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Abstract

In this work, the physical phenomenon of the formation of an oil film containing fullerenes was further
developed, on the friction surface of tribosystems, which, in contrast to the known ones, takes into account the
structural viscosity and structure of the formed film under the action of the electrostatic field of the friction surface.
An increase in load significantly increases the structural viscosity of the gel structure, 13 - 20 times. The
concentration of fullerenes in the base lubricant does not significantly affect the dynamic viscosity of aggregates
in the composition of the liquid and the structure of the gel.

An increase in the tribological properties of the base lubricant medium reduces the value of the structural
viscosity of the gel on the friction surface by a factor of 3. At the same time, the concentration of fullerenes in the
range of 0.5 - 1.5% does not have a large effect on these indicators. This phenomenon can be explained by the
presence or absence of an additive package in the base lubricating medium. For those oils where the additive
package is absent or present in a small amount £_ = (18...3,6)-10" J/m? the introduction of a fullerene

spec
composition promotes the formation of clusters and micelles, which increase the structural viscosity and,
consequently, form a film on the friction surface in the form of a gel structure. Conversely, if fullerenes are
introduced into a base oil that contains a large and balanced additive package, where tribological properties are

high E,,..)(3,6—7,2)-10** J/m? interaction at the molecular level does not occur. Fullerenes to a lesser extent

will form stable aggregates in the form of micelles.

The effect of reducing the coefficient of friction, equal to 96 %, is typical for low and medium loads of
operation of tribosystems and base lubricants with average values of tribological properties. With increasing loads
or tribological properties of base oils, the effect of the use of fullerenes decreases.

Keywords: fullerenes, oil film, fullerene compositions, structural viscosity, sol structure, gel structure,
electrostatic field of the friction surface, dynamic viscosity.

Introduction

The use of fullerenes as anti-wear, extreme pressure and antifriction additives to technical liquid lubricants
gives an ambiguous answer about their effectiveness. There is a direction where fullerenes, in the form of
nanopowders, are directly introduced into the lubricant and the direction, where pre-dispersion of fullerenes is
used in solvents, for example, vegetable high oleic oils, and then the introduction of such compositions into
technical oils. According to the authors of the work [1], this use of fullerenes gives a better positive effect than the
addition of fullerenes in the form of nanopowders to lubricants.

The general structural feature of liquid lubricants in the presence of fullerenes in them is that clusters and
micelles are formed in the volume of the liquid. Based on the findings [2] it can be argued that a viscous liquid
can be considered as a continuous dispersion medium, and clusters and micelles as a dispersion phase. Fullerene
molecules interacting with each other and oleic acid molecules of vegetable oil form aggregates, and the viscous
liquid medium becomes structured.
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Author of the work [3] claims that structured fluids form aggregates in the form of doublets or chains,
chains can form a continuous grid. The interaction of aggregates in the volume of fluid is expressed in the
formation of sufficiently strong compounds, primarily of coagulation origin. Anisometric units are able to rotate
when the layers of liquid are shifted. According to the author of the work [3] rheological properties of suspensions
due to the volume concentration of the dispersed phase, the magnitude of the forces of interaction between
aggregates and particles and the structure of the formed aggregates. The author considers Brownian motion of
particles to be the main factors influencing the process of aggregate formation, gravitational and repulsive forces
that occur between particles, hydrodynamic interaction between particles.

In our opinion, when considering the processes of friction and wear, when the friction surfaces accumulate
electrostatic charge [1], it is necessary to consider the forces of electrostatic interaction between the units of the
dispersed phase and the friction surface. It should be borne in mind that the concentration of units in the field of
electrostatic forces of the friction surface will be greater than at a distance from the surface where the field does
not act.

According to the conclusions of the work [2] units of the dispersed phase, combined by external
electrostatic forces into a continuous grid (frame) on the friction surface, acquire the properties of a "solid".

Insignificant external load forms elastic deformation of a skeleton. At high enough loads, the frame
collapses and the individual units disconnect. In this case, according to the authors [2], individual units (clusters
and micelles of fullerenes) can form a rotational motion between the friction surfaces. When such an interaction
mechanism occurs, the viscosity of the fluid gradually decreases [2].

The above conclusion is accepted by us as a working hypothesis of reduction of friction forces in triboses-
topics in the presence of a dispersed phase in the lubricant, which will be further confirmed by theoretical models
and experimentally.

