road milling machine (milling drum) is removed from contact with the asphalt concrete surface
and rotated idle for 1-2 minutes. The wet method uses a forced supply of coolant under pressure from nozzles to the
surface of the milling drum.
Periodic preventive control of cutters for rotation around their axis (usually manually) also creates conditions
for uniform wear over the entire surface (the circumference of the contact surface).
The wear of rotary cutting inserts is negatively affected by various factors [1, 7]:
A. Operational:
1 — physical and mechanical characteristics of the treated surface (its hardness, composition and type of
the treated layer, temperature).
2 — presence of coolant in the cutting zone.
3 — type and characteristics of road milling machines.
B. Technological:
1 — milling modes (milling depth, milling drum rotation speed);
2 — adjustment parameters (angles of attack, rotation and tilt in the milling drum coordinate system [1].
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C. Design:
1 — shape of the carbide tips used;
2 — type of solder;
3 — location of the cutting inserts on the milling drum;
4 — step of arrangement of cutting inserts on the drum;
5 —inclination and pitch of the spirals of the locations of the cutting inserts on the drum;
6 — presence of chip ejectors and their angle of inclination relative to the spiral direction of the location of
the cutting inserts on the drum.
Table 1 shows the shapes of worn surfaces of different types of tips, where:
1) Al1-A4 — correctly worn cutting inserts. Such wear occurs when the milling technological regimes are
observed, periodic preventive inspections of the milling drum are carried out, and the cutting inserts are rotated.
2) B1-B4 — incorrect operation of the cutting insert, when milling was carried out while the cutting insert was
blocked (jammed) in the tool holder.
3) C1-C4 — incorrect operation of the cutting insert, when milling was carried out with free rotation (with a
gap) movement of the cutting inserts in the tool holder.

Table 1. Shape of worn surfaces of different types of tips

Cap-shaped in a massive

design Long cap-shaped Cap-shaped flat design Cylindrical

In Table 1, the dotted line shows the shape of the unworn (initial) surfaces of different types of tips.

There are other forms of worn surfaces of the tips of cutting inserts (for example, wear of only the upper end
part, which occurs during radial indentation in the direction of the machined surface during fluctuations in the
milling depth) and others.

2. Results and discussion
To study the nature of wear of rotary, replaceable cutting inserts, the author was the first to develop a
stationary device for measuring the wear of these inserts [8], Figure 3.
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Fig. 3. - Device for measuring wear of replaceable rotary cutter inserts of milling drums

A device for measuring the wear of replaceable rotary cutting inserts 1 of milling drums contains a housing 2,
a rotation drive of the cutting insert and a measuring transducer for determining the position and condition of the
cutting edges of the cutting inserts.

In accordance with the proposed technical solution, the rotation drive is made prefabricated and consists of a
three-detector (three-contact) clamping device with three circumferentially located cams 3 with autonomous drives 4
of their radial adjustment movements.

The measuring transducer of the position and condition of the cutting edges of the cutting inserts is made as a
prefabricated device and consists of a contact tip 5 and a wide-range linear measuring transducer 6 interacting with
it, for example, a linear inductosyn. The measuring transducer itself is installed on a stand 8 telescopically
extendable from the drive 7 of vertical movements in such a way that the measuring transducer has the possibility of
both installation radial movement and further precision measurement of deviations from roundness with fixed radial
(along the X axis) and vertical (along the Z axis) positions of the measuring transducer.

The rack 8 of the measuring transducer is attached to the edge of a rotating disk 10 resting on the sleeve 9,
which is additionally equipped with a counterweight 11 located opposite the rack 9.

The device additionally includes a microprocessor control device 12 and a rotation drive 13 of the sleeve 9
with the disk 10, while the output of the measuring transducer 6 is connected through the amplification-converter
unit 14 to the input of the microprocessor control device 12, the output of which is connected to the input of the
rotation drive 15 of the cutting insert 1, the inputs of the autonomous drives 4 of the radial adjustment movements of
the cams 3, the input of the drive 7 of the vertical movements of the rack 8 and the input of the rotation drive 13 of
the sleeve with the disk. In block 14 it is possible to visually control the amount of movement of the tip 5 per
revolution of the cutting insert.

The device is used as follows.

The replaceable rotary cutting insert 1 to be measured is installed with its flat supporting surface of the head
on the base surface 16 of the rotary disk 10, while the shank of the cutting insert 1 passes through the hole 17 in the
disk, and its lower console part is at the level of the cams 3 and the rotation drive 15. Cams 3 synchronously moving
towards the center are in contact with the cylindrical surface of the shank 20 of the cutting insert.

At the first stage, the axis 18 of the shank 20 of the cutting insert is aligned with the axis 19 of the rotary disk
10 (the algorithm for determining the center of the hole by three points of contact located at 120° intervals is not
disclosed in the materials of this application). The existing mismatch in the position of the axes 18 and 19 is
compensated by the drives of 4 radial adjustment movements of the cams 3 (the drives are built into each cam, are
autonomously controlled and move independently of each other in the radial direction until the axes 18 and 19 are
aligned, while the design of the drives in the materials of this application not disclosed). In Figure 1, the mismatch is
indicated as “a”.

After combining the axes 18 and 19, upon command from the microprocessor control device 12, the rotation
drive 13 of the sleeve with the disk is activated, making one full revolution. In this case, the contact tip 5 comes into
contact with the working (worn) surface of the carbide tip 21, and the linear inductosyn 6 records the actual radial
movement of the tip 5 per revolution of the cutting insert. A circular diagram of the cross-section of the tip 21 at
height “H” is reproduced.

27



Material and Mechanical Engineering Technology, Ne3, 2024

Upon command from the microprocessor control device 12, the drive 7 periodically moves the measuring
transducer in the vertical direction, reproducing the cross section at an intermediate local level. The totality of such
circular patterns (processed in device 12) gives a real picture of the wear of the working surfaces (carbide tip 21 of
the cutting insert).

Experience in operating milling drums with replaceable cutting inserts has shown that the nature of wear of
the carbide tip 21 can be anything - from uniformly symmetrically correctly worn - to a one-sided worn position of
the working edges of the tip, for example, when the cutting insert is blocked (jammed) in the tool holder, or when it
is freely -rotational (with clearance) movement of the cutting inserts in the tool holder

Real objective data on tip wear allows us to develop recommendations for their restoration, for example, by
surfacing.

The device is effective in operation, allows you to identify the degree of wear and the possibility of restoring
each incisal insert. The procedure for diagnosing and measuring the wear of one replaceable cutting insert takes up
to 3 minutes.

The rack 8 has the possibility of installation and/or adjustment angular movement within +£20° relative to the
vertical position, for which a part-rotary spherical hinge 22 is introduced into the design of the device. Such actions
are necessary for monitoring complex-profile cutting inserts, for example, cap-shaped ones in a flat design

Previously, the main design features of prefabricated cutters with round shanks were noted and the main
factors influencing their wear were identified and technical means for measuring the wear of the cutting surface of
cutter inserts of road milling machines were disclosed.

Let us highlight individual elements of wear of the cutting surfaces of cutting inserts: dimensional U1, height
of the wear area U2 and kinematic profile of the wear area U3. In Figure 4, the positions indicate: 1 — the original
unworn profile of the cutting surface of the cutting insert; 2 — kinematic profile of the wear area on the cutting
surface of the cutting insert.

The kinematic profile of the wear area was proposed by the authors for the first time and was constructed
based on the average of thirty repeated measurements on each of the measured sections Hi (using the drive 7 of the
vertical movements of the rack 8, the pitch of the measured sections AH was set to 2.35 mm). For comparative
analysis, the original unworn profile of the cutting surface of the cutting insert was also recorded (curve 1, Figure 4).

Z u,
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Fig. 4. - Profiles of cutting surfaces of cutting inserts

When the contact tip 5 (Figure 3) goes beyond the wear area, the readings of the measuring transducer 6
coincide (for the original (new) and used (worn) cutting inserts - point 3, Figure 4. Having fixed the boundary point
of transition from the worn to the original (unworn) surfaces of the cutting surface of the cutting insert, all wear
elements of the cutting inserts were found — U1, U2 and U3.

The result of measuring an individual wear element is taken to be the average of thirty repeated
measurements [9], which previously included corrections to compensate for systematic errors:

i1 % (2)

n

A=

where x; — the i-th measurement result;

n — number of repeated measurements (n=30).

The measurement error is assessed by indicating the confidence interval corresponding to a certain
confidence probability value [10].

Confidence limits of random error are established for measurement results belonging to a normal distribution.
In this case, to test the main hypothesis (belonging to a normal distribution), we use a composite criterion, according
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to which [7] they determine that the relation d” at a significance level of 2% belongs to the interval [dl—fh/z' d‘h/z]

and checking whether differences are exceeded (xi - A) values Zp, - S, where

dy—q,,, ¥ dq, ,, — quantiles of distribution [9, table 1J;

Zp, — upper quantile of the distribution of the normalized Laplace function corresponding to the probability
P/2 [11, tables I1-2];

S — estimate of standard deviation.

d and S were calculated using the formulas:

d = ZizabizAl ©)

ns* '

T 4
§* = /—n :

_ [ A (®)
S = n-1 !

where S* is a biased estimate of the standard deviation.
Received values:

6
S = /—39'1 =1,14 MKM, S = /—39'1 =116 Mxm, d = =22 = 10,8129, ©)
30 29 30-1,14

Zp;'S = 2,33-1,16 = 2,7 Mkm

confirm compliance with two conditions of the composite criterion:
0,7110 < 0,8129 < 0,8827

and that none of the differences (x; — 4) exceeds 2,7 mxm.

The above confirms that the distribution of the measurement results of the wear elements of the cutting
surface of the cutting inserts corresponds to the normal distribution law.

Confidence limits +¢ of the random error of the measurement result are determined by the formula: & = teS,
where t is the Student coefficient.

Since the proportion of systematic errors in the total measurement error of wear elements (dimensional wear)
of the cutting surface of cutting inserts is small, in accordance with [10], the measurement accuracy can be
expressed as:

Ul =5,9 mxm, A from -2,4 mxm to +2,4 mxm, at P = 0,95.

The measurement accuracy of U, is determined by the measurement discreteness and the size of the
measurement interval of the transducer 6, as well as the positioning accuracy of the rack 8.

When measuring U, we can distinguish:

1 — methodological error (error in fixing the moment of transition from worn to unworn cutting surface of the
cutting insert A1);

2 — instrumental errors (2-1 — manufacturing error of hemispherical surfaces of the part-turn hinge 22
interacting with each other — Ap; 2-2 — manufacturing error of guides for linear movements of tip 5 along the X axis
and post 8 along the Z axis — As; 2-3 — manufacturing error of synchronously moved cams 3, including their radial
displacement drive — As).

3 — counting errors (subject to visual reading in block 14), including the error due to parallax — As.

According to the patterns of occurrence, these errors are divided into systematic (A2, Azand A4) and random
(A1, As).

After certification of the device, systematic errors identified a priori were excluded.

Total measurement error Uz: Ay ;. € Aq, As.

It has been experimentally established that the standard deviation of the total measurement error Uz (a5 )
does not exceed 2.9 um.

The accuracy of measuring the kinematic profile of the wear area is influenced by the same factors as the
accuracy of measuring U». It has been established that the variation of standard deviations based on the results of
repeated measurements of cutter wear (at different levels of position of the rack 8) is insignificant, and the standard
deviation of the total error in measuring the kinematic profile oy, , does not exceed 3.5 um.
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For a comparative analysis of the device we developed with known similar ones, we used a criterion that
directly reflects their main purpose - obtaining measurement information. Thus, from the point of view of
information theory [11], the measurement accuracy is determined by the value (magnitude) of the entropy
measurement error, calculated by the formula [8]:

—K.-g=4. n 7
A=K-0=7 o O
where K — is the entropy coefficient depending on the type of error distribution law;
6 — root mean square value of measurement error deviation, pum;
d — width of the local interval of the distribution histogram, um;
n — number of measurements;
ni —number of measurements in the i-th column;
m — number of columns of the distribution histogram.

For the developed device, the value of the entropy measurement error was:

A 30 15 224
= = —_— — ) MKM
5. 10%2(2-1,4313+5,9157+7,224-8+8,5878) 100819 6,7
k=2 2203
T oy, 116

Conclusions

Based on the research carried out on the wear of the cutting surfaces of cutter inserts in road milling
machines, the following conclusions can be drawn:

1) measurement of selected wear elements of the cutting surfaces of cutting inserts can be carried out with
sufficient accuracy to solve practical problems;

2) the accuracy of measuring wear elements of the cutting surfaces of cutting inserts using the developed
device, determined by the value of the entropy measurement error, is higher than the accuracy of measuring the
same wear elements using known devices;

3) reduction of noise content in the general flow of measurement information was achieved due to the
simplicity of the design and the absence of destabilizing complex-profile and kinematically dependent mechanisms
and assemblies;

4) according to the results of the study, all certified cutting inserts are classified as suitable, repairable and
not subject to restoration with the consumption of a minimum amount of additional material to create a restored
wear-resistant coating using technological methods of surfacing on repairable cutting inserts.
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Abstract. The introduction of Industry 4.0 into the technological preparation of production leads to the optimization
of processes, including the processes of selecting equipment and tools, reducing cycle time, and reducing costs.
Technological preparation of production involves a set of works that make it possible to start manufacturing a new
product in a given volume. Features of technological preparation of production when using CNC machines follow
from the fact that a significant part of the work from the sphere of direct production is transferred to the area of its
technological preparation. Technological preparation of production plays an important role in the successful
functioning of a machine-building enterprise. Optimization of equipment selection allows you to increase
productivity, reduce costs and improve product quality. The use of modern optimization methods and information
technology allows you to make this process more efficient and accurate. The article provides a methodology for
calculating the additive criterion for optimizing the selection of the best option for CNC machines.

Keywords: CNC machines, industry 4.0, mechanical engineering, mathematical model, production optimization.

Introduction

The selection of CNC machines is one of the key stages of technological preparation of mechanical
engineering production [1]. The efficiency of production, product quality and competitiveness of the enterprise
depend on the correctness of this choice [2]. Traditionally, various expert methods and software products based on a
comparative analysis of the technical characteristics of the machines were used to solve this problem [3]. CNC
machines are capable of performing operations with high accuracy and repeatability, which is especially important
in the production of parts with complex geometry and high requirements for surface quality [4]. Automation of
processes for processing parts on CNC machines can significantly reduce production time and increase the volume
of manufactured products. The ability to quickly reconfigure machines for the production of new products ensures
high flexibility of production and allows you to quickly respond to changes in the market situation [5]. Automation
of manual operations leads to a decrease in labor costs and an increase in productivity. CNC machines allow you to
obtain products with higher surface quality and dimensional accuracy, which reduces the amount of defects and
increases the competitiveness of products. Due to the high accuracy of CNC machine processing, the amount of
material waste is reduced. CNC machines allow processing parts with complex geometry, which are impossible to
manufacture on universal machines [6].

Selecting the best option under a variety of conditions is a problem of multi-criteria optimization under
conditions of complete certainty [7]. Mathematical models describing the systems under study can be presented in
the form of tables containing the values of individual criteria for various strategies under strictly defined external
conditions [8]. In such a situation, a decision can be made either based on one most significant criterion, or taking
into account a set of several criteria [9].

One of the approaches to solving multi-criteria control problems is associated with the procedure for forming
a generalized function Fi, monotonically dependent on a number of criteria [10]. This procedure is called the
procedure (method) of criteria folding [11]. There are several folding methods, but the most commonly used is the
additive optimization method [12].

The additive optimization method allows, when selecting CNC machines during the technological
preparation of mechanical engineering production:

- to take into account a wide range of factors influencing the choice of machines;

- minimizes the subjectivity of decision-making;

- can be adapted to various production conditions and product ranges;

- allows finding the optimal solution in the shortest possible time.

The purpose of the article is to select the best five-axis CNC machine based on the criteria of performance,
cost, memory capacity, reliability and using the additive optimization method.

1. Research Methodology
The additive optimization criterion (generalized objective function) is determined by the formula [13]:

Fi(a;j) = Yi=10i; 1)

where d; — weight coefficient;
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a;; — private criteria.
The values di are weighting coefficients that quantify the degree of preference of the i-th criterion over other

criteria. In other words, the coefficients 0i determine the importance of the i-th optimality criterion. In this case, the
more important criterion is assigned a higher weight, and the total importance of all criteria is equal to one, i.e. [14]:

9;,=10=0,i=1n

n
i=1

The generalized objective function (1) can be used to convolve private optimality criteria if [15]:
- private (local) criteria have equal quantitative importance, i.e., each of them can be assigned to some

number 0i, which numerically characterizes its importance with respect to other criteria;

- private criteria are homogeneous (have the same dimensionality).
In this case, the application of the additive optimality criterion is valid for solving the multicriteria

optimization problem If the given local criteria are not homogeneous, i.e., they have different units of dimension, in
this case, the application of the additive optimality criterion is valid.

have different units of dimensionality, in this case normalization of criteria is required.
Criterion normalization means such a sequence of procedures, by means of which all criteria are brought to a

single, dimensionless scale of measurement.
For normalization it is necessary to determine the maximum and minimum of each local criterion, i.e.:

af =maxa;;,i= 1,m,
a} =mina;;,i = 1,m.

We distinguish a group of criteria a;, j = 1,1, which are maximized when solving the problem, and a group
of criteria a;, j = 1*1,n , which are minimized when solving the problem. Then, in accordance with the principle of
maximum efficiency, the normalized criteria are determined from the following relations:

—~ _ Xij . T
aU E;] - ;11
—~ aij .
al] = 1—?,] = 1+1,7’l,
]
—~ “U_a’; T
al} - 0_';— ] - 1!11
+
—~ a; —a',-j . T
a, = a},_a;,] = 1,1n

1m )

J
—~ __ aij
@, =) =thn
i
a; —a; _—
— ] 9]
a, =—5—=,j= 1Lt
aj—a_j
) ) R
ay =] tTh,n
J

In this case, the optimal option (strategy) will be the one that provides the minimum value of the objective

function (2).
The considered approach to solving multicriteria problems is often used in solving technical and economic

problems related to technological preparation of production
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2. Results and discussion

Suppose that in the conditions of a machine-building enterprise engaged in manufacturing of complex-shaped
parts, it is required to choose an optimal strategy for providing new production with five-axis CNC machines. The
following equipment was chosen as analogs:

- NL635T (SL6315T) CNC turning machining center, SOLEX, China (equipment 1);

- CNC turning machining center LT 30/1000, Ace Micromatic, Germany (equipment 2);

- turning machining center with CNC VR 8, HAAS, USA (equipment 3);

- CNC turning machining centers TAKISAWA EX, Japan (equipment 4).

With the help of statistical data and information of the relevant manufacturing plants having such equipment,
local criteria for the functioning of the required equipment were determined.

By means of experimental observations, the values of private criteria of functioning of the corresponding
equipment (aij) were determined, which are shown in Table 1.

The data for choosing the optimal strategy are considered under conditions of full certainty.

Table 1. Partial criteria of CNC machine tool utilization efficiency

Equipment options Partial criteria of equipment efficiency

(solution strategies) Performance, f.u | Cost of equipment, f.u | Memory capacity, c.u. | Reliability, c.u
Equipment 1 (X3) a1 =100 a2 =5 a3 =5 s =8
Equipment 2 (X>) a1 = 150 o =6 a3 =8 o4 =5
Equipment 3 (X3) az1 =120 ozp=4 oxz=7 03s=06
Equipment 4 (X4) 41 = 200 =7 w3 =6 o4 =4
Note: f.u. — fraction of units; c.u. — conventional units

The weighting coefficients of private criteria were also determined on the basis of expert assessments 0;, i =
1,n:

o1= 0,25; 02 = 0,2; 03 = 0,32; 04 = 0,23.

Obviously, the choice of the optimal strategy (equipment variant) by one criterion in the task is not difficult.
For example, if we evaluate the equipment by reliability, the best is equipment 1 (strategy X1).

If it is necessary to choose the optimal equipment variant by two homogeneous local criteria:

- productivity (f.u.);

- equipment cost (f.u.).

Let the weight coefficients of these two partial criteria have been determined on the basis of expert
evaluations: 01 = 0.665, 02 = 0.335. Let us calculate the additive optimality criterion for the three variants:

Fi(ay;) = 0,1, + 0,01, = 0,665 100 + 0,335 -5 = 68,175
Fi(ay;) = 0,0z + 0,5, = 0,665 - 150 + 0,335 - 6 = 103,09
F(asj) = 0ya31 + 0,3, = 0,665-120 + 0,335 -4 = 81,15
Fi(ayj) = 0ya4; + 0,a4; = 0,665 - 200 + 0,335 - 7 = 135,345
Obviously, the fourth variant of equipment according to the two private cost criteria will be optimal, since
Fmax = F4(ajj) = 135.345.

In the problem under consideration, the four local criteria are not homogeneous, that is, they have different
units of measurement.

In this case, it is necessary to determine the optimal strategy of equipment selection from four possible (m =
3) taking into account the four local criteria (n = 4).
The evaluation of the choice of the optimal variant is carried out according to the algorithm (Figure 1).
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Fig. 1. - Selection of the optimal option based on the additive criterion

1. Determine the maximum of each local criterion:

0f =200; 0f =7, 0f =8;0f =8

2. When solving the problem, the first criterion (productivity), the third criterion (memory capacity) and the
fourth criterion (reliability) are maximized. The second criterion (equipment cost) is minimized.
3. Based on the principle of efficiency maximization, we normalize the criteria:
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5. Determine the generalized objective function by formula (1) for each equipment selection variant:
F,=1025-05+0,2-0,285+0,32-0,625+0,23-1= 10,612
F,=0,25-0,754+0,2-0,142 + 0,32-0,428 + 0,23 -0 = 0,3538
F; = 0,25-0,625+0,2-1+0,32-0,875+ 0,23 0,75 = 0,8085
F,=1025-1+0,2-0625+0,32-0,75+0,23-0,5 = 0,6625

Thus it is necessary to choose equipment 3 (turning machining center with CNC VR 8, HAAS, USA), since
Fimax = 0,8085.

In the technological preparation of production of machine-building enterprise methods as optimization
methods can also be applied ideal point method, the method of the main criterion, the method of hierarchy analysis,
the Pareto method and others.

These methods can be used when working with large data on processes, equipment and tools that ensure the
readiness of the enterprise to produce products of the required quality at the established time, output volume and
costs.

When working with a large number of criteria in selecting the optimal solution (strategy) it is possible to use
specialized software packages for optimization: MATLAB, GAMS, Python with libraries, R, CPLEX, GUROBI and
others.

Conclusions

1) The additive optimization method is a powerful tool for the selection of CNC machines in the
technological preparation of machine-building production. It allows to make informed decisions, increase
production efficiency and reduce costs.

2) The additive optimization method is used when it is necessary to consider several contradictory criteria
when selecting equipment.

3) The limitation of the research of the article is the conditions of complete certainty. They assume that all
parameters of the problem are exactly known. That is, the values of all coefficients, constraints and target functions
are known exactly. However, in real optimization problems it is possible to encounter uncertainty conditions. In this
case, such a problem should be solved using stochastic programming, robust optimization and multi-criteria
optimization with uncertainty.
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Abstract. A natural stage in the development of automated systems is their digital transformation. This process is
aimed at optimizing and improving production efficiency, one of the indicators of which is the stabilization and
improvement of the quality of products while reducing losses. Advanced control Systems assume the presence of
predictive models, but they often cannot or are not used in operational control tasks. These models are quite widely
used in the petrochemical and mechanical engineering industries, a little less in the metallurgical industry, and are
almost completely absent in the coal-processing industry. Thus, the development of structures and models suitable
for predictive quality management is an urgent task. Models based on the full-scale model approach and multivariate
structures have shown high efficiency in such tasks. An example of one of the possible integration structures of
predictive product quality analysis models is given in this article.

