Chapter 2

THE RELATIONSHIP BETWEEN THE PROPERTIES OF FUELS AND LUBRICANTS,
CHEMMOTOLOGICAL RELIABILITY, OPERATIONAL TECHNOLOGY
AND ECONOMICS OF ROAD AND AIR TRANSPORT

DOI: doi.org/10.18372/38226

UDC: 621.891

2.1 CHEMMOTOLOGICAL, TRIBOTECHNICAL AND RHEOLOGICAL
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EVALUATION OF OPERATION RELIABILITY OF TRIBOSYSTEMS

Oksana Mikosianchyk, Rudolf Mnatsakanov, Nataliia Kichata

One of the directions in increasing the reliability of modern machines and mechanisms is the
development and creation of such modes of their operation that provide a dominant manifestation
of external friction conditions. A comprehensive approach to the solution of these problems should
include an accurate system analysis with taking into account many factors whose kinetics of change
affects the anti-friction and anti-wear properties of contact. External friction is primarily
determined by the structure and properties of the surface layers of metal [1], stress-strain state of
contact surfaces [2, 3], structure of boundary lubricating layers [4], modes of tribocoupling
operation, efc. An integral component of a tribotechnical system is a lubricant, the self-organization
of which at various load-speed modes is an important condition for the manifestation of external
friction in contact and improvement of its operation reliability.

The development of tools and methods for control of oil lubricity directly during the
operation process is an urgent trend in the study of processes of tribosystem self-organization,
which makes it possible to predict the operation reliability. Under a boundary lubrication mode, the
interaction between two surfaces occurs in areas of meeting surface irregularities in the friction
contact. Such contacts manifest themselves via a wide range of thermal-mechanical-chemical
transformations, from elastic deformation to plastic one up to the destruction of material; increase
in the frictionand heat release intensity in contact, and growth of the rate of chemical reactions.
As a result of these processes, organic and inorganic films are formed on friction surfaces.

Mechanisms of formation and structure of boundary lubricating layers have been
investigated by U. B. Hardy, A.S. Akhmatov, F. Bowden, D. Teybor, G.V. Vinogradov, B.V.
Deryagin, R.M. Matviyevskyi, I.A. Buyanovskyi, V.A. Godlevskyi, M.V. Raiko, et al. [5, 6, 7].

The investigation of a wide range of tribological boundary layers has shown that some of
them are characterized by high wear-resistant and protective properties and some exhibit a
destruction action [8]. Although the processes of physical and chemical interaction of lubricant
components with the surface metal layers activated under friction are manifold, difficult to
describe and still incomprehensible, there have been many models that take into account processes
of contact mechanics, lubricant chemistry, molecular dynamics and thus contribute to the
understanding of mechanisms of forming boundary lubricating films in the tribological contact [9,
10].

Contamination, lubricant and doping elements diffuse to the surface, which leads to a higher
concentration of secondary elements near the surface than that in the bulk material. As known,
solid body atoms are interconnected by various forces such as covalent, ionic, metallic, and Van
der Waals’. Accordingly, the existence of these forces between the components of the boundary
lubricating layers and secondary structures formed in the process of friction causes the need for
different quantities of energy to break them. For some crystalline solids, different crystalline planes
often exhibit different physical, mechanical, and chemical properties. In particular, friction studies
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have shown that different crystalline phases are characterized by different resistance to sliding
friction under the same friction conditions, which indicates their anisotropic properties [11].

In [12], tribological properties of dry, liquid, and boundary modes of lubrication were
analyzed. For dry friction, it was shown that with increase in the frequency of external periodic
effects, the number of harmonics decreases up to the achievement of certain frequency, upon which
the surfaces completely stick together and further behave as a single whole. For a hydrodynamic
mode of lubrication, there were analyzed the characteristics of friction pair with a lubricant material
having properties of the Newtonian fluid as well as of pseudoplastic and dilatant non-Newtonian
fluids. It was established that pseudoplastic liquids and a boundary film of lubricant material in
a wide range of parameters result in realizing a stick-slip i friction, which is one of the main causes
of fracture of parts.

Modern lubricants consist of mineral or synthetic basic fractions and a number of
multifunctional additives. The petroleum basic components generally consist of molecules
containing from 18 to 40 carbon atoms and belong to three main types of hydrocarbons, namely
paraffins, aromatic hydrocarbons, and naphthenes (cycloparaffins) [13]. Most of the molecules are
of mixed types and contain two or more main hydrocarbon structures. These basic components also
contain a small percent of heteroatoms, such as sulfur, nitrogen, and oxygen, and may transform
into various stereochemical hydrocarbon structures. This is one of the reasons for the complexity in
identifying the structure of formed boundary films. Generally, in typical basic components, the
mass fraction of aromatic hydrocarbons ranges from 5 to 40 % (average content 20 %), straight
chain paraffins fall in the range of 10 to 20 %, and cycloparaffins form the remainder. Molecules
containing heteroatoms (N, S, O) are generally found in the base in the range of 0.5 to 4 %
depending on oil type, processing technology, and viscosity class.

There have been many studies of physical and chemical properties of boundary lubricating
films. Their findings indicate that the chemical composition of the films (predominantly micron
and submicron particles of iron and iron oxides) interlace with a high molecular weight of
organometallic compounds from 3000 to 100,000 [14]. The film appearance and morphology can
be heterogeneous, continuous or discrete and can have various colors, from green to brown or
black.

Over the last decades, many researchers have tried to measure the film strength. In studying
shear strength of thin films under various high pressures (MPa to GPa), it was found that the shear
strength increases with increasing pressure in films of calcium stearate, copper, and polyethylene
[15]. As a rule, the film strength increases with increasing loads for basic fluids, zinc
dithiophosphates, and calcium sulphonates, but it decreases with loading in the case of using
friction modifiers. An increase in temperature reduces the shear strength of lubricating layers.

As shown in papers [16, 17], there is an optimal range of high lubricating properties thanks
to the formation of a lubricating film on contact surfaces, which depends on external factors and the
strength of its adhesion to the surface. Investigation into the structuring of boundary films has
shown that the surface of triboelements, which is an integral part of reacting system, significantly
influences the rates of oxidation and polymerization processes.

Improvement of test instruments and rapid development of computer technology provide a
real opportunity to investigate, for the first time, tribological processes of the formation of
dissipative structures under friction at the atomic and molecular levels. For example, the SFA
complex allows one to measure film thickness to 0.1 nm and to detect extremely small surface
forces, which gives it significant advantage over other devices and allows one to use it as a main
tool for studying rheological, lubricating, and antifriction properties of tribocontact at the nanoscale
[18, 19].

