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Встановлені закономірності зміни анти­
фрикційних властивостей контакту від міц­
нісних характеристик фізичних та хемосорб­
ційних граничних плівок. Визначено вплив 
градієнту швидкості зсуву змащувальних 
шарів на кінетику їх руйнування та реоло­
гічні характеристики. Розглянуті механіз­
ми, які призводять до підвищення адгезійної 
складової коефіцієнта тертя при порушен­
ні суцільності змащувального шару або до її 
зниження при плавленні твердокристаліч­
ного змащувального шару
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пруга зсуву, ефективна в’язкість, про­
ковзування, граничні плівки змащувального 
матеріалу

Установлены закономерности измене­
ния антифрикционных свойств контакта 
от прочностных характеристик физиче­
ских и хемосорбционных граничных пленок. 
Определено влияние градиента скорости 
сдвига смазочных слоев на кинетику их раз­
рушения и реологические характеристики. 
Рассмотрены механизмы, обусловливаю­
щие повышение адгезионной составляю­
щей коэффициента трения при нарушении 
сплошности смазочного слоя либо ее сниже­
ние при плавлении твердокристаллического 
слоя смазки
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1.  Introduction

One of the directions of increasing reliability of modern 
machines and mechanisms is the development and creation 
of such operating modes, with which the dominating mani
festation of the conditions of external friction is ensured. The 
integral approach to the solution of problems in this direction 
should imply analyzing and considering many factors, the 
change in kinetics of which predetermines antifriction and 
anti-wear properties of a contact. First of all, external friction 
is determined by the structure and properties of the surface 
layers of metal [1], by the stress-strained state of contact sur-
faces [2, 3], by the structure of boundary lubricant layers [4], 
by the operation modes of the elements of tribointegration, 
etc. An inherent component of a tribotechnical system is the 
lubricating material, the self-organization of which under 
different load-speed modes is an important condition of the 
manifestation of external friction in contact and an increase 
in its operational reliability.

Development of means and methods of checking the lu-
bricating power of oils in the operation process is a relevant 
direction in studying the processes of self-organization of  
a tribosystem, which makes it possible to forecast its opera-
tional reliability.

2. L iterature review and problem statement

Tangent stresses, caused by intermolecular interaction of 
surfaces in the zones of actual contact, produce essential in-
fluence on the threshold of external friction [5]. The presence 
of a lubricant in the zone of contact, oxide films, adsorbed 
vapors and gases implies a considerable decrease in the ad-
hesive component of the friction coefficient both due to the 
viscous flow in the volume of the third body and due to the 
reduction in the area, on which metallic contact of the sur-
faces occurs during transfer of tribosystem to the boundary 
condition of lubricating action [6, 7]. However, the problems  
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connected with the formation of boundary films of different 
chemical composition on the surfaces of metal, which are 
essentially different in shear stress and antifriction charac-
teristics, are not examined in the given works. The existing 
rheological models of a lubricant under slipping conditions 
make it possible to consider the influence of shear stress of 
boundary layers on the frictional force at high pressures and 
temperatures [8, 9]. Comprehensive studies of rheological 
properties of lubricants do not cover the conditions of rolling 
with different degree of slippage characteristic for the gear 
transmissions.

The effective viscosity in the temperature range of 
130–180 °С and the gradient of shearing rate of 105–107 s–1, 
the properties of boundary layers and the ability to chemi
cally modify the surface layers of metal are the important 
indicators for predicting operating characteristics of oil [10]. 
The thin surface layers of the products of reaction of active 
components of a lubricant with the materials of contact sur-
faces possess lowered shear strength and are characterized 
by a higher temperature and mechanical durability [11]. 
The phase transition of the lubricant, physically adsorbed 
into the chemisorbed layer with the toughening of the load 
mode of a lubricant testing, was established in the work [12], 
which provides an increase in the strength properties and re-
duction in the antifriction indicators of boundary lubricant 
layers. It should be noted that in the indicated works the 
study of the boundary layers of lubricants was carried out 
under conditions of abundant oil feed to the contact zone. 
This contributes to forming the thickness of the lubricant 
layer, which includes two components — hydrodynamic 
and non-hydrodynamic. The volumetric, antifriction and 
rheological properties of boundary layers differ significantly 
from the analogous indicators of the liquid phase of a lubri-
cant. Therefore, creation of experimental conditions, which 
exclude the influence of the hydrodynamic component of 
the thickness of the lubricant layer on the tribotechnical 
properties of a contact, is an important direction in studying 
boundary layers.

