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The article is devoted to the epitropic orderliness of mesogenic lubrication material in boundary layer. The
modelling of tribo-system with boundary lubrication layer by means of management of the software realizing meth-
ods of the molecular mechanics, quantum chemistry and molecular dynamics has been carried out. During model-
ling the virtual lubrication layer of the designated thickness with randomized initial molecules arrangement was
built. Further procedure included the minimization of molecular system energy by corresponding optimization of
molecules orientation in the lubrication layer. Modelling solid surfaces of friction took place at a certain distance
in parallel to each other. The lubricant was placed between these surfaces. The value of lubricant’s molecular
cluster orientation factor was counted in the process of iteration of periodic virtual shear of the top surface relative
to bottom and consequent optimization process taking into account an arrangement of molecules concerning
surfaces.

Tests of some lubrication substances which molecules possessed anisometric form and, hence, propensity to
supramolecular self-organizing in the lubricant layer have been conducted. For comparison of experimental results,
the correlation dependence between modeling and experiment was built. It confirms the reliability of molecular
modeling data for prediction of antifrictional properties of mesogenic lubricating materials.
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Cmamus noceéawjena SNUmponHou YnopsoOYeHHOCMU Me302eHH020 CMA30YHO20 MAMEPUdnd 8 ePAHUYHOM
cnoe. C nomMowbio Memooo8, OCHOBAHHBIX HA MONEKVAAPHOU MEXAHUKe, KBAHMOBOU XUMUU U MOJIEKVIAPHOU OUHA-
MuKe OblLIO 8bINOTHEHO MOOETUPOBAHUE MPUDOCUCTEMbL C SPAHUYHBIM CMA30YHBIM cloeM. B npoyecce modenupo-
8aHUsL ObLT NOCMPOEH BUPMYATbHBIN CMA30YHBIL CIOU 3A0AHHOU MOAUUHBL C PAHOOMUSUPOBAHHBIM HOZUYUOHUPO-
BAHUEM COCMABIANUWUX €20 MONeKY. [lanvueliuasn npoyedypa 6KIYad 8 ceds MUHUMUIAUUIO IHEPSUU MOJIeK)-
JIAAPHOU CUCEMbL U COOMBEMCMBYIOWYIO eli ONMUMUZAYUIO MONEKYIAPHOU OPUEHMAYUY YACTIUY 8 CMAZOYHOM CJI0€.
Mooenuposanue meepovix HOBEPXHOCMEN MPEHUS NPOUCXOOUNLO NYIEM HOCMPOEHUST 08YX NAPALIETbHBIX GUPHLY-
anvuslx naockocmeud. CMA304HbIIL MAMEPUAT NOMEWALC SIMUMU 08YMA NOBEPXHOCMAMU. B npoyecce nowazo6020
BUPMYANLHO20 CO8U2A BEPXHEL NOBEPXHOCMU OMHOCUMENLHO HUNCHEU NPOU3B0O0UIU ORIMUMUSAYUIO 83AUMOPACNO-
JIOICEHUSL MONEKVI U PACCHUMBIEANY OPUESHMAYUOHHBII KOIDDUYUEHM MOAEKVAAPHO2O KIACMEPA OMHOCUMETbHO
nogepxHocmeltl.

buinu npogedensvl onvimol ¢ UCNOIb308AHUEM CMAZOYHBIX MAMEPUANO8, UMEIOWUX AHUZOMEMPUIO POPMbL MO-
JIeKYbl U, MAKUM 00PA3OM, CNOCOOHBIX K HAOMOAEKYAAPHOU CAMOOPSAHUZAYUY 8 CMA30UHOM cloe. [{isi cpasHeHus.
Pe3VIbmMamos IKChepuMenma ovlia onpedeieHa KOpPeIayUOHHAsL 3a8UCUMOCTNb MeHCOY IKCNEPUMEHMATbHLIMU U
pacuemubimu OAHHLIMU. DMO HOOMBEPOUTLO NPULOOHOCHb MOJEKYIAPHO20 MOOAUPOBAHUSL OJIs NPEOCKA3AHUS AH-

MUPDPUKYUOHHBIX CEOUCNG ME302EHHBIX CMAZOUHBIX MAMEPUATOB.
Knrwouesvie cnosa: epanuynbiii cMA30yHblil CLOM, SNUMPONHAS (A3d, ME302€H, MONEKYIAPHOE MOOeIUPOosa-
HUe, MOAEKYIAPHAA OUHAMUKA, CMA30UHbIL Mamepuai, Kodgouyuenm mpenus, Kopperayus.