In calculating friction forces, the dependence of the oil viscosity on the pressure is taken
into account. A lubricant in the boundary layer is characterized by anisotropic properties: in the
tangential direction toward the surface, the molecular layers easily bend and, at a certain layer
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thickness, slide one on another, whereas in the normal direction, the film is characterized by high
compression resistance. Herein the tensile stresses on the outlying surface under rolling-with-
sliding conditions are determined by the formula [20]:

U _
T=p,exp” %[3hhh°+UVS J (1

where | is the lubricant dynamic viscosity at contact input, &is the piezoviscosity coefficient, p is the contact
pressure, Uy is the total rolling speed, Vs is the sliding velocity, his the thickness of lubricating film, 4 is the
minimum film thickness in contact, (4, = 0,8%).

However, at high pressure in contact, tangential stresses determined by this formula become
overestimated. To eliminate this, the following assumptions should be used: the hypothesis of limit
tangential stresses (T < Type,); the hypothesis of oil solidification for calculation of lubricant
viscosity (U < uoexp(opsas); models of non-Newtonian liquid behavior; and semiempirical
dependences for calculation of the friction coefficient [20].

The properties of boundary lubricating layers markedly differ from their bulk characteristics
because ofsupermolecular self-organization of boundary films. Such layers play a significant role in
the processes of energy dissipation in friction pairs operating in mixed and limited modes of
lubrication. In addition to the type and material of surface, which determine the nature and intensity
of interaction on the solid-liquid boundary, the process of fluid structuring is facilitated by the
introduction of additives that increase the wear-resistant properties of lubricant due to the formation
of polymolecular mesomorphic epitropic liquid-crystal structures [21, 22].

The techniques for measuring viscosity of quasi-crystalline layers of motor oils using a rotary
viscometer allowed simulation of the processes occurring in the friction pair “shaft — insert of diesel
engine S6A2”, in particular the shear rate and thickness of the lubricating layer [23]. In such a way,
the dependence of viscosity on the shear rate was established, which confirmed the "non-Newtonian"
properties of the lubricant in the narrow gap of the friction pair shaft — bearing insert. In addition, the
results confirmed the assertion that boundary lubricating layers adjacent to the metal surface of the
friction pair are more viscous and characterized by the orientational ordering of molecules [24]. In
order to describe a lubricant state, a parameter of excess volume (which arises due to the structure
disordering in solids during melting) was introduced [23]. It increases with increasing the total
internal energy during the boundary film melting.

As shown in [25], there is a correlation dependence between the rheological (in particular,
viscosity ) and liquid crystal characteristics (boundary layer thickness and degree of orientation
ordering of molecules, d;An.,) of motor oil, which is determined experimentally. The dependence

v = f(d;Ang,) is linear in the range of shear ratey (100, 150 s™).At higher shear rates it becomes

exponential. Increase in the shear rate leads to a decrease in the liquid crystal characteristics of
lubricant and, consequently, to a decrease in the oil viscosity in the boundary lubricating layer. This
is due to the "cutting" of structured molecular layers with increasing the crankshaft rotation speed,
which leads to a decrease in the oil film bearing capacity.

Principal approaches to the creation of a structural and thermodynamic friction model for a
limited mode of lubrication have been developed on the basis of physical model of friction and the
basic thermodynamic laws for open tribological systems [26]. Processes of the formation and
destruction of adsorbed and chemically modified films under the limited supply of lubricant should
be considered as processes of self-organization in thermodynamic friction systems. Herein the
equations for transition temperatures used in this paper for description of the processes occurring in
tribosystems under the limited mode of lubrication are nonlinear. Transitions to new steady levels
occur in the case of deviation of the critical system parameters from equilibrium with subsequent
self-organization at a new level.

84



In [27], rtheological and thermodynamic models are proposed which describe melting of an
ultrathin lubricating film located between atomically-smooth solid surfaces. The film melting under
friction is presented as a result of the action of spontaneously arising shear stresses caused by
external supercritical heating. The critical temperature of the friction surfaces which leads to the
lubricant melting was established to increase with increasing a certain characteristic value of the
shear viscosity and to decrease with increasing the oil shear module in a linear way. A
thermodynamic model of melting of a thin lubricating layer has been constructed. Melting and
solidification of lubricant are considered as first-order phase transitions. Depending on the system
parameters, three lubricant states are possible under friction: solid or liquid states, or periodically
melting-solidification transitions occur, which lead to a discontinuous motion of friction pairs [28].

The obtained in [29] time dependences for the friction force, the relative speed of friction
surfaces during shear, and the elastic component of shear stresses in the lubricant indicate that in
the liquid state the oil shear module and elastic stresses are equal to zero.An experimentally
observed stick-slip friction mode is described, for which it was established that with increasing oil
temperature, the frequency of phase transitions between oil structural states and the amplitude of
the total friction force and elastic stresses decrease. When temperature or elastic deformations
overcome certain critical values, melting of oil occurs and a kinetic sliding mode sets, in which the
elastic component of friction force equals zero. It was also shown [30] that in the course of
movement, a lubricant tries to acquire a uniform slide plane structure, which leads to a periodic
dependence of the main parameters on time in the stick-slip mode of operation.

Functional dependences for thermal oxidation of multipurpose mineral, partially synthetic,
and fully synthetic oils were obtained at static and cyclic testing temperatures, which made it
possible to quantify the influence of the base and additives on oxidation processes [31]. The
intensity of oxidation product formation and the oxidation rate were suggested. as indicators of the
potential resource of oils in their identification and classification according to the operation
properties. The mechanism of thermal oxidation of lubricant, which characterizes redistribution of
absorbed heat and acts as an indicator of oxidation products formation and their volatility was
clarified. The possibility of using such indicators as criteria for evaluating thermal transformations
in a lubricant and self-organization processes running during thermal oxidation was shown.

This review of studies in the field of structural and rheological properties of boundary
lubricating layers demonstrates that there have not yet been definited criteria for evaluating
boundary films formed on contact surfaces because of the complexity of processes of
forming/destroying boundary films in the tribotechnical contact. Therefore the development of
structural-dynamic models characterizing the influence of boundary lubricating layers on the
tribotechnical properties of contact and the kinetics of formation of secondary structures in the
process of structural adaptability of triboelements under friction will allow one to predict the
kinetics of changes in tribotechnical properties of friction pairs and their durability.

General aspects for selection of techniques for tribological investigations and modeling of
friction processes.

The structural adaptability and evolution of a tribological system during its operation can
significantly change the parameters used in predicting the friction unit resource. A numerical simulation
of friction mechanisms for limited and mixed modes of lubrication, dominant in a non-stationary
operation of triboelements, is a promising trend in terms of estimating changes in the properties of
structural materials during operation.