The value of the adhesive component of the friction 
coefficient, determined by molecular interaction of the con-
tact surfaces, depends on shearing stresses on the boundary 
of the division of solid bodies [13]. Shearing stresses are 
localized at a certain depth in the case of poor lubrication, 
which leads to crack occurrence under a surface layer of the 
metal [14]. However, sufficient amount of a lubricant creates 
prerequisites for the passage of tangential stresses onto the 
surface; in this case, the start of the cracks development oc-
curs in the cavities of rough surfaces. Nevertheless, the given 
papers do not contain criteria for evaluation of localization 
of the vector of tangential stresses during a tribosystem 
transfer from the hydrodynamic to the boundary condition 
of lubricating action.

Based on the above given material, the effect of the 
structure of boundary lubricant layers and their rheological 
properties on the durability of friction pairs with the local 
form of contact is not sufficiently explored. In connection 
with this, there is a need for developing comprehensive 
methods of tribotechnical tests, which would cover a va
riety of effects of interaction of the lubricants’ components 
with activated surface of a metal. The study of the process 
of forming the lubricant layer as the main elasto-hydrody-
namic and boundary aspect is undoubtedly of interest for 
an increase in reliability and bearing capacity of modern 
machines and mechanisms.

3. T he aim and the tasks of the study

The purpose of the studies was to establish the depen-
dence of the kinetics of a change in the friction coefficient 
under conditions of cutting off a lubricant feed on the lu-
bricating and rheological properties of the boundary films, 
formed on the surface layers of a metal, activated by friction.

To achieve the set purpose, the following tasks were solved:
—	 determining the influence of slippage on the lubri

cating power of oil;
—	 identification of a change in antifriction properties of 

contact under conditions of pure rolling and rolling with the 
slippage;

—	 determining a change in the gradient of the shear rate, 
shear stress and effective viscosity of a lubricant layer with 
friction under conditions of cutting off the regular feed of  
a lubricant to the contact zone;

—	 identification of the nature of the boundary films of a lu-
bricant by the character of changing their rheological properties;

—	 establishing the interrelation between the kinetics of 
the destruction of boundary lubricant layers and the antifric-
tion characteristics of contact.

4. M aterials and methods of studying tribotechnical 
characteristics of boundary films under conditions of 

cutting off the lubricant feed to contact zone

The study of lubricating, antifriction and rheological pro
perties of boundary films was conducted at the device for eva
luation of tribotechnical characteristics of triboelements [15]. 
Friction moment, rotation frequency of rollers, temperature of 
a lubricant, voltage drop in the lubricant layer in contact were 
recorded and processed by the PC (software package ProfiLab) 
in real time scale with graphic representation of their changes.

The studied non-stationary friction conditions implied 
cyclic recurrence of conducting the experiments in the 
mode «start — stationary work — braking — stop» (Fig. 1).

Section I corresponds to the initial operating cycle of 
friction pairs and is characterized by a gradual increase in the 
rolling speed of rollers, in this case Vsl = 0. The assigned maxi-
mum slippage of rollers is reached in section II, the rolling 
speed of friction pairs in this operating cycle is constant. Sec-
tion ІІІ corresponds to braking, which consists of two periods: 
an initial decrease in rolling speed of rollers with retention 
of the assigned slippage at point A and a gradual decrease to 
zero in the slippage degree at point B (ІІІa). Further bra
king occurs under conditions of simultaneous decrease in the 
rolling speed of both rollers with maintaining the condition 
Vsl = 0 (ІІІb). Section IV corresponds to a stop. If we pro
ject the selected cycle to involute gearing, the polar zone of 
gearing corresponds to sections I and IIIb, circumpolar zone 
corresponds to section IІІa and extreme points of gearing 
with the maximum slippage corresponds to section II.

