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In the molecular—mechanical theory of friction, it
is assumed that the lubricant films and layers absorbed
on the working surfaces form a third body. As they
interact with the solid bodies, these films change the
properties of the surface layers, on account of the Reh-
binder effect (reduction in strength by adsorption) or
the Garkunov—Kragel’skii effect (selective solution of
components of the solid solution). The third body is
assumed to consist of several layers: (1) a boundary
film varying in thickness from 2 nm (monomolecular
film) to 0.1 um (polymolecular film), which may be
adsorbed or, at high temperatures, chemisorbed;
(2) afilm of chemical compounds (oxides, sulfides,
chlorides, phosphides); (3) a thin film of crumbled
particles from the base.

The ratio of the shear resistance T of the third body
to that of the base is of great importance [1]. The shear
deformation will be greatest with the least resistance to
the applied stress. In boundary lubrication, the shear
is assumed to occur in the boundary films of lubricant;
in friction without lubricant in air (in adsorbed or
chemisorbed films); or in friction without lubricant in
the discharged medium (in films of oxides and other
compounds). The frictional contact surface is not
assumed to be strictly plane. Since real surfaces are
rough, with boundary lubrication, shear may also
occur in boundary films of lubricant, adsorbed or
chemisorbed films, and in films of oxides and other
compounds. However, the shear is greatest in adhesive
welds between the surfaces. All the shear processes
depend considerably on the surface geometry, the
load, and the physicochemical properties of the con-
tacting materials. Together, they form a complex fric-
tional process.

Although the formation of adhesive welds is taken
into account in the molecular—mechanical theory of
friction, attention focuses on the surface films, whose
changes determine the frictional processes in specific
tribological pairs [1].

When the lubricant contains surfactants or chemi-
cally active materials, boundary films of lubricant are
formed. The viscosity of these films exceeds that of the
lubricant, as a rule. This is typical of oleic and stearic
acids, whose molecules are oriented perpendicular to
the surface of the solid body as a result of adsorption.
Materials present in the lubricant (such as diethyl
sebacinate) whose molecules are parallel to the surface
of the tribological components reduce the viscosity in
the wall layer of lubricant.

Increase in molecular mass of the film reduces the
frictional coefficient as a result of greater filling of the
adsorbed layer, which is associated with the concen-
tration of chemically active materials in the lubricant.
In complex frictional conditions, the role of boundary
lubricant films formed by polar organic molecules
declines, while the role of oxide films increases. The
influence of oxide films on the frictional coefficient is
complex. In the absence of lubricant, thick oxide films
increase the frictional coefficient, while thin oxide
films lower the frictional coefficient.

The contacting surfaces have sections with differ-
ent physical and chemical properties (adsorption
enthalpy of atoms and molecules, activation energy of
bond formation and rupture, etc.).

With increase in the actual contact area £y (the

sum of the contacting sections), the corresponding
frictional force F increases. The size of the sections
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actually in contact corresponds to a [ distribution.
The wear in friction (surface disintegration) largely
depends on Ej since it determines the extent of the
most loaded surface layers.

The actual contact area Eris the result of flattening
of the individual surface projections on loading.
Hence, greater contact deformation corresponds to
greater Er.

With actual contact of local sections of the fric-
tional surfaces, much of the surface energy is liberated.
For example, the surface energy at the metal—air
boundary is about 1 kJ/m?, while that in the contact
zone is no more than 0.02—0.03 kJ/m?. The energy
liberated is an order of magnitude greater than the
energy required for melting of the metal, which is
100 kJ/mol, whereas the melting enthalpy is 10 kJ/mol.
Therefore, in the zones of actual contact, adhesive
welds are formed.

In the analysis of friction, we need to understand
the failure of the adhesive bond: failure at the bond is
regarded as adhesive, and failure at greater depths as
cohesive. The strength of the adhesive bond depends
on the loading rate: if the loading rate changes by a
factor of two, the strength of the adhesive bond
changes by a factor of three [2]. Molecular bonds cre-
ate normal and tangential drag. In the normal rupture
of one surface from another, the molecular bonds
break; by contrast, in shear, recombination occurs:
that is, the failure of existing bonds is accompanied by
the formation of new bonds. This results in displace-
ment or flow.