Introduction

At present use of methods of molecular model-
ling in theoretical tribology starts to extend quickly [1].
These calculations help to estimate the effects arising
directly at a friction of metal and/or nonmetallic sur-
faces in vacuum, in the presence of liquid lubricant or
nanoparticles. In this connection researches on pres-
ence or absence of «third body» in a contact zone can
be classified as 1) at a solid friction with lack of any
environment [2, 3, 4]; 2) in gas environment or in the
presence of air; 3) in the presence of thin dividing films
in condensed condition; 4) in the presence of lubrica-
tion films [1, 6], including ionic liquids [7].

The majority of works on friction research at
atomic level is investigated by friction surfaces with
well ordered structure. In particular, they analyze atomi-

cally smooth surfaces of graphite, silicon, glass, tung-
sten, diamond and other materials. Researches can dif-
fer also by form of potentials considered in model: these
are fields created by solid walls and also lubricant par-
ticles. Calculation of potentials demands significant
computing resources and depends on the nature of
bounds in participating in friction materials [8].

According to the research data received in this
area all investigation can be distinguished by:
1) changes of structure of solid surfaces; 2) wear;
3) micro-rheology of lubrication layers; 4) orientational
processes in lubricant (supramolecular self-organising)
[9]; 5) antifrictional effects.

Of the above tasks, we are most attracted to the
process of formation in the lubrication layer of epitropic
mesophase under influence of shear process [10]. The
practical perspective of this phenomenon was first
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assessed by Dr. Sc. 1.G. Chistyakov who suggested
using mesogenic substances as lubricants [11].

In the present work we have paid special atten-
tion to construction of model of complicated tribosys-
tems with two solid surfaces and the lubrication layer
consisting of mesogene molecules. It would be interest-
ing to establish interrelation between order degree of
mesomorphic layer and antifrictional effect of molecu-
lar-ordered layer.

The principle of computer molecular model
construction for tribosystem with lubrication layer

Tribosystem with lubrication component in the
most general, simplified modelling representation
shows the structure including, at least, five separate lay-
ers: two solid surfaces, two «degeneratey» superficial
adsorption layer and a «volume» layer of lubrication
material (LM). In the course of friction LM is exposed
to shear that involves continuous evolution, self-organ-
izing of molecules in lubrication layer. Taking into ac-
count this obstacle it is possible to imagine, in what se-
quence (by a principle «from simple to complex») it is
necessary to develop models of tribosystem to come
nearer to understanding of structure and functioning
characteristics of all its elements.

To come to consideration of specific friction pro-
cess in its dynamic development it is necessary to first
divide the tribosystem into elements of molecular scale
and to build the «static» model. In the process of com-
plication, it is possible to construct the following hier-
archy of elements of such «static» tribosystem.

1) Model of an individual molecule of LM.

2) Model of structurally organized «clusters» of
two solid friction surfaces.

3) Model of singular adsorption complex (the
LM molecule + small area of solid surface).

4) Model of non-adsorbed cluster of LM homo-
typic molecules, considering interaction of particles
among themselves inside this cluster.

5) Model of adsorbed monolayer of LM mole-
cules on solid surface.

6) Model of adsorbed «multilayer» extended to
extra limits of adsorption volume (boundary layer) in
the area of hydrodynamic part of lubricating film.

7) Model of integral tribosystem taking into
account internal interaction between its elements.

Certainly, at the initial stages of modelling it is
necessary to resort to strong restrictions and assump-
tions: 1) to consider the lubricant layer consisting of

molecules only of one type; 2) to neglect chemisorp-
tion; 3) to assume the constancy of temperature and not
to consider the temperature gradients; 4) to be limited
rather to small number of adsorbate molecules.

The given modelling objects initially should be
under construction «in statics», and only at the follow-
ing stage these virtual systems can be «actuated»: to en-
ter fields of speeds, normal and shear stresses et cetera.
Only at this stage the reception of substantial tribologi-
cal information — for example, a settlement estimation
of friction factor — will be possible.