The maximum rotation frequency for the advancing sur-
face amounted to 1000 r/min. The slippage 3 %, 10 %, 20 %, 
30 % and 40 % was imitated in the work. The maximum con-
tact stress according to Hertz was 250 MPa.

The rollers made of steel 45 (HRC 38, Ra 0,57 microns) 
were used as the samples. The lubrication of contact surfaces 
was achieved by dipping the lower roller into a tray with oil. 
Mineral transmission oil for mechanical gearboxes and main dri
ves of passenger cars and trucks Okko GL-4 80w/90 was used 
as the lubricant. The volumetric temperature of oil was 20 °С.
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The thickness of lubricant layers was measured by the 
method of voltage drop in the mode of a normal smouldering 
discharge [16], microhardness of the surface layers of metal 
was measured at the instrument PMT-3.

Rheological characteristics of a lubricant were deter-
mined with the use of the methods [17, 18].

The alignment of contact surfaces, including 100 cycles and 
subsequent operation of friction pairs during 400 cycles, was 
achieved under conditions of rich oiling, after which the feed of 
lubricant was cut off. The total number of cycles in each experi
ment comprised: 500 (rich oiling by dipping the lower roller 
into the tray with oil), 400 (imitation of the mode of oil defi-
ciency due to the cut off regular feed of the lubricant from the 
tray to the contact zone), 100 (forced removal of the lubricant 
from the contact surfaces by wiping rollers with cleaning cloth).

5. R esults of the study of lubricating, rheological and 
antifriction properties of boundary films, formed by 

active componentss of transmission oil

Under operating conditions of contact surfaces without 
the feed of a lubricant, the effectiveness of the lubricating 
properties of contact is determined exclusively by the dura-
bility of the boundary layers, formed on the contact surfaces, 
activated by friction under conditions of rich oiling. Up to 
the 400th alignment cycle, the 0.5–2 mkm increase in the 
thickness of the lubricant layer was observed at the start 
due to the spare lubricant, which is spread throughout the 
contact area because of its adhesive and cohesive forces of in-
teraction. The hydrodynamic mode of lubricating action was 
realized under conditions of rich oil feed to the contact zone. 
The cutoff of the lubricant feed creates prerequisites for the 
tribosystem transfer to tougher operating conditions. In this 
case, different modes of lubricating action — from half-dry to 
hydrodynamic — are manifested (Table 1).

Table 1

Effectiveness of lubricating action at a different slippage degree 
of contact surfaces

Slip-
page, %

Thickness of 
lubricant layer, 

microns

Mode of lubricating action by parameter

λ =
+

h

R R1
2

2
2

Up to 3 0.2–5.1 0–10.86 (half-dry — hydrodynamic)

10 0.35–4.0 0.5–7.2 (half-dry — hydrodynamic)

20 0.2–3.8 0.5–6.7 (half-dry — hydrodynamic)

30 0.15–2.1 0.5–5.4 (half-dry — hydrodynamic)

40 0–1.9 0–2.7 (half-dry — mixed)

The decrease in the hydrodynamic component of thick-
ness of a lubricant layer, on the average by 70 %, affects anti-
friction properties of contact differently. 

In section I, at the start under conditions of pure rolling,  
f does not change for the surfaces with further slippage of  
10–20 %, f increases by 1.8 and 1.2 times for the contact surfa
ces with the subsequent slippage of 30 % and 40 % respectively.  
A more considerable increase in the friction coefficient (by 
1.22–2.4 times) was established after the 400th alignment cycle 
with the forced removal of spare lubricant from the contact zone. 
The exceptions are the contact surfaces, working subsequently 
with the minimum slippage of 3 %: the decrease in thickness of 
the lubricant film does not produce any effect on antifriction 
properties of contact. The friction coefficient is in the range 
of 0.006–0.008, similar to it under conditions of rich oiling.