Keywords: quality, predictive control systems, digital transformation

Introduction

Forecasting the quality of products is always given considerable attention, because it is better to prevent a
defect than to state it. GOST 15467-79 defines quality forecasting as "determining the likely values of product
quality indicators that can be achieved by a given time or within a given time interval” [1]. Well-known methods of
predicting quality include statistical methods, neural networks, digital twins. These methods have areas of their
effective application and are relevant only in some cases, and each task requires a separate study and a heuristic
solution.

One of the examples of predictive quality control [2], based on the methods of machine image processing,
statistical estimates, cluster analysis of connected components, the results of metallographic studies, as well as
estimates of the quality of workpieces, is intended for automated verification of the planned dynamics of changes
and the formation of the necessary correction of key casting parameters. The proposed assistant performs the role of
an adviser and a digital model for research and experiments, but is not tied into automatic process control.

The second example also based on machine learning methods, talks about the methodology for obtaining
formal models linking bitumen quality indicators with technological parameters of their production, both for
classical regression equations and for formal neural networks [3]. The authors indicate that the methodology for
obtaining such models is worked out on abstract dependencies, however, in the automated process control system,
the use of such dependencies is impossible in a direct form, since the existing control and regulation circuits
constantly influence the processes and without eliminating their effects, obtaining any adequate model is impossible
both by classical identification methods and statistical methods, since it is not possible to their prerequisites are
fulfilled [4].

For processes that take place in complex chains of technological units that produce physico-chemical
transformations [5-7], it is especially important to evaluate and predict the output quality after each of
transformations, since even a small deviation, albeit within acceptable limits at the very beginning of the chain, can
lead to a large deviation at the end, leading to defect. Thus, the task of predictive quality management of processes
and products [8], based on quality forecasting, arises. An example of such processes is coal enrichment processes.

1 Theoretical Part

In the coal enrichment industry, there is a method of long-term forecasting of the quality (ash content) of coal
products [9]. This technique is designed to determine the quantitative values of the ash content of coal extracted,
processed at concentrating plants and shipped (according to various brands and grades) of production associations,
mines (sections) and factories for up to 25 years. The methodology is based on the apparatus of mathematical
statistics and the theory of random processes, which are not suitable for forecasting in control systems [10].

The use of predictive models in management tasks is not a new approach. The American researcher R.
Kalman started development such systems in the early 1960s. Nowadays, such models based on physical, chemical
or empirical dependencies are one of the main elements of advanced control systems — Advanced Process Control
(APO) [11].

An example of an advanced process control system from T-Soft LLC is presented in the Figure 1.

In general, the management approach with predictive models is called as "MPC". The approach involves the
use of a predictive model (PM) — an explicit model of the technological process as an element of the regulator in
order to compensate for the dynamics of an open object and the description of the observed and unobservable
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variables of the object, thereby improving the properties of a closed control system. Many well-known companies
(Rockwell, Siemens, Emerson, Yokogawa/Shell, etc.) develop their MPC products, allowing them to be used both
for their own equipment and for third-party equipment.

Most commercial products do not disclose the underlying principles of forecasting, and the inability to refine
models and algorithms without the involvement of foreign specialists significantly limits the possibilities of their
using.

Among the developments of scientists from Russia, the following examples of systems with predictive
models can be distinguished — both physical [12, 13] and mathematical [14, 15]. In the mineral processing industry,
an example can be given of a control system for the ore grinding complex with a ball mill [16].
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Fig 1. — Interface of the advanced process control system

The author builds a predictive model based on a neural network that uses sensor data to indirectly control the
overload of the mill with ore according to the calculated parameter of the mass of the material in the mill. In general,
there are practically no competitive integrated products on the domestic market that implement the MPC approach,
both for industry and for general industrial solutions.

By presenting such systems in the symbols of the theory of automatic control, in general, for a circuit
consisting of a single unit and its inputs/outputs, the following SAR structure can be formed on the basis of a
modified Smith SAR (figure 2). In figure 2 Y* denotes specified values of quality indicators; € — deviation of the
specified values of quality indicators from the predicted ones; €* — deviation taking into account the effect of
regulation without taking into account the delay in the system; U — controlling influence; W — disturbances; ¥ —
output quality indicators; Y — model values of quality indicators without taking into account disturbances; SUY —
deviation of quality indicators caused by disturbances; /23 — predictive quality analysis subsystem; Q — parameters
required for forecasting; @., ¢, — lag and object models. In this case, the extrapolation operator is a quality prediction
model for a certain contour of different nature and type.

W
> ¥
.f (0., < @O ;
Y M *
@ @, > D,

L QAS L,
i

Q
Fig 2. — SAR scheme with forecasting

Unlike the extrapolator in Smith's SAR, any predictive quality analysis system can be used for forecasting. It
can rely on various models, methods and algorithms, and as input data it accepts not only the values of deviations of
the actual output variable from the model, but also additional parameters that are somehow tied in forecasting:
variables of the object and the system as a whole; inputs and outputs; system parameters that are not tied explicitly
in regulation, but having an impact on quality; the properties of the input material obtained from the data of
regulatory maps and/or laboratory analyses; various datasets, if the trained neural network is the basis for
forecasting; etc.
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To form model values of quality indicators, normative quality models can be taken as a mathematical model,
obtained on the basis of "ideal" regime maps that do not take into account possible deviations in the initial quality of
products and disturbances.

Integration of such predictive quality management subsystems is advisable to use both in digital adviser
modes and to tie directly into automatic control and regulation if the system shows its high efficiency based on test
results.

2 Experimental Part

In the existing control automation systems, the complexity of evaluating the effectiveness of predictive
analytics systems lies in the fact that the built-in control circuits apply continuous control actions on the object to
stabilize the quality. To assess the effectiveness in this case, you can use the methods of a full-scale model approach
[17]. In this case, the use of the apparatus of recalculation models allows you to exclude the effects of control
actions and adjust the system of predictive analysis on the object itself.

The full-scale mathematical approach for creating predictive models in control systems has proven its
effectiveness and has developed historically in parallel with the MPC approach. The adaptation of its methods and
algorithms for quality management is a strong alternative to systems of well-known manufacturers, since they are
not rigidly tied to computer technology and can be embedded both at the level of workstations and in programmable
logic controllers, which solves the problems of synchronization in time and sampling step, as well as integration
with the domestic software and hardware complex automated control system.

If there are several predictive quality analytics systems, the effectiveness of each of them may depend on the
situation and production conditions, then it is difficult to choose one of them as a predictor. The implementation of
the multivariate mode [18] allows to choose the most effective system at the moment and implement management
based on its results.

The introduction of advanced control systems has become widespread in such industries as petrochemical,
machine-building. Slightly less common, but they are in demand in the metallurgy industry. The coal-processing
industry often surpasses those mentioned above in terms of automation [19], however, the introduction of APC
technologies is extremely rare, and at the moment it is also difficult, since few domestic manufacturers offer
"boxed" solutions in this direction, and in the coal industry there are none at all.

A typical circuit for which such a system may be relevant is the enrichment of coal in a heavy-medium
separator. The scheme of the section of the technological chain is shown in Figure 3. Control of this circuit is carried
out by changing the density of the heavy medium by diluting the valve on water or increasing it by feeding fresh
magnetite suspension.
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Fig 3. — Simplified diagram of a section of the technological chain
of coal enrichment in a heavy-medium separator
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As arule, it is not accepted to equip such contours with in-line ash and moisture meters. Laboratory tests are
spot-based and the delay in them can range from half an hour to several hours. It is advisable to apply an indirect
assessment of the enrichment process according to the available data:

— grade and available characteristics of the formation;

— the actual value of the density of the heavy medium from the density meter;

— actual indications of coal and rock separation by conveyor scales.

The application of classical approaches to process management in this case is not effective, since the delay in
the evaluation channels (t; and 1) is better than the dynamics of the process. In this case, it is possible to make a
model of indirect estimation and forecasting of coal quality based on the difference between the expected
(normative) separation of ordinary coal from the actual one. In this case, it would be advisable to use systems with
predictive models, as, for example, in figure 3.

The development of the direction of predictive quality control of coal will increase the economic efficiency
of production, solving the problem of "pumping" (associated with excessive costs and wear of equipment) and
defects (associated with penalties). Improving the quality of coking coal grades is a necessary condition for the
development and activation of the metallurgical industry, which is necessary for the development, in turn, of the
machine-building industry.

3 Predictive control of coal preparation

The achievable quality of coal preparation is initially determined at the stage of process chain design, when
enlarged enrichment blocks are defined: enrichment with heavy media in separators and hydro cyclones, in spiral
separators, in flotation machines, etc. The chains are designed flexible and switchable so that, depending on the
characteristics of the input raw materials, it is possible to obtain the specified quality due to combination and
sequential inclusion of units and processing units to obtain the required enrichment depth. These chains are designed
to be flexible and switchable so that, depending on the characteristics of the incoming raw material, a given quality
can be obtained by combining and sequentially switching on units and stages to obtain the desired depth of
enrichment. In such an environment of constant switching, which is often dynamic, it is virtually impossible to build
adequate enrichment models based on physicochemical patterns suitable for prediction.

In order to solve the problem of quality management, the technologists use the results of laboratory studies
that combine particle size distribution and fractional analysis. So called "sieve-fractional" analysis allows to
construct coal enrichment curves for each separate class in the heavy medium density grid. In this way it is possible
to determine the required structure of the process chain for a given enrichment and density settings for each circuit.

An example of enrichment curves of coal grade "Zh" for +13 mm class is presented in Figure 4. The shape of
the curves is rather heterogeneous and does not allow approximating the curve with acceptable accuracy. This is
caused by measurement errors, heterogeneity of sampling for analysis, non-stationarity of characteristics of one and
the same grade and other reasons. To construct a more accurate enrichment curve, many laboratory statistics are
required to eliminate errors and minimize them to construct an adequate approximating curve.
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Fig 4. - Examples of enrichment curves

A large volume of laboratory studies allowed us to construct sufficiently accurate realizations of enrichment
curves in the form of exponents with the following mathematical description:

AUT —q."P (1)
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where A°YT

is the output ash content; D is the density; a, b are curve parameters.
To find the coefficients ¢ and b, we apply the Nelder-Meade method of search optimization by mean-
modulus deviation.

Based on this expression, we obtain the solution of the equation with respect to D:

AOUT*
In( J
. a
D =

b >

where 4°VT" is the specified ash content; D" is the required density specification.

The curve of a given input ash content is determined by interpolation between neighboring curves and further
approximation by expression (1). Figure 5 shows the curve for coal with input ash content of 25%. Set ash content
AOUT" = 17%, the found set density is D* = 1.63 kg/I.
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Fig 5. — Enrichment curves and set parameters

The proposed system works as a digital tipster in the beneficiation plant in semi-automatic mode. The
technologist sets the setpoint parameters and decides whether to accept the results of the tipster or set his own. The
setpoint is then transmitted by the control system to the magnetite slurry density control loop, which begins to
maintain the new level.

At present, most production facilities can realize such systems only in the form of semi-automatic digital
advisors. For full realization in the form of automatic predictive control systems, a serious digital transformation of
all systems is required — process control systems, laboratories, warehouses, loading, etc. to integrate them into
overall information space [20-23].

4 Conclusion

Summarizing, it is worth noting that the model of indirect assessment and forecasting of coal quality presented in
the work, based on the assessment of the difference between the expected (normative) separation of ordinary coal
from the actual, allows for more effective management of the quality of finished products, which further contributes
to improving the position of the organization in the market and the development of the economy as a whole. In the
future, the model should be improved to reduce the probability of errors.
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Abstract. The article offers a comparison of the use of ultrasonic and laser exposure in a device for cleaning exhaust
gases of internal combustion engines, in order to determine the most effective method to reduce their toxicity and
improve the environmental safety of cities. The scheme of an experimental combined ultrasound-laser automobile
muffler and the results of the experiment are presented, proving the possibility and effectiveness of using the process
of ultrasonic coagulation of solid particles and photo-chemical reaction for cleaning exhaust gases of diesel cars.
Dependences confirming the effectiveness of the ultrasound-laser car muffler were obtained. A comparison of
methods for cleaning car exhaust gas by ultrasound, laser radiation and the combined effects of both methods is
presented.

Keywords: car; internal combustion engine; ultrasonic cleaning; laser cleaning; car exhaust gases; coagulation.

Introduction

Toxic emissions in modern mufflers are reduced by installing exhaust gas purification and neutralization
systems that operate on vehicles; devices operating on absorption, thermocatalytic methods, and thermal
afterburning have become widespread [1].

An increase in the concentration of exhaust gases leads to an increase in diseases of the cardiovascular
system and lungs. Reducing harmful emissions from automobile exhaust gases is an important task in solving the
environmental problem of environmental pollution [2]. Prolonged contact with an environment poisoned by car
exhaust gases weakens the human body. In addition, exhaust gases can cause the development of various diseases,
such as: respiratory failure; sinusitis; bronchitis; lung cancer [3-6].

The authors propose an experimental comparison of methods for ultrasonic and laser cleaning of automobile
exhaust gases, including installation of an ultrasonic emitter and laser inside the muffler. Research has been carried
out on the purification and utilization of exhaust gases from motor vehicles, which have shown positive results [7-
16].

Patents have been registered on the use of ultrasonic influence on vehicle exhaust gas, which have shown
their effectiveness [17-19]. To conduct and prove research on exhaust gas purification with ultrasound, full-size
ultrasonic stands in a polypropylene housing were developed and studies were carried out [7, 10].

The research hypothesis is the possibility of cleaning exhaust gases from an internal combustion engine with
ultrasonic emitters and a laser built into the car muffler housing.

The goal is to substantiate the possibility of using ultrasonic influence, laser radiation or joint work to clean
car exhaust gases.

The objectives of the research include: development of an experimental stand; research methodology;
experimental study and analysis of the results obtained.

The option of creating a car muffler with the combined effect of ultrasound and laser radiation has a
significant advantage: it can be equipped with both new and existing cars. The importance of the environmental
problem of air purification, the level of technical solutions and patents, the results of theoretical and experimental
studies on ultrasonic and laser effects on media allow us to consider the task of creating automobile mufflers with
the complex effect of ultrasonic and laser radiation as relevant [20-39].

1. Methods and Experiments

To achieve the set goals, a full-scale experiment was conducted on the developed combined ultrasonic-laser
automobile muffler (Figures 1-3). During the experiment, at the first stage, the degree of exhaust gas purification
from harmful impurities was determined using a gas analyzer.

During the experiment, at the first stage, the content of CH, CO, CO,, O, in the exhaust gas of a car was
determined depending on the engine speed without ultrasound, under the influence of ultrasound at the frequencies
of the ultrasonic generator 40, 25, 28 kHz, as well as under the influence of laser radiation and complex exposure to
ultrasound and laser. At the second stage of the experiment, the smoke, temperature and humidity inside the muffler,
the speed of the exhaust gas, the frequency in the ultrasonic laser car muffler measured by a frequency meter
installed at a distance of 150 mm from the entrance to the muffler, as well as fuel consumption depending on the
crankshaft speed of the car's internal combustion engine were determined.

The experimental study was carried out as follows:
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- tests were carried out without turning on and with turning on ultrasonic and laser equipment for one minute
each;

- the study was carried out at engine crankshaft speeds of 1000, 1200, 1400 rpm. A laboratory diesel internal
combustion engine “D245” was used (Fig. 1), engine capacity 4750 cc. cm., engine power 245 hp, automobile 4-
component gas analyzer "Infrakar M-1.01", smoke meter "INFRAKAR-D 1-3.01", anemometer "UNI-T UT363"
and digital frequency meter.

Fig. 1. - Laboratory diesel internal combustion engine “D245”

The exhaust gas from the car was supplied to the ultrasonic laser car muffler (further see Figures 2-3) through
the inlet pipe 1 under pressure depending on the speed of the car's crankshaft. In the muffler, with the ultrasonic
equipment turned on, for one minute at an ultrasonic generator frequency of 40, 25, 28 kHz, the exhaust gas was
exposed to ultrasonic waves in the longitudinal direction 13, and laser radiation 3 also occurred. In the muffler,
ultrasonic intensification of coagulation processes occurred [19, 20] and purification of exhaust gases due to
sedimentation of enlarged particles of exhaust gas at the soot collection site 11, as well as photo-chemical processes
occurred under the influence of a laser. The purified exhaust gas was discharged through the outlet pipe 8.

y

Fig. 2. — Ultrasound-laser car muffler
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1 —inlet pipe; 2 — muffler body; 3 — laser; 4 — 12V rectifier;
5 — temperature sensor; 6 — moisture meter; 7 — ultrasonic generator; 8— outlet pipe;
9 — longitudinal ultrasonic emitter; 10 — thermometer-hygrometer; 11 — removable tray;
12 — microscope

Fig. 3. - Diagram of an ultrasonic laser car muffler

When the ultrasonic laser muffler was operating, readings were taken from a gas analyzer, smoke meter,
thermoter-hygrometer, anemometer, and frequency meter. Also, the fuel consumption of the internal combustion
engine was previously measured at speeds of 1000, 1200 and 1400 (Fig. 4-8) by supplying fuel from a measuring
container. Photos and video recordings were made inside the ultrasonic silencer using a digital microscope 12.
Photos are not shown due to unclear images during transfer.

Fig. 5. — Readings of the smoke meter “INFRAKAR-D 1-3.01”
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Fig. 6. — Electronic frequency meter readings

Fig. 7. - Process of measuring fuel consumption

Fig. 8. — Process of measuring exhaust gas velocity
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3. Experimental Studies

Tables 1-3 show the experimental results, and Figures 9-12 show the dependences of the CO,, O, content,
smoke and frequency in the muffler on the engine speed without exposure, under the influence of ultrasound at
frequencies of 40, 25, 28 kHz, as well as under the influence of a laser and the complex effect of ultrasound and
laser at 1000, 1200, 1400 rpm of the internal combustion engine crankshaft.

Table 1. Experimental readings without exposure, under the influence of ultrasound and laser at 1000 rpm

Measurements without with ultrasound | with ultrasound with ultrasound with laser with laser and
impact f=25kHz =28 kHz f=40 kHz ultrasound
time=60 sec
CH 0,00 0,00 0,00 0,00 0,00 0,00
(ppm)
CcO 0,02 0,01 0,02 0,02 0,02 0,02
(%)
CO2 1,38 1,36 1,38 1,36 1,33 1,32
(%)
(0)3 18,66 18,63 18,67 18,70 18,87 18,87
(%)
Smokiness 0,9 0,7 0,7 0,8 0.6 0.8
(%)
Temperature 47,6 48 43 43,1 482 48
(°C)
Humidity 10% 10% 15% 15% 10% 10%
(%)
Gas velocity (m/s) Input 18 Input 18 Input 18 Input 18 Input 18 Input 18
Output 10.3 Output 10.3 Output 10.3 Output 10.3 Output Output 10.3
10.3
f in the muffler 66-141 2100-2570 2400-2438 2800-2909 219-180 3600-3700
at a distance of
150 mm from
the input
(Hz)
Fuel 35 35 35 35 35 35
consumption
(ml/min)

Table 2. Experimental readings without exposure, under the influence of ultrasound and laser at 1200 rpm

Measurements without with ultrasound | with ultrasound | with ultrasound with laser with laser and
impact f=25kHz =28 kHz =40 kHz ultrasound
time=60 sec
CH 0,00 0,00 0,00 0,00 0,00 0,00
(ppm)
CO 0,02 0,02 0,02 0,02 0,02 0,02
(%)
CO2 1,39 1,36 1,38 1,37 1,35 1,36
(%)
02 18,97 18,98 18,97 18,97 19,01 19,01
(%)
Smokiness 3,1 2,9 2,8 2,9 2,5 2,5
(%)
Temperature 49 49,1 51,2 48,7 48,9 47,8
0
Humidity 10% 10% 12% 13% 10% 10%
(%)
Gas velocity Input 20,8 Input 20,8 Input 20,8 Input 20,8 Input 20,8 Input 20,8
(m/s) Output 11 Output 11 Output 11 Output 11 Output 11 Output 11
fin the muffler 117-151 2200-2615 2450-2465 2915-2930 220-350 3650-3700
at a distance of
150 mm from
the input
(H7)
Fuel 50 50 50 50 50 50
consumption
(ml/min)
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Table 3. Experimental readings without exposure, under the influence of ultrasound and laser at 1400 rpm

Measurements

time=60 sec

without
impact

with ultrasound
f=25kHz

with ultrasound
=28 kHz

with
ultrasound
=40 kHz

with laser

with laser and
ultrasound

CH
(ppm)

0,02

0,02

0,02

0,02

0,04

0,04

co
(%)

0,01

0,01

0,01

0,01

0,01

CO2
(%)

1,40

1,40

1,40

1,38

1,4

(0))
(%)

18,56

18,56

18,53

18,43

18,36

Smokiness
(%)

0,8

0,7

0,5

0,6

0,6

Temperature

)

49,2

48

48,1

48

49,2

Humidity
(%)

12%

12%

12%

12%

12%

12%

Gas velocity
(m/s)

Input 21,5
Output 12,9

Input 21,5
Output 12,9

Input 21,5
Output 12,9

Input 21,5
Output 12,9

Input 21,5
Output 12,9

Input 21,5
Output 12,9

f in the muffler
at a distance of
150 mm from
the input
(Hz)

130-185

2351-2300

2455-2465

2920-2935

250-451

3750-3960

Fuel
consumption
(ml/min)

65

65

65

65

65

65

1,41
1,4

1,39
1,38

1,38

1,37
1,36

1,36

CO2, ppm

1,35

1,34
1,32

1,32

1,31

1000

1'5/
1,33

1050

1100

1150

—@— without impact

with ultrasound 25 kHz

—@— with laser

1200

—@— with ultrasound 40 kHz
—@— with ultrasound 28 kHz

1250
Engine speed, rpm

1300

1350

with ultrasound 40 kHz and laser

1400

1,4
1,39

1,38

1450

Fig. 9. - Dependence of CO2 content on engine speed without impact and under the influence of ultrasound at frequencies of 40, 25, 28 kHz

and laser
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—@— without impact
—@— with ultrasound f= 40 kHz
with ultrasound f= 25 kHz
18,56 —@— with ultrasound f= 28 kHz

18.56 —@— with laser
18,53 with ultrasound and laser
18,5
18,43
1300 1400 1500

Engine speed, rpm

Fig. 10. — Dependence of oxygen content on engine speed without impact and under the influence of ultrasound at frequencies of 40, 25, 28
kHz and laser

Smokiness N, %

3,5

~
"

N

=
5}

1000

1100

1200

—@— without impact

—@— with ultrasound f= 40 kHz
with ultrasound f= 25 kHz

—@— with ultrasound f= 28 kHz

—@— with laser

with ultrasound and laser

1300 1400 1500

Engine speed, rpm

Fig.11. — Dependence of exhaust gas smokiness on engine speed without impact and under the influence of ultrasound at frequencies of 40,

experimental research.

25, 28 kHz and laser

As can be seen from the given dependencies, the decrease in CO concentration and smoke, with an increase
in Oz confirms the hypothesis about the effective operation of ultrasonic and laser cleaning of exhaust gas. Laser
radiation works more effectively than ultrasound, since the speed of light is faster than the speed of sound. The
energy transmitted by the laser is instantly transferred to solid particles in the exhaust gas and there is a decrease in
smoke, as well as an increase in oxygen. The combined operation of ultrasound and laser provides the maximum
reduction of CO,. This complex process has not been fully studied and requires additional theoretical and
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o
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0 ® —C— o
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Engine speed, rpm

Fig. 12 — Dependence of frequency in an ultrasonic muffler on engine speed without impact and under the influence of ultrasound at
frequencies of 40, 25, 28 kHz and laser

4. Conclusion

In order to reduce harmful emissions from motor vehicle engines, with minimal costs and maximum
efficiency of the complex effect of ultrasound and laser radiation for cleaning from solid soot particles and harmful
impurities, an experimental study was conducted on the developed ultrasound-laser automobile muffler. The
efficiency of the complex effect on the exhaust gases of motor vehicles was proven during the experiment and has
promising development of this direction of cleaning aerosols from harmful impurities by the proposed method.