The presence in the volume of the lubricant of the dispersed phase in the form of clusters and micelles
requires, along with the total dynamic viscosity of the liquid, to consider the "structural viscosity". This concept
was introduced in the work [4]. The use of the concept of "structural viscosity" allows to take into account not
only the dynamic viscosity of the liquid, but also the dynamic viscosity of the units that are in the volume of the
liquid, taking into account the shear rate.

The authors of the work [5] provides an overview of the literature on lubricants with added
nanoparticles. The effect of nanoparticles on the tribotechnical characteristics of oils is analyzed. It is noted in the
work that the use of nanoadditives to lubricants leads to an increase in the viscosity of the base medium, high
bearing capacity of the interface, reducing the coefficient of friction, increasing wear resistance.

In work [6] theoretical studies of changes in the structural viscosity of oil films on the friction surface with
fullerene compositions in the field of action of electrostatic forces of the friction surface and the base lubricant are
presented. Based on the working hypothesis, it was theoretically established that for a thin oil film located in the
field of action of electrostatic forces of the friction surface, the structural dynamic viscosity of the lubricant must
be considered, which at the friction surface has gel structures, and as the electrostatic forces from the friction
surface decrease, the gel structure transforms into a sol structure.

It is shown that the value of the structural viscosity of the considered aggregates is comparable with the
viscosity of polymers or bitumen. In this case, the viscosity of the gel structure is four orders of magnitude higher
than the viscosity of the sol structure. An increase in the concentration of fullerenes leads to an increase in the
dynamic viscosity of aggregates.

It has been shown theoretically that the structure of the oil film, which corresponds to the structure of the
gel, belongs to the class of non-Newtonian liquids. With an increase in the slip rate, the dynamic viscosity of such
structures decreases by a factor of 4, which is explained by the destruction of micelle clusters and the appearance
of rotational motions of elastic flocks. It is assumed that this will lead to a decrease in the value of the coefficient
of friction. It is shown that for the gel structure, the concentration of fullerenes in the bulk of the base lubricant
does not have a large effect on the structural viscosity. Conversely, for the structure of a sol, the concentration of
fullerenes has a significant effect on the value of the structural dynamic viscosity.

Purpose

The aim of this work is to obtain theoretical dependences of the effect on the structural viscosity of oil films
containing fullerene compositions in the field of action of electrostatic forces of the friction surface, operating
factors, such as load, tribological properties of the base lubricant.

Methods

In developing a microreological model for the formation of a thin film of lubricant on the friction surface
under the action of electrostatic forces, the following assumptions were made.
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1. The dispersion of clusters and micelles in the volume of liquid lubricant outside the action of the
electrostatic field of the friction surface is taken as the structure of the sol [4]. In this structure, stresses are
perceived by a viscous liquid medium and transmitted to elastic units. This structure has viscoelastic properties.

2. The dispersion of clusters and micelles near the friction surface (in the field of electrostatic forces), take
the structure of the gel [6], where between the micelles and the friction surface there are forces of electrostatic
interaction, which contribute to the formation of a framework of units, the cavities between which are filled with
a viscous fluid. This structure has elastic and viscous properties. Intermicellar forces can relax, respectively, the
structure behaves like Maxwell's body [4]. In such a structure, stresses are perceived by the elastic elements of the
units and transmitted to a viscous liquid medium.

3. A tribosystem was chosen for modeling: a movable triboelement steel 40H (HRC52); fixed triboelement

Br.AZh 9-4 (HB 100); friction area of the movable triboelement F, = 0,0003 m? fixed F, . =0,00015 m? ring-

frm
to-ring interface. The sliding speed was constant and amounted to Vs = 0,5 m/s; load varied within N = 600...1800
N; the tribological properties of the lubricating medium varied within £ =(18...7,2) 10 Jim3.

spec
Results

Based on the expressions that are given in the work [6], the structural viscosity of the sol [, and gel p,
can be determined:

He =k + Koy, Pas, @
By =Ky +Kepy s Pas, (2)

where g and p, —structural dynamic viscosity of sol and gel, which are formed under the action of the

electrostatic force field of friction surfaces, dimension Pa-s;

ki, ki — dimensionless coefficients that take into account the mass concentration of fullerenes per unit of
lubricant outside the field of action of electrostatic forces and on the friction surface, in the field of action of
electrostatic forces;