A sharp increase in the friction coefficient, on average by 
3 times, for the conditions of slippage of 10–40 % was estab-
lished under operating conditions of contact surfaces during 
rolling with slippage in section II. Again, the contact surfaces 
with minimum slippage were an exception; the antifriction 
properties of contact remain unchanged (Fig. 2).

 
Fig. 2. Dependency of friction coefficient on the degree of slippage 

under conditions of limited lubrication: 1 — mode of pure rolling 	
at the start; 2 — mode of rolling with slipping; 3 — moment 

of setting in the mode of rolling with slipping

The absence of additional lubricant does not substan-
tially influence the gradient of shearing rate (γ) — increase γ  
amounted to 1.02–1.1 times, irrespective of the degree of 
slippage of the contact surfaces. An increase in the slippage 
from 3 % to 40 % predetermines the growth of the gradient of 
the shearing rate of lubricant layers by 4.6 times (Fig. 3, b). It 
is this parameter that influences the durability of the formed 
boundary films: the increase γ from 1 0 105, ⋅  to 2 3 105, ⋅  s–1 
during the growth of slippage from 20 % to 40 % leads to the 

 

Fig. 1. Schematic of tribosystem operation under non-stationary friction conditions: section І — start; 	
section ІІ — stationary work; section ІІІ — braking; section ІV — stop
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full abrasion of the formed boundary layers in 30 % of align-
ment cycles on the surfaces with maximum slippage (Fig. 4).

 

 

 

а

b

c
Fig. 3. Influence of the degree of slippage on rheological 

characteristics of lubricant: 1 — rich oiling; 2 — limited amount of 
lubricant; 3 — forced removal of lubricant; a — change in effective 

viscosity (η) in contact; b — change in the gradient of shearing rate (γ) 
of lubricant layers; c — change in shear stresses (τ) of lubricant

 
Fig. 4. Kinetics of the change in lubricant layer thickness in the 
rmode «start — stop» during rolling with slippage of 20 % (1), 
30 % (2), 40 % (3). At point A — forced removal of lubricant

With the increase in the degree of slippage from 
10 % (γ = 0,5 ⋅ 105 s–1) to 40 % (γ = 2,3 ⋅ 105 s–1), effec-
tive viscosity in contact is decreased from 260 Pa⋅s to 
180 Pa⋅s (Fig. 3). Up to 400 alignment cycles, when the oil 
was not forcedly removed from the studied surfaces, the shear 
stress of lubricant layers (τ) under conditions of slippage of 
10–40 % increases on average by 1.25 times in comparison 
with the rich feed of a lubricant. The increase in the effec-
tive viscosity of a lubricant, which comprised 1, 13:1, 27:1, 
31:2 times for the slippage of 10 %, 20 %, 30 % and 40 %, 
respectively, was established under conditions of the limited 
lubricating action, which leads to the decrease in thickness of 
the lubricant layer in contact (Fig. 3).

After the 400th alignment cycle, the lubricant was for
cedly removed from the friction surfaces by wiping the roll-
ers. Normal operation of tribointegration was established for 
the contact surfaces with the slippage of 3 % and 10 % up to 
the 500th alignment cycle, the friction coefficient was stable, 
which testifies to high antifriction properties of boundary 
lubricant films. An increase in the degree of slippage to 20 %, 
30 % and 40 % leads to reduction of the period of normal 
operation of contact surfaces, the first signs of the setting 
appear, which correspond to the 490th, 430th and 415th align-
ment cycles, respectively. Abrupt change in the antifriction 
characteristics of contact was observed under such extreme 
conditions, which is manifested by periodic increase and de-
crease in the friction coefficient (Fig. 5).