Friction involves the deformation of thin surface
layers of the contacting bodies, and is accompanied by
rupture of the adhesive welds between the films or by
disintegration at some greater depth if the strength of
the bridge is greater than the strength of the lower
layer.

The division of frictional interactions into external
and internal processes reflects the classification of the
rupture of frictional bonds: (1) microcutting; (2) plas-
tic displacement of material; (3) elastic displacement
of material; (4) adhesive failure of binding films;
(5) cohesive failure of the basic material. Adhesive
failure is regarded as external friction; the other pro-
cesses correspond to internal friction.

Structural changes in the surface layer of the metal
determine whether the cellular structure is disoriented
or oriented. Oriented structure develops with increase
in the number of deformation cycles. In monocrystal-
line iron, an unstable aggregation of dislocations is
formed at first, constituting the cellular structure.
With increase in the number of deformation cycles,
this structure extends to deeper layers; larger cells
appear at greater depth. The cell walls are perpendicu-
lar to the direction of friction and act as barriers to the
motion of dislocations. On approaching the surface,
they become stress concentrators and may lead to
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microcrack initiation. In cyclic loading, they promote
fatigue wear. At the surface of the frictional pair, glassy
material (a metastable state) may be formed. Struc-
tural changes may lead to the formation of disperse
films with no dislocations; these are characterized by a
combination of developed phase boundaries, at which
the crystal lattice breaks down to an amorphous state
with crystalline microregions. Structure formation
consists of three stages: (1) dispersion of the surface
layers; (2) fine mixing of the disperse material; (3) sin-
tering of the disperse material to form compact sec-
ondary structures at temperatures hundreds of degrees
below the conventional sintering temperature outside
of contact.

The change in state of the films at the surface is
associated with adsorption; chemisorption; the forma-
tion of films of chemical compounds; selective transfer
of frictional materials to the counterbody with friction
in surfactant; and tribopolymerization. We may dis-
tinguish between external and internal adsorption
effects.

(1) External effects lead to plasticization of the sur-
face layer and adsorptive decrease in strength. They
are due to the easy access of dislocations to the surface.

(2) Internal effects reduce the surface energy and
induce migration of the surfactant atoms by surface
diffusion at lattice defects.

The interaction of surface layers of the solid con-
tacting bodies, lubricant, and gas in friction leads to
the formation of films of secondary structure. These
take two main forms (with a large number of interme-
diate types) [3]: (1) superplastic films that move easily
over the frictional surfaces (solid solutions of the oxi-
dants); (2) stronger, brittle, and less plastic nonstoi-
chiometric compounds present in the contacting
materials. Surfaces with films of the first type are geo-
metrically homogeneous and are characterized by
slight submicrorelief and poor wettability by the lubri-
cant. Surfaces with films of the second type are het-
erogeneous at the submicro level, with smooth sec-
tions and sections of disintegrated film characterized
by better wettability by the lubricant.

As a rule, films of secondary structure are in an
ultradisperse state, with a large margin of free energy,
in contrast to the stable state of the material. Outside
the contact region, such structures are recrystallized.
Their stability in friction is ensured by continually
repeating loading pulses and by the diffusion of oxi-
dants, which creates barriers for recrystallization; and
also by the presence of impurity atoms, which do not
form equilibrium solid solutions with the basic metal.

The surface tension at the phase boundaries in the
contact zone is an important factor. As a rule, the sur-
face tension of solids is related to the excess potential
energy of the surface atoms and the kinetic energy of
the electron gas in the surface layer.

In external friction, energy is dissipated in over-
coming the molecular interaction (adhesion) and
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deformation of the surface layer (cohesion). The fric-
tional coefficient fincludes the molecular component
Jfmo1 and the mechanical component f;,,..,. The molec-
ular component is localized at a depth of 0.01 um, while
the mechanical component is observed in a surface
layer of thickness 0.1 pm or more. Therefore, the fric-
tional process is regarded as additive: f=f,, .| + fmech-

The ratio of these components is f;,.;/fmecn = 1 for
rubber, 10 for polymers, and 100 for metals [1].

The molecular component of friction may be char-
acterized by the ratio 1/G,, where 7 is the shear resis-
tance of the molecular bond and o, is the yield point
of the basic material.

