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Abstract

The proposed Adhesion-Deformation-Hydrodynamic model of friction and wear is based on the
relationship of elastic-deformation processes in the surfaces of curvilinear contacts with hydrodynamic regular
processes of extrusion and rarefaction in lubricating layers in tribocontacts, as well as with the processes of
primary adhesion of friction surfaces and subsequent acts of adhesive wear. The proposed Adhesion-
Deformation-Hydrodynamic model of friction and wear and its main provisions on the relationship between
extrusion, rarefaction in lubricating layers and primary adhesion of friction surfaces of curvilinear contacts cover
the entire load-speed range and all modes of lubrication of friction surfaces.
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1. The main provisions of the Adhesion-Deformation-Hydrodynamic model

Wear of friction surfaces always occurs in elastically deformed areas of tribocontacts. It is clear that in
areas, for example, in the gap of a radial plain bearing, where the surfaces are not elastically deformed and there
is a gap, the surfaces do not wear out, since they do not contact.

Under static conditions, when the surfaces are compressed, all supramolecular layers flow into areas with
lower pressure, that is, they are extruded in all directions from elastically deformed contact with mono- and
multimolecular lubricant layers, as noted by O. Reynolds at the beginning of his well-known work [11]. Contact
stresses are distributed axisymmetrically in the form of a semi-ellipse according to G. Hertz (Fig. 10(a)).

Fig. 1. Axisymmetric distribution of contact stresses.
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Axisymmetric distribution of contact stresses o(x) from the applied load N under static compression in contact 2b
of a shaft with radius R and length | with maximum values of &__ in the ZOY plane in the form of a semi-ellipse

do(x)

according to G. Hertz (Fig 1, a) and a centrally symmetric distribution of the contact gradient stresses )
d(x

when choosing the friction direction along the OX axis (Figl,b).

When one or two surfaces break off, in the direction of friction, in the entire elastically deformed area of the
tribo-contact, characteristic areas immediately appear in the direction of friction of the shaft along the radial
bearing (Fig. 1(b)): 1. First - Convergent elastically deformed area - with a positive gradient of contact stresses,
which leads to the extrusion of lubricating layers in which the overpressure rapidly increases relative to the
ambient pressure; 2. The second is the transition region, where the contact stress gradient is approximately equal
to zero, and the pressure in the lubricating layer changes extreme from the maximum excess to the minimum
rarefaction, passing through the pressure area equal to the ambient pressure (in laboratory conditions, this is
atmospheric pressure Po); 3. The third one is an elastically deformed divergent area with a negative contact stress
gradient, which leads to a rarefaction of the lubricating layers, in which the pressure is less than the ambient
pressure.

When friction in a given direction with a shaft rotation frequency ® in the convergent elastically deformed
area of the tribocontact, the lubricating layers are compressed, which squeeze out all supra-monomolecular
layers of the lubricant into the volume in accordance with the Hertz theory (Fig. 1(a)) and the Langmuir and
BET adsorption theories, in an area with lower pressure (in laboratory conditions, this is the ambient pressure Py)
in accordance with Pascal's law along the shortest path, that is, the boundary layers are extrusion.

In the convergent elastically deformed region, the lubricating layers, under the action of a positive gradient of
contact stresses (Fig. 1(b)), contracting, realize Extrusion and return flow in the region with lower pressure
(since the pressure is even greater in front) along the shortest path (at the contact ends, the squeezed out
fragments of the lubricant flow immediately outward, and in the middle of the contact, the most compressed
fragments flow strictly in the direction opposite to friction), which is schematically shown in Fig. 2 (a)).
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Fig. 2. Scheme of the occurrence of extrusion and reverse flows in the convergent non-contact and elastically
deformed regions (a) as well as rarefaction in the divergent non-contact and elastically deformed regions (b) of the
tribocontact according to the Timken scheme

Here, in the convergent area of contact, the incoming boundary layers of the lubricant together with the
shaft and the extrusion flows in front of and in the elastically deformed convergent area are directed towards
each other, which, when colliding and braking, lead to the emergence of the so-called "oil wedge" (Fig. 2(a)).

In the transition region, the contact stresses reach their maximum values, and between the surfaces there
is a minimum amount of lubricant remaining after extrusion in the convergent elastically deformed contact
region. This very short region is characterized by an almost zero contact stress gradient (Fig. 1(a)), and the
pressure in the residual lubricating layer is equal to the ambient pressure. Obviously, only in this region is the
classical Newtonian viscous flow of mono- or multimolecular boundary layers of lubricant with a rectangular
velocity diagram realized.

Then, from the transitional elastically deformed region, a part of the remaining small amount of lubricant,
together with the shaft, enters the divergent elastically deformed contact region and enters the conditions of
bilateral tension.