The important role at modelling of such complex
system is played by the type of optimization procedure
to be applied. These procedures strongly differ in no-
menclature of considered interactions, accuracy and
calculations productivity. Some useful recommenda-
tions in this respect are given in work [12]. At ours
modelling we used the «semi-empirical» method of
MM2 +.

A good deal of software is offered in the market
intended for modelling of molecular systems with use
of methods of molecular dynamics. However, there is
no program serving to estimating the efficiency of lu-
brication properties of investigated materials and not re-
quiring additional extensive knowledge in program
guidance and theoretical base that makes useless appli-
cation of such packages as a tool base of the engineer
engaged in research and development of LM. At the
same time studying of properties of components of an-
tifrictional substances at molecular level allows to ex-
pand a range of estimated properties of lubricants and,
hence to raise quality and completeness of their estima-
tion, that, in turn, allows to develop new efficient LM.

Our purpose was to create the technique and soft-
ware for computer molecular modelling of tribosys-
tems with taking into account the role of each compo-
nent of lubrication layer. It would allow to replace the
natural physical experiment with the virtual one with
automatic fulfillment of experiments with each compo-
nent of a lubricant layer. Virtual experiment was spent
by means of the software management, realizing meth-
ods of molecular mechanics, quantum chemistry and
molecular dynamics. Thus, the program complex con-
sisting of the base optimizing block and additional pro-
gram modules developed by us was used. The system
made of these elements, worked as whole at the expense
of interprogram communication protocols and the inter-
nal programming language. The basic structure of the
program complex created by us has been described in
work [13].
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Assumptions and restrictions on construction
and work of the program complex

By far not every system can be analyzed by the
method described above. We consider useful to list
those difficulties of restriction and assumption which
accompany the application of molecular dynamics
methods for the description of processes within inter-
phase borders in the conditions of shear deformation at
friction.

A. Modelling of solid friction surfaces

1. Itisdifficult to introduce into the model the degree
of perfection of crystal lattice (modelling of de-
fects of structure of surfaces), "depth" (quantity of
layers) in models of solid surface.

2. In comparison with metals the modelling of the
nonmetallic surfaces consisting of large complex
molecules (polymer, elastomer, textile fiber, com-
posite etc.) is uneasy.

3. It is not clear how to carry out modelling of sur-
faces roughness as the characteristic size of these
roughness obviously significantly exceeds the size
of a modelled zone of contact.

B. Modelling of liquid dividing layer of LM

1. The big sizes of lubricant molecule limit the pos-
sibilities of optimization.

2. The quantity of particles in modelled adsorbate
cluster (volume of working space in which shear
process is investigated) is limited. The statistics for
calculation of molecular orderliness can be insuf-
ficient when dealing with small number of par-
ticles.

3. It is very difficult to track molecular confor-
mations common for complex molecules.

4. The presence of solvent in LM will cause addi-
tional difficulties and also in this regard the track-
ing of tribo-active component concentration.

C. The software type, settlement algorithms

1. The choice of optimization method and its pro-
gram realization, presence of optimizing block and
the necessary additional program blocks devel-
oped specially for the description of tribo-systems
is important. It is useful to search for the possibil-
ities for «parallel computing» and calculation of
tribo-system with many particles on multipro-
cessing computer systems.

2. Forrestriction of calculations amount the introduc-
tion of limited «effective interaction radiuses» be-
tween LM cluster particles is necessary.

3. The size of digitization step of shear process is im-
portant.

4. Search of possibilities of process temperature ac-
count is required at modelling since the tempera-
ture account is practically impossible currently.

5. The recording of computing speed presents a prob-
lem since the calculation in real time is impossible.

6. The proved choice of effective counted parameter
is necessary for quantitative estimation of orderli-
ness of tribosystem.

D. Characteristics of applied computer technics

1. Increasing of computer CPU speed is desirable.

2. The increase in number of particles (atoms and
molecules) in investigated tribosystem would
lead to increase of accuracy and reliability of
counted estimations. The transition to calculations
on multiprocessing computer systems would be
useful for it.

As quantitative estimation of supramolecular or-
derliness of LM molecular cluster the so-called orien-
tation factor (order parameter), introduced by
V.N. Tsvetkov [14], has been used which helps to esti-
mate the degree of molecular system’s supramolecular
orderliness, in this case — lubrication layer. Values of
this factor with perfect uniaxial orientation is accepted
as one whereas full disordering assigns it a zero value
[15]. In our software the calculation procedure for find-
ing the orientation factor can be divided into 3 steps:

1. Calculation of «director-vector» (molecular axis)
coordinates of an individual LM molecule.

2. Calculation of preferential direction of molecular
orientation in all cluster.

3. Calculation of orientation factor on the basis of
calculated corners between the shear direction and
axis of each molecule.