For the molecular component [2]
1= TO + kfrpac’

where k. is the piezocoefficient of the molecular com-
ponent of friction; and p,. is the actual pressure.

The third body in the frictional system has a con-
siderable influence on T and o,. Oxide films increase
the yield point of crystalline bodies, for the following
reasons: penetration of oxide into the microcracks;
diffusion of oxygen into the crystals on deformation;
obstruction of reflection and the access of disloca-
tions; hindrance of slip at the crystal boundaries; and
blocking of the Frank—Reed sources [4]. Raising the
temperature has little influence on Tand 6, up to some
critical value, beyond which they decline, as a rule.

Experimental data permit the identification of the
following correlation [5]

ks
hy / I
where A, is the extent of the projections in the direc-
tion of slip; 4, is the extent of the concavities in the

same direction; k, and k, are coefficients depending
on the lubricant employed.

In steady conditions, the mechanical component of
friction is characterized by hysteresis losses in view of
the nonequilibrium viscoelastic deformation of the
material in sections of actual contact [6]. The degree of
disequilibrium of this process and correspondingly the
hysteresis losses depend on the ratio of the relaxation
periods in the medium and in the loaded material.

The factors that basically determining f;,,.., are the
coefficient k; corresponding to the hysteresis losses;
and the ratio D/r, where D is the penetration depth of
a single projection (simulated by a sphere of radius ).

In the formulas proposed for f;,..;, the mechanical
component of the frictional coefficient is proportional
to (D/n'? 17, 8].

As yet, there is no consensus regarding the influ-
ence of the load on the frictional coefficient [1]. The
discrepancies in the results may be attributed to the
different experimental conditions employed. In the
case of point contact, fis approximately proportional

fmol :kl +
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to N'2 in plastic deformation, with sufficient lubri-
cant. In elastic deformation, this relationship is
weaker; with a small contact area, it is weaker still.
With sufficient lubricant, f is proportional to N: j =
(1/5)—(1/7) in elastic deformation; and j = (1/4)—
(1/6) in plastic deformation.

With very undulatory frictional surfaces, fis practi-
cally independent of the load. In that case, the contact
pressure p., = F(N), where N is the normal load; and

J < 1. In addition, f= F(pgo), g<l

The slip rate determines the form of the depen-
dence f= F(N): in the range 1075—10~2 m/s, f declines
with increase in »V; in the ranges below 103 and above
10~2 m/s, fincreases with increase in V.

The two basic factors determining the external fric-
tion are the presence of direct-contact regions associ-
ated with interpenetration and mutual deformation of
microprojections as the frictional pair runs in; and the
formation of adhesive welds in those sections, accom-
panied by large local pressures at the direct-contact
regions. The local pressures are large even at small
loads, since the actual contact area E,, is small. Since
the microprojections are present at different levels,
they come into contact successively as the load
increases. The increase in E,. is mainly due to increase
in the number of actual contact regions and not in
their size.

The performance of the frictional system will
depend on the antifrictional number, which is the sum
of the two components of the frictional coefficient
Haf = 2 + i .

Oy

If H,; exceeds the external-friction threshold, the out-
come will be the development of contact damage. If
this is associated with increase in D/r, we will observe
microcutting; if it is due to increase in 1/G,, adhesive
bonding will occur. The critical value is H, = 2,
depending on the properties of the material and the
heat treatment.

The distinguishing feature of external friction is
localization of the processes associated with the shear
force within a thin surface layer. Therefore, reduced
shear resistance is necessary at the surface of the solid
body. Formulated as a rule, this means that we need
positive gradient of the mechanical properties.
Accordingly, the shear strength at the surface must be
lower than in the adjacent surface layer. This positive
gradient may be ensured by four means: (1) the appli-
cation of coatings and lubricant films; (2) the forma-
tion of protective films in the course of friction;
(3) crumbling of the surface layer; (4) increase in
hardness of the substrate.

