Problems of Tribology, V. 26, No 1/99-2021, 13-19

/—\ Problems of Tribology
Website: http://tribology.khnu.km.ua/index.php/ProbTrib

E-mail: tribosenator@gmail.com

DOI: https://doi.org/10.31891/2079-1372-2021-96-1-13-19

Investigation of the structural viscosity of oil films on the friction surface
with fullerene compositions
A.G. Kravtsov

Kharkiv Petro Vasylenko National Technical University of Agriculture, Kharkiv, Ukraine
E-mail: kravcov@gmail.com

Abstract

The paper presents 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.

A feature of the use of fullerene additives in lubricants is that fullerenes are readily soluble in a wide class
of organic and inorganic solvents. At the same time, poor solubility of fullerenes in technical oils (mineral, semi-
synthetic and synthetic).

The purpose of this work is to carry out 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.

On the basis of 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, it is necessary to consider the structural dynamic
viscosity of the lubricant, which at the friction surface has a gel structure, and as the electrostatic forces from the
friction surface decrease, the gel structure transforms into the 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. Moreover, 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 is theoretically shown that the structure of the oil film, which corresponds to the structure of the gel,
belongs to the class of non-Newtonian fluids. With an increase in the sliding speed, the dynamic viscosity of
such structures decreases by a factor of 4, which explains 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.
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Introduction

A feature of the use of fullerene additives in lubricants is that fullerenes are readily soluble in a wide class
of organic and inorganic solvents. At the same time, poor solubility of fullerenes in technical oils (mineral, semi-
synthetic and synthetic). To date, the solubility has been determined and analyzed Cg in a lot of liquids. It is
shown that the solubility of fullerenes decreases with increasing polarity of the solvent. A number of unusual
properties of fullerene solutions have been revealed, so for some solvents the effect of anomalous dependence of
the solubility of fullerene on temperature was found. In the technical literature, there are publications that use the
preliminary dispersion of fullerenes 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 in the
volume of liquid clusters and micelles are formed. Thus, based on the findings [2] it can be argued that a viscous
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liquid can be considered as a continuous dispersion medium, clusters and micelles as a dispersion phase.
Fullerene molecules that interact with each other and oleic acid molecules of vegetable oil form aggregates, and
the viscous liquid medium becomes structured. If the dimensions of the units change over time at a constant flow
velocity (sliding), then such a dispersed system is considered thixotropic [2].

Literature review

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 (cylinders, disks,
ellipsoids) are able to rotate when the layers of liquid are shifted. According to the author of the work [3] the
rheological properties of suspensions are determined by 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 arising between particles, hydrodynamic interaction
between particles.

In our opinion, when considering the processes of friction and wear, when the friction surfaces
accumulate electrostatic charge, 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] dispersed phase units combined by external forces (in our
case electrostatic), in a continuous grid (framework) on the friction surface, acquire the properties of a "solid
body".

Minor external forces form an elastic deformation of the frame. At high enough voltages, the frame
collapses and the individual units disconnect. In this case, according to the authors [2], individual units (in our
case, fullerene molecules) 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
tribosystems 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 by W. Oswald in 1925 and was further developed in the work of M. Rayner [4]. The use of this
concept 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.

It has been theoretically established that the use of fullerene "solvents"”, which can be high oleic vegetable
oils, can "start" the micelle formation process, where the nucleus of the micelle is a fullerene molecule
surrounded by molecules, for example, oleic acid. In works [6, 7] theoretical studies are presented, which
showed that the number of micelles is 50 times higher than the number of clusters in the base lubricating
medium at the same concentration of fullerenes, and the dipole moment of micelles is an order of magnitude
higher than the dipole moment of clusters. At the same time, micelles are more effective, where a single
fullerene molecule acts as a nucleus, rather than a cluster of fullerene molecules, which affects the size of the
formed micelles. The role of the friction surface on the formation of clusters and micelles in the lubricant film
near the friction surface is established. It is shown that under the action of the stress-strain state of the surface
layers, the friction surface acts as a "generator of an electrostatic force field", which affects the formation of an
electric field in the volume of the oil film. Expressions are obtained for calculating the value of the total
electrostatic field strength of the system "friction surface + lubricant".

Purpose
The purpose of this work is to carry out 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.

Methods
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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.

1. The base lubricant is a viscous liquid with a known value of dynamic viscosity at 100°C 4,

dimension Pa-s.
2. Aggregates of micelles are considered as small rigid spheres. For example, the modulus of elasticity of

the fullerene molecule £, = (18—20)-10"" Pa, that is 10 times the modulus of elasticity of steel.

3. The modulus of elasticity of a liquid lubricant is E; =2-10° Pa. When a certain amount of fullerenes is
introduced into a viscous liquid, which have the value of the elastic modulus E; =18-10*" Pa it is necessary to
determine the value of the reduced modulus of elasticity of the lubricant — Eq. The value of the reduced
modulus of elasticity of such a dispersed medium will be influenced by the concentration of fullerenes in the
volume of the lubricant and the value of the intensity of the total electrostatic field of the system "friction surface
+ lubricant".