1, —dynamic viscosity of the base lubricant, dimension Pa-s;

U, W1y, — dynamic viscosity of aggregates of structures consisting of Kelvin bodies and Maxwell

bodies, dimension Pa's [7].
Calculation formulas for determining the above parameters are presented in the work [6].
Dependences of changes in the structural dynamic viscosity of a thin oil film on the friction surface, in

the field of action of electrostatic forces, which consists of aggregates of Maxwell's bodies |1,, and gel structures

W , are shown in fig. 1 and fig. 2.
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Fig. 1. Dependences of changes in the structural viscosity
of aggregates consisting of Maxwell's bodies
on the load and concentration of fullerenes



Problems of Tribology 37

6
fh'g *10 , Pa*s

12
0,5% F
10

1,0% F

1,5% F y
) N/
, y 4
_/

T | T
600 1200 1800 N N

Fig. 2. Dependences of the change in the dynamic viscosity
of the gel structure on the load and the concentration of fullerenes

The nature of the change in the presented dependencies allows us to draw the following conclusions.

As follows from the presented dependences in fig. 1 and fig. 2 an increase in load significantly increases
the structural viscosity of aggregates in the form of a Maxwell body, fig. 1 and the viscosity of the gel structure,
13 - 20 times, fig. 2. The concentration of fullerenes in the base lubricant does not significantly affect the dynamic
viscosity of aggregates in the composition of the liquid and the structure of the gel. Such an increase in the dynamic
viscosity of the gel structure can be explained by the squeezing out of a viscous liquid under load and, thereby, a
decrease in its content in the gel structure.

The general conclusion for the presented dependences is that with an increase in the load, the structure of
the oil film on the friction surface in the presence of fullerene compositions acquires the properties of an "elastic
solid™. In this case, the concentration of fullerenes in the basic lubricating medium does not play a large role.

Modeling the nature of the change in the structural viscosity in the field of action of electrostatic forces of
the friction surface with a change in the tribological properties of the base lubricant medium and the concentration
of fullerenes in this medium is shown in fig. 3 and 4.
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Fig. 3. Dependences of changes in the structural viscosity
of aggregates consisting of Maxwell bodies on the tribological properties
of the lubricating medium and the concentration of fullerenes
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Fig. 4. Dependences of the change in the dynamic viscosity
of the gel structure on the tribological properties
of the lubricating medium and the concentration of fullerenes
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The following lubricating media were used in the modeling: hydraulic oil MGP-10, Eipee =18-10" J/m3;
motor oil M-10G2k, Eopee =36-10" J/m? transmission oil VALVOLINE GL-5, g =72.10% Jm?

spec
Determination of the tribological properties of lubricating media as a parameter Espc - specific work of wear,
presented in the work [8].

As follows from the presented dependences, an increase in the tribological properties of the lubricating
medium reduces the value of the structural viscosity of aggregates in the form of Maxwell bodies, fig. 3 and the
structural viscosity of the gel on the friction surface by a factor of 3, fig. 4. At the same time, the concentration of
fullerenes in the range of 0.5 - 1.5% does not have a large effect on these indicators. In our opinion, this
phenomenon can be explained by the presence or absence of an additive package in the base lubricating medium.
For those oils where the additive package is absent or present in an insignificant amount £__ =(18...3,6)-10"

spec
J/m3, the introduction of a fullerene composition promotes the formation of clusters and micelles, which increase
the structural viscosity, and consequently, form a film on the friction surface in the form of a gel structure.
Conversely, if fullerenes are introduced into a base oil that contains a large and balanced additive package, where

tribological properties are high E_ (3,6 -7,2)-10" J/m? interaction at the molecular level does not occur.

spec

Fullerenes to a lesser extent will form stable aggregates in the form of micelles.
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Fig. 5. Dependences of the change in the friction coefficient
of the tribosystem on the load and the concentration of fullerenes
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Fig. 6. Dependences of the change in the friction coefficient
of the tribosystem on the tribological properties
of the lubricating medium and the concentration of fullerenes

The change in the structural dynamic viscosity of a thin oil film on the friction surface made it possible to
theoretically obtain the dependence of the change in the friction coefficient on the change in the load on the
tribosystem and the concentration of fullerenes in the base oil, which is shown in fig. 5. The dashed line shows the
change in the friction coefficient when the tribosystem operates on base oil, M-10G:k, solid lines in the presence
of different concentrations of fullerenes in the base oil.