Hydrodynamic coagulation is superior in efficiency to orthokinetic cleaning, and laser cleaning is superior to
ultrasound. The experimental study showed an increase in the mass of coagulated particles (soot) under the
influence of ultrasound by more than 2 times.

The article proves the hypothesis of reducing harmful emissions due to the use of ultrasound and laser
radiation. The direction of complex effects on the exhaust gas of cars has promising development and requires
additional research. The conducted experimental studies are the basis for the creation of an engineering calculation
method during the development of experimental samples of combined ultrasonic-laser mufflers.
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Abstract. This study reviews existing research on optimizing the reliability of agricultural tractors, with a focus on
identifying the most critical factors influencing tractor performance. The methodological approach involved an
expert assessment of factors affecting tractor reliability, which highlighted three key elements: the factory (inherent)
reliability of tractors, the effectiveness of repair and maintenance practices, and the losses incurred from tractor
downtime. The consistency of expert opinions was validated using an agreement coefficient. Based on these
findings, the development of a mathematical model is proposed, enabling agricultural enterprises to make informed
decisions when selecting tractors based on reliability and cost-efficiency indicators. This research represents the
initial phase of a broader project, with future plans to create software that automates the optimization of tractor
reliability and costs, ultimately improving the profitability of agricultural enterprises.

Keywords: tractor reliability, cost optimization, maintenance, failure-free operation, maintainability

1. Introduction

The purpose of acquiring technical equipment for agricultural producers is to maximize the effectiveness of
their functional capabilities. Among these, the operational reliability of machine-tractor units is crucial, especially
given the stringent requirements for both the duration and the quality of technological processes in crop production.
Key indicators of reliability include the dependability and ease of maintenance of the machinery [1-3]. However,
frequent tractor failures—tractors being the energy foundation of these units - along with the high labor demands for
repair and maintenance, often result in a technical utilization rate of just 60 - 70% during peak fieldwork cycles.
This makes the process of maintaining operability, with tractors as the central focus, the primary challenge in their
acquisition.

Additionally, the substantial resources required for routine technical maintenance (TM) and repair activities
lead to significant increases in the overall cost of maintaining tractor reliability. Over the standard operational
period, these costs, which include labor, materials, and infrastructure development, often are several times higher
than the initial manufacturing costs of the machinery itself [4—6].

Standards for mean time between failures (MTBF) and the labor intensity of repairs should align with the
agronomic requirements for the duration and quality of crop production processes [7]. This underscores the need for
deploying tractors with varying levels of reliability and maintainability, allowing for differentiation in these
performance metrics within machine-tractor units.

The existence of an entire field of scientific research highlights the importance of this topic on both national
and international scales. In English-language literature, the solution to this practical optimization problem falls
under the field known as “life cycle engineering,” which focuses on optimizing the life cycle costs of technical
systems [8—10]. Another commonly used concept is the “Total Cost of Ownership” (TCO), which evaluates the
comprehensive costs associated with owning a product [11-13].

Several specialized international journals are dedicated to publishing the latest research in this area, such as
The International Journal of Life Cycle Assessment [14], Reliability, Availability, and Maintainability Aspects of
Automobiles [15], and book series like Sustainable Production, Life Cycle Engineering, and Management
(SPLCEM) [16]. The emphasis on evaluating total costs of acquisition and usage arises from the fact that, for certain
machines like agricultural tractors, the cumulative expenses for maintenance, repairs, fuel, and other operational
needs over the machine’s lifetime can far exceed the initial purchase cost [17]. This gap widens further when
factoring in downtime losses, which is particularly critical for tractors in crop production.

Unfortunately, these problems have not been adequately addressed to date. The outdated GOST R 53056-
2008 [18], which closely mirrors GOST 23729-88 [19] from the planned economy era, remains in use. Many
researchers are still forced to rely on these obsolete standards [18, 19] when calculating the economic performance
of specialized machinery [20-23]. Consequently, Kazakhstan lacks modern methodologies for assembling machine-
tractor units based on reliability, productivity, and efficiency metrics. As a result, agricultural enterprises often select
equipment based on intuition, without a well-founded approach to minimizing costs and maximizing profitability.

More accurate guidelines for accounting cost components, including for tractors, can be found in earlier
works, such as a detailed practical guide published in 1997 by Kansas State University [24]. This guide offers
extensive reference data and methodologies for conducting such calculations. Similar approaches to evaluating the
cost of ownership and operating expenses for agricultural tractors were presented in a 2009 publication by Iowa
State University, which was reissued in 2011 and 2015 [25]. A shorter, more pragmatic guide by the University of
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South Dakota [26], along with other works by international agricultural business experts, provides further insights.
These studies emphasize that determining key components for calculating an optimal level of reliability requires
forecasting changes in a machine’s technical and economic characteristics over its entire lifespan, as highlighted in
these foreign publications.

The relevance of this study lies in its potential to generalize and adapt existing international research for
agricultural enterprises in Northern Kazakhstan, while incorporating the work of local scientists [27-29], including
the authors of this publication [30-32]. The first study on this topic was authored by Gulyarenko A. A. in 2008,
following research conducted since 2007, with over 50 related publications during this period [33]. An analysis of
the literature shows that similar studies are conducted in other countries [9, 12—-14, 17, 24-26, 34], but they largely
contain statistical data and scattered mathematical models, lacking a comprehensive solution tailored to specific
enterprises—particularly agricultural ones. This makes the hypothesis and objectives of this study both original and
highly relevant, not only for Kazakhstan but also internationally. Moreover, this research aims to automate the
calculation process by developing specialized software, allowing these models to be adapted for various agricultural
enterprises across the Republic of Kazakhstan.

The most important factor in improving the efficiency of agricultural production is the increase of the
quantity and quality of output. Producers around the world strive to ensure that their products meet high quality
standards and are in demand by consumers. It is essential to remember that the quality of products affects demand,
competitiveness, and their final price. To achieve growth in both quantity and quality, scientifically sound
cultivation techniques, reliable high-performance equipment, and highly skilled personnel are required, which
inevitably raises the price of the final product. However, despite these increased costs, it remains crucial to seek
optimal solutions for achieving the best results, particularly in crop production. One such solution involves
developing a model that ensures the reliability and maintainability of tractors, enabling the achievement of necessary
performance metrics in mechanized processes.

In Kazakhstan, the available range of tractors varies significantly in terms of MTBF and the labor intensity of
repair and maintenance. This variety allows for the selection of tractors with economically feasible levels of
reliability and maintainability, tailored to the specific requirements of different crop production processes. In other
words, it is possible to assemble machine-tractor units with differentiated values for reliability and maintenance
needs. However, as the reliability of tractors increases, so does their price, making it essential to address this issue
within the context of farm income and profitability [35]. Given the practical significance of this challenge, its
scientific relevance is clear. Furthermore, improving the profitability of both small and large agricultural enterprises
will have a profound impact on the agricultural sector, which is crucial to Kazakhstan’s economy.

2. Materials and Methods

The methodological foundation of this study is based on the premise that a relationship exists between the
MTBEF, the labor intensity of repair and maintenance actions in machine-tractor units, and key factors such as the
duration of technological processes in crop production, product losses, and resource costs required to maintain
tractor operability. By studying and generalizing these dependencies, the goal is to solve this optimization problem
for the specific conditions of agricultural enterprises in the Republic of Kazakhstan.

Given the wide range of factors influencing tractor reliability, the initial stage of the study focuses on
identifying the most significant ones affecting tractor performance in crop production. The complexity of these
interrelated factors is the main challenge in optimizing tractor reliability. This challenge can be effectively addressed
using the expert assessment method.

To this end, an expert survey was conducted using a structured questionnaire that listed the key generalized
factors affecting the reliability of mechanized processes on farms. Experts provided their understanding of each
factor, clarifying any uncertainties if needed. They were then tasked with evaluating the weight of each factor and
ranking them by significance. The questionnaire also allowed for the addition and ranking of unaccounted factors
where necessary.

In our study, we interviewed 35 experts to assess the impact of various factors on the reliability of
mechanized technological processes. As a result, eight key factors were identified as having the most significant
influence on tractor performance during these processes. The factors, weighted by expert opinion, are as follows:
tractor’s factory reliability (X1), quality of maintenance (X2), quality of repairs (X3), availability of material and
technical resources for maintenance and repair (X4), tractor workload (X5), operator proficiency (X6), storage and
quality of fuel and lubricants (X7), and unfavorable environmental conditions (X8).

Once the survey was completed, it was necessary to analyze the results to determine whether the experts’
responses were consistent and non-random. This involved calculating indicators that measure the degree of
agreement among the experts. The primary metric used to assess this agreement was the concordance coefficient
[37-39], which reflects the level of consensus across all the identified factors.
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Table 1. The influence of individual factors on the reliability of the implementation of a mechanized technological process and their significance
according to expert survey data

The weight of the factor, assigned by the i-th expert within the range from 0 to 1
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1 2 3 4 5 6 7 8 9
1 0.9 0.8 0.9 0.7 0.9 0.6 0.8 0.6
2 0.6 0.8 0.3 0.4 0.2 0.4 0.3 0.2
3 0.9 0.7 0.6 0.8 0.4 0.5 0.9 0.4
4 0.8 0.3 0.4 0.5 0.4 0.5 0.2 0,1
5 0.8 0.7 0.5 1.0 0.9 0.6 0.4 0.3
6 0.7 1.0 0.5 0.6 0.8 0.8 0.5 0.2
7 0.8 0.9 0.9 0.7 0.8 0.5 0.5 0.7
8 0.8 0.6 0.7 0.6 0.7 0.5 0.6 0.7
9 0.7 0.7 0.6 0.5 0.9 0.3 0.3 0.7
10 0.8 1.0 0.7 0.6 0.5 0.4 0.4 0.2
11 0.8 0.9 0.7 0.8 0.5 0.8 0.5 0.6
12 0.8 0.8 1.0 0.6 0.5 0.4 0.4 0.3
13 0.8 0.8 0.9 0.6 0.7 0.5 0.6 0.5
14 1.0 1.0 1.0 0.5 0.8 0.5 0.5 0,0
15 0.9 0.7 0.8 0.7 0.9 0.5 0.4 0.5
16 1.0 0.5 0.5 0.2 0.5 0.8 0.5 0.7
17 0.8 1.0 0.5 0.4 0.6 0.3 0.4 0.3
18 0.6 1.0 0.5 0.5 0.5 0.6 0.7 0.4
19 0.6 1.0 0.8 0.6 0.3 0.7 0.5 0.5
20 0.9 0.9 0.6 0.5 0.8 0.5 0.6 0.7
21 0.9 0.8 0.8 0.3 0.5 0.5 0.6 0.4
22 0.6 0.5 0.5 0.4 0.4 0.4 0.3 0.5
23 0.8 0.9 0.8 0.5 0.5 0.7 0.5 0.2
24 0.8 1.0 1.0 0.6 0.6 0.8 0.6 0.2
25 0.8 0.9 0.8 0.9 0.5 0.9 0.5 0.3
26 1.0 0.8 0.9 0.7 0.6 0.4 0.4 0,0
27 0.7 0.5 0.4 0.6 0.5 0.3 0.3 0.5
28 1.0 0.5 0.7 1.0 0.3 0.7 0.9 0.5
29 0.9 0.3 0.3 0.4 0.2 0.5 0.5 0.2
30 0.7 1.0 0.5 0.7 0.8 0.4 0.5 0.2
31 0.8 0.7 0.8 0.8 0.8 0.7 0.7 0.2
32 1.0 0.4 0.8 0.8 0.6 0.3 0.6 0.2
33 0.9 1.0 0.6 0.8 0.2 0.4 0.4 0.2
34 0.7 0.8 0.5 0.7 0.6 0.5 0.7 0.4
35 1.0 0.6 0.5 1.0 0.7 1.0 0.4 0.3

To calculate the value of the concordance coefficient, we first find the sum of the ratings (ranks) for each
factor Z}"zl X;;, obtained from all experts, and then the difference between this sum and the average sum of the ranks

ijs
m

(X) using the formula:
The average sum of ranks is determined by the expression:

7 = i=1 2= Xij
n (2)
where  m is the number of experts;
n is the number of factors.

Next, the sum of the squares of the differences (deviations) S is calculated:
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2

Szi iXij—%m(n+1) 3)

The value of S has a maximum value in the case when all experts give the same estimates.
After this, we directly calculate the concordance coefficient using the following formula:

W= 128
B m2(n3 —n) —mZ}"lej 4
where
]
— 3
=) 8-y )
j=1
where ] is the number of groups of related ranks;
t; is the number of identical ranks in the j-th row.
To assess the significance of the coefficient of concordance W, we use the Pearson criterion:
S
X =1 T om 6
7mn(n+1)—mzj=17} ( )

For the agreement of expert opinions to be considered significant, it is necessary that the calculated value of
the criterion x; was greater than the tabular x2 [21], determined by the number of degrees of freedom f =n — 1
and the confidence level y = 0.95.

3. Results and Discussion
Table 2 presents the results of calculating the consistency of expert opinions regarding the impact of
individual factors on the technical performance of tractors.

Table 2. Assessment of the agreement of expert opinions
The weight of the factor, assigned by the i-th expert within the range from 0 to 1

Index of expert consensus

Tractor’s factory reliability
Quality of maintenance
Quality of repairs
Availability of material and technical
resources for maintenance and repair
Tractor workload
Operator proficiency
Storage and quality of fuel and
lubricants
Unfavorable environmental conditions

Sum of ranks Xj; 78 101 136 164 202
Deviations from the 79 56 o1 7 45 28 33
average sum of ranks 4;

Squares of deviations S 6241 3136 441 25 49 2025 784 6889
Tied ranks index T: 2923 1368 1272 1128 1197 1764 1860 1428
The weight of the factor ¢ 0.82 0.76 0.67 0.62 0.58 0.50 0.55 0.36

Ju—
o]
W

24

[w]

L[S
DR

Based on the obtained data, the concordance coefficient for the entire set of factors (n = 8) was W = 0.40.
This positive value, distinct from zero, indicates a significant level of agreement among the expert opinions. The
actual value of x? (x; = 17.22) is much greater than the critical table value (x2 = 2.17), further confirming
sufficient agreement across all factors.

The analysis of the survey results shows that among the eight factors, the greatest impact on the reliability of
mechanized processes comes from the factory reliability of tractors (¢ = 0.82), followed by the quality of
maintenance (¢ = 0.76), and the quality of repairs (¢ = 0.67). Future research should prioritize these key
components, as they have the most significant influence on tractor reliability.

Existing methods for determining optimal tractor reliability indicators can be categorized based on the types
of operational costs they account for:
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1) Methods that consider both repair and maintenance (MOT) costs as well as the costs of energy materials (fuel,
lubricants, electricity, etc.).

2) Methods that account only for the repair and maintenance costs of machines.

3) Methods that focus solely on the costs of spare parts, metal consumption, and related materials.

4) Methods that account for losses due to unplanned machine downtime caused by technical faults, alongside the
costs of repair and maintenance.

An analysis of the methods leads to the conclusion that, when using tractors in crop production, their
reliability should generally be justified by minimizing the total cost function:

Z C= CF + Crepair + Cmaintenance + Csalary + Cfuel/lubricants + CPR — min (7)

where Cr represents the cost of purchasing the tractor (first-order indirect costs of manufacturing at the factory, in

tenge);

Crepair are the costs of repairing the machine, in tenge;

Cnaintenance includes maintenance and storage costs, in tenge;

Csqiary is the wage expenditure for tractor operators, in tenge;

Cruel/lubricants are the fuel and lubricant costs, in tenge;

Cpgr represents the complex costs from production losses and underutilization of labor due to machine

downtime, in tenge.

The analysis of research materials and expert survey results shows that, to determine the required level of
factory reliability for tractors within machine-tractor units, it is sufficient to account for the following: the initial
purchase cost of tractors, the costs of maintaining and restoring operability, and the costs arising from mechanized
process disruptions due to downtime. The behavior of these costs is highly influenced by the initial reliability of the
machine and the conditions under which it is operated. Therefore, the cost function can be simplified as:

»C = Cp+ Cppypg + Cpg = min (®)
where Cpp4 represents the costs of preventive maintenance and repairs.

Each component of the total costs consists of variables that are characterized by their variability and the
presence of numerous price-determining factors. To identify the priority indicators of the objective function, it is
necessary to examine the mechanisms that influence the formation of these cost components. However, based on
current findings, we can assert that the initial cost of purchasing the machine, particularly the investment in higher
factory reliability, is critical. This initial expense significantly impacts the other cost components during the
machine’s operation and forms the foundation for optimizing the total cost function (Figure 1).

Cost, y.e./hour

Dependability 7 machine hours
Number of tractors n, pcs

Maintainability S, man-hour/unit of operating time

Fig. 1. - Change in the minimum of the total cost function depending on the costs of increasing the level of factory reliability of agricultural
tractors Cr, the costs of maintaining and restoring their operability in operation Cewa and complex costs due to losses of crop production Cer.
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In Figure 1, two hypothetical tractors are depicted: T1, a cheaper but less reliable tractor, and T2, a more
expensive tractor with excessive reliability. This comparison illustrates the balance between cost components. The
key to maximizing profit in crop production lies in minimizing total costs (3, C — min). When viewed from a
profitability standpoint, delays in crop production (as shown in Figure 1) can lead to losses in both the quantity and
the quality of the harvest, resulting in financial losses. At the same time, the reliability of tractors directly correlates
with financial costs for manufacturing and maintaining equipment in working condition.

Conclusions

The essence of determining the optimal levels of reliability and maintainability for agricultural tractors lies in
identifying rational operational indicators where the total costs - including acquisition, operation, and downtime
losses due to malfunctions - are minimized over a given service life (e.g., per 1,000 engine hours, work cycle, etc.).
The goal is to achieve the lowest possible cost per unit of work performed.

Increasing factory reliability reduces product losses Cpg, but it also raises manufacturing costs and the price
of tractors. Product losses depend on factors such as workload, crop yield, and the tractor’s factory reliability level.
During operation, various reliability and maintainability indicators can be used to assess tractor performance. For
instance, tractors of the same class from different manufacturers may be compared using metrics such as mean time
between failures and specific labor intensity of maintenance. The point at which the curves of increased factory
reliability costs intersect with the cost of losses indicates the minimum total cost function (3, C) and helps determine
the optimal range of reliability indicators on the x-axis.

Prospects for Further Development

This article represents the first stage in substantiating the key components of a mathematical model to
differentiate tractor reliability indicators. In the next stage, theoretical dependencies will be established, and the
three main components of the objective function (from Formula 8) will be analyzed. This will be followed by
collecting and evaluating data on tractor performance under real-world operating conditions. In the third stage,
experimental data will be used to refine the theoretical models. Ultimately, this will result in a reliable mathematical
model for optimizing tractor reliability indicators, tailored to the specific operational conditions of agricultural
enterprises.
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Abstract. This article discusses the main reasons for the formation of defects such as dents on the main pipelines. As a
rule, the presence of dents is typical for laying in conditions of rocky soil or permafrost. In this case, fairly large rock
fragments appear at the base of the trench, which act on the pipe with a force equal to the weight of the pipe and the
weight of the back fill soil. This is why most of the dents form on the bottom surface of the pipe. As a method of
combating the formation of dents, back filling of soft soil at the base of the trench is usually used, but these measures
lose their effectiveness because over time the soil from the base of the trench is washed away and the metal of the pipe
comes into contact with the stone fragment. This article examines the process of dent formation through numerical
simulation. The procedure for modeling is considered, and the results obtained are analyzed. The dimensions and shape
of the dents obtained during numerical modeling coincide with the parameters of the dents recorded on real objects.
The purpose is to study the mechanism of death formation on large diameter pipes under the influence of static load
caused by external force factors. The scientific novelty lies in the refutation of the theory suggesting the possibility of
dents on large diameter steel pipelines solely as a result of dynamic action from moving parts of the construction
equipment or pipe impact during a fall. The study proved that a dent can form under the influence of static load. The
parameters of the dent obtained during the simulation coincide in shape and size with the dents found on real pipelines,
which confirms the nature of the formation of dents due to the static effect of the pipe's own weight and the weight of the
filling soil.

Keywords: rocky soil, defects, numerical model, dents, pipeline, static load.

Introduction

When inspecting the linear part of the main oil and gas pipelines, geometry defects often occur, which
include dents. A dent is a local change in the shape of the pipe surface that is not accompanied by a thinning of the
wall. A dent is formed as a result of the interaction of a pipe with a solid body that does not have sharp edges, and
this interaction is usually dynamic in nature [1 - 10].

According to diagnostic data carried out by specialized organizations, similar defects in the shape of pipe
sections were recorded during in-line flaw detection (ILFD) on a section of the linear part of the main gas pipeline
(MG) with a total length of 450 km. A total of 14 dents were found on the investigated section of the route. All
detected dents were located in the lower part of the pipe. The hourly orientation of the locations of detected defects
along the pipe cross-section is presented in Figure 1. The depth of the detected dents varies from 15 to 33 mm,
which is 1.1 — 2.4% of the outer diameter of the pipe, the length of the dent along the longitudinal axis of the pipe
ranges from 390 to 1830 mm. A similar situation is revealed during diagnostics of the linear part of oil pipelines. To
a greater extent, this problem manifests itself in sections located in mountainous areas, as well as in areas
characterized by permafrost. Thus, we can say that the problem of the formation of defects in the shape of a pipe
section is a pressing issue for both the oil and gas industries

Fig. 1. - Clockwise orientation of the dent locations, discovered during the technical inspection of a section of the main pipeline (compiled by
the authors)

The purpose of this work was to identify the causes of the formation of such defects while complying with all
design decisions made by the project.
The study was carried out using the example of individual areas with identified defects. Based on the results
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of an analysis of soil conditions in the areas under consideration with recorded violations, it was established that the
trench was laid either in icy frozen soil containing coarse material (pebbles and gravel) or in rocky soil. Both cases
of the project assume the presence of a leveling layer of sand 0.2 m high (Figure 2).

Thus, taking into account the peculiarities of laying MG in rocky and frozen icy soils, taking into account this
definition, it was assumed that the formation of dents is possible with the simultaneous presence of the following
factors:

— in the soil of the base of the MG there are large rock fragments or protruding fragments of underground
rock masses;

— the MG route passes through rough terrain with successive alternation of ascents and descents, which can
lead to the washing out of the leveling layer.
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Fig. 2. - Trench execution schemes (Instructions for evaluating the operability and rejection
of pipes with corrugations (dents), 2002)

In addition, an analysis of the conditions for the formation of dents showed that some of the detected defects
are located at the border of rocky and frozen soils. This fact can be explained by the fact that during the seasonal
thawing of frozen soils, significant settlement occurs, as a result of which rock ledges are formed at the border with
non-subsidence rocky soil. Such ledges can also lead to dents.

1. Materials and Methods

The assumptions made were verified by computer modeling of the interaction of the pipeline with a rock
fragment. The modeling was carried out using the ANSYS universal calculation complex. The problem was solved
in a static formulation.

During the solution, two main models of dent occurrence were considered:

— the presence of large rock fragments under the pipe (size up to 0.2 m);

— the presence of a protruding fragment of a rock mass at the border with frozen loam.

Thus, in both cases under consideration, the contact problem of interaction of a pipeline with an absolutely
rigid body is solved. The loads were set by the pipe's own weight, as well as vertical pressure corresponding to the
weight of the back fill soil. In order to solve this problem, the length of the modeled section was taken to be 30 m.
The choice of length was carried out based on the condition that the value of free loss from the action of external
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load should exceed 0.2 m.

The vertical pressure from the weight of the soil was taken equal to 27,220 Pa. This value was obtained under
the assumption that the back fill soil is loam with a density of 1630 kg/m?3, the height of the back fill above the upper
pipe formation is 1.2 m.