As a rule, friction is regarded as a time-indepen-
dent process [1]. The proposed models of frictional
interaction are quasi-static. Time does not appear as a
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variable in the formulas for the frictional coefficient,
frictional forces, the actual contact area, the actual
pressure, or the thermophysical parameters of the fric-
tional components and the lubricant. To describe the
rheological properties at contact, the time characteris-
tics must be taken into account, as confirmed by the
foregoing molecular—mechanical theory of friction, in
which attention focuses on the formation and destruc-
tion of surface films, rather than on the formation and
subsequent destruction of adhesive welds. However, in
the theory of adhesive friction, with the formalization
of topochemical Kkinetics, the time appears in the
kinetic dependences, which reflect the influence of
the slip rate on the frictional force or on the frictional
coefficient at constant load and also describe the for-
mation of adhesive welds. The destruction of the
adhesive welds requires external energy. The energy
consumption depends on the drag—that is, on the
frictional force. However, the difference in the
approaches does not rule out improvement of the
mathematical models in tribochemical kinetics by
means of characteristics taking account of the proper-
ties of the contacting materials.

In the general case, we use six time intervals to
assess the contact rheology: four at the micro level and
two at the macro level [1].

(1) The mean time for which the actual contact
regions exist (or the mean duration of elementary con-
tact): ¢, = h.,/Vv, where A, is the mean extent of the
actual contact regions in the direction of slip. This is
the time of maximum mechanical and thermal action
on the material in the frictional zone, associated with
wear of the third body.

(2) The mean time between actual contacts of two
successive regions: 1z = g/ v, where A is the mean dis-
tance between the actual contact regions in the direc-
tion of slip. This is the time characterized by sorptional
chemical properties and cooling between the heat
pulses, associated with regeneration of the third body.

(3) The mean time for wear of the film: ¢, = A/v,,
where / is the film thickness; v, is the mean wear rate
due to desorption, mechanical abrasion, mechano-
chemical processes, and other processes.

(4) The mean regeneration time of the film: 7, =
h/v,, where v, is the mean rate of regeneration
(adsorption, flow, diffusion, etc.).

(5) The contact time of the nominal area: #, = A, /v,
where 4, is the extent of the nominal contact region
between two solid bodies in the direction of slip (or the
nominal path length).

(6) The time between two successive nominal con-
tact cycles: t;, = hp/v, where hj is the path to the next
nominal contact.

We can only employ ¢, for cyclic contacts. The

parameters £, and f; are determined by the contact
microgeometry and the tangential velocity, while z,

RUSSIAN ENGINEERING RESEARCH  Vol. 37 No. 8

689

and ¢, are determined by the microgeometry and the
normal velocity

Boundary films have clearly expressed rheological
properties. The wear of sorptional films is due to
desorption [9]. The regeneration and wear of the films
are characterized by specific adsorption kinetics [10].
In view of the nonequilibrium state of the boundary
lubricant film, where the density of the adsorbed layer
is significantly less than the maximum value, we must
take account of the latent frictional period [4]. The
latent period consists of the time for sorptional condi-
tioning of the layer and the time for molecular reorien-
tation. As a rule, considerable time is required for ori-
entation of the sorbed molecular layers. The depen-
dence of the latent period on the actual contact
pressure is known. At large pressure, the latent period
is considerably shortened. With increase in thickness
of the thin boundary film—that is, with increase in the
number of molecular layers—its lubricating properties
are improved.

Dynamic equilibrium of wear and regeneration of
the films defines normal friction. Friction in which
wear of the lubricant, sorbed, oxide, or other films
predominates over regeneration results in contact of
fresh surface sections—that is, in film deficiency:
thW > vretre'

Film deficiency must be distinguished from lubri-
cant deficiency. In both cases, however, frictional
conditions become worse from first contact to final
loss of contact. We observe lubricant deficiency in
hydrodynamic and semiliquid lubrication with a bulk
lubricant film. We observe film deficiency in bound-
ary lubrication and in the absence of lubricant with
thin films at the surface.

‘We assume that film deficiency is cumulative and is
generally the result of repetitive damage accumulation
in the third body—in other words, the result of defect
accumulation in the film. There is also a possibility of
film deficiency in individual contact regions, on
account of a single film defect.

At high slip rates, film deficiency is due to film
desorption associated with frictional heating. The
duration of the temperature surge (7.,) is several orders
of magnitude greater than the residence time of the
adsorbed molecules in contact. That is sufficient for
their desorption.