In the divergent elastically deformed region of the friction surface, from the maximum compressed state,
relative bilateral stretching of the remaining fragments of the boundary layers is realized, which leads to their
rapid rarefaction and a rapid decrease in pressure in them.
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Under these conditions, rarefaction, evaporation and DESORPTION of residual adsorbed substances
occur, then: nucleation of the vapor-gas phase: first in the form of cavitation nuclei, then to their merger and the
formation of a cavitation cavity attached to the moving surface, which is schematically shown in Fig. 2(b)). Such
an idea of the process of rarefaction of lubricating layers is in good agreement with the mechanism of desorption
of mono- and multimolecular near-surface boundary layers of lubrication in accordance with the Langmuir and
BET theories.

Mechanism of adhesive wear within the framework of the proposed Adhesion-Deformation-
Hydrodynamic model.

In the divergent elastically deformed region of the tribo-contact, the residual boundary layers are under
conditions of rapid rarefaction. They are desorbed, evaporate, and the areas of contacting oxide layers of the
surfaces are under conditions of quasi-dry friction. Under these conditions, oxide films are easily removed by
cracking, which leads to adhesion of juvenile areas of elastically deformed surfaces in the divergent contact area,
i.e. to micro- and submicro-seizure of the surfaces, followed by tearing of the material from the friction surface
of the bearing and neoplasm on the shaft.

Thus, during friction of surfaces with adsorbed layers of lubricant active substances, primary adhesion
occurs precisely in divergent elastically deformed regions of curvilinear micro- and macrocontacts. The
photographs of the worn friction tracks of the flat surface of the model bearing shown in Fig. 3 after friction on it
with the model shaft confirm the correctness of the assumed adhesive wear mechanism and the Adhesion-
Deformation-Hydrodynamic model of friction and wear.

(b)
Fig. 3. Primary adhesion in the divergent area of contact with a characteristic pull-out of a fragment of the bearing
material (a) and the regular appearance of friction tracks (wear traces): in the direction of friction: at the exit from

the shaft contact (in the divergent elastically deformed area) - characteristic pull-outs of the material of a model plain
bearing (b, c), and at the contact entry (in the convergent elastically deformed area) there are characteristic risks of

deformation microcutting. Friction conditions: steel IIIX-15 with HRC=59~62, Ra<0.02mkm, initial, design,
maximum contact stresses 2000MPa, linear velocity 0.3m/s, friction device ITU TPUBO-04

The above model of the occurrence of extrusion and rarefaction in an elastically deformed curvilinear
contact is experimentally confirmed by the following regularities (Fig. 13), when with an increase in friction
speed and load, the pressure in the lubricating layer in the convergent elastically deformed area of the tribo-
contact always increases, and in the divergent area it decreases. In the convergent elastically deformed region,
this is explained by the fact that with an increase in only the friction velocity at a constant load, the speed of the
incident flows and return extrusion flows simultaneously increases, and with an increase in only the load and
contact stresses, only the velocity of the return extrusion flows increases correspondingly to meet the boundary
layers incident with the shaft. In the divergent region, a similar but reverse picture occurs: with an increase in the
friction velocity and contact stresses, the extension rate and the gradient of negative stresses increase, which
leads to an increase in the degree of rarefaction.

The lower part of Fig. 4 shows the schematic appearance of return flows as a result of extrusion in the
convergent region of the elastically deformed contact and cavitation nucleation as a result of rarefaction in the
divergent elastically deformed region of the contact. This scheme is fully consistent with the measured
distribution of local pressure in the lubricating layers during sliding friction of a model shaft over a plain bearing
in dynamics, which will be described in more detail in the following reports of the authors.

In this case, as can be seen in Fig. 4, the degree of rarefaction in the divergent region also increases with
an increase in both the sliding speed and contact stresses. It is noteworthy that with an increase in the degree of
rarefaction in the divergent region of the elastically deformed contact, in addition to an increase in the rate of
desorption of the lubricating layers, the actual contact stresses in the microcontacts of the elastically deformed
vertices will also increase, which will experience an additional load due to the suction effect. This further
exacerbates the situation of the contacting quasi-dry tops of the surfaces and contributes to their more intense
adhesive interaction and wear.
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Fig. 4. Experimentally measured (solid lines) and calculated (dashed lines) values of local pressure in the
lubricating layer during friction of a model shaft on a model flat bearing according to the Timken scheme within
the width of the elastically deformed contact [-b;+b] at different axial loads (0.1N, 0.2N, 0.3N) and one
stabilized speed of 0.251m/s.

2. Summary of the Adhesion-Deformation-Hydrodynamic model of friction and wear

The main provisions presented above find their experimental confirmation (Fig. 3, 4) and will be detailed
in the following. Adhesion-Deformation-Hydrodynamic model of friction and wear in relation to a radial plain
bearing. Previously, the main assumptions of the Adhesion-Deformation-Hydrodynamic model were given on
the example of a plain bearing with the Timken scheme. With regard to the radial plain bearing Adhesive wear in
conjunction with the hydrodynamic processes of extrusion and rarefaction in the boundary layers in the
elastically deformed region of the Adhesion-Deformation-Hydrodynamic model of friction and the wear process
is presented as follows (Fig. 5).
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Fig. 5. Schematic representation of the physical friction model of a radial plain bearing with characteristic
convergent, transition and divergent non-contact and elastically deformed areas, taking into account extrusion and
rarefaction processes.