During the modeling, it was assumed that a large fragment was exposed as a result of erosion of the leveling
layer. Within the framework of the model, it was assumed that the foundation soil is not subject to deformation and
erosion, that is, pipeline movements are limited by the thickness of the leveling layer and, according to the
condition, should not exceed 0.2 m. This limitation allows us to simulate the gentlest situation. If the movement of
the edges of the modeled area is greater due to the compliance of the foundation soil under certain conditions, then
the load on the point of contact between the MG and the rock fragment will be even higher, which will lead to more
significant deformations in the contact area.

A large rock fragment was modeled in the form of a solid body having the regular shape of a ball with a
diameter of 0.2 m (Figure 3, a). The size of the rock fragment was determined by the size of the bedding layer of
soft soil, which was assumed to be 20 cm in accordance with the design. Since the presence of sharp corners
increases the perceived load due to the small contact area, the use of a solid body in the shape of a ball when
modeling a rock fragment artificially “softens” the contact conditions pipeline. Thus, the occurrence of a dent upon
contact with an absolutely solid ball will indicate that the formation of a dent is inevitable upon contact with a solid
body of some other shape.

The boundary conditions of the model were determined by limiting the vertical movement of the edges of the
modeled pipeline section (0.2 m), as well as by prohibiting the movement of the end sections of the section along the
pipeline axis (Perelmuter & Slivker, 2002; Kuzbozhev, Birillo & Shishkin, 2014; Alexander & Kiefner, 1997). A
solid body that imitates a large rock fragment is considered rigidly fixed. When modeling the loading, the weight
components of the external load were considered. The weight of the pipeline itself was determined by its parameters
(external diameter and wall thickness), as well as the properties of the material from which the pipe was made. The
back fill soil was not modeled and was taken into account by additional impact in the form of vertical pressure on
the surface of the pipeline, Figure 3, b.

a — finite element model; b — loading diagram of the pipeline model
Fig. 3. - Computer modeling of a pipeline and a large rock fragment (compiled by the authors)

As part of the creation of the second possible model for the occurrence of dents, it was assumed that a
protruding fragment of the rock mass formed at the border of rocky soil and frozen loam due to significant
settlement of the loam during the period of seasonal thawing or soil thawing for some other reason. In this case, as
in the first case, it was assumed that contact of the pipeline with a rock fragment is possible only if the leveling layer
is washed out.

When modeling the base of the pipeline section, it was assumed that a protrusion formed at the boundary
between rocky soil and frozen loam, represented in the model as a difference in heights of the upper boundary of the
base of the pipeline (Figure 4). Moreover, within the framework of this model, the difference in heights was taken to
be equal to the thickness of the leveling layer (0.2 m). In fact, the amount of settlement can be significantly higher,
which, accordingly, will lead to an increase in pressure at the point of contact of the pipeline with the protruding part
of the rock mass.

The base along the entire length of the modeled section is assumed to be absolutely rigid.

When solving, two contact pairs were specified: “pipeline - protruding fragment of the rock mass” and
“pipeline - section of the base corresponding to frozen loam.” Thus, when solving, the pipeline model will not “fall”
through the base, but will come into contact with it.

As boundary conditions, the fastening of the lower surfaces of both parts of the base, as well as symmetry on
the end surfaces of the modeled section of the pipeline, are accepted. As in the previous case, the loads were taken to
be the pipe’s own weight and the vertical pressure on the pipe surface, numerically corresponding to the weight of
the back fill soil.
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Fig. 4. - Finite element model of the pipeline and its foundation (compiled by the authors)

1. Results

As a result of the given loads, a solution was obtained that included pipeline movements, as well as
deformations in the contact zone. The solution to the first problem is presented in Figure 5.

Figure 5a indicates that the boundary conditions are set correctly and the edges of the modeled area do not
“sink” into the foundation soil. The maximum pipeline movements do not exceed 0.2 m. In this case, the contact
area does not move due to the rigid fastening of a solid body simulating a large rock fragment. The simulation
showed that under the given conditions, the maximum deformation is observed at the point of contact and is 10.9
mm. The resulting dent is oval in shape and stretched along the axis of the pipeline. The length of the dent is about 2
m. The shape of the resulting dent is shown on an enlarged scale in the section shown in Figure 5, c, d.

Thus, the results of the modeling show that at the point of contact of a large rock fragment with a pipe,
caused by settlement or washout of the leveling layer of sandy back fill soil, a dent may form under the influence of
the weight of the pipe and the back fill soil. At the same time, the shape and dimensions of the dent obtained during
modeling correspond to the in-line diagnostic data.
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a — pipeline movements; b — deformation of the simulated pipeline section; ¢ — deformation of the simulated pipeline
section (view of the contact point, display of a solid body simulating a large rock fragment is disabled); d — shape of
the dent formed as a result of contact of the pipeline with a separate rock fragment

Fig. 5. Results of the interaction of the pipeline with a rock fragment under specified loads (compiled by the authors)

When solving the second problem, the resulting solution differs in both the size and shape of the dent. The
result of the contact of the pipe with the protruding rock mass is presented in detail in Figure 6.
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a) deformation of the pipeline metal at the point of contact with a protruding fragment of the rock mass; b) shape of
the dent in plan; c) stresses at the point of contact with a protruding fragment of the rock mass

Fig. 6. Results of interaction of the pipeline with the speaker fragment of a rock mass.
(compiled by the authors)

From Figure 6 it can be seen that the maximum displacements correspond to the left end of the modeled
section. For a pipeline section 30 m long, which is under its own weight and the weight of the back fill soil, the
maximum displacement is 0.17 m. That is, the maximum displacement did not reach the maximum permissible
value, accepted according to the conditions of this problem as 0.2 m. Thus, in real life conditions where the length of
the pipe is not limited, when frozen soil subsides by 0.2 m, the pressure on the area of contact of the pipeline with
the protruding rock mass will be higher than in the adopted model due to the greater length of the sagging section.

The metal deformations are presented in Figure 6. As can be seen, the presence of deformations is observed
only in the area of contact between the pipeline and the protruding rock fragment.

The simulation showed that under the given conditions, the maximum deformation is observed at the point of
contact and is 6.7 mm. The resulting dent is oval in shape and stretched along the axis of the pipeline. The length of
the dent is about 2 m. It should be noted that the dent obtained during computer modeling has an atypical shape; it is
elongated along the axis and has two centers.

The shape of the resulting dent in plan is shown in Figure 6¢c. The wall deformation is shown on an enlarged
scale in the section shown in Figure 6b.

Thus, the results of the simulation show that at the boundary of rocky soil and frozen loam on the pipe, a dent
may form under the influence of the weight of the pipe and the back fill soil. The formation of a dent is possible
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when there is significant settlement of loam caused by its thawing, and in the absence of a leveling layer at the
bottom of the trench.

2. Discussion

The results obtained have important practical significance. Today, many researchers argue that the formation
of a dent is possible solely as a result of the dynamic impact on the main pipelines from the moving parts of
construction machines or in case of violation of the laying technology, when the formation of a dent occurs as a
result of a falling pipe [14-16].

This assumption was indirectly refuted by the results of statistics on detected defects such as dents. Since
most of them were located on the lower surface of the pipe, then each such dent should have been formed during the
fall, however, such a violation of technology, repeated many times, is very doubtful. In this case, static loads caused
by the weight of the pipe and the weight of the back fill soil led to the occurrence of a reaction at the points of
contact of the metal with a fragment of rocky soil, and the maximum values of such reactions correspond precisely
to the lower surface, since in this case the load consists simultaneously of both the weight of the pipe and the back
fill weight.

Thus, the results obtained confirmed the possibility of dent formation on pipelines during long-term static
exposure. In this case, formation is possible only in the case of direct contact of the pipe with a protruding solid
fragment. If you exclude the possibility of such contact, then the formation of dents will not occur.

Measures to prevent contact of the pipe body with hard fragments of soil include the use of supports for
laying the pipeline in a trench, the use of synthetic non-woven material to hold the bedding soil at the base of the
pipe, the use of wooden lining or any other protective structure [17-20].

Conclusions

As a result of numerical modeling, confirmation was obtained of the possibility of dents occurring under the
influence of static load from the pipe’s own weight and the weight of the back fill soil. Moreover, in both cases
considered, one of the prerequisites is the erosion of the leveling layer and, as a consequence, the exposure of
fragments of rocky soil. Thus, we can say that the presence of protruding hard fragments at the base of the MG is
fraught with the occurrence of dents if the laying conditions suggest the possibility of their exposure.

As measures to reduce the likelihood of dents occurring, we can recommend measures to prevent erosion of
the leveling layer or to prevent contact of the MG metal with possible protruding fragments.
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Abstract. Based on the system analysis of the features of the morphological and energy parameters of dispersed
components of condensed matter of various compositions, their structure and production technology,
methodological approaches to the implementation of the nanostate phenomenon in the formation of the optimal
structure of composite materials and metal-polymer systems at different levels of organization have been developed.
The concept of energy and technological compliance of the components of functional composite materials and
systems has been developed, consisting in the implementation of the parameters of their energy characteristics
adequate to the value of the activation energy of the prevailing structural process, which determines the optimal
parameters of stress-strain, adhesive and tribological characteristics, under technological effects on the components
in the process of obtaining a composite and its processing. Scientifically based principles for the creation of
nanocomposite materials with high parameters of stress-strain, adhesive and tribological characteristics based on
industrial thermoplastics for functional metal-polymer systems and effective technologies for their manufacture and
processing into products, the novelty of which is confirmed by patents for inventions are proposed.

Keywords: nanostate phenomenon, nanocomposite structure, concept of energy and technological compliance of
components, principles of obtaining and processing nhanocomposites, industrial thermoplastics

Introduction

In the brand range of modern engineering materials, a special place belongs to nanocomposites based on
polymer, oligomeric and combined matrices, which, according to a number of performance characteristics, are the
non-alternative materials in the production of automotive, special, agricultural machinery and technological
equipment for thermal power plants, petrochemical and processing complexes. At the same time, the potential of
such matrices produced by the domestic industry in the creation of functional nanocomposites is not fully realized,
despite the developed base of their large-tonnage production and the equipping of enterprises with modern
technological equipment [1-5].

The mechanism and kinetics of the processes of structure formation of composite materials at different levels
of the organization are determined by the activation energy, which depends on the parameters of the energy
characteristics of the components under a given technological impact. Studies by domestic and foreign specialists
have established the effect of the transition of a material particle upon reaching a certain size range into a state with
special parameters of energy characteristics, which is called a nanostate according to the established terminology [6—
10]. It is obvious that the achievement of the nanostate by the component will have a significant impact on the
structural processes in the composite material at different levels of organization, which determine the parameters of
stress-strain, tribological, adhesive and other characteristics of products in metal-polymer systems.

At the same time, despite the experimentally established influence of energy parameters on structuring
processes, there are no systematic studies of methodological approaches to the implementation of the nanostate
phenomenon in materials science and technology of nanocomposite materials based on industrial polymers.

The purpose of this work was to develop methodological approaches to the implementation of the
phenomenon of nanostate at various levels of organization of the structure of nanocomposites for the creation of
functional materials based on industrial thermoplastics with high performance parameters.

1. Research methodology

Nanodispersed particles of carbon-containing (graphite, detonation synthesis ultra-dispersed diamonds
(UDD), carbon nanotubes (CNT), shungite, carbon fibers (CF)), metal-containing (oxides, salts of organic acids)
and silicon-containing (mica, tripoli, opal, clay) compounds obtained by technological effects on natural and
synthetic semi-finished products produced at industrial enterprises in Belarus and the Russian Federation were
chosen as the main objects of the study. Nanoscale components were obtained by mechanical crushing and heat
treatment of dispersed semi-finished products at temperatures of 673-1473 K.
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Two main types of thermoplastic materials were used as polymer matrices: the first are with hereditary high
melt viscosity (HHMV) due to the chemical structure of the chain and molecular weight: polytetrafluoroethylene
(PTFE) and ultra-high molecular weight polyethylene (UHMWPE); the second are materials with acquired high
melt viscosity (AHMV): industrial thermoplastic polymers such as polyamide PA6, low density polyethylene
(LDPE), ethylene vinyl acetate (EVA) copolymer, polypropylene (PP), thermoplastic polyurethane (TPU), etc., with
characteristic parameters of rheological properties that were changed by the introduction of nanoscale modifiers.

The structure and properties of nanocomposite materials and products made of them were studied using
modern methods of physical and chemical analysis: IR transmission spectroscopy and attenuated total reflectance
(ARP) technique (Specord), spectroscopy of electron paramagnetic resonance (EPR) (PD 1306, Bruker), X-ray
diffraction (Drone 3.0), differential thermal analysis (Q-1500), optical (MF-2), scanning electron (ISM-50A) and
atomic force (Nanotope Ill) microscopy. The energy state of nanoscale modifiers and composite materials was
evaluated using EPR spectra and temperature-stimulated current (TSC) spectra at the original facility of the
V.A. Belyi Metal-Polymer Research Institute of National Academy of Sciences of Belarus. The regulation of the
nanorelief of the surface layer of polymer samples and fillers was carried out using short-pulse laser and accelerated
ionic action with a given power density.

The parameters of the stress-strain characteristics of the developed materials were evaluated on standard
samples according to the relevant Russian standards. Tribological characteristics were determined on universal or
original friction machines according to the schemes "indenter — disk™, "shaft — partial liner". Assessment of the
performance of products made of developed nanomaterials in the structures of automotive units for various purposes
and technological equipment was carried out on stands and in the process of virtual tests using the SKIF
supercomputer and full-scale tests.

2. Results and discussion

Multicomponent materials based on high-molecular matrices are systems, the parameters of characteristics
(stress-strain, tribological, adhesive, thermophysical, etc.) are determined by the structure at various levels of
organization, formed by physical and physicochemical processes, the mechanisms and kinetics of the flow of which
depend on the composition of components and the parameters of technological characteristics. In the interfacial
region of the system, a complex of physical and physicochemical reactions takes place simultaneously with a
predominance of one or several, for which the most favorable conditions are realized, determined by the value of the
activation energy. Such a prevailing reaction, the kinetics of which is in accordance with the conditions of formation
and operation of the system, determines the resistance of an element made of a composite or metal-polymer system
to the impact of operational factors.

A methodological approach to the formation of composites, based on the establishment of the prevailing
physicochemical reaction, made it possible to establish a correlation between the parameters of the structure and
energy characteristics of the components (energy state) [11, 12].

To characterize the energy state, a complex parameter was used, which is a cumulative result of the
transformation of the initial individual parameters of the components (structure, composition, morphology, shape,
size) under the influence of technological and operational factors. A characteristic feature of the proposed
methodological approach is the possibility of purposeful intensification of prevailing interfacial reactions by
forming the energy state of components with certain parameters of electrophysical characteristics.

Using the concepts of condensed matter physics, the conditions for the acquisition of a nanostate by a
material object are determined, which can manifest itself when the dimensional parameter Lo is reached by both a
single particle and the components of the surface layer of a particle or substrate of the micro- and macro-range. To
analyze various types of interfacial interactions in systems based on the energy factor, the definition of "nanostate”
is proposed, which makes it possible to identify the main forms of its manifestation [13-19].

The concept of energy and technological compliance of components has been developed for the formation of
systems with optimized parameters of structural characteristics at various levels of the organization.

The energy compliance of components assumes the possibility of achieving an aggregate energy state that
corresponds to the activation energy of the prevailing physicochemical process that ensures the formation of an
optimal structure at the intermolecular, supramolecular, and interphase levels of organization in composites or
metal-polymer systems.

The formation of the interfacial (boundary) layer of the optimal structure indicates the technological
compliance of the components of functional materials and metal-polymer systems, which is understood as the
possibility of their achieving the specified energy parameters at a certain stage of the formation of a composite,
product or structure that ensures the flow of the prevailing mechanism of interfacial interaction.

Physical and physicochemical processes are due to the transfer of electrons during the formation of
intermolecular, supramolecular, interfacial structures, which determined the choice of the maximum value of the
thermostimulated current (TSC) in the temperature range adequate to the technological modes of production,
processing of composites and the operation of metal-polymer units as a determining parameter for assessing the
energy state of the components of the systems.

The analysis of the parameters of the energy state of dispersed particles of various composition, structure
and production technology, which are widely used in materials science of polymer nanocomposites (silicon-
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containing — clay, mica, talc, tripoli, carbon-containing — UDD, CNT, CF, shungite, colloidal graphite product
(CGP), metal-containing — particles of metals and oxides), indicates the nonlinearity of the dependence of the TSC
value on temperature, the presence of extremes in the temperature ranges characteristic of each type modifier, and
instability | = f(T) when changing dimensional parameters, dispersion modes, intensity of the impact of temperature,
mechanical and other energy and technological factors. The characteristic type of TST spectra of particles of
products of thermogasdynamic synthesis (ultradispersed polytetrafluoroethylene UPTFE), silicon, shungite with a
size of 50-100 pum is shown in Fig. 1 and 2. The nonlinearity of the dependence | =f(T) is also characteristic of
other objects of organic and inorganic nature, of different composition, structure, and molecular weight.

1, pA I, pA
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25 35 55 75 95 115 135 155 175 195 T, °C 200 400 600 T, °C
Fig. 1. - Characteristic TSC spectrum of products of thermogas- Fig. 2. - Dependence of the value of the maximum thermally
dynamic synthesis (UPTFE) initial (1) and heat-treated at 373 K (2), stimulated current (TSC) on the temperature for particles of silicium
473K (3) (1), shungite (2). Particle dispersion 50-100 pym

A characteristic feature of dispersed particles of common modifiers of high-molecular matrices is the
presence of an uncompensated charge with a long relaxation time, which is confirmed by the data of EPR
spectroscopy (Fig. 3).
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Fig. 3. - EPR spectra of opal (1) and clay minerals of various compositions (2, 3).
Sample dispersion is 100-200 um

Along with special parameters of electrophysical characteristics due to the peculiarities of composition and
structure, material particles can be in a nanostate, the concepts of which were proposed by Prof. P. von Weimarn,
P. M. Ajan, I. P. Suzdalev, A. I. Gusev, and others, under certain types of technological action that change the size,
geometric characteristics, and morphology of the surface layer. The size range of the transition of material objects
into the nanostate is individual for particles of different composition and structure and is determined by the
analytical expression proposed by V. A. Liopo, according to which the limiting size of Lo = 230-0p~%?, where 6p is
Debye temperature. The validity of using this expression to analyze the structure of polymer nanocomposites is
confirmed by system studies, the results of which are summarized in monographs [11, 12].

The analysis of the morphological features of dispersed particles widely used in the materials science of
polymer composites using the SEM and AFM methods indicates the presence of nanoscale components in objects of
the micron range that form the morphology of the surface layer (Fig. 4).

The presence of such components is the most important factor determining the activity of modifiers in the
processes of formation of polymer composites at various structural levels (intermolecular, supramolecular,
interphase) due to the manifestation of energy parameters characteristic of the nanostate by the surface layer of
particles. Therefore, the technologies for activating polymer matrix modifiers should ensure the formation of
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nanoscale components in quantities sufficient to implement the determining process of the required intensity, by
establishing mechanisms for their formation under various types of technological impact on the semi-finished
product.

Using the fundamental principles of condensed matter physics based on the barrier model of juvenile surface
formation, mechanisms for dispersion of layered minerals such as mica, talc, kaolin with the formation of nanoscale
components of lamellar shape are proposed. It has been established that the determining processes of degradation of
particles in the micrometer range are dehydration and dehydroxylation, which cause the destruction of the original
layered structure and the formation of nanoscale elements of the lamellar form in an active state with a long
relaxation time sufficient for implementation in the technology of polymer nanocomposites [1, 2]. It has been
experimentally established that the activity of such elements in the processes of interaction with the environment
(components of the system) depends on its composition, temperature and time characteristics. To intensify the
process of dispersion of layered minerals, it is advisable to use thermal shock at temperatures of 800-1000 K or
diffusion saturation of interlayer regions with low-molecular and oligomeric media based on carbon-containing
products with low resistance to thermal degradation.

,.Af)

Fig. 4. — Characteristic morphology of dispersed clay particles (a, d), carbon nanotubes CNT (b, e), metal oxides (c, f)

Model studies of the dispersion of layered minerals such as mica (muscovite) have shown the possibility of
forming nanoparticles with a size of 30-50 nm under the impact thermal effect on the initial semi-finished product at
1073 K for 5-20 min. The formed lamellar particles have high adsorption activity in the processes of interaction
with the environment, including polymer matrices in a viscous state, and intensify the intermolecular structuring of
the composite.

Dispersion of particles of layered silicates can be implemented directly in the process of obtaining or
processing composite materials under thermomechanical action on the components of screws of mixers, extruders or
injection molding machines. The formation of an intercalated or exfoliated nanocomposite structure provides a
technically significant effect of increasing the parameters of stress-strain and tribological characteristics even with a
doping content (0.1-1.0 wt.%) of the modifier.

Thermal action on dispersed particles changes the energy parameters not only of layered silicates (clays,
talc), but also of framework and chain (flints, zeolites) and multiphase natural (tripoli, shungite) products (Fig. 1 and
2).

An effective technology for activating dispersed particles is their dispersion under mechanical or
mechanochemical action. Not only an increase in the specific surface area, but also the formation of nanoscale
components in the surface layer of particles has been experimentally established. Modifiers activated in this way
remain active for a technologically significant time (up to a year).

Nanoscale components of the structure of the surface layer can also be formed as a result of the impact of
energy flows on the semi-finished product, i.e. ionizing, laser radiation. At the same time, not only the specific
surface area of the particle, which provides the mechanical component of interfacial interaction, increases, but also
the parameters of the characteristics that determine its nanostate, which affect the supramolecular structure and
adsorption capacity of the surface layers of modified substrates (PET, PTFE, PP, HDPE, CF) (Fig. 5).

An energy assessment of the nanostate of polycrystalline particles is carried out to establish the temperature
equivalent of geometric parameters. It is shown that for a nanoparticle, due to the increased role of surface energy in
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comparison with a massive sample, there is a correlation between the size of the particle and its energy state, which
can be estimated by the temperature factor.

initial (a, b)

Fig. 5. — Characteristic morphology of the surface layer of the substrate of PTFE (e, f), PET (b, d), HDPE (a, c), carbon fiber (g, h),
(c,d).

and exposed to nitrogen ions at a dose of 1016 ion/cm2 (g, h), pulsed laser radiation with a power density of 2.0 W/cm?
AFM data (a-d) and SEM (e-h)

With a decrease in the size of the ¢ particle by 1%, there is an increase in energy parameters by the amount of
ot =k(6T) = 3,5-102 ] [20]. Therefore, the formation of nanoscale particles or nanoscale components in the
structure of the surface layer of a macroparticle (substrate) is accompanied by an increase in the parameters of
energy characteristics estimated by the maximum value of the thermally stimulated current and the intensity of
interfacial processes in the systems.

The conducted set of studies on modeling the processes of formation of the structure of material objects with
a pronounced manifestation of the nanostate made it possible to determine effective ways to achieve it in the
technological processes of obtaining and processing nanocomposite materials based on matrix polymers of industrial
production. The choice of the conceptual direction of the technological embodiment of the phenomenon of the
nanostate is determined by a set of materials science, technological, economic, and operational factors. An algorithm
for the implementation of the methodological approach has been developed, which allows, on the basis of factors
that determine the nanostate of the components of the system for a specific purpose and design, to choose the
technology for their implementation at a specific stage of the process, taking into account material, economic,
ergonomic, environmental and other aspects.

Methodological principles for the implementation of the phenomenon of nanostate in materials science and
technology of functional nanocomposites based on industrial polymer matrices and metal-polymer systems with
their application, focused on the state of the domestic technological base of industrial enterprises, related mainly to
the 1V and V modes, are proposed (Fig. 6).