 
Fig. 5. Change of friction coefficient in the period of forced 	

removal of lubricant during rolling with slippage of 20 % (1), 
30 % (2), 40 % (3)

For the contact surfaces, working in section II under 
conditions of minimum slippage of 3 %, substantial changes 
in rheological properties of boundary lubricant layers during 
the tribosystem transfer to the mode of cutting off supply of 
the lubricant feed were not observed: the stability of shear 
stresses of lubricant layers testifies to the weakness of cohe-
sive forces of the interaction.

However, in the alignment of 400<N<500 cycles, under 
conditions of forced lubricant removal, the signs of setting of 
contact surfaces were not established, despite the formation 
of boundary layers of physical nature by the transmission 
oil during structural adaptability. Two factors contribute to 
normal operation of tribointegration. Firstly, because of the 
reserve of a lubricant on rough contact surfaces (operational 
Rа = 0.39 microns, Rz = 1.71), the thickness of the lubricant 
layer starts increasing from the 430th alignment cycle to 
3 microns with subsequent cycle oscillation of 0.2–3 microns, 
which prevents the setting of friction surfaces (Fig. 6).
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Secondly, because of the plasticizing Rehbinder effect, 
the surface layers of metal that lost their strength are cha
racterized by low indicators of resistance to tangential shear 
stresses. The microhardness of surface layers decreases on 
average by 1000 MPa, and the depth of the amorphized layer 
that lost its strength reaches 60 mkm. Thus, the manifesta-
tion of the given processes in contact contributes to retention 
of the stability of adhesive component of the friction coeffi-
cient at the level of the indicators, established at a sufficient 
feed of a lubricant to the contact zone.

6. D iscussion of results of studying antifriction 
properties of lubricating boundary films under non-

stationary friction conditions 

The friction coefficient is equal to the sum of two 
components: adhesive, determined by the molecular in-
teraction of solid bodies in the actual area of contact, and 
deformational, caused by deformation of the surface layers 
of solid bodies at friction [19]. Therefore, the analysis of the 
kinetics of change in antifriction properties of contact must 
be based on considering the problems concerning both the 
lubricating power of the used materials and changes occur-
ring during friction in the surface layers of metal. Results 
of the studies represented in this article describe only a 
part of the obtained dependencies, which affect the change 
in rheological properties of a lubricant during formation 
of the boundary films of different nature and thickness on 
the contact surfaces activated by friction. Accordingly, the 
value of the adhesive component of the friction coefficient 
will be determined by tangential shear stresses mainly in the  
lubricant layer.

Let us examine the kinetics of change in antifriction 
properties of the transmission oil from the position of 
self-organization of lubricating boundary films during the 
tribosystem transfer to extreme working conditions, which 
imply the lack of a lubricant reserve. During the start, under 
conditions of pure rolling in section I, with an increase in the 
speed, tangential shear stresses (τ) are localized in the central  
part of thickness of the lubricant layer since there is no 
gradient of shearing rate (Vsl. = 0). With the alignment of 

400 cycles, shearing stresses are localized mainly in this layer 
due to an increase in the thickness of a lubricant film because 
of the presence of spare lubricant on the contact surfaces. 
Since the lubricant amount is sufficient for full separation 
of the contact surfaces, the change τ in section I for the 
surfaces with further slippage of 3–20 % was not observed, 
τ = 6–7 MPa, similar to the conditions of rich oiling. The in-
dicated processes contribute to domination in contact of the 
hydrodynamic mode of lubricating action, with which the 
friction coefficient is determined by the volumetric proper-
ties of the liquid smectic or nematic phase of a lubricant [20]. 
Localization of tangential shear stresses under conditions 
of pure rolling in a liquid phase, as a result of the minimum 
influence of a solid body surface, ensures the best antifriction 
characteristics of contact with the minimum friction coef-
ficient at the level of 0.006–0.008 (Fig. 2).