In order to obtain reliable results when studying tribocoupling and to reach their
reproducibility and convergence in repeated experiments, a clear structure of tribological
researches is required (Fig. 1). It should include such elements as experimental means for
conducting experiments (scheme and design of plants), research objects (material, construction,
accuracy of manufacturing), conditions for carrying out the experiment (loading, kinematic and
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temperature factors), measuringand controlling means, and techniques for processing experimental
results.

The development of computer technology allows widespread propagation of simulation
techniques for many engineering tasks. Simulation of tribological processes on the basis of
empirical data allows one to develop adequate measures for control of tribosystems [32].

The knowledge obtained in such a way combined with practical experience in the field of
chemotology and tribology will be used to improve operation of tribosystems in industry; herein it
is possible to define the following main tasks:

— to optimize technological processes of designing and manufacturing materials for
tribotechnical purposes in order to provide high physical and mechanical-chemical properties of
materials for specific operation conditions;

— to provide continuity in the production process taking into account optimization of
tribosystem design in order to increase the wear resistance of friction pairs required for a high level
of product reliability;

— to reach effective characteristics of compatibility of structural elements by tribotechnical
parameters for specific operation conditions on the basis of instrumental modeling techniques
based on the contact mechanics calculations taking into account dynamic models of crack
propagation, the depth of thermal stress propagation, and intensity of running tribochemical
reactions;

— to predict the durability of tribosystems taking into account large-scale changes in their
tribotechnical properties when operating on the nano-, micro-, and macro-levels.

Input parameters

- T

External factors Internal factors
— load — type of lubrication material;
—speed of rolling; — material of contact surfaces

— sliding velocity;
— temperature of oil;
— local increase in temperature

]

Trxibological contact

Output parameters
— lubrication properties (mode of lubrication)
— hydrodynamic component of the lubricating layer thickness
— thickness of the boundary adsorption layers;
— antifrictional properties;
—rheological characteristics;
— wear-resistant properties;
—specific work of friction:
— microhardness of surface layers of metal;
— temperature of boundary film destruction

|

Mathematical processing of results
(regression analvsis, factor analysis, dimensional method)

Recommendations for using lubricants

Fig. 1. Scheme of evaluation of tribological parameters in contact
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The purpose of this research was to determine the dependence of the kinetics of change in
the friction coefficient under the conditions of the stopping of lubricant supply on the lubrication
and rheological properties of the boundary films formed on the friction-activated metal surface
layers.

Investigation of the lubrication, antifriction and rheological properties of boundary films
was carried out on an apparatus for testing tribological characteristics of triboelements described in
[33]. The friction moment, speed of rollers, temperature of lubricant, stress drop in the lubricating
layer in contact were recorded and processed using a PC (ProfiLab software) in real time with a
graphical representation of their changes.

The investigated non-stationary conditions of friction implied carrying-out of cyclic
experiments in a start — stationary operation — slowdown — stop regime (Fig. 2).
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Fig. 2. Scheme of tribosystem operation in non-stationary conditions of friction:
Region I — start; Region II — stationary operation; Region I1I- slowdown; Region IV — stop

Region I corresponds to the initial period of work of friction pairs and is characterized by a
gradual increase in the rolling speed of rollers at Vi = 0. In Region II, the specified maximum
sliding of rollers is achieved at constant rolling speed of friction pairs. Region III corresponds to
slowdown characterized by two periods: initial decrease in the speed of rollers with preservation of
the specified sliding at point A and gradual decrease in the degree of sliding to zero at point B
(IlTa). Further deceleration occurs in conditions of a simultaneous decrease in the speed of both
rollers with maintaining Vi = 0 (IIIb). Region IV corresponds to a stop. If the selected cycle is
projected onto an involute gearing, the pole gearing zone corresponds to Regions I and IIIb, the
near-pole zone — to Region Illa, and extreme points of gearing with maximum sliding —to Region
11

The maximum rotation speed for the outlying surface was 1000 rpm. The simulated sliding
degrees were 3, 10, 20, 30, and 40 %. Maximum contact stress by Hertz was 250 MPa.

Rollers from steel 45 (HRC 38, R, 0.57 um) were used as samples. Lubrication of contact
surfaces was performed through immersing a low roller into a bath with oil. As a lubricant, mineral
transmission oil for mechanical gearboxes and main gears of cars and trucks Okko GL-4 80w/90
was used. The oil volume temperature was 20 °C.

Adaptation of contact surfaces with a duration of 100 cycles and further work of friction
pairs during 400 cycles were carried out in conditions of abundant lubrication, followed by the cut-
off of lubricant supply. The total number of cycles in each experiment was as follows: 500
(abundant lubrication by immersing a low roller in an oil bath), 400 (simulation of oil starvation by
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stopping of regular supply of lubricant from the bath to the contact area), 100 (forced removal of
lubricant from the contact surfaces by wiping the rollers).

In conditions of the absence of lubricant supply, lubrication properties of contact is only
determined by the stability of the boundary layers formed on the friction-activated contact surfaces
during abundant lubrication. Up to 400 cycles after start-up, an increase in the lubricant layer
thickness by 0.5-2 pm was observed due to the availability of free lubricant material located in the
contact area owing to the adhesion and cohesion forces of interaction. In case of abundant oil
supply into the contact area, a hydrodynamic mode of lubrication is realized. The stopping of the
lubricant supply creates preconditions for the tribosystem transition into harder operation
conditions. In this case, different modes of lubrication, from semi-dry tohydrodynamic ones, take
place (Table 1).

Table 1
Efficiency of lubrication at different sliding degrees of friction pairs

Sliding degree, % Thickness of lubricating layer, um Mode of lubrication by parameter 4
Below 3 0.2-5.1 0-10.86 (semi-dry — hydrodynamic)
10 0.354.0 0.5-7.2 (semi-dry — hydrodynamic)
20 0.2-3.8 0.5-6.7 (semi-dry — hydrodynamic)
30 0.15-2.1 0.5-5.4 (semi-dry — hydrodynamic )

40 0-1.9 0-2.7 (semi-dry — mixed)

The decrease in the hydrodynamic component of the lubricating layer thickness by on
average 70 % affects the antifriction properties of contact in different ways.In Region I,
corresponding to the start-up in conditions of a pure rolling process, the friction coefficient /' does
not change for surfaces with subsequent sliding of 1020 %, whereas for surfaces with sliding of 30
and 40 %, fincreases by 1.8 and 1.2 times, respectively. A more significant fincrease (by 1.22-2.4
times) was established after 400 cycles of work, after the forced removal of free lubricant from the
contact area, except for contact surfaces that further operated with a minimum sliding of 3 %, since
reduction in the lubricating layer thickness does not affect the antifriction properties of contact and
their friction coefficient is within 0.006—0.008, like in conditions of abundant lubrication.