4. The dispersion of clusters and micelles in the volume of liquid lubricant outside 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.

5. 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.

Results

The value of the reduced modulus of elasticity of such a dispersed medium will be influenced by the
concentration of fullerenes in the volume of the lubricant, which can be determined by the following
expressions.

Mass concentration of fullerenes per unit mass of lubricant (1 kg) outside the action of the electrostatic
field of the friction surface, we express through the dimensionless coefficient:

" 1000’

M)

where M is the fullerene weight, gram;

1000 is the mass of the base lubricant into which fullerenes are introduced, gram.

Therefore, the concentration of the remaining part of the lubricant is expressed through the dimensionless
coefficient:

k =1-kK, . %)

The mass concentration of fullerenes per unit of lubricant on the friction surface, i.e. in the field of
action of electrostatic forces, we express through the Langevin function, which takes into account that the dipole
moment of the dispersed phase aggregates is directed with respect to the field of the friction surface at an angle,
which is expressed by the dependence:

hﬂ=ama—%, ®

where E — total intensity of the electrostatic field of the system "friction surface + lubricant”, V/m.
We express the concentration of the remaining part of the liquid through the dimensionless coefficient:

Ko =1k . @

I,el

Having obtained dimensionless coefficients that take into account the mass concentration of fullerenes
in the lubricant we can write expressions for determining the reduced elastic modulus of the lubricant for the
structure of the sol Eeqg, s and gel structure Ereq, o:

o _2kE kB
red,s — ! ' (5)
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Based on the expressions obtained (5) and (6) it is possible to determine the shear modulus of a
lubricant if it contains a dispersed phase of a certain concentration outside the action of the field of electric
forces of the friction surface — Gy s and near the friction surface, where the field of electrostatic forces acts —
Gred,g:

E
Gred s = = ’ Pa! (7)
(2+2-v)

Ered,g

G =—"-— Pa, 8
red,g (2+2'Vp) ( )

where v; is the Poisson's ratio of the dispersed phase is 0,3.

To improve the simulation accuracy, it is necessary to take into account the orientation of the dispersed
phase particles outside the action of the forces of the electrostatic field and near the friction surface, where these
forces act.

According to the authors of the works [2, 3] dispersed phase aggregates are ellipsoidal. Such
aggregates, outside the action of the electrostatic field, can perform rotational movements in the course of the
flow of a viscous fluid, and in the field of action of electrostatic forces of the friction surface, they can orient
themselves towards the friction surface. This orientation can be taken into account by the angle ¢, which is
determined between the normal to the friction surface and the main axis of the unit, in the form of an ellipsoid.
Taking this angle (in radians) as an average value, you can write an expression to determine the value ¢ggp for sol
and gel structures:

tgp, =th(h-1-10°), 9)
tgg, =th(0,12-h-1-10°%), (10)

where h is the thickness of the oil film on the friction surface, which is formed under the action of the
field of electrostatic forces of the friction surface, dimension m;

coefficient equal 1-10° is a conversion factor, dimension 1/m;

coefficient 0,12 takes into account the presence of a gradient of the electrostatic field strength with
distance from the friction surface, we obtained experimentally, the dimensionless quantity.

Based on the above expressions (9) and (10), as well as the formulas given in the works [8, 9], we have
obtained expressions for determining the dynamic viscosity of aggregates whose structure consists of Kelvin

bodies 1, and Maxwell bodies L, :

G s (1+19°

Ly = red,s( + g (Ds) Pass, (11)
G,y o (L+19°

1y, = red,g( g gpg) Pass, (12)
@ -9,

where o is the frequency of vibrations that are excited by protruding roughnesses on the actual contact
spots during sliding is determined by the expression:

=2 , 1/c, (13)
dacs
where vy is the sliding speed, m/s;
dacs 1S the diameter of the actual contact spot, dimension m.
Based on expressions (11) and (12), which determine the viscosity of aggregates in the form of a Kelvin
body and a Maxwell body, we can write an expression for the structural viscosity of the sol us and gel ug:
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U =Ky + K, 1y, Pas, (14)

ty =K + Ky, Pass, (15)

Dependences of the change in the dynamic viscosity of a thin oil film on the friction surface, which has
a sol structure us and gel structure x4 are shown in fig. 1 and fig. 2.

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

1. The value of the structural viscosity of the aggregates under consideration is comparable to 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.

2. The structures under consideration belong to the class of non-Newtonian fluids, since their dynamic
viscosity decreases with increasing sliding speed.

3. An increase in the concentration of fullerenes leads to an increase in the dynamic viscosity of
aggregates.
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Fig.1. Dependences of the change in the dynamic viscosity of the sol structure on the slip rate and the concentration of

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

As follows from the simulation results for the structures of sol and gel, the properties of a non-
Newtonian liquid are inherent. For an oil film on the friction surface, which has a gel structure, fig. 2, dynamic
viscosity decreases 4 times with increasing sliding speed. This phenomenon can be explained by the destruction
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of aggregates in the form of micelles and the appearance of rotational motion of flocks between friction surfaces
[2,3].