Intensive spraying of a lubricant was established on the 
contact surfaces working in section II at the slippage of 30 % 
and 40 %, where the maximum speed of slip reaches 0.85 m/s 
and 1.5 m/s, respectively. This leads to the reduction in an 
increase in the thickness of film at the start by 2 times on 
average, as a result of which the mixed mode of lubricating 
action is mainly realized. However, shear stress of lubricant 
layers in the operating cycle in section I increases insigni-
ficantly (by 1.2 times on average) in comparison with the 
conditions of rich oiling. With the decrease in the thickness 
of lubricant film in contact, the influence of the solid phase of 
metal on the components of a lubricant grows, which ensures 
the decrease in antifriction properties; the friction coefficient 
increases to 0.01–0.013 (Fig. 2).

In section II, under conditions of slippage, the slip rate 
reaches maximum values, which leads to occurrence of the 
gradient of the shearing rate of lubricant films in contact 
throughout the thickness of the lubricant film. As a result of 
the decrease in the hydrodynamic component of thickness of 
the lubricating film, the vector of tangential shear stresses is 
localized mainly in the boundary layer of the lubricant [21]. 
Since the boundary layers are characterized by structuriza-
tion and are exposed to strong influence of the solid phase 
of a metal, we will analyze the influence of rheological pro
perties of a lubricant on the kinetics of change in adhesive 
component of the friction coefficient.

  

  

а

b

Fig. 6. Roughness of the contact surfaces: a — initial (Rа = 0.57 microns, Rz = 2.33); 	
b — operational (Rа = 0,39 microns, Rz = 1.71)
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The analysis of lubricating power of the examined trans-
mission oil under conditions of rich oiling revealed formation 
of the boundary lubricant films of different nature. On the 
contact surfaces with the minimum slippage of 3 %, physical-
ly adsorbed boundary films with weak van der Waals forces 
of interaction are mainly formed, which are characterized by 
low shear stresses, analogous for a volumetric phase. With 
the slippage of 10–40 %, active components of the lubricant 
form chemisorption films and chemically modified layers on 
the contact surfaces, which possess somewhat larger shear 
stresses than a volumetric phase due to the cohesive forces 
of interaction.

For the contact surfaces with the slippage of 3 %, the 
change in the adhesive component of the friction coef-
ficient under conditions of limited lubrication was not 
established, in comparison with the rich lubricant feed to 
the contact zone. First of all, this is connected with low acti-
vation of the surface layers of metal at the insignificant slip 
rate (Vsl. = 0.07 m/s). Domination of rolling speeds creates 
prerequisites for minimum mechanical and thermal effects 
from the speed gradient [22], as a result of which physically 
adsorbed boundary films are formed. The absence of strong 
adhesion bonds of the components of a lubricant with the 
surface of metal predetermines frequent disorientation of 
boundary layers that is manifested in the cycle variations of 
the thickness of lubricant film from 0.2 to 3–5 microns during 
50 alignment cycles. Rheological properties of the volumet-
ric liquid phase of oil are characteristic for such boundary 
layers: shear stress and effective viscosity in contact are 
analogous to the parameters, observed under conditions  
of rich oiling.

However, a further increase in the degree of slippage and, 
respectively, the gradient of shearing rate, creates prerequi-
sites for forming the boundary lubricant films of chemisorp-
tion nature.

According to [23], the gradient of shearing rate of the 
order of 105…107 s–1 causes destruction of the components 
of lubricants, which is manifested by the decrease in their 
viscosity. Similar results were obtained in the conducted stu
dies: effective viscosity in contact is decreased by 1.45 times 
with an increase in the degree of slippage from 10 % to 40 %. 
However, the conducted analysis of rheological character-
istics of the structured boundary lubricant films revealed  
a different pattern of the kinetics of change in effective vis-
cosity under conditions of cutting off the feed of a lubricant. 
Effective viscosity increases, in this case the degree of its 
increase correlates with the slip rate (Fig. 3). These layers 
are characterized by an increase in shear stresses as a result 
of an increase in the force of cohesive interaction with the 
formation of a more dense stressed structure. According 
to [17], polymorphism of organic molecules of lubricants 
during their structurization on the surface of a solid body 
is the source of formation of boundary layers by the type 
of lattice (reticular) heterogeneous structures. Reconstruc-
tion of molecular structure occurs under the action of high 
pressures in this boundary layer, with the formation of more 
tight packages during the change in the structure of chain  
molecules as a result of the axial compression of chains due 
to the deformation of tetrahedral angles between the atoms 
of carbon.