In Region II, in the rolling-and-sliding conditions, a sharp f increase was fixed, by on
average 3 times for sliding of 1040 %, again except for contact surfaces characrerized by a
minimum sliding: their antifriction contact properties remained unchanged (Fig. 3).
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Fig. 3. Dependence of the friction coefficient on the sliding degree in conditions of limited lubrication:
(1) pure rolling mode at start-up; (2) rolling-with-sliding mode;
(3) moment of seizure during the rolling-with-sliding mode
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Fig. 4. Influence of the sliding degree on the rheological characteristics of lubricant:

(1) abundant lubrication; (2) limited lubrication; (3) forced removal of lubricant; a is the change in the

effective viscosity 1 in contact; b is the change in gradient of shear rate, y, in lubricating layers;

c is the change in the shear stress, 7, of lubricant material
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The absence of excess lubricant does not significantly affect the gradient of shear rate (y) of
the lubricating layers: the increase in this parameter was by 1.02—1.1 times, regardless of the degree
of sliding of contact surfaces. The increase in sliding from 3 to 40 % causes growth of the shear
rate gradient by 4.6 times (Fig. 4, b). It is this parameter that influences the stability of the formed
boundary films: the increase in y from 10° to 2.3-10° s™ with increasing sliding degree from 20 to
40 % leads to the complete abrasion of the formed boundary layers during 30 % of the operation
cycles on surfaces with maximum sliding (Fig. 5).

= A
2.6
"
5
4 V%
1%
3 “
2
1
0 LI
0 100 200 300 400 500
cycles
—_—] eeeeees 2 -——-3

Fig. 5. Kinetics of change in the lubricating layer thickness in the stick-slip mode of operation during rolling-
with-sliding at the sliding degree (/) 20 %, (2), 30 %, and (3) 40 %.
Point A indicates forced removal of lubricant

With an increase in the sliding degree from 10 % (y = 0.5-10° s™) to 40 % (y = 2.3-10° s7),
the effective viscosity in contact decreases from 260 to 180 Pa s (Fig. 4a). Up to 400 operation
cycles, when the oil had not yet forcibly removed from the studied surfaces, the shear stress of the
lubricating layers at a sliding degree of 10 to 40 % increased by on average 1.25 times as compared
with abundant supply of lubricant. In conditions of limited supply of oil, which leads to a decrease
in the lubricating layer thickness, an increase in the effective viscosity of lubricant was revealed,
which was by 1.13; 1.27; 1.31, and 2.0 times for sliding degrees of 10, 20, 30, and 40 %,
respectively (Fig. 4a).

After 400 operation cycles, the lubricant was forcibly removed from friction surfaces by
wiping the rollers. For contact surfaces with a degree of sliding of 3 and 10 %, the normal
operation of tribocoupling was established to the 500th cycle, the friction coefficient was stable,
which testifies to high antifriction properties of boundary lubricating films. The increase in the
degree of sliding to 20, 30 and 40 % leads to reduction in the period of normal operation of contact
surfaces because of the appearance of the first signs of seizure corresponding to 490, 430 and 415
operation cycles, respectively. In such extreme conditions there is observed a sharp change in the
antifriction characteristics of contact, which manifests itself in the periodic growth and reduction of
the friction coefficient (Fig. 6).
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Fig. 6. Change in the friction coefficient during forced lubricant removal under rolling-with-sliding conditions
at the sliding degree: (1) 20 %, (2) 30 %, and (3) 40 %

For contact surfaces that operate under minimal sliding of 3 %, no significant changes in the
rheological properties of boundary lubricating layers were observed during the tribosystem
transition to the mode of stopping the supply of lubricating material: stability of the shear stress of
lubricating layers indicates weakness of cohesive forces of interaction.

However, with the evolution of cycles within 400 <N<500, in conditions of forced lubricant
removal, no sign of seizure was detected in spite of the formation by transmission oil of boundary
layers of physical nature during their structural adaptation. Two factors contribute to the
preservation of normal work of friction pairs. Firstly, thanks to the reserve of lubricant in the
roughness cavities of contact surfaces (operation R, = 0.39 um, Rz = 1.71), the lubricating layer
thickness begins to grow from the 430th cycle of operation up to 3 pum, followed by its cyclic
fluctuations of 0.2—-3 pm, which prevents frictional seizure (Fig. 7).
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Fig. 7. Roughness of contact surfaces:
(a) initial (R, = 0.57 um, R, = 2.33); (b) operational
(R,=0.39 pm, R, =1.71)
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Secondly, strongly weakened surface layers of metal due to the plasticizing Rebinder effect
are characterized by low resistance to tensile shear stresses. The microhardness of surface layers
decreases, by on average 1000 MPa, and the depth of amorphizated weakened layer reaches 60 pm.
Thus, these processes in contact contributes to maintaining the stability of the adhesion component
of the friction coefficient at the level of values established for the sufficient supply of lubricant to
contact.

The friction coefficient is equal to the sum of two components: an adhesion component
related to the molecular interaction of solids on the actual area of contact, and a deformation
component related to the deformation of surface layers of solids under friction [34]. Therefore,
analysis of the kinetics of changes in antifriction properties of contact should be based on the
consideration of issues relating to both the lubricity of materials used and changes occurring in the
surface metal layers under friction. In the presence of lubricant incontact, the adhesion component
can be determined by the tensile shear stresses predominantly in the lubricating layer.

Let us consider the kinetics of changes in antifriction properties of transmission oil from the
position of self-organization of boundary lubricating films during the tribosystem transition into
extreme operation conditions, that is, without reserve of lubricant. During the start-up period, in
conditions of pure rolling with increasing speed, the tensile shear stresses are localized in the
central part of the lubricating layer thickness, since there is no gradient of shear rate (¥ = 0). Upon
400 cycles, owing to the growth of lubricant layer thickness due to the presence of free lubricant on
the contact surfaces, the tensional stresses are localized mainly in this layer. Since the amount of
lubricant is sufficient for the complete separation of the contact surfaces, in Region 1 no r change
for surfaces with subsequent sliding of 3 to 20 % is observed, 7 is equal to 6-7 MPa like under
abundant lubrication conditions. These processes contribute to the domination of the hydrodynamic
mode of lubrication, in which the friction coefficient is determined by the volumetric properties of
the liquid, smectic or nematic, phase of the lubricant [35]. The localization of tensile shear stresses
in the liquid phase during a pure rolling process due to the minimal effect of solid surface provides
the best antifriction characteristics of contact with a minimum friction coefficient at the level of
0.006—-0.008 (Fig. 3).

On contact surfaces that operate at 30 and 40 % sliding, when the maximum velocity of
sliding reaches 0.85 and 1.5 m/s, respectively, an intense lubricant spatter occurred. This resulted
in decreasing the film thickness growth at the startup by on average 2 times, predominantly leading
to a mixed lubrication mode. However, the shear stress of the lubricating layers during operation in
Region I increases slightly (by on average 1.2 times) as compared with the conditions of abundant
lubrication. With the lubricating film thickness decreasing, the effect of the solid metal phase on
the lubricant components increases, which reduces antifriction properties: the friction coefficient
increases to 0.01-0.013 (Fig. 3).