It should be noted that for the gel structure, i.e. for an oil film in the field of action of electrostatic
forces of the friction surface, the concentration of fullerenes in the bulk of the base lubricant does not have a
large effect. Conversely, for the structure of the sol, fig. 1, the concentration of fullerenes has a significant effect
on the value of the dynamic viscosity.

Conclusions

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, it is necessary to consider the structural dynamic
viscosity of the lubricant, which has gel structures at the friction surface, and as the electrostatic forces from the
friction surface decrease, the gel structure transforms into the sol structure.

The structure of such a film, which corresponds to the structure of the gel, belongs to the class of non-
Newtonian liquids. With an increase in the sliding velocity, the dynamic viscosity of such structures decreases
by a factor of 4, which is explained by the destruction of clusters and micelles and the appearance of rotational
motions of elastic flocks. This will lead to a decrease in the value of the coefficient of friction. These theoretical
conclusions will be confirmed by experimental studies and published in our further works.
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KpaBuos A.I'. JlocmijpkeHHST CTPYKTYpHOI B'SI3KOCTI MAacTWJIBHHMX IUTIBOK Ha TIOBEpXHI TepTs 3
(bynepeHOBUMH KOMITO3UIIISIMA

VY poboti npezacTaBieHi TEOPETUYHI JOCTIKEHHSI 3MIHH CTPYKTYPHOI B'SI3KOCTI MacTHJIBHUX IUIIBOK Ha
TIOBEpXHI TepTs 3 (PyJepeHOBUMH KOMIO3HUIISIMU B TI0JI€ JIil €IEKTPOCTATHYHHUX CHJI TIOBEPXHI TepTs i 6a30BOro
MaCTHJIFHOTO MaTepiaiy.

Ha migcraBi po60o4oi TinoTe3u TEOPETHYHNM IUITXOM BCTaHOBJIEHO, IO JUTS TOHKOI MacysIHOI IUTiBKH, 110
3HAXOJUTKCS B ITOJI1 JIii ENEKTPOCTATHYHHUX CHJI TOBEPXHI TepPTsl, HEOOXITHO PO3TIISAATH CTPYKTYPHY TUHAMIUHY
B'S3KICTh MAaCTWJIHOTO Martepiaiy, SIKHMi y TIOBEpXHI TepTs Mae CTPYKTyp Telio, a B Mipy 3MEHIICHHS
EJIEKTPOCTATUYHHX CHJI BiJI IOBEPXHI TEPTS - CTPYKTYypa I'elli0 MEePEX0IUTh B CTPYKTYPY 30II0.

[lokazaHo, 110 BeNWYMHA CTPYKTYPHOI B'S3KOCTI PO3IJSIHYTHX AarperariB IOPIBHSHHA 3 B'SI3KICTIO
nomiMepiB abo GitymiB. [Ipy bOMYy, B'SI3KICTH CTPYKTYPH TEJIIO Ha YOTHPH MOPSIIKU BUILE B'SI3KOCTI CTPYKTYPH
30)10. 30UTBIICHHS KOHIICHTPAIIT (PyJIepeHiB MPU3BOAUTH JI0 30UTBIICHHS JUHAMIYHOI B'SI3KOCTI arperaris.

TeopeTnyHUM NUITXOM MOKA3aHO, IO CTPYKTypa MAaCTHJIBHOI IUTIBKH, SIKa BIINOBIAA€ CTPYKTYpI TeIo,
BIJTHOCUTBCSI JI0 KJIaCy HEHBIOTOHIBCHKMX piguH. [Ipn 30inbIIeHH] MIBUIKOCTI KOB3aHHS JHMHAMIYHA B'S3KiCTh
TAKUX CTPYKTYp 3MEHIIYETHCS B 4 pa3u, IO IMOSCHIOEThCS PYHHYBAHHS KIAacTepiB 1 MUIEUT 1 IOSBOIO
00epTaNbHUX PYXIB NPYKHHUX (IOKIB. 3p00JIEHO TPHIYIISHHS, IO 1€ MPU3BEAE [0 3HIDKCHHS BEIMYMHU
koedirienta Teptsa. [lokazaHo, IO Ui CTPYKTYpH Telli0, KOHIEHTpamis ¢yjiepeHiB B 00’eMi  06a30BOro
MacTHWJILHOTO MaTepially BEJIMKOrO BIUIMBY Ha CTPYKTYpPHY B'SI3KICTh He poOWTH. | HaBHaku, JUIsl CTPYKTYpH
30JIF0, KOHIICHTpAIIisl PyJIepeHIB POOUTh ICTOTHUI BIUIMB HA BEJIMYUHY CTPYKTYPHOI JMHAMIYHOI B'SI3KOCTI.

KurouoBi cioBa: ¢ynepenn; mactuibHa IUTiBKa; (ylIepeHOBI KOMIIO3UIIT, CTPYKTypHa B'SI3KICTB;
CTPYKTYpa 30J110; CTPYKTYpa T'eJIi0; SJICKTPOCTATHYHE 0JIe MIOBEPXHI TEPTsI; TUHAMIUHA B'SI3KICTh