In the software developed by us, the vector of
molecular axis can be calculated by two methods — a
least-squares method (LSM) and more simple empirical
method. Three-dimensional LSM is the most accurate
method which can be applied to any molecules, how-
ever, it demands the big computing resource, and when
working with a big number of cluster particles signifi-
cantly slows down calculations speed.

The simplified method of molecular axis position
finding consists of calculating extreme two atoms on the
one end of the molecule and one more atom as far as pos-
sible from the first two. The given simplification starts
with the assumption, that molecules, which oriental



80 JKuox. kpucm. u ux npakmuy. ucnoaws. / Lig. Cryst. and their Appl., 2019, 19 (2)

factor is calculated, are not deformed in the course of
calculation of molecular dynamics, or deformation of
these molecules can be neglected. This second method
is more convenient for calculations because of its speed.

Thus, having found one of the described above
ways the three-dimensional equation of straight line, we
can find a prevailing direction along which the greatest
quantity of molecules is located, and we choose it for
the main average direction. Corners of an inclination of
the direction to co-ordinate axes are used for calculation
the orientation factor in cluster of LM.

The example of tribosystem virtual model con-
struction has been executed. As modelling LM was ac-
cepted glycerine since it is a material which molecule
possesses a symmetry axis. Rather small size of glycer-
ine molecule has allowed to create the cluster of 400
molecules. a-iron lattice has been chosen as a material
of solid surface.

For simplification of the system the surface
model has been accepted as strictly fixed (internuclear
distances are strictly set according to the parameters of
crystal lattice of the given material). I.e. optimization of
the particles mass was not fulfilled, and it has led to
saving of computing resource.

Further, we modelled the LM cluster, for subse-
quent drawing together of surfaces under action of in

termolecular forces. Drawing together was modelled by
the inclusion of optimizing procedure before achieving
the condition of adsorption balance (a minimum of en-
ergy of interaction of the particles entering into system).
The surface area cluster and adsorbing substance were
combined, their optimization was carried out, full en-
ergy of system, energy of adsorption to the surface and
orientation factor were calculated.

The software for computed estimation
of supramolecular orderliness degree in boundary
lubrication layer

We had developed the software intended for
computing estimation of LM efficiency by means of re-
placing the physical experiment to virtual using soft-
ware realizing methods of molecular mechanics. The
algorithm of comparative research of lubricants con-
sists of the following steps:

1. One molecule of LM was modelled with the help
of molecular modelling software realizing
methods of the molecular mechanics, molecular
dynamics and quantum chemistry (see for exam-
ple, Fig. 1 where the glycerine molecule is
presented).

Fig. 1. Model of glycerine molecule C3Hs(OH);

2. By means of the protocols of interprogram com-
munication built into our software for managing
the optimizing block the model of LM layer of the
set sizes with randomized arrangement of mole-
cules was created. The procedure of tribo-system
energy minimization and optimization of mole-
cules positions in the lubrication layer (the exam-
ple of generated molecular cluster is shown on
Fig. 2) has been executed.

3. In the following step by means of our software the
friction surfaces of defined size have been con-

structed and placed parallel to each other on the set
distance corresponding to the thickness of the lu-
brication layer. The lubrication layer was placed
between the solid surfaces.

4. After that the interphase superficial energy was
calculated by defining the difference of system en-
ergies before the interaction of the lubrication
layer with surfaces and after it. The example of the
program window and calculation results are shown
on Fig. 3.
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A number of virtual cyclic shifts of the top friction
surface relative to the bottom one was made while
conserving the parallel position of the surface. The
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optimization process of molecules positions based
on minimum energy of intermolecular interaction
was repeated after each elementary shift (Fig. 3).
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Fig. 3. Scheme of shear process in virtual tribo-system

The order parameters for the cluster are calculated:
oriental factor (absolute parameter of order), and
also factor of orderliness of molecules in the lubri-
cation layer S estimating orientation of cluster
molecules relative to the vector of sliding direc-
tion:
8(cos a)+8(cos B)+8(cos z)

= - , (1)
where 8(cosa), 8(cosB), 8(cosz) — standard
deviations of all molecules axes directing cosines
relative to coordinate axes.