In conditions of sliding, the sliding velocity reaches maximum values, which results in
appearing a gradient of the shear rate of lubricating layers through the thickness of lubricating film
in contact. Because of the reduction of the hydrodynamic component of the lubricating layer
thickness, the vector of tangential shear stress is localized mainly in the formed boundary layer,
which is similar to the results obtained in [36].

Since the boundary layers are characterized by structuring and are subjected to the strong
influence of the solid metal phase, the effect of rheological properties of lubricant on the kinetics of
change in the adhesion component of the friction coefficient should be analyzed as well.

The analysis of lubricity of the investigated transmission oil in conditions of abundant
lubrication revealed the formation of boundary lubricating layers of different nature. On contact
surfaces with a minimum sliding of 3 %, predominantly physically adsorbed boundary films with
weak Van der Waals interaction forces are formed which are characterized by low shear stresses
similar to those in the bulk phase (Fig. 4¢).
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For contact surfaces with a sliding degree of 3 %, no change in the adhesion component of
the friction coefficient was established in conditions of limited lubrication, unlike the case of
abundant supply of lubricant to the contact area. First of all, this is due to low activation of surface
metal layers at a slight sliding (V4 = 0.07 m/s). The domination of rolling speeds creates
preconditions for minimum mechanical and thermal effects of the speed gradient [37], resulting in
the formation of physically adsorbed boundary films. The absence of strong adhesive bonds of
lubricant components with the metal surface causes frequent disorientation of the boundary layers,
which manifests itself in cyclic fluctuations of the lubricating film thickness from 0.2 to 3.5 pm in
the course of 50 cycles. Such boundary layers are characterized by the rheological properties of the
volumetric liquid phase of oil: their shear stress and effective contact viscosity are similar to those
recorded in conditions of abundant lubrication (Fig. 4).

The increase in the degree of sliding and, consequently, in the gradient of shear rate,
promotes formation of boundary lubricating layers of chemisorption nature. At a sliding of 10 to
40 %, the active lubricant components form chemisorption films and chemically modified layers on
the surface, which are characterized by somewhat higher shear stresses as compared with the bulk
phase owing to the action of cohesion forces.

According to [38], the shear rate gradient of about 10° ... 10" s leads to the destruction of
lubricant components, which manifests itself in reducing lubricant viscosity. Similar results were
obtained in the present studies as well: the effective contact viscosity decreased by 1.45 times with
increasing the degree of sliding from 10 to 40 %. However, an analysis of rheological
characteristics of structured boundary lubricating layers revealed another regularity of the kinetics
of change in the effective viscosity in conditions of interrupted supply of lubricant: effective
viscosity increased, and the degree of its increase correlated with the sliding (Fig. 4). These layers
are characterized by increase in the shear stress due to the growth of cohesive interaction forces in
the formation of a more dense and stressed structure. According to [39], polymorphism of organic
molecules of lubricants, when they are structured on a solid surface, is a source of boundary layer
formation by the type of netlike (reticular) heterogeneous structures. In such a boundary layer,
under high pressures, reorganization of its molecular structure takes place with the formation of
denser ordering, since the structure of chain molecules changes due to the axial compression of
the chains because of deformation of tetrahedral angles between carbon atoms.

The used mineral transmission oil was produced on the basis of residual oil, low-viscosity
distillate, and a set of multifunctional additives. Thus, it contained molecules of different
stoichiometric structure. Under the action of high shear rate gradients, due to the mechanical
destruction of the lubricant components, the formation of reticular boundary layers with multiple
cross-links between the active centers of molecules occurs. Herein, along the boundary layer
thickness, planes of slight sliding are formed, which are oriented in the plane of the action of the
vector of tangential shear stresses. Such a layered netlike structure serves as a kind of reservoir for
chaotically arranged inactive free molecules. The presence of such molecules is characteristic for
fractions of saturated and non-polar compounds contained in the base during compounding mineral
transmission oil.

As follows, ordered solid-crystalline reticular structures, similar to the framework of the
dispersed phase of lubricants and containing different number of free molecules of oil, analogous to
the dispersed component of lubricants, are formed on friction-activated contact surfaces. The
number of inactive free components in such structures decreases with increasing degree of ordering
and density of the framework (Fig. 8). Accordingly, the denser a solid-crystal structure, the higher
its shear stress, which is manifested at the maximum sliding (Fig. 4).

The kinetics of change in the thickness of boundary lubricating layers after the 400"cycle of
work, that is, upon forced removal of free lubricant from contact, confirms the above statement. For
contact surfaces with 10 % sliding, the thickness of boundary lubricating layers varies from 0.5 to
3.2 um, while the rheological characteristics of chemosorption films remain unchanged.
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Fig. 8. Structure of boundary film from oil with multifunctional additives at the sliding degree:
(a) 10 %; (b) 20 %; (c) 40 %

Stable values of the shear rate gradient and tangential stress indicate the presence of strong
adhesion and cohesive bonds. The tangential stress vector is localized in the boundary layer of
lubricant, the strength properties of which are high enough for the solid-crystal structure of
boundary layers to remain stable. This structure of boundary films provides their high antifriction
and wear-resistant properties. By the 500th cycle of operation, the normal operation of friction
pairs had been established, no signs of seizure of contact surfaces were observed.

A similar peculiarities were revealed for sliding 20 % before the 450th cycle of work. Then
there was observed a sharp increase in the lubricating layer thickness by 2.5 times, in shear stress
by 1.5 times, and in shear rate gradient by 1.25 times. All this is connected with the destruction of
cohesive and adhesive bonds in the solid-crystalline boundary layer, which leads to its disordering,
melting, and transition to a smectic phase. Herein the effective viscosity in contact decreases by 1.2
times, whereas the friction coefficient drastically increases from 0.008 to 0.017 in the presence of
lubricant in the friction zone. At the moments of breaking of the lubricating layer integrity, the
friction coefficient increases to 0.032 and there appear the first signs of seizure of contact surfaces
after the 490™ operation cycle (Fig. 6).