Analysis of the presented dependences allows us to conclude that the maximum effect when using
fullerenes is observed at low and medium loads. The effect of reducing the coefficient of friction at N =600 N
equal to 96 %, at N =1200 N — 66 %. At maximum load N = 1800 N, the effect is 7,2 %. At the same time, a
change in the concentration of fullerenes in the range from 0.5 % to 1.5 % affects the change in the coefficient of
friction in the range of 3 — 5 %.

Theoretically, the dependences of the change in the friction coefficient on the tribological properties of the
base lubricating medium were obtained Espec and the concentration of fullerenes in this medium, which are shown
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in fig. 6. The dashed curve corresponds to the change in the friction coefficient of the tribosystem on base oils
without the use of fullerenes, solid lines for oils with different concentrations of fullerenes.

Analysis of the presented dependences allows us to assert that the introduction of fullerenes into hydraulic
oils with low values of tribological properties E,,. =18-10" J/m3 reduces the coefficient of friction by 4 %. The

maximum effect of reducing the coefficient of friction, equal to 83 — 98 %, is typical for oils with £__ =3,6-10"

spec
J/m?3. These are mid-quality oils, which include engine oil M-10Gzk.

The use of base oils with Espec>3,6-1014 J/m3 does not lead to an increase in the effect of reducing the

friction coefficient from the use of fullerenes, the friction coefficient remains constant. In this case, the magnitude
of the change in the coefficient of friction when using different concentrations of fullerenes is within 13 %.

Based on the above theoretical studies, it is possible to form a general conclusion on the use of fullerenes
in lubricants of various qualities. The maximum effect of reducing the friction coefficient, equal to 83 — 98 %, can
be obtained with oils of an average level of tribological properties.

Conclusions

The physical phenomenon of the formation of an oil film containing fullerenes on the friction surface of
tribosystems was further developed, which, in contrast to the known ones, takes into account the structural
viscosity and structure of the formed film under the action of the electrostatic field of the friction surface. An
increase in load significantly increases the structural viscosity of the gel structure, 13 - 20 times. Such an increase
in the dynamic viscosity of the gel structure can be explained by the squeezing out of a viscous liquid under load
and, thereby, a decrease in its content in the gel structure. The concentration of fullerenes in the base lubricant
does not significantly affect the value of the dynamic viscosity of the aggregates in the composition of the liquid
and the structure of the gel.

An increase in the tribological properties of the base lubricant medium reduces the value of the structural
viscosity of the gel on the friction surface by a factor of 3. At the same time, the concentration of fullerenes in the
range of 0.5 - 1.5% does not have a large effect on these indicators. This phenomenon can be explained by the
presence or absence of an additive package in the base lubricating medium. For those oils where the additive
package is absent or present in an insignificant amount £_ = (1,8...3,6)-10* J/m?, the introduction of a fullerene

spec

composition promotes the formation of clusters and micelles, which increase the structural viscosity and,
consequently, form a film on the friction surface in the form of a gel structure. Conversely, if fullerenes are
introduced into a base oil that contains a large and balanced additive package, where tribological properties are
high £__)(3,6—7,2)-10" J/m?, interaction at the molecular level does not occur. Fullerenes to a lesser extent

spec
will form stable aggregates in the form of micelles.

The effect of reducing the coefficient of friction, equal to 96 %, is typical for low and medium loads of
operation of tribosystems and base lubricants with average values of tribological properties. With increasing loads
or tribological properties of base oils, the effect of the use of fullerenes decreases.
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KpaBuoB A.I'. 3anexHOCT] 3MIHM CTPYKTYPHOI B'S3KOCTI MacTHJBHUX IUIIBOK Ha IOBEPXHI TEepTs 3
(byrnepeHOBUMH KOMIO3ULISIMu/