The adsorption—desorption equilibrium constant
may be expressed in the form

Y exp{ Wa}

Koo RT
E — 1/2°

kq (21tmka)

where v, is the adsorption probability when adsorbate
particles encounter the surface; W, is the adsorption
enthalpy; k, is the desorption rate constant; and m,, is
the molecular mass.
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The destruction of adhesive welds is thermody-
namically irreversible, as we see in that the energy
consumed to ensure the final rate of the process must
be larger than the energy accumulated by the surfaces
in the form of excess surface energy. Hence the endo-
thermal process of energy accumulation is accompa-
nied by an exothermal process of energy dissipation on
account of the final tangential stress required to break
the adhesive welds at a finite rate. The same consider-
ations apply to plastic deformation of the surface layers
of material (internal friction) and viscous flow of the
lubricant.

Heating may facilitate desorption of the protective
films, thereby permitting coverage of much of the con-
tact spot by adhesive welds. That results in even greater
heating. Further development of the process may lead
to temporary dynamic equilibrium (normal frictional
conditions) or to a negative trend accompanied by pro-
liferation of adhesive welds, jamming, and scratching.

A probabilistic approach may be used to describe
film deficiency, since the frictional interaction is sto-
chastic.

The probability y,, of contact through the lubricant
film in contact section k at elevated slip rates depends
on the ratio of the rest time 7 to the regeneration time
t.. At low slip rates, 7v,, depends on the ratio of the
wear time #,, to the time ., for which the actual contact
regions exist. If 74/t > 1 or ¢,/t,, > 1, theny,, — 1; if
tp/t. <lort,/t., < 1,theny,, — 0. Inthe second case,
we observe cascade film deficiency if #z/f,. < 1 and
periodic film deficiency if ¢, /7., < 1. The ratio #z/t,, or
t,/t., determines the state of the frictional system and
indicates the directionality of the process. We assume
that y,, may be described by formulas analogous to the
Kingsbury equation for a physically absorbed film:

—at elevated slip rates

l1-y= exp{—t—R} = exp{—ﬁh};
h v

re

—at low slip rates

l-vy= exp{—t—w} = exp{—il}.

co

As a rule, the actual contact regions are more or
less elliptical, with the major axis in the direction of
motion. In the calculations, it is acceptable to regard
them as circular.

The parameters v,, and v,, depend on the proper-
ties of the films on the frictional surfaces. In boundary
adhesion, they depend mainly on the properties of the
lubricant layers directly at the surface (which consist
of molecules oriented in the field of the solid body)
and the adjacent unpolarized layers. For dry friction in
air, they depend on the properties of the adsorbed and
chemisorbed films (consisting of molecules of atmo-
spheric gases, organic impurities, etc.). For friction in
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a discharged medium with no lubricant, they depend
on the properties of the oxide films already formed,
which consist mainly of compounds formed by the
metal and its impurities with oxygen.

In frictional contact, the processes in different
films are interrelated. For example, in a system of two
metallic bodies (Me) and also liquid hydrocarbon
(RH) containing dissolved oxygen (O,), oxidation is a
three-stage chemical reaction:

(1) radical formation by adsorption or chemisorption
Me + RH & MeR H;

(2) the addition of oxygen to the metal—hydrocar-
bon-radical complex, to form a ternary complex

MeRH +0, & MeOOR;

(3) breakdown of the complex to form wear parti-
cles and oxidation products of the lubricant

MeOOR — Me + P,

where P denotes the reaction products.

In the regeneration of oxide films, v, is determined
by the oxidation rate v,,. Oxidation is assumed to be a
two-stage process:

(1) as a result of the chemisorption of oxygen by a
metallic surface, oxidation proceeds in microregions
and individual active centers of the surface;

(2) a crystalline oxide phase is formed.

The primary oxide film is formed practically
instantaneously at the surface on the basis of crystal-
chemical correspondence (epitaxy). In other words,
the oxide crystals tend to reproduce the orientation
and structure of the metal crystals at which they form.
On account of the difference in lattice constants of the
oxide and the metal, further access of free oxygen to
the metal is obstructed. To ensure further growth of
the oxide film, the metal ions must reach the surface,
by electrical or diffusional means. In the cold oxida-
tion of metals, films of thickness 3—5 nm are formed.