The studied mineral transmission oil is made on the base 
of residual oil, low-viscous distillate and the package of poly-
functional additives. Thus, it contains molecules of different 
stoichiometric structure. Under the action of high gradients 

of shearing rate, as a result of mechanical destruction of  
a lubricant components, formation of reticular boundary layers  
occurs, with multiple cross links between active centers of 
molecules. In this case, single planes of easy slip, which are 
oriented in the plane of action of the tangential vector of 
shear stresses, are formed in the thickness of the boundary 
layer. Such a formed laminar reticular structure serves as 
a special reservoir for chaotic arrangement of free inactive 
molecules in it. The presence of such molecules is characte
ristic for the fractions of saturated and non-polar compounds, 
available in the basic foundation during compounding of 
mineral transmission oil.

Thus, the ordered solid crystalline reticular structures 
are formed on the contact surfaces activated by friction; they 
are similar to the arrangement of dispersed phase of lubri-
cants, which contain a different quantity of free oil molecules, 
analogous to dispersion constituent of lubricants. Moreover, 
a quantity of inactive free components in such structures 
decreases with the growth of the degree of ordering and den-
sity of the body. Accordingly, the tighter the arrangement of 
a strong crystalline structure, the higher its shear stress is, 
which is manifested during maximum slippage (Fig. 3).

The kinetics of the change in the thickness of bound-
ary lubricant films after the 400th alignment cycle serves as  
a proof to this assumption, with the forced removal of spare 
lubricant from the contact surfaces. For the contact surfaces 
with the slippage of 10 %, the thickness of boundary lubri-
cant films varies from 0.5 to 3.2 microns, rheological char-
acteristics of chemisorption films remain constant. Stable 
indicators of the gradient of shearing rate and shearing stress 
testify to strong adhesive and cohesive bonds. The vector 
of tangential stresses is localized in the boundary layer of  
a lubricant, the strength properties of which are sufficiently 
effective, since a stable solid crystalline structure of boundary  
layers is maintained. This structure of boundary films en-
sures their high antifriction and anti-wear properties. Nor-
mal operation of friction pairs was established up until the  
500th alignment cycle; the signs of the setting of contact sur-
faces were not observed.

Similar regularity was also established with the slippage 
of 20 % up to the 450th alignment cycle. Then the thick-
ness of lubricant film abruptly increased by 2.5 times, shear 
stresses — by 1.5 times, the gradient of shearing rate — by 
1.25 times. This is connected to the destruction of cohesive 
and adhesion bonds of solid crystalline boundary layer, which 
leads to its disordering, fusion and transition to the smectic 
phase. Then the decrease in effective viscosity in contact by 
1.2 times and a sharp increase in the friction coefficient from 
0.008 to 0.017 occur with the availability of a lubricant in the 
friction zone, the friction coefficient increases to 0.032 in the 
moments of disruption in the continuity of the lubricating 
layer and the first signs of the setting of contact surfaces ap-
pear at the alignment of 490 cycles (Fig. 5).