The principle of multi- || physical compatibili- | [ Formation of an integrated || Non-chain stabilization of polymer mono-
level modification of || zation of  mixture | | supramolecular structure by [| and mixture matrices by deactivating the
matrices of composite | | components by nano- | | a set of modifying particles || active sites of macromolecule with

materials dimensional particles nanosized particles

Change in the activation Formation of an active

energy of unpleasant nanorelief on the surface

physicochemical layer of the modifier

processes in  metal- Methodological _ Princinl f N

polymer systems ethodologica rinciples 0 anostate . .
- Phenomen Implementation in Materials Science mcltr)]:rl](i)galm Corros\'lzgr

TfaQSfOTmat_'On of wear and Technology of Composites Based on| ——| processes by separating

products into wear Polymer Matrices and Metal-Polymer Systems

inhibitors  of -metal- ’ ’ ’ L%ec:zomposﬂzdriaterialosf

polymer systems / \

Use of crystal-chemical || Multi-stage  reciting  of | | Mechanochemical Restoration of the structural
parameters of dispersed || polymer-containing activation of | potential of reprocessed
particles for structuring || components with the use of [ | components at different| thermoplastics by doping
matrices at various levels of [| nanoscale inoculants  of | | stages of the | modification with nanoscale
organization integration action technological process of | parts

Fig. 6. — Methodological principles of implementation of the nanostate phenomenon in materials science and technology of composites based on
polymer matrices and metal-polymer systems [15-19]
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The developed principles made it possible to optimize the structure of nanocomposite materials based on
polymer, oligomeric and mixed matrices of industrial production intended for the manufacture of structural elements
(bearings, seals, fasteners, coatings) of static and dynamic (tribological) metal-polymer systems used in the
structures of machines, mechanisms, technological equipment of domestic machine-building, chemical, processing
industry, construction industry, which determine the strategy of innovative development of the economy.

The results of experimental testing of the developed methodological approaches to controlling the structural
parameters of nanocomposite materials based on industrial thermoplastics are presented in Part 2 of the article.

Conclusion

On the basis of a system analysis of the features of morphological and energy parameters of dispersed
components of condensed matter of various compositions, their structure and production technology,
methodological approaches to the implementation of the nanostate phenomenon in the formation of the optimal
structure of composite materials and metal-polymer systems at different levels of organization have been developed.
Scientifically based principles for the creation of nanocomposite materials with high parameters of stress-strain,
adhesion and tribological characteristics based on industrial thermoplastics for functional metal-polymer systems
and effective technologies for their manufacture and processing into products are proposed, which consist of the
following:

1) The concept of energy and technological compliance of the components of functional composite
materials and systems has been developed, consisting in the implementation of the parameters of their energy
characteristics adequate to the value of the activation energy of the prevailing structural process, which determines
the optimal parameters of stress-strain, adhesive and tribological characteristics, under technological effects on the
components in the process of obtaining a composite and its processing. The reliability of estimating the parameters
of the nanostate of material objects using an analytical expression to determine the limiting size of the transition to
the nanostate of a nanoparticle or a component of the morphology of the surface layer according to the Debye
temperature p criterion is theoretically and experimentally substantiated. A definition of the nanostate of material
objects is proposed, characterizing the relationship between structural, morphological and energy parameters.

2) Methodological principles for the implementation of the nanostate phenomenon in materials science and
technology of functional nanocomposites based on industrial thermoplastics of the polyolefin, polyamide,
fluoroplastic class have been developed by optimizing the structure at the intermolecular, supramolecular and
interfacial levels, ensuring the achievement of a synergistic combination of performance parameters based on:

— established crystal-chemical prerequisites for the selection of natural and synthetic carbon-containing,
metal-containing and silicon-containing semi-finished products for the directed formation of active nanosized
particles with specified structural, morphological and energy parameters under optimal technological action
(mechanic and chemical, thermal, laser);

— implementation of the conditions for the energy compliance of nanomodifiers to the prevailing mechanism
for the formation of the optimal structure of polymer, oligomeric and combined matrices at various levels of
organization — molecular, supramolecular and interfacial;

— providing conditions for the manifestation of the preferred mechanisms of interfacial physicochemical
interactions of components with the formation of boundary layers of optimal structure, which determine the
mechanisms of destruction of nanocomposites under the influence of various operational factors.
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Abstract: In this article Effect of wear parameters like load, sliding speed, and sliding distance are analyzed on
wear rate. The influence of the weight percentage of zircon on wear rate is studied. The wear rate analysis is done
using the Analysis of variance technique (ANOVA) and SN curve with the help of MINITAB software. Specimens
are prepared at the ratio of (0+3), (3+3), (3+6), (3+9) and (3+12) weight percentages of Carbon and zircon are added
to Aluminum alloy (LM13) respectively. Synthesis is done using a stir casting approach and Copper chill is placed
at one end of the mold before pouring the molten composite. Copper chill is placed to have unidirectional
solidification and wear properties are evaluated at the chill end of the solidified composite. In the Dry Sliding Pin on
Disc wear experimental, it was observed that 9wt.% of zircon shows better wear resistance than other combinations
of carbon and zircon combination reinforcement. It is also seen that the wear rate increases as load, sliding speed,
and sliding distance increase. The effect of wear parameters is studied and the most influencing wear parameter is
analyzed. Results showed that the weight percentage of zircon exerted the greatest effect on wear rate. The wear
surface morphology of the specimens is examined. Wear debris, Grooves, and delamination are observed at low
W1t.% of reinforcements.

Keywords: analysis of variance technique, dry sliding pin on disc, surface morphology, wear debris, wear

Introduction

Composites play a vital role in the selection of materials for desired applications [1], reinforcement is a
crucial section in selecting a material for a composite which should provide better strength to the composite [2],
Dual particle reinforcement (DRP) gives better wear results when compared to single particle reinforcement [3], It
pertains high resistance to wear than a single reinforced composite [4], ceramic reinforcement is preferred as the
reinforcement for structural and wear resistant applications [5]. The addition of graphite to the composite decreases
the wear rate and a uniform graphite layer on the worn surface is observed in microstructural studies. Stir casting
process is used synthesis of metal matrix composite for its even mixture of matrix and reinforcement [6],chill
casting is a special type of casting technique which provide unidirectional solidification for the liquid composite in a
mould [7], Taguchi method is used to decrease the number of experiments and decides the optimum value by using
L9 orthogonal vector for wear testing condition variables[8], addition of graphite flakes to the matrix erodes the
matrix material and leads to the formation of graphite holes which intern move along counterpart movement during
wear[9], wear is a function of load, temperature and wt.% of reinforcement[10], SiC and ZrSiO4 combination of
reinforcements contributes to decrease in wear and can be applied to marine industry and marine environment[11],
During initial less speed of the pin , wear is abrasive and continues to be delaminating at higher speeds[12], Thick
and stable tribo layers are formed on the Graphite aluminum composite and its hardness increases for higher loads
and speed [13]. Grain size affects the strength and wear properties of the composite structure, finer the grains better
the properties [14], Empirical relation is established to study wear rate using statistical regression analysis and
analysis of variance (ANOVA)[15], Analysis of variance (ANOVA) technique is a statistical approach used to
access the most influencing parameters in the wear study [16].

1. Materials and experimental procedures

1.1 Materials description and composition

LM13, a light metal alloy is used as a metal matrix, Ceramic ZrSiO4 and carbon in the form of graphite
powder are used as reinforcements to the composite preparation. LM13 is selected because of its cast ability and
ductile nature with 13Wt% of silicon. ZrSiO4 of 1Micron is selected because of its high compressive strength.
Graphite is used to study the improvisation of the properties of LM13. Copper chills are used for unidirectional
solidification. The chemical composition of LM13 is shown in the table 1.

Table 1. Chemical composition of LM13

Elements

Zn

Mn

Si

Ni

Fe

Mn

Al

Wt.%

0.5

1.0

12

2.0

0.5

1.0

Bal
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Table 2. Composition of zircon

Element Wt.%
Zirconium dioxide (ZrO2) 64.80
Silicon dioxide (SiOy) 32.50
Ferric oxide(Fe202) 0.70
Titanium dioxide (TiOy) 0.15
Alumina (Al203) 1.20

a) aluminum alloy; b) zircon; c¢) carbon;d) copper chills

Fig. 1. - Components

1.2 Fabrication of the composite

Specimens are fabricated using the stir-casting process to achieve a homogenous mixture. Reinforcements are
preheated at 200 degrees Celsius for 10 minutes to remove the humidity content and avoid agglomerations in the
liquid composite. LM13 aluminum alloy is melted to its melting point of 660 degrees Celsius in a graphite crucible
and preheated reinforcements are added at the combinations as shown in table 2. Carbon percentage is maintained
constant l,e 3wt.% throughout the sets of the experiment. Carbon provides the lubrication property to composite
which resists wear. Judiciously 3wt.% is maintained because it withholds the tribo-layer formation [17]. A cast
specimen is fabricated initially to find the strength of the material without adding Zircon reinforcement. In casting
copper chill is placed at one end of the mold. Copper chill placed at one end provides unidirectional solidification.
Hence this paper explains the influence of copper chill and Zircon percentage on the composite.

Table 3. Specimen with reinforcement combination

Specimen Number Zircon (Wt.%) Carbon (Wt.%)
1 (As cast) 0 3
2 3 3
3 6 3
4 9 3
5 12 3

Fig.2. - Placement of chills to the molds
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a) stir casting; b) molten composite pouring to mold; ¢) composite part
Fig. 3 - Casting experiment

1.3 Wear experiments

The chill end of the specimens is on disc wear test is done for the samples. Test samples of 8mm diameter
and 25mm length dimension are cleaned and polished by different grit sizes of emery paper. The test steel disc
surface is cleaned with acetone. The specimen is pressed against the steel disc using an attachment which is
supported by an arm and lever with an incremental loaded weight. Specimens are weighed before the testing and
after the testing to calculate the volumetric loss which results in loss of density of specimen due to wear.
1.4 Wear rate

Wear rate is the function of change in weight (A W) of the specimen before and after load, density(p), load
(F), and sliding distance (S). The relation is given by equation (1):

Wear Rate = A—— 1)
PFS
Specific wear rate can be calculated by using the relation as shown in equation (2):
Specific wear rate (SWR) = ;w_L 2)

Wear resistance (WR) of a material is that the material offers resistance to the wear can be calculated as
shown in equation (3):

WR = 1/Wear rate ?3)
where M is the Average pin weight loss, S is the total sliding distance and L is the load applied in Newton.

1.5 Co-efficient of friction
It is the ratio of frictional force (F) resisting the motion to the Normal force (N) as shown in the equation:

w=FIN @)

Hence coefficient of friction increases as the load/Normal force acting on a pin decreases and vice-versa.

a) dry sliding wear apparatus set up; b) composite pins for experimentatio
Fig. 4. - Friction experiment

Specimens are tested for wear in different conditions. All specimens indicated in Table 4 undergo a wear test
for the conditions shown in Table 4.
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Table 4. Conditions applied for the specimens for dry sliding wear test

Exp No | Condition | Appl | Sliding Sliding Exp Condition Applied Sliding Sliding
ied speed distance( No load speed distance
load (rpm) Track (N) (rpm) (Track
(N) radius in radius in
mm) mm)

1 Change in 30 400 30 8 Change in 30 700 30

2 Load 40 400 30 9 Speed 30 800 30

3 50 400 30 10 Change in 30 400 40

4 60 400 30 11 Sliding 30 400 50

5 70 400 30 12 distance 30 400 60

6 Change in 30 500 30 13 30 400 70

7 Speed 30 600 30

2 Experimental results

2.1 Effect of Applied Load and Zircon % on Wear Rate and Co-Efficient of Friction

2.1.1 Wear rate discussion

As the load on the pin increases incrementally from 30 N to 70N with an increment of 10N by keeping
sliding speed and sliding distance parameters constant, the wear rate gradually decreases. Also when the percentage
of zircon increases gradually from 3wt.% to 12wt.% with an increment of 3wt.%, the wear rate decreases till 9wt.%
of zircon and then it slightly increases as shown in Figure 5 and Table 5. Hence at 30N wear rate is the minimum
and at 70N wear rate is the maximum. Also at 3wt.% of zircon wear rate is maximum and at 9wt.% wear rate is

minimum.
Table 5. Effect of Load applied on wear loss, COF, and wear rate for copper chill end
WL

AL RPM 1 TR WL SN COF | corsn | WR | wrsn

30 400 30 [ 0.0078 36.8328 0.4001 0.55513 0.0056 40.381

%/2 40 400 30 | 0.0081 36.1375 0.3822 0.52140 0.0058 40.184
Ch"” 50 400 30 | 0.0092 35.5978 0.3700 0.51250 0.0059 40.026
| 60 400 30 | 0.0105 34.8945 0.3586 0.50210 0.0061 39.785
70 400 30 0.011 34.3793 0.3447 0.48960 0.0062 38.992

30 400 30 | 0.0062 39.3315 0.3562 0.51200 0.0034 41.566

9% | 40 400 | 30 | 0.0064 39.1721 0.3456 | 0.47785 | 00035 | 41.452
chil | 50 400 30 | 0.0071 37.7211 0.3365 0.46580 0.0036 41.249
' 60 400 30 | 0.0081 37.3933 0.3214 0.43250 0.0037 40.944
70 400 30 | 0.0083 36.2496 0.3125 0.42230 0.0039 40.800

30 400 30 | 0.0087 41.2096 0.4514 0.45148 0.0070 43.085

6% | 40 400 30 | 0.0092 40.7242 0.4425 0.44250 0.0072 42.781
chil | 50 400 30 | 0.0105 39.5762 0.4321 0.43210 0.0075 42.441
l 60 400 30 | 0.0125 38.0618 0.4215 0.42150 0.0079 42.047
70 400 30 | 0.0142 36.9542 0.4125 0.41250 0.0079 41.970

30 400 30 | 0.0108 44.1522 0.512 0.35621 0.0083 49.218

30 | 40 400 30 0.011 43.8764 0.4778 0.34560 0.0084 48.898
chil | 50 400 30 0.013 42.9748 0.4658 0.33650 0.0086 48.659
l 60 400 30 | 0.0135 41.8303 0.4325 0.32140 0.0089 48.427
70 400 30 | 0.0154 41.6184 0.4223 0.31258 0.0091 48.178

As |30 400 30 | 0.0144 42.1581 0.5551 0.40010 0.0095 44.959
cast | 40 400 30 | 0.0156 41.8303 0.5214 0.38220 0.0097 44,597
chil | 50 400 30 | 0.0166 40.7242 0.5125 0.37002 0.0099 44.451
| 60 400 30 0.018 39.5762 0.5021 0.35860 0.0102 44.265
end ["70 400 30 | 0.0191 39.1721 0.4896 0.34470 0.0112 44.096

2.1.2 Coefficient of friction discussion
The coefficient of friction is maximum for the 30N load on the pin and it gradually decreases as the load
increases to 70N as shown in figure 5. Coefficient friction is vice-versa of the wear rate as shown in equation 4. The
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increase in the wear rate at 12wt.% is analyzed by its morphological study of the wear surface of the specimens.
Hence 9wt.% of zircon and 12wt.% of zircon are selected for morphological analysis.
2.1.3 Morphological study

The surface morphology of the worn surface of the specimens is analyzed using FESEM at a magnification
of 25K X resolution. It is observed that 9wt.% zircon has a homogenous mixture of matrix (LM13) and
reinforcements (Zircon and carbon) but there are minor grooves observed due to sliding but there is no delamination
and erosion of layers which makes composite pin withstand high wear resistance and hardness. But at 12wt.% of
Zircon, it is observed that due to nucleation occurring at the interface of the matrix and the reinforcements, the tribo-
layers wear out and oxidation happens which leads to delamination of the composite pin which is observed in Figure
6.
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Fig. 5. - Dependence of load on wear rate, COF
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2.1.4 Statistical analysis

For loads of 30 N and 9 Wt. % Zircon, the lowest wear rate is observed. Table 8.3 shows the effects of wear
loss, COF, and wear rate on the Zircon's SN ratio values and the Load applied. It indicates that the expected and
obtained results are more than 95% in agreement. In Taguchi's method, "Smaller is better" is taken into account to
determine the wear rate optimal values because analysis calls for the lowest possible wear rate. The wear rate is
observed to increase as the load increases, with the load of 30N and 9Wt.% Zircon showing the lowest wear rate.
For various combinations of Zircon and applied force, the SN ratio of Wear loss, COF, and Wear rate is shown in
Table 6.
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Table 6. SN ratio of Wear loss, COF, and Wear rate

Wear Wear loss COF Wear rate
parameter
Level Zircon Load applied Zircon Load applied Zircon Load applied
1 35.570 40.740 5.751 6.952 39.87 43.855
2 37.970 40.350 6.726 7.346 41.21 43.595
3 39.310 39.320 7.294 7.564 42.46 43.374
4 42.890 38.350 9.522 7.906 48.67 43.104
5 40.691 37.670 8.620 8.146 44.47 42.812
Delta 7.31 3.05 3.770 1.195 8.82 1.032
Rank 1.0 2.0 1.0 2.0 1.0 2.0

2.1.5 Regression analysis and analysis of variance (ANOVA)

Regression correlations have been established using the wear rate as the output and the Zircon content as the
input for loads of 30N, 40N, 50N, 60N, and 70N. Equations (5), (6), and (7) indicate the regression equations for
wear loss, COF, and wear rate, respectively. The Analysis of Variance (ANOVA) approach is used to assess the
influence of numerous characteristics causing wear while accounting for degrees of freedom (DOF). Two-way
regression analysis is taken into account for the investigation. Since both Zircon and Load effects on the wear
metrics I, e Wear loss, COF, and wear rate are investigated. Table 7 shows the findings of the ANOVA test for wear
rate, respectively. When performing regression investigations, the F and P values of the sources are taken into
consideration. It has been observed that the value of the Load-applied source is less than the value of the Zircon
content contribution. Therefore, COF, wear rate, and wear loss are influenced by Zircon content. Wear
characteristics significantly benefit from the input of Zircon content. Regression correlations have been created
using the wear rate as the output and the Zircon content as the input for loads of 30N, 40N, 50N, 60N, and 70N.

Wear loss = 0.0103 + 0.000111 Applied load — 0.000706 Zircon (5)
COF = 0.583 — 0.00148 Applied load — 0.0140 Zircon (6)
Wear rate = 0.00881 + 0.000021 Applied load — 0.000446 Zircon @)

Table 7. ANOVA (Two way) of Wear rate

Contribution
Source DF Adj SS Adj MS F-Value P-Value (%)
Load applied 4.0 0.000026 0.0000007 13.65 0.000 18.72075
Zircon Content 4.0 0.0001033 0.0000314 714.20 0.000 80.65523
Error 16.0 | 0.0000069 0.0000000 0.546022
Total 24.0 | 0.0001282 100

2.1.6 Confirmative study of copper chill end specimens

A confirmative study is done based on regression equations obtained in statistical analysis using MINITAB
software. Wear loss, COF, and wear rate equations give the relationship between the influencing factors and wear
parameters. Since the Load applied and Zircon content influence wear parameters like wear loss, COF, and wear
rate are being evaluated. The study is done by providing different values of Load and Zircon content to obtain the
wear parameters in equations 5, 6, and 7. The resulting value is contrasted with the findings of the experiment. As
indicated in Table 8, it can be observed that the findings obtained match each other with minimal inaccuracy.

Table 8. Confirmative study of copper chill end specimens

Exp Load Zircon Statistical results Experimental results
No. applied content | Wear loss COF Wear rate Wear loss COF Wear rate
(N) (Wt. %)

1 35 35 0.0117 0.4534 0.00798 0.0106 0.4689 0.456
2 45 45 0.0121 0.4246 0.00775 0.0125 0.4365 0.4258
3 55 5.5 0.0125 0.3958 0.00751 0.0121 0.4015 0.3985
4 65 6.5 0.0129 0.367 0.00728 0.0123 0.3652 0.3645
5 75 7.5 0.0133 0.3382 0.00704 0.0135 0.3325 0.3421
6 85 8.5 0.0137 0.583 0.0068 0.0137 0.575 0.581

2.2 Effect of sliding speed
On the composite pin fabricated by copper chill casting, the impact of sliding speed is assessed. By keeping a
constant track radius of 30 mm, the sliding speed is changed from 400 to 800 rpm in increments of 100 rpm. Table 9
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illustrates that sliding speed affects the various percentages of reinforcement samples made from the copper chill.
The effect of sliding speed and Zircon is shown in Table 10 and Figure 7. Wear loss and wear rate are related to
sliding speed and inversely related to Zircon content up to a Wt. % of 9; then wear loss increases.

Table 9.Taguchi method for sliding speed and zircon content

Factors /Levels L1 L2 L3 L4 L5
Factor 1 - Zircon Content (Wt. %) 0 3 6 9 12
Factor 2 - Sliding speed (rpm) 400 500 600 700 800
Table 10. Sliding speed effect on Wear loss, COF, and wear rate for Copper chill end specimens
SN SN WR
AL RPM | TR WL (WL) COF COF WR (SN)
30 400 30 0.0078 36.832 | 0.4001 | 5.1121 | 0.0056 | 5.1121
12% 30 500 30 0.009 36.363 | 0.3952 | 5.4736 | 0.0057 | 5.4736
chill 30 600 30 0.0092 35.972 | 0.3896 | 5.6566 | 0.0059 | 5.6566
30 700 30 0.0105 35.809 | 0.3548 | 5.8095 | 0.0059 | 5.8095
30 800 30 0.011 35.391 | 0.3254 | 5.9998 | 0.0060 | 5.9998
30 400 30 0.0062 39.331 | 0.3562 | 5.8146 | 0.0034 | 5.8146
9% 30 500 30 0.0071 39.015 | 0.3456 | 6.5821 | 0.0036 | 6.5821
chill 30 600 30 0.00736 38.159 | 0.3256 | 7.0211 | 0.0037 | 7.0211
30 700 30 0.00745 37.271 | 0.3125 | 7.2803 | 0.0039 | 7.2803
30 800 30 0.00765 36.618 | 0.3012 | 7.5061 | 0.0040 | 7.5061
30 400 30 0.0087 41.209 | 0.4514 | 6.9072 | 0.0070 | 6.9072
6% 30 500 30 0.0096 40.354 | 0.4456 | 7.0211 | 0.0071 | 7.0211
chill 30 600 30 0.0112 39.015 | 0.4325 | 7.2803 | 0.0073 | 7.2803
30 700 30 0.01213 38.322 | 0.4215 | 7.5040 | 0.0075 | 7.5040
30 800 30 0.01325 37.555 | 0.4124 | 7.6936 | 0.0077 | 7.6936
30 400 30 0.0108 44,152 0.512 8.9659 | 0.0083 | 8.9659
3% 30 500 30 0.0112 42.974 | 0.4687 | 9.2285 | 0.0084 | 9.2285
chill 30 600 30 0.01236 42.662 | 0.4456 | 9.7463 | 0.0086 | 9.7463
30 700 30 0.01369 42.556 | 0.4325 | 10.103 | 0.0089 | 10.103
30 800 30 0.01476 42.326 | 0.4214 | 10.422 | 0.0090 | 10.422
30 400 30 0.0144 42.158 | 0.5551 | 7.9566 | 0.0095 | 7.9566
As cast 30 500 30 0.0152 40.915 | 0.5325 | 8.0637 | 0.0096 | 8.0637
chill 30 600 30 0.0159 40.724 | 0.5214 | 8.1876 | 0.0097 | 8.1876
end 30 700 30 0.0162 39.576 | 0.5123 | 9.0003 | 0.0098 | 9.0003
30 800 30 0.017 39.172 | 0.5012 | 9.7516 | 0.0099 | 9.7516
gf 0.006 \/ — § o \/ '\‘\\\_‘
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a) main effects plot for means (wear rate); b) main effects plot for means (COF); c) interaction plot for wear rate; d)
interaction plot for COF

Fig. 7. - Dependence of sliding speed effect on wear loss, COF, and wear rate for copper chill end specimens
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2.2.1 Statistical analysis

The software MINITAB is used to statistically assess the experimental outcomes. In Taguchi's DOE,
"Smaller is better” is taken into account while calculating the SN ratio for an L25 orthogonal array. It has been
observed that the wear rate decreases as the sliding speed rises. Zircon and sliding speed have an impact on wear
rate, COF, and wear loss. Because Zircon content delivers a higher delta value for all wear parameters, the Zircon
effect has a considerable impact on wear loss, COF, and wear rate. The SN ratio of Wear rate for various
combinations of Zircon and sliding speed is shown in Table 11.