Jicrano mnojanbiiuii po3BUTOK (izuyHe siBUIE (OPMYBAHHS MacisHOI IUIBKH 3 ()yJIepCHOBUMHU
KOMITO3MIISIMUA Ha IOBEPXHI TePTsl TPHOOCHCTEM, SIKE, Ha BIIMIHY BiJl BI/IOMHUX, BPaXOBY€ CTPYKTYPHY B'S3KICTb 1
CTPYKTYPY c(OpMOBaHOT TUTIBKH TIi /T €O EIEKTPOCTATUIHOTO MO MOBEPXHi TepTs. 301IbIICHAS HABaHTA)KEHHS
3HAYHO 301TBIIYE CTPYKTYPHY B'SI3KICTh CTPYKTYpH Temto, B 13 - 20 pasis. Take migBUIIeHHS ANHAMIYHOI B'SI3KOCTI
CTPYKTYpH TeNII0 MO)KHA HOSICHUTH BHJIABIIOBAHHSAM B'S3KOi PIAMHU Il HABaHTAXKEHHSAM 1 TUM CaMHM,
3MEHIIICHHS 11 3MICTy B CTPYKTYpi remo. Konmentpamnis ¢ynepeHiB B 6a30BOMY 3MallyBalbHOMY MaTepiami He
POOUTE ICTOTHOTO BIUTUBY Ha BETUYNHY AHHAMIYHOTO B'S3KOCTI arperariB B CKJIA1 PiANHU 1 CTPYKTYPH TEITiO.

30UTbIICHHS TPUOOJIOTIYHUX BIIACTUBOCTEH 0a30BOr0 MACTHIIBHOTO CEPEIOBHINA 3HIKYE BEITHUMHY
CTPYKTYPHOI B'SI3KOCTI TeJIi0 Ha ToBepXHi TepTst B 3 pasu. [Ipu npomy xoHneHTpauis ¢ynepeHis B mexax 0,5 -
1,5% He poOWTh BEIMKOTO BIUIMBY Ha JaHI TOKa3HUKH. JlaHe sIBUIE MOXXHA TIOSCHUTH HAasBHICTIO a0o
BIZICYTHICTIO [TaKeTa MPUCaIOK B 6a30BOMY MaCTHILHOMY CEPEAOBHII. Y THX OJIMB, J€ TAKET IMPUCAI0K BIACYTHIH
a00 MPUCYTHIN B HE3HAYHIN KITBKOCTI E, = (18...3,6) 10" JIsx/m°, BBeneHHs ByaepeHOBOi KOMIO3MIIIT CIIpHsie

YTBOPEHHIO KJIACTEPIiB 1 MULIEI, SIKi 30UIBLIYIOTH CTPYKTYPHY B'SI3KICTb, @ OT)KE 1 YTBOPIOIOTH Ha IOBEPXHI TEPTS
IUTIBKY y BUIJIA/ CTPYKTYPH Teiio. | HaBImaku, sSIKIO BBOJUTH (yJepeHH B 0a30BY OJIMBY, SIKa MICTHTh BEIHKHH i

36anancoBanmii MakeT NPUCAIOK, Ae Tprbonoriumi BractuBocti Bucoki £ )(3,6—7,2) -10% JIx/m3, B3aemopis

Ha MOJICKYJIIPHOMY piBHI He BinOyBaeThca. DysepeHH B MEHIIH Mipi OyIyTh YyTBOPIOBATH CTIHKi arperatu y
BUTJISII MILICT.

Edekr 3HmkeHHs KoediuieHTa TepTs, IO JAOpiBHIOE 96%, XapakTepHHUH asl Majdux 1 CepeaHix
HAaBaHTAXKCHb eKCIUTyaTalil TpuOocucTeM 1 0a30BMX MACTHJIBHUX MaTepialiB i3 CEepeJHIMU 3HAYCHHSIMH
TpUOOJIOTIYHUX BIaCTUBOCTEH. [Ipu 301NIbIIICHHI HABaHTaXKECHBb 200 TPUOOIOT1UHUX BIACTUBOCTEH 0a30BHX OJIMB,
edeKT Bij 3acTocyBaHHs (yJIepEeHIB 3MEHIIIY€EThCS.

Kawuosi ciaoBa: ¢ynepeHn; MacTWibHA IDIiBKA; (DYIEpeHOBI KOMIIO3HWINIi; CTPYKTypHa B'S3KICTH;
CTPYKTYpa 30JI10; CTPYKTYpa I'elIi0; eJICKTPOCTATHYHE MOJIC TOBEPXHI TePTs; JMHAMIUHA B'SI3KICTh