A more intense destruction of boundary layers and earlier appearance of the first signs of
seizure were revealed at 430™ and 415™ cycles under sliding of 30 and 40 %, respectively, after
forced removal of free lubricating material from the friction zone. Thus, the strength properties of
chemisorption boundary layers directly depend on the sliding velocity in contact, whose increase
creates high shear rate gradients, which leads to mechanical and thermal destruction of the formed
lubricating films. For example, at the moment of seizure of contact surfaces at a sliding of 40 %,
the shear rate gradient increases by 2 times, the shear stress of lubricating layers does by1.6 times,
while the effective viscosity in contact decreases from 180 to 112 Pa s. In this case, there are
observed sharp fluctuations in the lubricating layer thickness, whose increase can reach 4 um,
which provides a low friction coefficient, about 0.006 (for comparison, 0.014 at the minimum film
thickness). The mechanism of this process includes disorientation of boundary lubricating layers
under the action of shear stresses and temperature rise in contact due to increasing sliding velocity
rate, which causes melting of the solid-crystalline layer due to mechanical and temperature effects.
The lubricant reacquires Newtonian properties, becomes liquid; cohesive, and adhesive forces of
interaction weaken, and the volumetric liquid phase of oil increases in contact, which leads to a
short-term manifestation of a hydrodynamic lubrication mode, characterized by high antifriction
properties of lubricant.
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The obtained data are in agreement with the postulates of the models for the first-order
phase transitions between solid and liquid states [40, 41]. According to them, , a sharp change in
the friction force occurs at the moment of rapid change in the lubricant properties during the solid-
liquid phase transition. Melting of boundary layers of lubricant can occur at the limit values of
shear deformation, when the lubricant is in a liquid state, regardless of temperature [42]. In the
moments of breaking the integrity of lubricating layer, the friction coefficient rapidly increases to
0.038 and 0.047 at a sliding degree of 30 and 40 %, respectively (Fig. 6).

As follows, sharp fluctuations of the friction coefficient in the manifestation of the first
signs of seizure of contact surfaces are resulted from the destruction of boundary lubricating
layers, which leads to a decrease in operation reliability of lubricant. These processes are
characterized by the manifestation of two opposite effects. One of them causes an increase in the
adhesion component of the friction coefficient owing to increasing degree of direct contact with
surface metal. The other decreases the friction coefficient and provokes short-term hydrodynamic
effects in contact due to local melting of boundary layers.

Reduction in the lubrication capacity of mineral transmission oil with increasing degree of
sliding of contact surfaces from 3 to 40 % was established upon the tribosystem transition to
extreme conditions of lubrication, which is related to decrease in the thickness of lubricating layer
by 1.43 times when the tribosystem is transferred to the more rigid modes of operation, in which
semi-dry and limited modes of lubrication dominate.

In conditions of pure rolling, high antifriction properties of contact are due to localization of
the tensile shear stress in the liquid phase of lubricating film. In conditions of rolling-with-sliding,
the vector of tangential stresses is localized in the boundary structured chemisorption films, which
reduces the antifriction characteristics of contact.

The boundary layers of physical nature formed on contact surfaces with a sliding of 3 % are
characterized by the identity of their rheological properties to those of the volume liquid phase of
lubricant. Such structures have a strong plasticizing effect on the surface layers of metal, which
manifests itself in reducing the adhesion component of the friction coefficient.

An increase in the sliding degree from 10 to 40 % causes the creation of high shear rate
gradients of the lubricating layers and activates contact surfaces. These factors promote the
formation of chemisorption films with an ordered layered crystalline reticular structure on friction
surfaces.

An increase in the sliding degree promotes an earlier seizure of the contact surfaces, which
manifests itself in the growth of the adhesion component of the friction coefficient under
desorption of boundary layers. Locally, in extreme conditions, an oscillatory process of decreasing
the friction coefficient was revealed, resulted from short-term hydrodynamic effects due to local
melting of boundary layers.
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XIMMOTOJIOI'TYHI, TPUBOTEXHIYHI TA PEOJIOT'TYHI BJIACTUBOCTI TPAHUYHUX
3MAIIYBAJIbHUX IIAPIB IIPH OLIHII EKCILTYATALIAHOI HAAIAHOCTI
TPUBOCUCTEMH

IIpoananizoBaHo mporecH (Hi3UKO—XIMIYHOI B3a€EMOJIi KOMIOHEHTIB MACTHJIBHHUX MarepiamiB 3
AKTHBOBAaHMMH B TIPOIECI TEPTs MOBEPXHEBUMH ILIapaMH MeETally; PO3IJITHYTO MOJENi, 10 BPaxOBYIOTbH
pEOJIOTiYHI BJIACTUBOCTI MACTHJIBHUX MarepiajiiB, L0 CIPHUSIIOTH PO3KPUTTIO MeXaHi3MiB (hopMyBaHHS
TPaHUYHHX IUTIBOK MAacTHJIBHOTO Matepially B TPHOOTEXHIYHOMY KOHTakTi. MeToro pocmimkeHb Oyio
BCTAHOBJICHHS 3aJI€)KHOCTI KIHETMKM 3MiHH KoedillieHTa TepTs BiJ 3MallyBalbHUX Ta PEOJOTIUYHHX
BJIACTHBOCTEH TPaHUYHUX IUTIBOK. EKCIIEpHMEHTANbHO BH3HAYCHO 3aKOHOMIPHOCTI 3MiHM aHTH()PUKLIITHHX
BIIACTHBOCTEH KOHTAKTy BiJI MIIHICTHUX XapaKTepUCTHUK TPaHUYHHUX IUTIBOK. PO3TIIIHYTO MeXaHi3MH, SKi
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XUMMOTOJIOIMYECKHUE, TPUBOTEXHAYECKHUE U PEOJIOTHYECKHAE CBOMCTBA
T'PAHUYHBIX CMA30OYHBIX CJIOEB I[IPU OLIEHKE SKCILTYATAIIMOHHOM
HAJIEXKKHOCTHU TPUBOCUCTEMBI
[IpoaHanu3upOBaHbl MPOLECCHl (PHU3UKO-XUMHUUYECKOTO B3aUMOJCHCTBUSI KOMIIOHEHTOB CMa30YHBIX
MaTepuajoB C aKTUBHPOBAHHBIMU B MPOLECCE TPEHHs MMOBEPXHOCTHBIMH CJIOSIMH METalla; PacCMOTPEHBI
MOJIENN, YIUTHIBAIOIINE PEOJIOTHUECKUE CBOMCTBA CMA30YHBIX MAaTEPHAJIOB, CIIOCOOCTBYIONIMX PACKDPBITHIO
MEXaHU3MOB (DOPMHUPOBAHMS T'PAHHYHBIX IUIEHOK CMA304YHOrO MaTepualia B TPUOOTEXHHYECKMX KOHTAKTe.
[enpto MCCIeNoBaHUi SBISUIOCH YCTAHOBIEHHE 3aBUCUMOCTH KMHETHKM W3MEHEHHUS KO3((HUIMEHTa TpEeHHs
OT CMa304YHbIX M PEOJOTHYECKUX CBOMCTB TIPaHMYHBIX IUICHOK. JKCIIEPUMEHTAIBHO OMpeIeIeHbI
3aKOHOMEPHOCTH HW3MEHCHHs AHTH()PHUKIHOHHBIX CBOWCTB KOHTAKTa OT MPOYHOCTHBIX XapaKTEPUCTHK
TPAaHUYHBIX [UICHOK. PacCMOTpeHbl MeXaHW3Mbl, OOYCIOBIMBAIOIINEC  MOBBILICHHEC aAre3HOHHON
cocTaBIsIoNel K03 GHUIUeHTa TPEHHsI MPU HAPYLICHHH CIUIOLMIHOCTH CMa304YHOTO CJIOS WIIH €€ CHIKEHHE
IIPH [UIABJICHAH TBEPJOKPUCTAIUINIECKOTO CMa309YHOTO CIIOS.
KiroueBble ¢JI0OBA: IPaHUYHbIE UIEHKH CMa304HOTO Marepuaia, KOdQQUIMEHT TPEHUS, HAPSDKEHHE
ciBura, 3G (HeKTUBHAS BI3KOCTh, TPAIUEHT CKOPOCTH CIBHUTA.