In the elastically deformed divergent region of the tribo-contact, rarefaction occurs in the boundary layers
of the lubricant and their desorption. Desorption of lubricating layers leads to the appearance of conditions of
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quasi-dry friction and primary adhesion of friction surfaces (Fig. 5). Such local adhesion leads to tearing of a
fragment of material from the bearing surface and neoplasm on the friction surface of the shaft. This neoplasm,
in the case of a radial plain bearing, enters the convergent region, where, due to the increased radial dimensions
of the initial shaft surface, it implements microcutting as follows: part of it is cut and carried out into the
lubricant volume in the form of a wear product, and the rest implements microcutting, which is shown in the
diagram (Fig. 5). This leads to a rapid change in the micro- and macro-geometry of the contact, which
immediately leads to a redistribution of contact stresses and a change in all parameters of the initial contact both
along and in the radial direction. After that, friction occurs, in fact, already in other newly formed elastically
deformed - convergent and divergent areas. Then, new areas appear in elastically deformed contact with quasi-
dry friction conditions in other new divergent contact areas, where adhesive micro- and submicro-seizure occurs.
Then, pull-out in the divergent area, micro-cutting in the convergent area, and so on (Fig. 5).

Conclusions

1. The development of a new Adhesion-Deformation-Hydrodynamic model of friction and wear should be
based on experimental and theoretical studies of hydrodynamic processes of extrusion and rarefaction of
lubricating layers in characteristic elastically deformed areas of tribocontact in the entire range of loads and
friction velocities. For this, it is necessary to establish the relationship 1 - the stressed state in the contact of
elastically deformed surfaces, 2 - the structural-phase state of the boundary layers of the lubricant adsorbed on
them, and 3 - the adhesion of friction surfaces.

2. The proposed Adhesion-Deformation-Hydrodynamic model of friction and wear and its main
provisions on the relationship between extrusion, rarefaction in lubricating layers and primary adhesion of
friction surfaces of curvilinear contacts cover the entire load-speed range and all modes of lubrication of friction
surfaces.

3. To create a new Adhesion-Deformation-Hydrodynamic model of friction and wear, it is necessary to
establish experimental patterns that directly or indirectly confirm the objectively occurring processes of
extrusion and rarefaction in boundary layers in elastically deformed curvilinear contacts of highly elastic real
and materials such as bearing steel I1IX-15 during friction, when the elastically deformed area is several tens of
microns, in conjunction with the adhesive interaction of surfaces. In addition, it is required to develop and use
new laboratory instruments and techniques, for example [2-4], which will allow observing Extrusion and
Vacuum in lubricating layers, as well as scanning and metrologically measuring the local pressure in them as
accurately as possible and other parameters of lubricating layers and tribo-contacts of model low-elastic and
optically transparent materials during friction in dynamics.
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Oaekcanap Creabmax, XyH''o @y, Iuso I'yo, Cinb60 Ban, Xao UYxkan, Ojexcanap /Imxa.
AnresitiHo-nedopMariiiHo-TiApoAMHAMITHA MOJCIb TEPTS Ta 3HOITYBAHHS

3anpornoHoBaHa anare3iiHo-aedopManiiHO-TiqPOANHAMIYHA MOJIETb TEPTS Ta 3HOIIYBaHHS 0a3yeThCcs Ha
3B'SI3KYy TIpYyXHO-AePopMaIiiiHuX TpoIeciB Ha IMOBEPXHAX KPHUBONIHIHHMX KOHTAKTIB 3 TiAPOJHMHAMIYHUMHU
3aKOHOMIPHHUMH IIPOIIECaMH BHUAABIIOBAHHS Ta PO3PIKEHHS B MACTWIIFHUX IlIapaxX y TPHOOKOHTAKTaX, a TaKOX
3 TpouecaMH IIEPBUHHOTO 3YEIUICHHS IIOBEPXOHb TEPTS 1 IOJANIBINI aKTH aAre3iiHOro 3HOUIYBaHHS.
3anpornoHoBaHa ajre3iiHo-gedopManiiHO-TiApOANHAMIYHA MOJAENb TEepPTs. 1 3HOIIYBaHHA Ta I OCHOBHI
TIOJIOKEHHSI TIPO B33a€MO3B'SI30K MK BHIABIIOBAHHIM, DPO3PLIKEHHSAM Y MACTHJIBHUX IIapax i NEpBHHHUM
3YEIJICHHSIM IOBEPXOHb TEPTs KPUBONIHIHHMX KOHTAKTIB OXOIUIIOIOTH BECh JIialla30H HaBaHTAXXEHb-
MIBUAKICHICTB 1 BCI pE)KUMHM 3MalyBaHHS IOBEPXOHb TEPTSL.

Kro4oBi cjioBa: Monens TepTs, MACTIIIBHI MApH, KOHTAKTHAN THCK, aare3is