Table 11. SN ratio plot for Wear rate of copper non-chill end specimens

Wear parameter Wear loss COF Wear rate
Level Zircon Sliding Zircon Sliding Zircon Sliding speed
speed speed

1 36.070 40.740 5.6100 6.9510 40.210 43.840

2 38.080 39.920 6.8410 7.2741 41.220 43.650

3 39.290 39.310 7.2811 7.5780 42.660 43.430

4 42.930 38.711 9.6930 7.9390 48.460 43.191

5 40.510 38.210 8.5920 8.2751 44.640 43.090
Delta 6.86 2.52 4.083 1.324 8.25 0.75
Rank 1 2 1 2 1 2

2.2.2 Regression analysis

The equation gives a regression equation using the wear rate as an output parameter, the sliding speed, and
the Zircon content as input factors. The relationship between Zircon and sliding speed is observed in Table 12. Zr
content has been discovered to be a potential wear rate parameter.

Wear loss = 0.0101 + 0.000008 Sliding speed — 0.000604 Zircon (8)
COF = 0.605 — 0.000154 Sliding speed — 0.0143 Zircon 9
Wear rate = 0.00878 + 0.000002 Sliding speed — 0.000411 Zircon (10)

The Analysis of Variance (ANOVA) approach is used to assess the influence of numerous characteristics
causing wear while accounting for degrees of freedom (DOF). Table 12 displays the findings of the ANOVA test
for wear rate. The contribution of the sliding speed is significant in the wear rate.

Table 12. ANOVA (Two way) for wear rate of copper chill end

Contribution
Source DF Adj SS Adj MS F-Value P-Value (%)
Sliding speed 4 0.0000010 0.0000003 37.30 0.000 0.890472
Zircon Content 4 0.000111 0.0000278 3978.91 0.000 98.84239
Error 16 0.0000001 0.0000000 0.089047
Total 24 0.0001123 100

2.2.3 Confirmative study for the Sliding speed effect on copper chill end specimens.

Given that the sliding speed and Zircon content are key considerations for assessing wear properties
including wear loss, COF, and wear rate. The study is done by providing different values of sliding speed and Zircon
content to obtain the wear parameters in equations 8, 9, and 10. The obtained value is compared with experimental
results. It is observed that the obtained results match each other with negligible errors as shown in table 13.

Table 13. Confirmative study of silicon carbide chill end specimens of copper chill end

Exp Sliding Zircon Statistical results Experimental results
No. speed content Wear loss COF Wear rate | Wear loss COF Wear rate
(rpm) (Wt. %)

1 450 3.5 0.0115 0.1381 0.0082 0.0118 0.1379 0.00842
2 550 4.5 0.0117 0.3064 0.0080 0.0011 0.3065 0.00804
3 650 5.5 0.0119 0.4747 0.0078 0.0112 0.4715 0.00783
4 750 6.5 0.0121 0.643 0.0076 0.0126 0.6415 0.00765
5 850 7.5 0.0123 0.8113 0.0074 0.0121 0.8122 0.00742
6 950 8.5 0.0125 0.9796 0.0071 0.0125 0.9725 0.00711
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2.3 Effect of track radius

Wear loss, coefficient of friction, and wear rate are affected by sliding distance. The experiment is carried out
with a 30 N load and 400 rpm sliding speed. With a 10 mm increment, the track radius ranges from 30 to 70 mm. It
has been observed that wear rate and wear loss are inversely correlated with the coefficient of friction and
proportionate to sliding distance (COF). Figure 8 depicts the sliding distance that affects the wear rate. It has been
noted that as Zircon content rises from 3 Wt. % to 9 Wt. %, the wear rate lowers until it reaches 12 Wt. %. Zircon
combined with 400 rpm and 9 Wt. % produces greater outcomes than other combinations. Sliding distance impact
on wear rate, COF, and wear loss of the composite pin is assessed. The pin is loaded under a 30N load. The
experiment is optimized using an L25 orthogonal array as given in Table 14 to evaluate the impact of sliding
distance on wear behavior.
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Table 14. Effect of track radius on wear rate

AL | RPM | TR WL WL SN COF COF SN WR WR SN
30 400 30 | 0.0078 | 36.8328 0.4001 5.1121 0.005645 20.3809
30 400 | 40 | 0.0081 | 36.7129 | 0.3896 5.3152 0.005789 20.3059
12% chill | 30 400 | 50 | 0.0085 | 36.5363 | 0.3758 5.4720 0.005969 20.1888
30 400 60 0.009 | 36.4205 | 0.3698 5.6566 0.006012 40.0366
30 400 70 | 0.0101 | 36.0269 0.3512 5.8061 0.006121 39.6761
30 400 | 30 | 0.0062 | 39.3315 | 0.3562 5.8146 0.00346 21.5663
30 400 | 40 | 0.0065 | 39.1721 | 0.3456 6.3951 0.003556 21.4608
9% chill 30 400 | 50 | 0.0068 | 38.3443 | 0.3356 6.6360 0.003756 41.2516
30 400 60 | 0.0075 | 38.0618 0.3256 6.8036 0.003987 20.9509
30 400 | 70 | 0.0082 | 37.7882 | 0.3145 7.1073 0.004125 20.7953
30 400 | 30 | 0.0087 | 41.2096 | 0.4514 6.9072 0.00701 43.0856
30 400 40 | 0.0089 | 41.0122 0.4456 7.0211 0.007123 42.9467
6% chill 30 400 50 | 0.0091 | 40.8001 0.4365 7.2003 0.007258 42.7837
30 400 | 60 | 0.0094 | 40.5190 | 0.4269 7.3935 0.007456 425499
30 400 | 70 | 0.0112 | 39.0156 | o0.4121 7.6999 0.007512 42.4849
30 400 30 | 0.0108 | 44.1522 0.512 8.9659 0.00835 492185
30 400 40 0.011 | 43.7417 0.4789 0.2285 0.008452 48.9808
3% chill 30 400 | 50 | 0.0121 | 43.3498 | 0.4658 9.4836 0.008658 28,5055
30 400 60 | 0.0125 | 42.4988 0.4569 0.7463 0.008963 47.9871
30 400 70 | 0.0129 | 41.7237 0.4412 10.047 0.009125 47.6915
30 400 30 | 0.0144 | 42.1581 0.5551 7.9566 0.009571 44.9667
30 400 | 40 | 0.0146 | 41.8303 | 0.5423 8.1876 0.009654 24.7479
Mscast 730 1400 | 50 | 0.0149 | 414116 | 05326 | 85009 | 0009785 | 44.4808
30 400 | 60 | 0.0151 | 40.9151 | 0.5214 8.6407 0.009958 24.4189
30 400 70 | 0.0158 | 39.9136 0.5125 9.0889 0.01038 44.2636

From Figure 8, it is observed that wear loss and wear rate are proportional to the load applied and inversely
proportional to Zircon content till 9Wt.% of Zircon, with further addition of Zircon the wear loss increases.
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a) main effects plot for means (wear rate); b) main effects plot for means (COF); c) interaction plot for wear rate;
d) interaction plot for COF

Fig. 8. - Dependence of track radius effect of on wear rate

2.3.1 Statistical analysis

The SN ratio for wear loss, COF, and wear rate are shown in Table 15 respectively. In Taguchi's method,
"Smaller is better" is taken into account to determine the wear rate's optimal values because the lowest possible wear
rate is desired. The wear rate is observed to increase as the load increases, with the load of 30N and 9Wt% Zircon
showing the lowest wear rate. Table 16 represents the SN ratio of Wear loss, COF, and Wear rate for different
combinations of Zircon and track radius.

Table 15. SN ratio of wear loss, COF, and wear rate

Wear Wear loss COF Wear rate
parameter
Level Zircon Track radius Zircon Track radius Zircon Track radius
1 36.510 40.740 5.4720 6.9510 40.120 43.840
2 38.540 40.490 6.5510 7.2300 41.210 43.690
3 40.510 40.090 7.2440 7.4590 42.770 43.440
4 43.091 39.680 9.4940 7.6480 48.480 43.190
5 41.250 38.890 8.4750 7.9500 44,580 42.980
Delta 6.59 1.84 4.022 0.999 8.36 0.86
Rank 1 2 1 2 1 2

2.3.2 Regression analysis
For track radii of 30mm, 40mm, 50mm, 60mm, and 70mm, regression correlations have been created using
the wear rate as the output and the Zircon content as the input as shown in equations 11,12 and 13.

Wear loss = 0.0117 + 0.000048 Track radius — 0.000599 Zircon (12)
COF = 0.583 — 0.00120 Track radius — 0.0149 Zircon (12)
Wear rate = 0.00893 + 0.000017 Track radius — 0.000423 Zircon (13)

Table 16 displays the findings of the ANOVA test for wear rate. The contribution of the sliding speed is
significant in the wear rate.
Table 16. ANOVA (Two way) for wear rate of copper chill end

Contribution
Source DF Adj SS Adj MS F-Value P-Value (%)
Track radius 4 0.0000014 0.0000003 49.17 0.00 1.214224
Zircon Content 4 0.0001138 0.0000284 4068.47 0.00 98.69905
Error 16 0.0000001 0.000000 0.08673
Total 24 0.0001153 100

2.3.3 Confirmative study for the Sliding distance effect on copper chill end specimens
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Sliding distance and Zircon content are the influencing factors to evaluate the wear parameters like wear
loss, COF, and wear rate. The study is done by providing different values of Sliding distance and Zircon content to
obtain the wear parameters in equations 11, 12, and 13. The obtained value is compared with experimental results.
It is observed that the obtained results match each other with negligible errors as shown in table 17.

Table 17. Confirmative study of silicon carbide chill end specimens of copper chill end

Exp | Trackradius | Zircon content Statistical results Experimental results
No. (mm) (Wt. %) Wear COF Wear rate | Wear loss COF | Wear rate
loss
1 35 3.5 0.01128 | 0.5395 0.0080 0.0111 0.5379 | 0.0080
2 45 4.5 0.01116 | 0.5271 0.0077 0.0113 0.5265 | 0.0077
3 55 5.5 0.01104 | 0.5146 0.0075 0.0110 0.5141 | 0.0075
4 65 6.5 0.01092 | 0.5022 0.0072 0.0105 0.5015 | 0.0072
5 75 7.5 0.01080 | 0.4898 0.0070 0.0108 0.4802 | 0.0704
6 85 8.5 0.01068 | 0.4774 0.0067 0.0106 0.4725 | 0.0067
Conclusion

By considering experimental, and statistical studies on LM13/Zircon/Carbon Hybrid metal matrix composites
following conclusions have been made.

The Stir casting process and chill casting technique are effective methods to fabricate the hybrid metal matrix
composite and to enable unidirectional solidification respectively.

9wt.% of zircon/3wt.% carbon/LM13 provides the minimal wear rate than other specimens.

Wear rate is directly proportional to the applied load, sliding speed, and sliding distance, and COF is
inversely proportional to the applied load, sliding speed, and sliding distance.

By analyzing influencing wear parameters, Zircon is the prominent factor that influences the wear rate than
other parameters.

The morphology of the surface of the specimens is analyzed, 9wt.% of zircon / 3wt.% of carbon / LM13
provides minimal deformation and grooves than other combination morphologies.
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Abstract. The article proposes a new type of transport equipment that is a mobile overpass. The proposed design is
used during underground repairs of urban utility networks and is a prefabricated modular bridge structure equipped
with its own chassis. The overpass structure is installed through open repair trenches on highways, which will
ensure continuous traffic through repair sections. The overpass is equipped with its own chassis and is mobile. The
use of the overpass improves the city transport logistics during repair work: eliminates traffic jams due to the lack of
need to detour repair sections, reduces the accident rate, distributes traffic flows, improves the environment, etc. It
can also be used during emergency situations where it is necessary to overcome various landslides, ditches, trenches,
etc. After the end of operation, the overpass structure is dismantled and can be used multiple times. The aim of the
study is to calculate the deformed state of the structurally orthotropic slab of the roadway of a mobile overpass with
a check for standard rigidity. Calculations of the roadway for rigidity from moving motor vehicles are performed by
means of the Bubnov-Galerkin variational method. The final results include calculations of deflections in the center
of the slab clamped along the contour, as well as the conditions for implementing the deflection limitation according
to the standards of automobile bridge construction. Based on the results obtained, the design parameters of the slab
satisfying the rigidity and strength condition are determined. The studies and calculations conducted allow for the
practical design of the roadway structure of the overpass.

Keywords: mobile overpass, transport equipment, traffic jam elimination, mobile bridge structures, orthotropic slab,
variational methods, rigidity calculations.

Introduction

Various municipal utility networks (heating, water supply, cable, etc.) according to the planning of cities in
the CIS countries are usually located under the roadways of the city's highways and lie at a certain depth. Scheduled
repairs or renovation of such municipal utility infrastructure are associated with the development of repair trenches
along city roads, which causes the closure of city transport arteries for a long time and the need to organize detours
of repair sections. This contributes to the formation of traffic jams due to the increased concentration of cars due to
detours of repair sections, increases the accident rate, worsens the city's transport logistics, its ecology, etc. [1, 2, 3]

In such conditions, instead of detours around repair areas, we propose organizing direct bridge crossings over
utility network trenches, without blocking vehicle traffic on adjacent city highways.

A new type of transport equipment is proposed as such direct crossings — a mobile municipal overpass
(Figure 1). The overpass is installed through the repair trenches of municipal networks and allows not to stop traffic
flows for the entire period of repair of underground utility networks. The use of such overpasses improves transport
logistics in the city during repair work on municipal networks: reduces the formation of traffic jams, there are no
forced detours of repair sections, inconveniences for car drivers and residents of city districts are reduced, due to
forced detours of transport, etc. [4, 5].

The mobile municipal overpass is assembled from standardized prefabricated modules: one orthogonally
oriented module (Figure 2,a, position 1) and two inclined modules (Figure 2,a, position Il1). The orthogonally
oriented module is a spatial steel frame, the base of which is attached to the bottom of the repair trench using special
methods. The upper part of the frame is a roadway in the form of an orthotropic slab with reinforcing ribs (Figure
2,3, position I11). The inclined module is steel trusses equipped with a chassis and supporting the roadway also in the
form of an orthotropic slab. The cantilever part of the trusses rests on the ground base, the suspended part of the
trusses rests on the supporting frame of the orthogonal module. The bridge crossing is delivered to the installation
site under its own power on a trailer and assembled into a single structure using special assembly methods. After
using the overpass, it is disassembled into individual modules at the coupling units, placed on wheels and delivered
to storage sites [6, 7, 8].

The overall dimensions of the "single-lane" modules are as follows: length of the orthogonally oriented
module - 8 m; width - 3.5 m; height (taking into account their installation on the bottom of the trenches) - 3.85 m.
Length of the inclined module - 4 m; width - 3.5 m; height - 0.85 m. Such dimensions provide passage of light
vehicles weighing up to 3.5 tons.
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Fig. 1. — 3D model of the overpass in operational position
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Explication of the elements and modules of the overpass (a, front view):

| — Spatial frame of the structure (the orthogonal module);
I1 — Pivot-nodal basic supporting-hinged rod-like frame (the inclined module);
111 — Metal roadway decking (slabs);
IV — Access ramp.

Explication of constructions of separate modules (b, top view (plan)):
1 — vertical posts (frame supports);
2 — longitudinal crossbars (beams) of the frame;
3 — transversal crossbars (beams) of the frame;
4 — longitudinal (reinforcing) ribs of the roadway.

v

Fig. 2. — Scheme of the mobile overpass
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1. Materials and methods
In the design of the proposed mobile overpass, the roadway is made of steel sheets supported by a system of
mutually perpendicular beams of the supporting frame (Figure 2, b, Figure 3). Such a design solution can be
mathematically modeled as a structurally orthotropic plate consisting of a steel sheet interacting with mutually
perpendicular stiffeners of a certain cross-section.
i i '
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1 — vertical posts (rolled I-beam No. 50);

2 — longitudinal elements (beams, rolled I-beam No. 45);

3 — transverse elements of the plate (beams, rolled I-beam No. 30);
4 — reinforcing ribs of the plate (steel strip 14x3 cm).

3,5M@ | “\@

=0,875m
B=

B/4

Fig. 3. — Structural diagram of the roadway slab of the overpass

Elements 1-4 in Figure 3 were obtained separately by calculating the spatial frame of the orthogonal module
and are beyond the scope of this article.

When designing engineering structures that provide for the crossing of various types of rolling stock, such as
the presented overpass, special attention is paid to the design solution of their roadway. Their design solution must
ensure, along with the strength of the supporting structures, the rigidity required by the operating conditions to
eliminate the phenomenon of "unsteadiness” and "subsidence™ [9]. In this regard, calculations are made of the
deformability of the supporting structures of the roadway - calculating the displacement of the cargo belt (flooring)
from the action of standard operational long-term loads. In this case, the condition of rigidity of the flooring must be
met [10]:

W{ L j ®

L 1000

where W __ — the largest deflection of the middle surface of the deck;

L — the characteristic (calculated) size (span) of the deck (L=8m).

The calculation method for an orthotropic overpass slab must take into account the combined operation of the
covering sheet, longitudinal and transverse stiffeners of the slab and the main beams of the span structure. In this
case, the problem of calculating such plates in order to identify their stress and strain state arises, according to the
results of which they are designed and constructed based on the requirements of rigidity and strength. This paper
considers the calculation of deformations (deflections) of overpass slabs from the action of the rolling stock load
using the Bubnov-Galerkin variational method for calculating the required structural rigidity according to condition

Q).

The calculated rigidity characteristics of structurally orthotropic slabs with one-sided cross-arranged ribs,
taking into account the combined work of the covering sheet, longitudinal and transverse ribs of the slab and the
main beams of the span structure, are as follows [11, 12]:

3 EJ 3 EJ 3 E
D, - FEt B p Et By Xy:G_t+ D
120-12) 120-42) t, 12 5

(@)
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_ tlz‘]ly(tl‘]Zk _tz‘]lk)
t2‘]2k(t12‘]1y +t22‘]2k)

D, =D, =D, =D,; 5=1

where D_, D,.D,, - cylindrical rigidities relative to axes during bending and torsion;

D, - shear cylindrical rigidity;

O — generalized stiffness parameter;

E, G, u —respectively, the modulus of elasticity, the shear modulus and Poisson's ratio;

J,» J,, — the corresponding torsional moments of elements 4 and 3 (Figure 3);

Iy do — the corresponding axial moments of inertia of elements 4 and 3, relative to their central axes,
parallel to the x and y axes, respectively; t =B/4=35/4=0875m — step of elements “47;
t,=L/6=8/6=133m — step of elements “3”; t=20mm - the previously accepted thickness of the metal sheet

deck made of grade 09G2S steel.
For the plate shown in Figure 3, the following values were obtained using formulas (1):

D, =17,452.-10°kNm; D, =107,93-10°kNm; D, =51436-10°kNm; D, =3,57-10°kNm. (3)

The uniformly distributed surface load on the slab, taking into account the overload factor and the dynamic
effect of movement of a mobile vehicle load weighing up to 3.5 tons along the overpass, is g = 52.5 kKN/m? [13].
To calculate the slab (Figure 3), we apply the Bubnov-Galerkin variational method [14, 15]. The desired

deflection function W =W(x, y) we will look for slabs in the form:
n
W = z ai Oy (4)
i=1

where &; — undefined coefficients; ¢, — approximating functions satisfying the conditions of fixing the edges of
the plate. Fixing of the plate is clamping along the contour (Figure 4).

L
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Fig. 4.— Calculation scheme of the slab

The boundary conditions (Figure 4) are written as:
a)when Xx==xa; W =0, oW /ox=0; (5)
b) when y =1b; W =0, oW /oy =0.
We will accept the approximating functions in the form of a power series:
¢, =" —a?)-(y* -b*),
2 2 \? 2 2 3. (6)
?, (X —a ) '(y —b )’
0y =" —a’) (y* -b?).
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The initial differential equation of equilibrium of orthotropic plates has the form [12, 15]:

(a“w o'W o'W g

x P axieyt TPy DJ D

X

where ¢ and g — orthotropy coefficients. Taking into account the values (3), « and S will take the values:
a=2(D, +2D,,)/D, =1453, 8 =D, /D, = 6,295. 8)

In the Bubnov-Galerkin method, the left side of equation (7) after substituting series (6) into it must be
orthogonal to the functions that form this series, i.e.:

Ij‘(iaiv4¢i_g/ij¢k -dx-dy =0. 9)
i1

By expanding the sum of the integrals in expression (9), we obtain a system of canonical equations of the
Bubnov-Galerkin method in the form:

8,0, +8,0,, +...+a,0,, =AQ,;

a,0,, +8,0,, +...+a,0,, = AQ,; (10)

a,0,, +a,0,, +...+a,9,, = AQ.

In the system (10) O, = I, =_H(V4(pi }pk -dx - dy— unit coefficients; Aq, :”Di(pk -dx-dy— load
red

coefficients.

Next, for a comparative analysis of the results and verification of the correctness of the calculations, we will
consider two options for implementing the Bubnov-Galerkin method for the overpass slab shown in Figure 3:

1 — calculation based on actual values of rigidity characteristics (expressions (2));

2 — calculation based on the reduced (conditional) bending rigidity Dreq, Which is an equivalent value in terms
of strength between a given structural orthotropic plate (Figure 3) and a fictitious isotropic plate of thickness treq .

This approach implements the method of mathematical modeling in calculating the rigidity of an orthotropic
overpass slab, which allows selecting the design parameters of the structure during its design.

To simplify the calculations, only one member of the series (6) will be retained, i.e.

o, =(x*—a?)-(y*-b?) (11)

Let us consider the calculation based on the actual values of the rigidity characteristics (option 1). In this
case, the system of equations (10) will take the form (for n=1):

a-o=Aq,fromhere a=Aq/J, (12)
where
ab 4 4 4 ab
o'p o'p o'p . g
S, = + + dxdy; Aq=||—"—¢-dx-dy. (13)
11 .([_([(ale p+ta 8X28y2 (Y ﬂ ay4 (0] y q .([.([ anug y

The corresponding derivatives in expressions (13) taking into account expression (11):

4 4 4
ZTZ’ = 24(y? -b? ), gy‘f = 24(x* — a2}, af%’;z =16(3x> —a2)3y> —b?) - (14)

By performing mathematical operations, as well as double integration of expressions (10) and (13), we
obtain:
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5 =208051a°h*(b* +0,5714 - -a’0? + B-a*) Aq=11378a°b° 3. (15)
Taking into account the values (8), we obtain from expressions (15), taking into account the load from
transport g = 52.5 kN/m?:

& =34557,73; Aq=59,7345/D, . (16)
Using expression (12), we calculate the value of the coefficient “a” taking into account expression (1b):

59,7345

a=AQ/6=—"—"—
34557,73-D,

~0,00173/D, . (17)

Substituting the value (17) into equation (4), taking into account (11), we obtain the desired slab deflection
function:

W(xy)=a-p= 0’08173'<X2 _az)z(yz _bz)z. (18)

X

For the plate (Figure 3) (D, =17,1452-10*xHm , a=4m, b=1.75m) at x=y=0 according to equation (18) we
obtain the maximum deflection:

W, .. =0,00242m = 0,242cm = 2,42mm . (19)

Let's consider the calculation according to option 2. In expressions (13) and (15) we take D, =D

red '

a = f=1. Then instead of (18) we get the expression:
28711 (x* —a?f (y? —b? )
D, (b* +0,5714a%? +a*)

W=a, ¢ (20)

In expression (20) the value of the reduced (conditional) cylindrical rigidity D remains undefined. To
determine it, we use the theory of strength of resistance of materials. According to the hypothesis of specific
potential energy of shape change, we have [16]:

D, :\/Df +D?+3-D2 . (21)

Substituting the values of (3) into expressions (21), we obtain

D,., =10%/(17,1452) +(107,93) +3-(357)F =109-10°kNm . (22)

Using the values (22), one can determine the reduced thickness of the roadway deck of the overpass t,.q
fictitious isotropic steel plate, equivalent in strength to a given structural orthotropic plate (Figure 3) [12]:

.. \/12(1—;1;)- Deg :#12(1—0521);09.102 _0.0817m.