A more intensive destruction of boundary layers and the 
occurrence of the first signs of the setting were established 
with the 430th and 415th alignment cycles under conditions 
of slippage of 30 % and 40 %, respectively, during forced 
removal of spare lubricant from the friction zone. Thus, 
the durability properties of boundary chemisorption layers 
directly depend on the slip rate in contact, the increase of 
which creates high gradients of shearing rate, which lead 
to mechanical and thermal destruction of the formed films 
of lubricant. For example, at the moment of the setting of  
contact surfaces with the slippage of 40 %, the gradient of 
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shearing rate increases by 2 times, shear stress of lubricant 
films — by 1.6 times, and the decrease of effective viscosity 
in contact was established from 180 to 112 Pa ⋅ s. In this case, 
the abrupt fluctuations of the thickness of lubricant film 
were observed, their increase may reach 4 microns, ensuring 
low friction coefficient at the level of 0.006, in comparison 
to 0.014 at the minimum thickness of lubricant film. The 
mechanism of this process comes down to the disorientation 
of boundary lubricant films under the action of shear stresses 
and temperature increment in contact due to an increase 
in the slip rate, which leads to melting of solid crystalline 
layer due to mechanical and temperature action. A lubricant 
again acquires Newtonian properties, it becomes liquid, the 
cohesive and adhesive forces of interaction weaken, a volu-
metric liquid phase of lubricant in contact increases, which 
leads to a short-term manifestation of hydrodynamic mode of 
lubricating action, which is characterized by high antifriction 
properties of a lubricant. The obtained data are in line with 
the main conditions of models of the phase transitions of the 
first order [24, 25] between the solid and liquid states. Ac-
cording to the postulates of these models, an abrupt change 
in the frictional force occurs in the moment of an abrupt 
change in the properties of a lubricant with the transition 
from a solid crystalline phase to the liquid one. Melting of the 
boundary layers of a lubricant can be achieved at the limit 
values of shearing strain; in this case, the lubricant, inde-
pendent of the temperature, will be in a liquid state [26–28].  
In the moments of disruption of the continuity of the lu-
bricating layer, the friction coefficient increases sharply  
to 0.038 and 0.047 during the slippage of 30 % and 40 %, 
respectively (Fig. 5).

Thus, sharp fluctuations of the friction coefficient at the 
occurrence of the first signs of the setting of contact surfaces 
are caused by the destruction of boundary lubricant films. 
These processes are characterized by manifestation of two 
opposite effects. One of them causes an increase in the adhe-
sive component of the friction coefficient as a result of an in-
crease in the degree of direct metallic contact of surfaces. The 
other one causes the decrease in the friction coefficient and 

manifestation of short-term hydrodynamic effects in contact 
as a result of the focal melting of boundary layers.

7. C onclusions

1.	 The decrease in lubricating power of the mineral 
transmission oil was established with an increase in the slip-
page of contact surfaces from 3 % to 40 % under conditions of 
cutting off the lubricant feed to the contact zone. This is con-
nected to a decrease in the thickness of oil film by 1.43 times 
during the tribosystem transition to more tough operation 
conditions, which correspond to the mixed and boundary 
lubricating action.

2.	 Under conditions of pure rolling, high antifriction 
properties of contact are caused by localization of tangen-
tial shear stresses in the liquid phase of a lubricant film. 
Under conditions of rolling with the slippage, the vector of 
tangential stresses is localized in the boundary structured 
chemisorption films, which decreases the antifriction charac-
teristics of contact.

3.	 The boundary layers of physical nature, formed on 
the contact surfaces at the slippage of 3 %, are characterized 
by identity of rheological properties with the volumetric 
liquid phase of a lubricant. Such structures produce strong 
plasticizing influence on the surface layers of metal, which is 
manifested by a decrease in the adhesive component of fric-
tion coefficient.

4.	 An increase in the slippage degree from 10 % to 40 % 
predetermines creation of high gradients of the shearing rate 
of lubricant films and increases activation of contact surfaces. 
These factors create prerequisites for the formation of chemi-
sorption films on the friction surfaces, which present ordered 
solid crystalline reticular structures of laminate type.

5.	 An increase in the slippage between contact surfaces 
leads to the acceleration of period of occurrence of the first 
signs of the setting, which is manifested by an increase in the 
adhesive component of friction coefficient during desorption 
of the boundary layers.
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