ABSTRACT
Oksana Mikosianchyk, Rudolf Mnatsakanov, Nataliia Kichata
National Aviation University, oksana.mikos@ukr.net
CHEMMOTOLOGICAL, TRIBOTECHNICAL AND RHEOLOGICAL PROPERTIES
OF BOUNDARY LUBRICATING LAYERS USED IN EVALUATION OF OPERATION
RELIABILITY OF TRIBOSYSTEMS

The processes of physicochemical interaction of epy components of lubricating materials with friction
surface layers of metal are analyzed; models that take into account the rheological properties of lubricants that
facilitate the discovery of mechanisms for the formation of boundary films of a lubricant in tribotechnical
contact are considered. The aim of the studies is to determine the dependence of the kinetics of the coefficient
of friction on the lubricating and rheological properties of the boundary films. The regularities of the change in
the antifriction properties of the contact from the strength characteristics of the boundary films are determined
experimentally. The mechanisms responsible for the increase in the adhesion component of the coefficient of
friction when the continuity of the lubricating layer is disturbed or its decrease during melting of the solid-
crystalline lubricating layer are considered.

Key words: boundary films of a lubricant, friction coefficient, shear stress, effective viscosity,
gradient of shear rate.

REFERENCES

1. Zaporozhets V.V. Dynamic characteristics of the strength of surface layers and their evaluation /
V.V. Zaporozhets // Friction and wear. — 1980. — Vol. 1. — Ne 4, — P.602—-609.

2. Buckley D.H. Surface effects in adhesion, friction, wear, and lubrication / D.H. Buckley // Tribology. —
1981. — Series 5. — P.630. ISBN 9780080875699.

3. Heuberger M. Topographic information from multiple beam interferometry in the surface forces apparatus /
M.Heuberger, G.Luengo, J.Israelachvili / Langmuir. — 1997. — Vol.13. — Ne 14. — P. 3839-3848.

4. Luengo G. Generalized effects in confined fluids: new friction map for boundary lubrication / G. Luengo,
J. Israelachvili, S. Granick // Wear. — 1996. — Vol. 200. — Ne 1-2. — P. 328-335.

5. Analytical description of the structured lubricating layer / E.V. Berezina, V.A. Godlevsky, A.G. Zheleznov,
D.S. Fomichev // Liquid crystals and their practical use. — 2014. — No. 1. — P. 74-79.

96


mailto:oksana.mikos@ukr.net

6. Godlevsky V.A. Features of the lubricating action of aqueous surfactant solutions with blade cutting of hard-
to-work materials / V.A. Godlevsky, V.V. Markov // University News. Chemistry and chemical technology.
—2004. - Vol. 47. —No. 9. - P. 120-124.
7. Bowden F. P. Friction and lubrication of solids / F. P. Bowden, D. Tabor. — Oxford. — 1950. — P. 199.
8. Hsu S. M. Boundary lubrication of advanced materials / S. M. Hsu // Mrs Bulletin. — 1991. — Vol. 16.
—Ne 10. — P. 54-58.
9. Blencoe K. A. The influence of lubricant rheology and surface topography in modelling friction at
concentrated contacts, Proceedings of the Institution of MechanicalEngineers Part J / K. A. Blencoe,
G. W. Roper, J. Williams // J. Engineering Tribology. — 1998. — Vol. 212. — Ne J6. — P. 391-400.
10. Klaus E. E. A study of wear chemistry using a micro sample fourball wear test / E. E. Klaus, J. L. Duda,
K. K. Chao // STLE Tribology Trans. — 1991. — Vol. 34. —Ne 3. — P. 426.
11. Buckley D. H. Surface effects in adhesion, friction, wear, and lubrication / D. H. Buckley // Tribology.
1981. — Series 5. — P. 630.
12. Lyashenko Ya. A. Tribological properties of dry, liquid and boundary friction modes / Ya. A. Lyashenko //
Journal of Technical Physics. —2011. — Vol. 81. — No. 5. — P. 115-121.
13. Hsu S.M. Boundary Lubrication and Boundary Lubricating Films. Ch. 12 / Stephen M. Hsu, Richard S.
Gates // Modern Trybology Hendbook. Vol. One. Principles of Tribology / Ed.-in-Chief Bharat Bhushan.
— CRC Press, 2000. — 1760p. — P. 484-485. DOI: 10.1201/9780849377877.ch12.
14. Harrison J. A. Simulated tribochemistry — an atomic-scale view of the wear of diamond / J. A. Harrison,
D. W. Brenner // J. American Chemical Society. — 1994. — Vol. 116. — Ne 23. — P. 10399-10402.
15. Briscoe B. J. Microscopic origins of the interface friction of organic films: the potential of vibrational
spectroscopy / B. J. Briscoe, P. S. Thomas, D. R. Williams // Wear. — 1992. — Vol. 153. — P. 263.
16. Hsu S. M. A mechano-chemical descriptive model for wear under mixed lubrication conditions /
S. M. Hsu, E. E. Klaus, H. S. Cheng // Wear. — 1988. — Vol. 128. — Ne 3. — P. 307-323.
17. Mechano-chemical model: Reaction temperatures in a concentrated contact / [S. M. Hsu, M. C. Shen,
E. E. Klaus et al.]. // Wear. — 1994. — Vol. 175. — Ne 1-2. — P. 209-218.
18. Israelachvili J. Adhesion forces between surfaces in liquids and condensable vapours / J. Israelachvili //
Surface Science Reports. — 1992. — Vol. 14. — Ne 3. — P. 109-159.
19. Israelachvili J. N. Intermolecular and surface forces, 3-rd ed. / J. N. Israelachvili. — USA: Academic Press,
2011.—P. 674.
20. Zhilnikov E.P. Fundamentals of tribotechnics: Textbook for higher educational institutions /
E.P. Zhilnikov, V.N. Samsonov. — Samara: Publishing House of Samara state. aecrospace. University, 2012.
—P. 136.
21. Ermakov S.F. Tribology of liquid crystal nanomaterials and systems / S.F. Ermakov. — Minsk: Belarus.
science, 2011. — P. 380.
22. Zheleznov A.G. Diagnostics of the supramolecular structure of the lubricating layer by the method of
polarization tribometry: dis. ... Cand. of Tech. Sciences: 05.02.04 / Zheleznov A.G. — Ivanovo, 2015. — 147 p.
23. Lyashenko Ya. A. Phenomenological theory of the melting of a thin lubricant film between two atomically
smooth solid surfaces / Ya. A. Lyashenko, A.V. Khomenko, L.S. Metlov // Journal of Technical Physics.
—2010.—Vol. 80. — No. 8. — P. 120-126.
24. Matskevich D.V. Management of rheological characteristics of engine oils of marine diesel engines /
D.V. Matskevich // Problems of technology. —2013. — No. 2. — P. 8.
25. Sagin S. V. Investigation of the correlation relationship between liquid-crystalline properties of boundary
lubricating layers and rheological characteristics of engine oils of marine diesel engines / S.V. Sagin // Ship
power plants. — 2014. — No. 33. — P. 67-76.
26. Dykha A.V. Structural-thermodynamic approaches in the mechanisms of boundary lubrication /
A.V. Dykha // Problems of Tribology (Problems of Tribology). — 2006. — No. 3. — P. 62-65.
27. Khomenko A.V. Statistical theory of boundary friction of atomically smooth hard surfaces in the presence
of a lubricating layer / A.V. Khomenko, Ya. A. Lyashenko // Successes of physical sciences. — 2012. — Vol.
182. —No. 10. —P. 1083-1110.
28. Lyashenko, Ya. A. Phase transition of the first kind between the liquid-like and solid-like structures of
a boundary grease / Y.A. Lyashenko // Journal of Technical Physics. —2012. — Vol. 82. — No. 1. - P. 19-28.
29. Lyashenko, Ya. A. Tribological system in the regime of boundary friction under periodic external action /
Y.A. Lyashenko // Journal of Technical Physics. —2011. — Vol. 81. — No. 6. — P. 125-132.
30. Lyashenko Ya. A. Intermittent mode of melting of a boundary grease with allowance for spatial
inhomogeneity / Y.A. Lyashenko // Journal of Technical Physics. —2014. — Vol. 84. —No. 7.—P. 1-7.