=0,0817m =817mm = 81,7mm) > (t = 20mm). The actual adopted

thickness of the steel plate of the roadway of the overpass is (t = 20mm).
Substituting the values (22) into expression (20), we obtain the values of the greatest deflection in the center
of the plate at x=y=0, a=4m, b=1.75m (Figure 4):

Comparing the result, we get that (t

red

W - 2,8711-a* -b* _ 2,8711-(4)" - (1,75)*
™™ 109-10%(b* +0,5714a%? +a*)  109-102((1,75) +0,5714 - (4)*(L75)* + (4)°)

=0,002155m

Thus
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W, =0,002155m = 0,2155¢m = 2,155mm . (23)

2. Results
By checking the values (19) and (23) according to condition (1), we obtain the required rigidity of the
deflection of the roadway slab of the overpass:

0,242 1 0,2155 1
<—|and | =/ «_— |, (24)
800 1000 800 1000

Comparing the results of values (19) and (23), we see that they are quite close, which indicates that
structurally orthotropic slabs can be calculated using the Bubnov-Galerkin variational method, both by the actual
orthotropy parameters (coefficients «, £ in expression (8)), and by the reduced (conditional) cylindrical rigidity Dryeq
(expression (21)). The difference in the values of deflections Wax of about 10% is explained by the small number
of terms of the approximating functions adopted here, which, however, gives a good result already in the first
approximation. With an increase in the number of terms of power series in the approximating functions (6), the
percentage of error will decrease and at a certain stage will reach a stable final percentage of divergence.

From expressions (24) it is evident that with the adopted thickness t =20mm. The slab decking, supported
by a system of calculated stiffening ribs (elements 1-4, Figure 3), ensures the required rigidity of the slab and,
accordingly, the safe operational function of the roadway of the overpass.

3. Discussion and conclusion

It should also be noted that it is possible to determine the value of the minimum required cylindrical rigidity
D« from the condition of the standard required rigidity of the slab (1): Wma/L=1/1000. Hence W*,,2=800/1000=0.8
cm. Then from expression (18) at x=y=0, we obtain:

W, =0,00173-a*-b*/D,. (25)
Let's equate the values Wmax = W*nax, and we get the expression:

~0,00173-a* -b*

) =0,21625a°b*- (26)
0,008

For a=4m, b=1.75m, using expression (26) we obtain:

_0,00173-(4)* - (L75)"

. =5192.10 < (D] =17,1452-10).
0,008

D

where D’ =17,1452-10° — the value adopted for the plate (Figure 3).

The method proposed in this article, applied for "manual" calculation, can be transferred to calculations using
software on personal computers, which will allow performing calculations of various structural-orthotropic slabs
with a wide variation of their structural and rigidity parameters with greater accuracy. This will allow selecting the
structural parameters of the roadway slab of the mobile overpass to be optimal, rigid and durable. The presented
studies on the calculation of the orthotropic slab by the variational method will be included in the calculation
methodology of the overpass.
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Remaining Useful Life Prediction Method For Different Types Of Rolling Bearings Based
On Bi-Lstm Quantification

Kondhalkar Ganesh Eknath®, Dr. G. Diwakar
Koneru Lakshmaiah Education Foundation (Deemed to be University),Vaddeswaram, India
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Abstract. The remaining Useful Life (RUL) forecast for rolling bearings is still the crucial part of condition-based
maintenance (CBM) for mechanical systems. To predict the RUL, the existing research utilized traditional Deep
Learning techniques, however, it has trouble quantifying uncertainty. Therefore, this research suggested a novel DL
model to improve RUL prediction. Initially, to define the degree of rolling bearing deterioration and comprehend the
non-linear qualities, time domain features, frequency domain features, & time-frequency domain features are
removed. Then, this study suggested using a Bi-LSTM - RF framework to predict the RUL, this framework has an
LSTM layer in a combination of forward and backward motion, a fully connected layer, an RF classifier, & a
dropout layer. As a result, our proposed deep learning-based RUL prediction obtains the Accuracy of 0.9845,
Precision of 0.93, Recall of 1.0, & F1-score of 0.9656.

Keywords: bidirectional long short term memory (Bi-LSTM), deep learning, degradation features extraction,
normalization, remaining useful life (RUL) prediction

Introduction

Due to their significant impact on safety, production, and financial efficiency, equipment stability, and
reliability are essential in many industrial domains. Reduced maintenance costs and unneeded downtime are
advantages of Prognostic and Health Management (PHM), which is further known as terms like Condition-Based
Maintenance (CBM) & predictive maintenance (PdM) [1-2]. In rotating equipment, rolling bearings are a common
mechanical component that must frequently sustain a variety of mechanical and thermal pressures. Bearing
problems account for more than 40% of motor failures. RUL forecasting, fault locating, and anomaly detection are
all components of PHM for rolling bearings [3]. Utilizing historical trajectory data, one may evaluate and project
roller bearings' RUL, it is crucial for maintaining mechanical material effectively during its service life. It is
suggested to develop structure accessibility, dependability, & less expensive equipment maintenance. The
Remaining Service Life (RSL) of the linked equipment before failure is considered to have happened is precisely
specified as RUL [4]. Each of the maximum essential elements of spinning machinery, rolling bearings frequently
has a straight effect on the security of the mechanical system's overall operation. As a result, production safety may
be ensured and significant economic benefits can be realized through actual & precise RUL prediction of rolling
bearings [5].

Three general categories may be used to classify RUL prediction approaches: physics model-based
techniques, data-driven techniques, & hybrid techniques. To create a physical model, methodologies based on
physical models investigate the components' damage mechanisms & the rules of degradation for certain fault modes.
This typically calls for a variety of previous information, making it challenging to exactly create a deterioration
model in difficult situations [6-9]. Data-driven techniques goal to change the information given by IoT into
dependent models, either parametric or non-parametric, which only use sufficient previous data and do not require
knowledge of specific deterioration processes [10,11]. They can show the fundamental relationships and causes
between RUL and the raw sensor data. Data-driven methods are frequently utilized in industrial applications as a
result of the quick development of intelligent technology [12].

The RUL is predicted using machine learning techniques that identify features from raw sensor data using
signal processing methods and expert knowledge [13-16]. As a result, deep learning technology offers a potentially
effective way to raise RUL prediction accuracy. To extract features from high-dimensional data, deep learning
techniques like Recurrent Neural Networks (RNN), Long Short-Term Memories (LSTM), Gated Recurrent Units
(GRU) for time series modeling, and convolutional neural networks (CNN) have been extensively used. Even
though the deep learning neural network has demonstrated tremendous potential for RUL prediction, there are a few
data- and practically-related difficulties that merit more thought. Since physical equipment operates under
complicated settings, noise fluctuations and measurement mistakes must be present in the sensor streaming data.
Therefore, the RUL prediction and feature extraction are greatly impacted by the changing variations.

The studies mentioned above have confirmed the potential of DL-based approaches for RUL prediction. But,
the majority of these techniques use deterministic neural networks as their implementation, which eventually
produces RUL point estimation. There are several different kinds of forecast ambiguities, including quantification
uncertainty caused by interference from noise, model uncertainty relating to the forecast model, and unreliability
environments caused by operation irrationality, which have an impact on RUL prediction in real applications [17].
Many important judgments are founded on the quantification of uncertainty. The anticipated cost of the RUL
prediction point struggles to provide adequate direction for the maintenance strategy in real-world situations if the
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uncertainty is not quantified. Therefore, this research proposed a bearing RUL prediction approach to address these
issues. The following is the primary contribution of this study:

For RUL prediction, this research proposed a BiLSTM — RF framework, which consists of the following
steps:

- the first step of this framework is the extraction of degradation features in rolling bearing. Here, we extract
13 frequency domain features to analyze the vibration signal, 12 time-domain features to represent the degree of
rolling bearing degeneration, and 5 time-frequency domain features to comprehend its nonlinear characteristics;

- then, the extracted features are get normalized, then we create the sample data by using the sliding time
window approach. Then, for prediction, this work employs a Bi-LSTM maodel, which employs LSTM layers in both
forward and backward directions, a fully connected layer, an RF classifier, & a dropout layer.

As a result, when compared to the current methodologies, this suggested RUL prediction offers greater
accuracy.

This research project is organized as follows: Segment 2 investigates an artificial intelligence-based method
to predict the RUL. Following that, Segment 3 describes a proposed deep learning model to predict the RUL, and
Segment 4 contains the simulation findings and comparison analysis of the suggested method. This research study is
concluded in Segment 5.

1. Literature survey

Statistical models or Atrtificial Intelligence are typically used in data-driven ways to predict RUL. The
construction of statistical models using empirical knowledge is the basis of statistical model-based approaches. A
Wiener process-based real-time prognostic strategy for wind turbine bearing was introduced by Hu et al. [18]. The
parameters of a Wiener process model are determined using maximum likelihood estimation. When combined the
reverse Gaussian distribution, the RUL of a wind turbine bearing may determine. It is difficult to choose the right
parameters for a given scenario because the statistical models' parameters vary depending on the scenario. An
adaptive network-based fuzzy inference system (ANFIS)-based prognostic technique was presented by Wu et al.
[19]. After the data pre-processing is complete, statistical features from the multi-sensor data are extracted. ANFIS
and polynomial curve fitting is then used to fuse data from many sensors and estimate the RUL. For bearing under
various operational circumstances, an RUL prediction technique was suggested by Kundu et al. [20]. This method
establishes a Weibull accelerated failure time regression (WAFTR) model that acknowledges together operational
state variables & monitoring signals. In conclusion, the outcomes demonstrate this strategy takes better forecast
presentation. While allowing them to examine enormous amounts of data, the standard Al model's shallow designs
restrict their capacity to learn complicated non-linear correlations.

Deep learning is already becoming a powerful technique for pattern detection and data prediction. DL is an
addition of ANN that can extract data features from input data by performing deep analysis and mining using several
hidden layers & nonlinear transformations [21]. Due to its remarkable representative feature capture capacity, it has
established extensive use in the area of roller bearings RUL prediction. Hu et al. [22] utilized the DBN to construct
the rolling bearing health index extractor, combining the network because of the diffusion process technique to
forecast RUL. Deep convolution neural networks (DCNN), which can use several convolutional and pooling layers
to extract hidden features from input data, were employed by Cheng et al. [23] to accomplish RUL prediction of
rolling bearing. The RUL estimation issue was seen by the RNN network as a time series regression problem, which
makes it a prime choice for DL techniques to analyze time series data and solve. According to CNN & the Bi-
LSTM network, Zhao C. et al. [24] built the hybrid two-channel prediction model. Since multivariate degradation
equipment stores information about various elements of degradation, degradation laws, life contribution rates, and
coupling relationships between the various aspects are all diverse. The aforementioned model will inevitably have
limitations when used to anticipate data from a single network. As a normal RNN, Bi-LSTM may successfully
overcome the Temporal Convolution network's limitations, However, compared to convolution operation, its short-
term memory is slower and less precise. The LSTM model & the AdaBoost regression model were combined to
create a hybrid data-driven RUL prediction technique by Zhu et al. [25] depending on data trajectory expansion. The
studies mentioned above have confirmed the potential of DL-based approaches for RUL prediction. RUL prediction
in practical applications is impacted by a variety of prediction uncertainties, including measurement uncertainty
caused by noise interference, model uncertainties relevant to the prediction model, & uncertainty conditions affected
by operation haphazardness. The predicted RUL prediction point value struggles to provide adequate guidance for
the preservation approach in real-world presentations if the uncertainty is not defined [26]. According to Li et al.
[27], to deal with uncertainty in deep learning, Bayesian inference can be utilized as a learning method. A possible
way for measuring uncertainty is the Bayesian approach.

Eknath et al. [28] DCNN & Gated Recurrent Units (GRU) are used in a unique prediction approach that uses
feature extraction to derive vibration signal properties. Simultaneously, to estimate a rolling bearing's remaining
usable lifespan, the Gated recurrent unit (BiGRU) has been used. However, its sluggish convergence rate and
learning efficiency lead to an excessively extended training period.

According to the study and description above, it can be said that both traditional deep learning techniques are
hindering RUL prediction at the moment and common uncertainty measurement techniques have a hard time
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adapting to RUL prediction methods. These challenges must be overcome; this research suggests a bearing RUL
prediction technique depends on RNN & unreliability quantification.

2. Proposed approach

RUL prediction is a crucial component to increase the dependability & availability of machines. The bearing
deterioration rule was mined from operational data in the current study using DL to get the RUL. However, building
a suitable DL model for precise RUL prediction is typically challenging due to the complexity of operating data.
Also, external uncertainties have a big impact on bearing degradation, to overcome that existing research utilized
traditional deep learning techniques, however, it has trouble quantifying uncertainty, and conventional approaches to
measuring uncertainty have limited ability to accommodate RUL prediction techniques. In addition, the Bi-GRU
model is used in the existing RUL prediction, due to difficulties including a poor convergence rate and low learning
efficiency, training times are excessively long [28]. Therefore, this research proposed a novel DL-based RUL
prediction which was described in the following section.

Degradation Features Extraction

Monitoring Signal

! Time domain Frequency domain ime - Frequency domain)|
I Feature Extraction Feature Extraction Feature Extraction I

Degradation Feature Selection using correlation, monotonicity, and
robustness

- Feature
Input Bearing Data

Vibration Signal

RUL Prediction by Bi-LSTM - RF

Bi-LSTM Layer

Dropout Layer

Fully Connected Layer

Random Forest

Prediction of Real-time Useful Life (RUL) in

Output rolling bearing

Fig. 1. - Architecture of the proposed RUL prediction approach

2.1 Building Feature Set

Since vibration signals may include a wealth of information, they are frequently chosen for rolling bearing
deterioration process monitoring. Since the vibration signal cannot automatically portray the bearing's deteriorating
method, the degradation characteristics must be removed from the raw vibration data. To replicate the degrading
method of rolling bearings from various dimensions, time-domain features, frequency-domain features, & time-
frequency domain features were retrieved in this research.

Different techniques may be used to obtain the deterioration characteristics of bearings in different domains.
Even though frequency domain characteristics were typically statistical features depending on the Fast Fourier
transform, which is useless for explaining how a single frequency changes over time, bearing deterioration is a non-
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stationary dynamic method with substantial time correlation. Time-frequency domain features were chosen to take
the transitory peculiarities in the bearing deterioration.

In contrast to its role in fault detection, RUL prediction must be compatible with the degradation process,
which is impacted by failure types. As a result, some other characteristics that are only appropriate for certain failure
modes remain not appropriate for RUL prediction. The characteristics that may accurately depict the deterioration
process and have predictability are screened using three feature assessment indices: a correlation indicator, a
monotonicity indicator, and a robustness indicator.

2.1.1 Time domain feature extraction

One of the easiest and most efficient techniques for analyzing vibration signals is the time domain
deterioration characteristic. The vibration signal was statistically analyzed to determine the time-domain
deterioration features. To represent the degree of rolling bearing degradation, 12 time-domain degradation
characteristics are removed and displayed.

Table 1. Time domain degradation features

S.No Name Formula
1 Absolute Mean 1 N
T =3 ) Xl
t=1
2 Root Mean Square
3 Peak T3 = max (x(t))
4 Square Root Amplitude
T, = Z V@] l
5 Skewness
Ts = — — —x)3
5 NZ(x(t) )
t=1
6 Kurtosis 1 N
= — t) — — 4
NZ(x( ) - =)
7 Waveform Indicator T,
T7 =
|—x|
8 Peak Indicator T3
TS = —
T,
9 Impulse Indicator T,
T9 By
[—x]|
10 Margin Factor T3
Tyo = T
4
11 Kurtosis Factor T
T, = T_
2
12 Skew Factor Ts
Tip = T
2

Table 1. T1-T12 in the table stand for time domain deterioration characteristics, x(t), t =1,2,..N. N, where N is
the total number of signal data values, stands for the signal data points in vibration signals. This characteristic
capture the altering regulations of various bearing health states. For instance, the RMS value primarily imitates the
amplitude of the overall energy of the entire bearing monitoring signal, whereas the maximum value depicts the
effect force on the bearing at the specific value of failure, the peak factor can be used to define the signal's peak
level for bearing monitoring.

2.1.2 Frequency domain feature extraction

It is required to do frequency domain analysis on the vibration signal to acquire the frequency domain
deterioration aspect since the error features of rolling bearings were typically concealed in frequency domain
information. Here, the monitoring signal is transformed into a frequency spectrum using the fast Fourier transform,
& 13 frequency domain characteristics were then retrieved from the monitoring signal's frequency spectrum.
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Table 2. Frequency domain degradation features

S.No Formula
1 Zf:l S(l)
F ==
2 _ §{=1(5(Ii<) — F))?
B, = K—1
3 _ f:l(s(i) -F)?
K(/F)
4 F o= (@) - F)*
T K(F,)?
5 F _ Zf:l fls(l)
° f:ls(i)
6 F = {{=1 fi45(i)
R0
! o [ f7s@)
T f:ls(i)
8
e J K0~ Foy?s(i)
K
9 . K fits@)
) =
JELs®) 2 75
10 Fg
Fio =+
Fs
11 g = 2z = F)’s@
e KFF?
12 p. = 2~ F)'s@
7o KFF}
3 S 50
3 KFF,

These frequency domain properties are listed in Table 2, in which the vibration signal's frequency spectrum is
depicted by s(i). x(t), i = 1,2,3,.., K, the amount of spectral lines is K, & the frequency of the i spectral line is
represented by f; . Features F;- Fy characterize alterations in the major frequency band location of the recorded
signal in the frequency domain. The aspect domain spectral energy distribution's dispersion level is described by the
values of Fg- F5.

2.1.3 Time - Frequency domain feature extraction

Rolling bearing monitoring signals are often non-linear and non-stationary during real operation. Due to the
complex interaction between time, frequency, and amplitude, the Time-Frequency (TF) domain analysis of bearing
monitoring signals was used to identify the features of changes in bearing health status. In this work, a three-level
wavelet packet decomposition technique called the Haar wavelet was utilized to break down the vibration signal into
a collection of wavelet nodes.

Entropy is suggested as a way to gauge both the complexity of the data and the likelihood that a new signal
model will emerge. The aim of assessing the sparsity is to provide a purpose, which expresses the sparse distribution
of energy. The KL divergence of the multivariate joint probability density & its marginal probability density product
was used to characterize the mutual information of several variables. A physical quantity called kurtosis has been
presented as a way to assess how much a random variable has a Gaussian distribution.

Where TF; is represented as energy entropy, the percentage of each value in the time-frequency energy
histogram is called p; , the energy entropy can also show the degree of uncertainty in the energy distribution. The
time-frequency energy histogram is divided into m parts according to frequency, & TF2 is shown as the energy
correlation coefficient. Where corcoef (.) is the cross-correlation function. TFs is represented as energy Sparsity,
where the sparsity is determined using x. TF,4 is represented as Energy Mutual Information, p(x) and q(x) are two
distinguish probability density functions of the random vector x. TFs is represented as Energy Kurtosis, where u
means data mean, & o means standard deviation, and x; is the random variable with N observations (i=1,2,..., N).
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Table 3. Time-Frequency domain degradation features

S.No Name Formula
1 Energy Entropy i
TF, = —Zpi log(p;)
i=1
2 Energy Correlation Coefficient TF, = [corcoef (1), corcoef (2), ..., corcoef (m) ]”
3 Energy Sparsit X
gy Sparsity TF, = : 1X1l,
n P72 1X 1,
4 E Mutual Inf ti P(x
nergy Mutual Information TE, = fp(x) log ( )dx
_ q(x)
5 Energy Kurtosis (i —w)/N
gy TFS — 21_1( 12 ,Lt)/ _ 3

g4

2.1.4 Degradation feature selection

RUL prediction, in contrast to its function in fault detection, must be compatible with the deterioration
process, which failure modes affect. As a result, a few different characteristics that are only appropriate for certain
failure modes were not appropriate for RUL prediction. Using a correlation indicator and three feature evaluation
indices Corr( f, t), monotonicity indicator, Mon( f ), and robustness indicator, Rob(f ), were employed to identify
characteristics that can accurately and predictably reflect the deterioration process [29].

First, when assessing the monotonic growing or reducing the development of the degradation characteristics,
the monotonicity is stated as:

no.of dF>0 no.of dF<0|
L-1 L-1

Mon = (1)
L denotes the amount of signal models, & the derivative of the aspect sequence is called dF. Mon denotes a
quantity between 0 and 1, where 1 means the character is fully monotonous and 0 means it is constant.
The connection between the rolling bearing degradation characteristics and the degradation period is then
evaluated using the Pearson correlation coefficient (PCC), which is written as:

PCC =

[2fe 1 (Fe—F)(Le—D)| @)
JEEatre-P S -
Where F,represents the current value of the deterioration feature ¢t & L, displays the time value associated with

the signal sample. The amount of signal samples is T. The PCC also has a 0-1 range. 1 indicates that the
degradation characteristic and the degradation time are perfectly connected:

Ft

) 3)

Robustness = Robustness = iZle exp (—

To identify deterioration characteristics that can precisely depict the deterioration procedure of rolling bearings,
three pointers are linearly integrated to create selection criteria (SC). The SC formula is shown as:

SC = wyMon + w,PCC + wzRobustness 4)
Where w; is the weighting coefficient.

2.2 Standardizing Features and Constructing Samples

The comparative size of various aspect measures has a significant impact on training. The characteristics with
big magnitudes would be crucial in model training if screened features weren't regular. The characteristics with
modest magnitudes, however, have trouble making it easier to update model parameters. As a result, since some
crucial properties were not included in the model training process, it is problematic to train the model to its optimum
form. Additionally, this would result in frequent gradient direction oscillations in the process of model optimization,
which would hinder convergence and lengthen training. As a routine pre-processing step, normalizing the input
characteristics into a machine learning model is done most frequently by employing the mean and standard
deviation. The Z-score standardization criteria are requested to handle partitioned characteristics. The formulation of
the Z-score standardization criterion is:

Xorig_ﬂ (5)

X =
stand o
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where X¢qnq and X,,;4 are the original signal & the standardized signal, and the original signal's variance & mean,
respectively.

In this research, model information that satisfies the input specifications of Bi-LSTM is created using the
sliding time window approach in addition to normalizing the aspect signals. The input size and length of the
sequence must be specified in the model input for the Bi-LSTM prediction model. After processing in the preceding
stages, the sample data constitute a two-dimensional array of size Nggmpie point X Nreatures Where
Nsampie pointaNd Negqryre is the quantity of features and sampling points, respectively. It is necessary to first
identify the sample length that corresponds to the sequence length. The input sample is the distance of the sample,
Nieng:n, the information related to the model positions 0-Niey, g, and the sample label is the RUL of the Nep, ¢, -th
sampling point. To get a sequence of input samples, after that, a single unit is added to the sampling time axis to
advance the interception window, & the previous action is frequent. Since neighboring samples built using sliding
time windows overlap, the training set of data can be perfectly fitted using Bi-LSTM.

2.3 RUL prediction based on Bi-LSTM — RF Model
An LSTM layer, a fully connected layer, an RF classifier, & a dropout layer make up the proposed Bi-LSTM-
RF-based prediction model in this research. The Bi-LSTM - RF's suggested design is seen in Figure 2.

Architecture of Bi-LSTM iy hy

Architecture of Random Forest

Training Data

|
! ! |

Training Data 1 Training Data 2 Training Data n

Decision Tree 2

Majority Voting

|

Final Class
RUL prediction

Fig. 2. - Architecture of the Bi-LSTM - RF

A Bi-LSTM is a bidirectional variation of the LSTM that can analyze lengthy data sequences by learning in each
direction, including forward and backward. To efficiently learn the long-term data sequences in both forward and
backward orientations, Bi-LSTM uses two distinct hidden layers. To access long-range information, it is desirable to
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record two-direction contextual relationships. It is made up of two LSTMs, the first of which feeds the learning
process in an onward manner, and the second of which is utilized to learn from the inputs in a backward (reverse)
way.