The dependence of the oxidation rate v,, on the
surface temperature takes the form

k
vy, = ki exp{—?z}.

Friction sharply intensifies oxidation. For carbon
steel, friction increases the oxide film 200 times in
comparison with a low-temperature film on an unde-
formed surface. The oxidation rate increases accord-
ingly. The time for the formation of a monomolecular
oxide film with friction in air is 7, = (1—4) x 1073 s.

In the regeneration of liquid lubricant layers, v, is
determined by the flow rate v;. In the case of limited
wetting, correspondingly, v; is characterized by the
product of the limiting angle and the time; in complete
wetting, v; is characterized by the speed of the wetting
line.
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In the flow of water and polar liquids, over steel, a
thin primary layer outruns the bulk of the liquid flow.
The thickness of the primary layer is assumed to be no
more than the radius of action of the molecular attrac-
tion forces, while the thickness of the secondary layer
is a few microns. Two mechanisms are proposed for
the formation of the primary layer: transfer of the lig-
uid molecules through the gas phase; and diffusion of
the liquid molecules over the surface of the solid body.

We should distinguish between two types of flow:
kinetic flow, in which the resistance to the flow is con-
centrated at the wetting line; and hydrodynamic flow,
in which the resistance to the flow extends over the
whole volume. As a rule, lubricant flow occurs in the
first 10-2—1073 s: specifically, kinetic flow for time #z;
and then hydrodynamic flow.

The flow rate is as follows:

—with limited wetting
v, =kgP, (cos®y —cosB,);
—with complete wetting
vy =k (Ps— Py — Pp).

Here k, and kg are constants of proportionality;
P; and Py are the surface-tension forces at the bound-
ary with the liquid and the solid body, respectively;
0y and 0, are the equilibrium and dynamic limiting
wetting angles; and Py; is the surface tension at the
solid—liquid boundary.

On the basis of the theory of absolute reaction
rates, we obtain an expression for the flow rate [46]

P
v, =Jh, ex L
L A p(nAkT

(cos®, —cos GD)),

where J is the difference between the rate J, of direct
transfer (adsorption) and the rate J, of inverse transfer
(desorption) of the liquid molecules to the solid—
atmosphere interface close to the wetting line; 4, is the
mean distance between the adsorption centers; n, is
the number of adsorption centers; k is the Boltzmann
constant.

The intensity of the flow, determined by the num-
ber of molecules passing through unit length of the
wetting line per unit time, takes the form

kp, kTl G, kTl
where kp; is Planck’s constant; G, G4, and G; are the
free energies of the molecules in the active (intermedi-
ate) state, adsorbed state, and liquid state, respec-

tively; £, and E; are the activation energies of the
direct and inverse fluxes, respectively.

The roughness of the solid surface affects the flow.
Lubricants and fatty acids form a finite limiting angle
on polished steel; on a rough surface, by contrast, flow
is unlimited. Flow is more rapid along channels than
on a smooth solid surface [11]. The flow may be
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accompanied by other processes: the solution of the
solid material in the liquid; diffusion of liquid compo-
nents into the solid; adsorption of surfactants at phase
boundaries; evaporation; chemical reactions; and
crystallization.

At freshly exposed sections of the frictional surface,
molecules are adsorbed from the gas or liquid phase.
For example, fatty-acid molecules are bound by car-
boxyl groups at active centers of the solid surface and
are inclined at around 90°. The next layer of molecules
grows on the first so that the active ends of the mole-
cules are in a single plane. Increase in surface concen-
tration of the adsorbate leads to saturation of the
adsorbed layer, which may be monomolecular or poly-
molecular. As a rule, a monolayer consists of small
ordered regions with low saturation and may change
its structure with increase in the saturation.

The wear and regeneration of surface films may be
regarded as kinetic processes. The theory of kinetic
processes is applied not only to chemical reactions but
also to the fluidity, failure, fatigue, and creep of solids
[12]. The rates of such processes are determined by the
Arrhenius equation. The rate of formation of adhesive
welds in zones of actual contact in slipping friction,
with no lubricant, takes the form

Er )
RT,.)

while the corresponding rate of destruction of adhe-
sive welds is
RT,|

Here ky, kp, and k;; are empirical coefficients; £, and
Ey are the activation energies of regeneration and
wear, respectively; Ty and T, are the temperatures of
regeneration (the surface temperature in the frictional
zone) and wear (the sum of the surface temperature
and the temperature surge in zones of actual contact),
respectively.

vy =ky exp{—

The coefficient taking account of the film’s loss of
performance in the course of friction takes the form

ky = ky, eXp{_leCam} )

where ky, and ky, are constants; C,, is the concentra-
tion of active material in the film.