97


http://www.sciencedirect.com/science/article/pii/0043164894901848

31. Bezborodov Yu. N. Methods of control and diagnostics of operational properties of lubricating oils by the
parameters of thermooxidative stability / Yu. N. Bezborodov: Dis. ... Doct. of Tech. Sciences: 05.11.13 /
Bezborodov Yu. N. — Krasnoyarsk, 2009. — P. 402.

32. Simulation of Tribosystems and Tribometrology / F. Franek, G. Vorlaufer, W. Edelbauer, S. Bukovnik //
Tribology in industry. — 2007. — Vol. 29. — Ne 1-2. — P.3-12.

33. Mikosyanchik O.0O. / Automated tribotechnical complex for evaluation of lubrication processes in friction
pairs / O. O. Mikosianchik, O. I. Zaporozhets, R. G. Mnatsakanov // Problems of tribology. — 2015. — Ne 4
(78). — P. 42-48.

34. Friction, wear and lubrication: a reference book. In 2 books. Book. 1 / ed. I.V. Kragelsky, V.V. Alisin.
— Moscow: Mechanical Engineering, 1978. — P. 400.

35. Voronin S. V. The research of tribological characteristics of smectic layer of boundary film / S.V. Voronin,
V.O. Stefanov // Problems of tribology. — 2014. — Ne 2 (72). — P. 58-64.

36. Yanzhong W. Wet Friction-Elements Boundary Friction Mechanism and Friction Coefficient Prediction /
W. Yanzhong, W. Bin, W Xiangyu // Tribology in Industry. — 2012. — Vol. 34. — Ne 4. — P. 198-205.

37. Gurskii B.E. Thermal problem of friction and its development. Part 2. The role of thermal phenomena in
the destruction of gears of cylindrical involute gears of real dimensions / B. E. Gursky, A. V. Chichinadze //
Friction and wear. — 2007. — No. 4 (28). — P. 418-425.

38. Klamann D.K. Lubricants and related products / D.K. Klamann. — Moscow: Chemistry, 1988. — P. 488.

39. Akhmatov A.S. Molecular physics of boundary friction / A.S. Akhmatov. — Moscow: Fizmatgiz, 1967.
—P.472.

40. Robbins M. O. Critical velocity of stick-slip motion / M. O. Robbins, P. A. Thompson // Science. — 1991.
—Vol. 253. — Ne 5022. — P. 916.

41. Thompson P. A. Origin of stick-slip motion in boundary lubrication / P. A. Thompson, M. O. Robbins //
Science. — 1990. — Vol. 250 (4982). — P. 792-794.

42. Lemaitre A. Boundary lubrication with a glassy interface / A. Lemaitre, J. Carlson // Physical Review.
—2004. - E 69. —P. 061611-1-061611-18.

DOI: doi.org/10.18372/38231

UDC: 541.49+546.562

2.2 FORMATION OF COPPER (II) COORDINATION COMPOUNDS
UNDER THE FRICTION PROCESS AND THEIR IMPACT ON THE
TRIBOTECHNICAL CHARACTERISTICS OF THE LUBRICATING
COMPOSITIONS

Anatoliy Ranskiy', Olga Gordienko', Taras Titov', Natalia Didenko’

If we take into considerationthe friction as a fundamental matter property, characterized by
the energy transfer of physical bodies in contact, gravitational, electromagnetic and nuclear fields,
then, for example, physicists point of view concerning friction, only as a complex physico-
mechanical process of contacting bodies, is quite simplified. Therefore, for today, there are no
definite friction laws and, as a sequence, it is revealed the difficulty of the complete physical
concept representation of the frictional forces origin, as well as their quantitative evaluation and
determination of all forces dependent factors. In fact, when friction forces are taken into
consideration, mainly, laws of the qualitative origin are used and represented only by some
approximations, which are related to actual laws, for example, the law of Amonton (1699) and the
more definite law of Coulon's experimental studies (1781). According to these facts, it is logical to
consider tribology (P. Jost, 1966) as an applied science of the friction, wear, lubrication and
interaction of contacting friction pairs, which is based on a vast array of practical physico-
chemical, mechanical, material science, technological and design studies. In this context,
tribochemistry should be considered as a tribology component, which studies the chemical and
physico-chemical solid surfaces transformations under the friction process,which are sequentially
activated by the mechanical friction energy.
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