Here, i and h are utilized to signify the onward and reverse hidden layers' respective outputs separately.
The training method for both LSTM units makes use of the ordered input data sequences. The forward ﬁt and

Et LSTM layers' output is estimated using a recursive technique. The mode property, which includes the following
potential merging approaches: average, sum, multiplied, and concat, is used to combine the output of both LSTM
layers.

The design we've suggested calls for an average mode to combine results from onward and reverse LSTM units.
In conclusion, the combined output is obtained using a flattened layer f,,. Which is then converted into a one-
dimensional vector v and passed to the softmax function to get the desired result.

Equation 6 shows how the layer of Bi-LSTM concatenates the output sequences of both LSTM units using the
merge mode approach to produce a two-dimensional output vector, Y, which is used to build bi-directional
sequences.

Y =X (Et' Et) (6)

Where o< denotes the merge mode approach applied to the 71,: and (Et output sequences, respectively. To combine
the output sequences of both the onward and reverse LSTM units, the symbol oc denotes an average mode method.
The multiplication function, summation function, averaging function, or concatenating function can be used as the
merge mode technique. The final result of the two LSTM units is shown as a one-dimensional vector, Y =
[y1,¥2, -, Ve), where the last component, y, is the best-predicted value for the following time iteration.

A tanh function serves as the activation function after the LSTM layer, followed by two linked layers on top
of each other. The dropout layer was employed in the testing step to measure the prediction uncertainty and avoid
over-fitting. LSTM between two layers, and two completely connected layers in this investigation, a dropout layer is
placed.

Then, the RFC was utilized for the final RUL prediction. The ensemble learning idea, which is useful for
prediction issues, is the foundation of RF. The ensemble learning idea, which is useful for prediction issues, is the
foundation of RF. As the name suggests, RF is a classifier that improves classification accuracy by using multiple
decision trees on different dataset subsets. Instead of relying just on one decision tree, the random forest together
forecasts from all decision trees & predicts the eventual decision made based on the majority of estimates. As the
number of trees rises, so does the precision and danger of over-fitting. As the number of trees rises, so does the
precision and danger of over-fitting. Finally, to reduce the cost function, the Adam optimizer is utilized, &
associated learning rate is set to 0.001.

Table 4. Results of the proposed method with different epochs

Epoch Learning rate Dropout MSE® MAE
10 0.001 0.2 2.3850 1.3009
20 0.001 0.2 2.3850 1.3009
30 0.001 0.2 2.12 1.2950
40 0.001 0.2 1.28 1.10
50 0.001 0.2 1.170 0.95

Additionally, for the suggested prediction model, the RUL point estimates & kernel distributions are obtained
by calculating the uncertainty using nonparametric kernel density estimation and dropout. The dropout procedure
resembles parallel network training with a predetermined network topology. As a consequence, when the same data
are repeatedly input into a Bi-LSTM-based prediction model with operational dropout, approximately alternative
forecast outcomes may be obtained, indicating the quantification of uncertainty. The mean value may be thought of
as the RUL's point estimation. These prediction findings may be processed using the nonparametric kernel density
estimation to get the kernel density distributions of the RUL at various model locations, which could have been
utilized to provide judgments with a strong basis in uncertainty.

3. Result and discussion

This segment discusses the performance of our suggested explanation as well as the implementation results.
Also mentioned are the comparison outcomes from the baseline method.

Tool: PYTHON 3

OS: Windows 7 (64-bit)

Processor: Intel Premium

RAM : 8GB RAM
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3.1 Dataset Description
The IMS Bearing dataset, which was produced by the NSF 1/UCR Centre for Intelligent Maintenance
System (IMS), was used in this study.

3.1.1 Experimental Setup

A shaft has four bearings placed on it. An AC motor connected to the shaft by rub belts controlled the
revolution speed to remain constant at 2000 RPM. A spring mechanism provides a radial force of 6000 Ibs on the
shaft & bearing. All bearings were greased by force. As seen in Figure 3, Rexnord ZA-2115 double-row bearings
were mounted on the shaft. PCB 353B33 The bearing housing was equipped with High Sensitivity Quartz ICP
accelerometers (two accelerometers for all bearing (x- & y-axises) for data set 1, and one accelerometer for every
bearing for data sets 2 & 3). Figure 1 illustrations display the positioning of the sensors. All failures happened next
to the bearing had completed more than its intended lifetime above 100 million revolutions.

o

Accelerometers Radial Load Thermocouple

#1 ‘ #2 ‘ #3 ; #4 B

Bearing #1-#4

Motor

8]

A

Fig. 3. Experimental Setup

3.1.2 Structure of IMS data

The data packet contains three (3) data sets. A test-to-failure experiment is described in each piece of data.
Every data set was composed of separate files that are snapshots of a 1-second vibration signal taken at
predetermined intervals. All file has a sampling rate of 20 kHz & a total point count of 20,480. The document name
displays the date of data gathering. A record (row) in a file that contains information is known as a data point. NI
DAQ Card 6062E enabled data collecting. The research was restarted the following working day, as shown by
longer time stamp intervals (seen in file names).
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Bearing 3 — Ch 5&6;
Bearing 4 — Ch 7&8.

Bearing 3 - Ch 3;
Bearing 4 — Ch 4;

Parameters Set No.1 Set No.2 Set No.3
Recording October 22, 2003 12:06:24 to | February 12, 2004 | March 4, 2004 09:27:46
Duration November 25, 2003 23:39:56 10:32:39 to February 19, | to April 4, 2004 19:01:5

2004 06:22:39
No. of files 2,156 984 4448
No. of | 8 4 4
channels
Channel Bearing 1 — Ch 1&2; Bearing 2 — | Bearing 1 - Ch 1; Bearing 1 — Ch 1;
Arrangement Ch 3&4; Bearing 2 — Ch 2; Bearing 2 — Ch 2;

Bearing 3 - Ch 3;
Bearing 4 — Ch 4;

File Recording

Except for the first 43 files, which

Every 10 minutes

Every 10 minutes

bearings 3 and 4 after the test-to-

failure experiment.

experienced outer race
failure.

Interval were captured every 5 minutes,
every 10 minutes.

File Format ASCII ASCII ASCII

Description An inner race flaw and a roller | After the test-to-fail | After the test-to-fail
element defect both appeared in | experiment, bearing 1 | experiment, bearing 3

experienced outer race
failure.

3.1.3 Training and Testing Loss of Dataset

The training loss & testing loss of dataset 1 is 0.0278, and 0.0275 at epoch 34, dataset 2 is 0.0038 and 0.0037
at epoch 42, and dataset 3 is 0.0255 and 0.0252 at epoch 41 by using our proposed Bi-LSTM — RF which is
presented in figure 4 (a), (b) and (c). As a result, dataset 2 has less training and testing loss when compared to the

existing dataset.
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Fig. 4. Train and Test Loss of the dataset

105



Material and Mechanical Engineering Technology, Ne3, 2024

3.2 Parameter Settings

Table 6. Parameter Settings of the proposed approach

Algorithm Parameters Value
Learning rate 0.001
Batch Size 64
Dropout 0.2
Testing Size 0.25
Training Size 0.75

Bi-LSTM Input Size 64x25%9
LSTM (9,9)
Dropout 0.2
LSTM (9,9)
Dense (9% 25 x 100), linear
Dropout 0.2
Dense (100,1)
Output (64,1)
Optimizer Adam

RF Random state 1

Max_depth 2
Max_features 30

3.3 Experimental Results

3.3.1 Results of degradation features
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Fig. 5. Results of degradation features
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This research presented some of the degradation features which are depicted in Figure 5. To define the degree
of rolling bearing degeneration and comprehend its nonlinear characteristics, these features are retrieved. The
chosen degradation features can adequately capture the deterioration of rolling bearings. Hence, the identified
features are accurate and predictable depicting the deterioration process.

3.3.2 RUL Prediction Results

Table 7. RUL prediction results

S.No Bearing No Cycle Prediction Is valid (Normal /
Suspected)
(a) Bearing 1 2206 1950 False Suspected
(c) Bearing 2 2156 1800 False Suspected
(b) Bearing 3 2231 2281 False Imminent failure
(d) Bearing 4 2256 2256 False Suspected
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Fig. 6. Results of RUL Prediction

The RUL prediction consequences are exposed in Figure 6. To predict the RUL this research utilized a Bi-
LSTM model, which employs LSTM layers in both forward and backward directions, a dropout layer, an RF
classifier, & a fully connected layer. The Adam Optimizer is utilized to modify the Bi-LSTM network's parameters.
Additionally, dropout & nonparametric kernel density estimation is combined for the proposed prediction model to
quantify the uncertainty, results in the kernel distributions, and RUL point predictions.

3.4 Performance Parameters

Stated figure 7 is a performance measurement for the proposed Bi-LSTM - RF. The following equations are
used to obtain the f1-score, which is very helpful for assessing accuracy, recall, precision, and other metrics.

_ True Positive+True Negative
Accuracy = — : — . )
True Positive+True Negative+False Positive+False Negative
. . True Positive
Precision = ®)

True Positive+False Positive

True Positive

Recall = C))

True Positive+False Negative
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F1 Score = 2xPrecision*Recall (10)

Precision+Recall

Several metrics, including Accuracy, F1 score, precision, & recall have been used to evaluate the
effectiveness of our suggested method's performance in forecasting RUL.

104

=
]

2

3 06

=

(1]

E mmm Datasetl
E 04 B Dataset2
o H Dataset3

0.2 4

0.0 -

Accuracy Precision

Metrics

Recall F1l-Measure

Fig. 7. - Performance metrics of the proposed approach

The suggested method's presentation evaluation measures are shown in Figure 7. Accuracy, Precision, Recall,
and F1-score were measured and found to be respectively 0.9845, 0.93, 1.0, and 0.9656 (dataset 1). The obtained
values (dataset 2) of Accuracy, Precision, Recall, and F1-score are 0.9786, 0.912, 1.0, and 0.952. The obtained
values (dataset 3) of accuracy, precision, recall, and f1-score are 0.9953, 0.93, 1.0, and 0.965. By utilizing a unique

Bi-LSTM - RF methodology for RUL prediction in rolling bearings, our suggested method performs better in terms
of Accuracy, F1 score, Precision, & Recall.

The following formula is used to assess index model parameters like MAE and RMSE:

Sz |Yaing, = Vo
MAE = == - (11)

Z
where y,; r = prediction, y,, = true value, m, = there are a total of N data points.

mz

Y2 (Xziy - Kzf,)?
RMSE = J ip=1lnf 7 Yo 12)

where x,; r = actual observation time series,m, = number of non-missing data points, "x,, = estimated time series,
i,= variable i,
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Fig. 8. Error analysis of the proposed approach
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Figure 8 illustrates the comparison using sample assessment indices such as MAE. The suggested method
reduces the error by incorporating Bidirectional LSTM with RFC. For dataset 1, the MAE and RMSE errors are
0.012 and 0.0243, for dataset 2, 0.011 and 0.0239, and dataset 3, 0.013 and 0.0245.

3.5 Comparison analysis

This segment compares the current methodologies, putting the suggested method up to standard methods like
LSTM with random features [29], Convolutional Neural Network [29], Adaptive Kalman Filter (AKF) [29], LSTM
with uncertainty quantification [29], and DCNN-Bi-GRU [28].
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Fig. 9. Comparison analysis of MAE

Figure 9 illustrates the MAE of the suggested approach. By combining Bi-LSTM with a Random Forest
classifier, a suggested method lowers the error. Our suggested method related to the baseline LSTM with random
features, Convolutional Neural Network, AKF, LSTM, and DCNN-Bi-GRU with uncertainty quantification such as
0.1864, 0.1613, 0.0640, 0.0567, and 0.146. The MAE of the proposed approach is 0.013. As a consequence, our
suggested strategy makes improved than the current methods.
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Fig. 10. - Comparison analysis of RMSE

Figure 10 illustrates the RMSE of the suggested approach. By combining Bi-LSTM with a Random Forest
classifier, the suggested method lowers the error. Our suggested method related to the baseline LSTM with random
features, Convolutional Neural Network, AKF, LSTM with uncertainty quantification, and DCNN-Bi-GRU such as
0.2463, 0.1613, 0.0775, 0.0567, and 0.167. The RMSE of the proposed approach is 0.053. As a result, our suggested
strategy performs better than the current methods.

Conclusion

This research suggested a unique dL model develop the RUL prediction model's accuracy. To predict the
RUL, Bi-LSTM — RF and uncertainty quantification is proposed. Initially, to define the level of rolling bearing
degradation, in this study, 12 time-domain features, 13 frequency-domain features, & 5 time-frequency domain
features were retrieved. Moreover, to identify features that may accurately depict the deterioration process, three
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feature assessment indices correlation, monotonicity, and robustness are used. The proposed Bi-LSTM - RF model
is then fed the normalized input characteristics to most accurately forecast the RUL. As a result, this proposed
approach obtained a greater accuracy, precision, recall, & fl-score of 0.9845, 0.93, 1.0, & 0.9656. Moreover, this
research obtained a lesser error such as MAE of 0.013, and RMSE of 0.053 when compared to the existing
approaches. In the future, this research may concentrate on a hybrid deep learning-based framework to predict the
RUL with the highest accuracy.
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Abstract. The main feature of the proposed work is a comparative analysis of the use of a gear landing with
guaranteed tension on hollow and solid-section shafts. In order to reduce the stress concentration and increase the
malleability of the joint, it is also proposed to reduce the thickness of the hub. The conclusions of the research in the
form of calculated data confirm the effectiveness of the proposed measures. As a result of these structural changes,
the cross-section of the joint becomes smaller; for the structure under study compared to the basic assembly, i. e.
with a wheel with a conventional hub and a solid-section shaft, 1.7 times. Consequently, the metal consumption of
the unit decreases, the loads on the shaft supports and the drive decrease, and the energy efficiency of the device
increases.

Key words: shafts, sections, pressing, guaranteed tension, wheel hub.

Introduction

The work examines the features of fitting a gear with guaranteed interference on the shaft. The advantage of
an interference fit when installing a wheel on a shaft is the manufacturability and economy of the process of
manufacturing and assembling parts. The design, in comparison with keyed or splined types of connections, does
not contain additional elements in the form of shaft steps that fix the wheel on the shaft, grooves and splines on the
shaft that weaken the section. To reduce metal consumption and increase energy efficiency, the technology of
mounting a wheel on a shaft with a ring cross-section rather than a solid one is being explored. Strengthening the
section under the wheel is achieved by using an interference connection, when the hollow shaft and the wheel hub
are one part with diameters d2/d1. Due to the interference, initial stresses arise in the connection [1], the nature of
which is shown in Figure 1.

di +d’
P szz_dz

Fig. 1. - Character of changes in radial and circumferential stresses in connection with interference

1. Research methodology
As a rule, the highest stresses occur at the inner surface of the female part, the highest equivalent stress

2:p
O =0;,=0,1 = 1—(d/d2)2 < [O-]T (1)

The greatest stresses of the covered part also occur on the inner surface and are compressive

0,4 =—2—< o], o

1@/t T
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The optimal value of the radius of the contact surface can be determined from the condition of the greatest
reduction in the equivalent voltage at the dangerous point [2]. In accordance with this, the optimal diameter of the
contact surface is:

d=2-Jd 4 3)

Using the specified dependence, the diameter of the hole dl is determined. According to the
recommendations of the technical literature [3], the outer diameter of the hub and its length

d=(15+155)-d, I, =(1+12)-d (4)

The size of the outer circumference of the surface of a thick-walled pipe, the diameter of which d = 60 mm, is
taken as the optimal diameter. The diameter of the outer circle of the hub is d, = 1.55 - 60 = 93 mm, then
according to the formula for the optimal diameter of the contact surface, the diameter of the inner surface of the pipe
is found

d, = d*/d, = 60%/93 = 38,7 mm (5)

A thick-walled pipe with a diameter ratio of 38/60 and a wall thickness of 11 mm is used as a blank for the
manufacture of the shaft. For a narrow hub, the pressure distribution over the contact surface is more uniform, so the

hub length is assumed to be [, = d [1].
In order to increase the compliance of the connection with interference and reduce the stress concentration,

the thickness of the hub is reduced to 10 mm, and the diameter ratio is taken d/d, = 60/80 = 0.75. The strength
of the connection is checked using the following input data:

Shaft power P,=6 kW; rotation speed n=120 min’; pitch wheel diameter D;=350 mm); tooth angle f=12mm;
module m n=3 mm,; shaft material is steel 45 with limits of endurance and strength for workpieces up to 80mm
Owemp=900 MPa, 6.4=410 MPa.

Torque

T =P,/w =9,55P,/n=9,55-6-103/120 = 477,5 N'm (6)
Based on the results of the calculation of the loads acting on the shaft, diagrams of bending moments are
constructed and the equivalent moment is determined (taking into account the moment from the axial force) in the
section in the middle of the wheel hub:

M, = 533.08 N'm (7

Bending stress from equivalent load
g, =M, /W, (8)
where W, is the axial moment of resistance, determined by the extreme section of the hub, i. e. along the cross

section of the shaft.

The bending moment M, in this section, due to the small width of the wheel, is taken to be the same as the
moment in the middle section. Allowable bending stresses for shafts experiencing alternating stresses are
determined by the endurance limit. The use of an interference fit is taken into account by the corresponding values
of the stress concentration coefficients [4].

[o]_, = 01 kp-ky/ ks, 9)
where the ratio of the stress concentration coefficient to the scale factor during interference fit at Gempy =900 MPa
and d=60 mm - k,/- k, = 4.5; surface roughness coefficient k; = 0,8 + 0,91; [o]_, = 410.90/4.5=82 MPa.

Bending stress from equivalent load
O-e = Me/Wx (10)

Allowable torsional stresses from empirical dependence

[c]_, = [0]_,/V3 (11)
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Torsional stress:
Tt=T/W, (12)

The strength is checked according to the safety factor, which must exceed the permissible [n]=2+3.
Calculations for shaft bending are currently automated and can be performed on-line [5].

After checking the strength of the connection, the calculation of the press connection and selection of fits is
carried out using a well-known method [3].

With simultaneous action on the connection of torque M and axial force A, the calculation is carried out
using the resultant axial and circumferential force:

T = (%)2 + A% (13)

According to the contact pressure formula:
p=2T-k/m-f-1-d, (14)

where k - safety factor, to prevent corrosion, is taken for connection at the outlet with the coupling k = 3; f -
adhesion coefficient, for a steel pair material f = 0.14.

The section of the shaft under the bushing takes up the pressure from the bending moment, the pressure is
redistributed - on one side of the bushing it is added to the tension pressure, on the other it is subtracted. The
pressure difference must ensure that the joint of the parts being connected cannot be opened. The pressure diagram
pl from the moment of bending changes according to a linear law, the highest pressure in the connection

p,=4-MJ/2-W, - m, (15)

where 4 /m - factor, taking into account the crescent shape of the pressure change;

w, = b? - (d — d,)/6 — moment of resistance to bending of the diametrical section of the bushing;

b - width of the shaft section for the hub.

The diagram of pressure p, from the moment of bending, changing according to a linear law, on one side of
the bushing has a negative value and helps to reduce the total pressure [6]. On the landing surface it can drop to
0.25-p (i. e. p, = 0.25 - p) and the interference in the pipe connection will not be guaranteed. Based on this
condition, it is necessary to check that the tension pressure is not less than p = p,/0.25.

2. Results and discussion
The results of calculation and testing of the section strength in the connection of a gear with a hollow and
solid shaft, performed according to formulas (8), (9), (10), (11), are presented in Table 1.

Table 1. Resullts of strength calculations for shaft sections

Parameters Ring d,/d = 38/60 Circular disk d = 60
[0]_1, MPa 82 82

Wy, mm® 17790 21600

0., MPa 29,96 25,72

n, 2,73 3,19

[1] 1, MPa 47,4 474

w,, mm? 35580 43200

7, MPa 13,42 11

ng 3,5 4,31

As follows from the analysis, the maximum values of normal and tangential stresses are several times higher
than the permissible stresses determined by the endurance limit. When calculating the strength of the shaft, the
dangerous sections were taken to be those located at the ends of the wheel hub, i.e., along the sections of the shafts.
It should be noted that for the sections under consideration, the safety factors are greater than the permissible
standards, which are accepted within the range [n] = 2+3 and confirm a sufficient safety margin for shafts of two
types of sections.

Next, using the well-known method for calculating interference joints [3], calculations are carried out for
both shafts, the results of which are presented in Table 2.
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Table 2. Results of calculating connections with interference of a gear wheel with a hollow and solid shaft

Parameters Ring d,/d = 38/60 Circular disk d = 60
p, MPa 28,17 28,17
p1/0.25 MPa 11,10 2,39
J, um 46,14 22,73
Pmax1. MPa 121,6 320
[Prmaxz. MPa 143 186,8
Noppin, UM 63,4 35,73
Niax, Um 232,7 163,79
interference H7/u7 H8/u6
t,°C 183 199

[t] 230 230

The contact pressure p is determined and a check is made to ensure that the joint in the connection cannot be
opened from a bending moment p, ~ 0.25 - p. Next, the values of interference & are determined, taking into account
the height of micro-irregularities, the minimum N,,;,, and maximum interference N,,,, are calculated, according to
which the fits are selected wheels on the shaft. Fittings H7/u7 and H8/u6 are considered heavy press fits, providing
guaranteed tension of connections with variable and dynamic loads. They also apply to recommended plantings,
since the technology for their provision is available and well known. Next, based on the maximum tension N,,,,,
from the condition of the strength of the covered part, excluding the occurrence of plastic deformation, the heating
temperature of the part t °C is determined. For both options for pressing wheels onto the shaft, it turned out to be

lower than the permissible value recommended for steel parts. As shown in Figure 2, spacer bushings 2 and 4 are
installed on shaft 1 and wheel 4 is pressed in, the hub of which can serve as a bushing that increases the cross-
section of the shaft.
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Fig. 2. - Gear pressed onto an annular shaft

To transmit rotation from the output end of the shaft 5 to the actuators, keyed or splined connections of the
parts are used. If the wall thickness is sufficient, spline grooves can be cut at the output end of the tubular shaft (Fig.

3).

FEFEEX

Fig. 3. - Output end of a hollow shaft.
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The length of the working section of the output end of the shaft is determined from the crushing strength
condition

L>2-M -~

Z-hP [0 (16)

davg

where [o] _— permissible crumbling stresses on the working surfaces of the teeth, MPa;

cr
M — transmitted torque, N-mm; z — number of teeth in the connection;
h — height and length of the working surface of one shaft tooth, mm;
1 — load distribution unevenness coefficient;
d g — average connection diameter, mm;

k - safety factor
L>2-533.08-10%-2/(282)-28-2-0.7-120 = 8 mm

Conclusions

Thus, the main feature of the proposed work is a comparative analysis of the installation of a gear with
guaranteed interference on hollow shafts and a solid section. The diameter ratio of the recommended shaft section is
38/60, the wall thickness is 11 mm, these dimensions are typical for thick-walled pipes that are used in production
and have sufficient strength. In order to reduce the stress concentration and increase the compliance of the
connection, it is proposed to reduce the thickness of the hub, as recommended by a number of authoritative sources
[71, [8]. The basic connection is taken to be the fit of the wheel hub on the shaft with a hub thickness of 16.5 mm. In
the proposed design, it is reduced to 10 mm and the ratio of the diameters of the outer circumferences of the hub and
shaft becomes equal to 80/60. The results of the study in the form of calculated data confirm the effectiveness of the
proposed measures. As a result, the cross-section of the connection becomes smaller: for the investigated hollow
shaft design with a reduced hub compared to the basic installation, i. e. for a wheel with a conventional hub on a
solid shaft, 1.7 times. Consequently, the metal consumption of the unit is reduced, the load on the shaft supports and
drive is reduced, and the energy efficiency of the device is increased.
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