The activation energy of film deficiency is calcu-
lated as the difference

Efd :EU _EF‘

We may determine E¢; from the slope of the depen-
dence of In Ly/L, on 1/T. The proposed method may
be used in situations where the temperature in the fric-
tional zone is not measured but only the ratio L,/L,.

(The method of temperature calculation was outlined
in [13].)
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In investigating the lubricants in boundary lubrica-
tion, the primary task is to determine the rate con-
stants of film destruction and regeneration. The for-
mal apparatus of chemical kinetics is used to deter-
mine those rate constants. We assume that, in the
given model of friction in hydrocarbon lubricants, the
main chemical reaction is oxidation with the partici-
pation of molecular oxygen, while the reaction of the
metal with additives is a competing reaction. The wear
products are inorganic metal compounds. Therefore,
the model assumes that wear is due to the destruction
of secondary structures. However, wear of the metal in
the subsurface layers is assumed to be possible in cer-
tain frictional conditions; the resulting metal particles
form inorganic compounds practically instanta-
neously in the frictional zone [1].

The relative wear rate vy of the third body (the
ratio of the wear rates in the additive solution and in
the basic lubricant), which is regarded as the resultant
of the wear rate v and the regeneration rate v, may be
calculated from the formula

v =
o kpCl +ky
x| 1 expd—k, KrCam * kv (L1
kyCly +1

With a long frictional process (¢t — ©°0), we may
write

kFC:m (kU - 1)
kpCon +ky

With a high concentration of active materials in the
film, we note an extremum of vy

VUF: +kU_l'

kF C:m

Today, tribological theory is based on mathemati-
cal models and precision experiments that allow fric-
tional effects and wear to be distinguished. Many
manufacturing breakthroughs have become possible
with the discovery of hydrogen wear, wear-free fric-
tion, and selective transfer. In view of the complexity
of frictional processes, specialists in the design, oper-
ation, and servicing of manufacturing equipment must
face challenging problems. For example, the lack of a
general approach prevents the development of selec-
tion principles for the materials used in frictional pairs
and the composition of lubricants on the basis of their
primary physicochemical characteristics [14—16]. A
complicating factor is that materials science is a rap-
idly developing science, and new alloys and materials
are constantly being developed, although their indus-
trial adoption is delayed by prolonged frictional and
wear tests. The current theories of friction and wear
are based on empirical and semiempirical formulas,
which are of limited practical applicability since their
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coefficients must be empirically determined in each
specific case. Therefore, bench tests are required at the
design and development stages before industrial intro-
duction is possible.

Research shows that physicochemical analysis of
frictional pairs and lubricants cannot unambiguously
determine their frictional and wear properties. The
division of friction into dry, boundary, mixed, and
hydrodynamic processes is somewhat arbitrary and
not entirely justifiable. Tribological theory is based
largely on mechanical parameters and empirical for-
mulas. In the adhesive and molecular—mechanical
theories of friction, means of distinguishing between
external and internal friction have been developed.
The physicochemical analysis of the action of metal-
coating additives, for example, is fundamentally qual-
itative and is of assistance in attempts to reduce the
volume of tribological experiments required. Mathe-
matical models of friction—in particular, the
topochemical kinetics of adhesive binding—are still at
the design stage and requires the development of cal-
culation methods that incorporate experimental data.

To a large degree, practical research still underlies
the analysis of chemical reactions in friction and wear.
The lack of sound theoretical principles slows scien-
tific progress in the field and its practical application.
Theoretical tribology must rely on precise and reliable
experimental data. Processes that occur with variation
in the relevant external and internal factors may be
described by determinist formulas or statistical cor-
relations. However, the diversity of phenomena
responsible for wear complicates the construction of
mathematical models for the prediction of such pro-
cesses.
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