S

For separate estimation of the order parameter by
coordinates the parameter S is calculated relative
to three axes by the formulas:

S, = %(3c0526x - 1),
Sy = 3(3cos?0, — 1), )
S, = %(3c05262 -1).
where 0 — the corner between an axis of individual
molecule and the given axis (angular brackets

mean averaging on all the orientations of mole-
cules).
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7. By means of molecular modelling program the po-
tential energy of system is automatically com-

puted.

Experimental estimation of molecular dynamics
parameters calculation results

To establish the correlations between calculated
and experimental parameters of tribosystem, the cycle of
tribosystem molecular modelling with various lubricants
and the corresponding tribotechnical experiment was exe-
cuted. The virtual tribosystems were constructed in which
iron was a material of solid surfaces. Mesogenic chemi-
cals of the different nature: 1) decanol, 2) glycerin, 3) oleic
acid, 4) disodium salt of sulphonic siccine acid (DNSA)
— nonionic surfactant, 5) neonol 9-12 — nonionic sur-
factant were used as model LMs.

Calculations of molecular dynamics were carried
out in the sequence described above. We have created
the virtual tribosystem with a number of LM molecules

300-800 and carried out on it the procedure of mic-
roshear of the top surface on the distance comparable
with the length of the molecule. After each step the sys-
tem was optimized based on minimum of energy and
the order parameters were calculated: orientation factor
S (degree of orientation without allocated directions)
and orderliness factor Sx (orientation evaluation relative
to the vector of sliding direction).

The natural tribotechnical experiments on mea-
surement of friction factor with all LM have been made.
The small-sized tribometer TAY-1 was applied. The
friction couple was executed under the scheme «pin-
planey at back and forth motion of flat surface relative
to indenter. The material of both friction surfaces used
was carbon steel 45. Average sliding speed was
2,5 cm/s, normal loading — 0,1 N was put on a sliding
plane. Temperature — 22 °C. The lubricant was once
brought onto the sliding plane before each test. The re-
sults of molecular modelling and tribotechnical tests are
presented in Table 1.

Table 1. Results of tribosystem research with various mesogenic LM
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iy =
DNSA 1733 6357 0.48 0.68 0.046
Neonol 9-12 1408 6220 0.45 0.58 0.043
Oleic acid 8,75 6167 0.41 0.63 0.042
Decanol 1135 6149 0.61 0.71 0.040
Glycerin 90 5700 0.63 0.74 0.035

The calculation showed that glycerine has the
smallest values of potential energy of system at shift of
the top surface of friction (which correlates with the
shift pressure), thus the same substance possesses the
biggest factor of orderliness of molecules. DNSA has
the biggest value of adsorption energy and the biggest
value of shift pressure. Based on the results of the
experiment, glycerine provides the smallest pressure

of shift and also possesses the smaller factor of friction.

To show the stochastic correlation between
the calculated parameters of molecular cluster and
friction factor, the multiple correlation between four
computed parameters and friction factor was calcu-
lated. The results are presented in the form of matrix
of multiple correlation where force of correlation
bound is presented by Pearson’s factor.



O. V. Blinov, V. A. Godlevskiy et al. Correlation between structural and tribological characteristics...

83

Table 2. The matrix of multiple correlation between friction factor and computed parameters of molecular

modelling
W W, Sx S f
Ws 1
Wy 0,712 1
X -0,127 - 0,669 1
- 0,246 - 0,581 0,859 1
f 0,698 0,969 —-0,744 | - 0,602 1

Based on Table 2 it is evident that the greatest

value of Pearson’s factor corresponds to function f{17},).
This dependence is presented on Fig. 4. The diagram
shows that the factor of linear correlation between the

counted estimation of shear resistance of lubricant by
molecular modelling and experimentally measured fric-
tion factor gives R = 0,969.

Equation y=a+b
Weight No Weighting
0,050 T |Residual Sum  2,80554E-6
of Squares
Pearson's r 0,97739
Adj. R-Square 0,93294
Value Standard Error DNSA
Intercept -0,05795 0,01511 | |
: 0.045 4| Slope 1,62275E-5 2,4824E-6
o=
Q
= Oleicacid] &~
8 Neonol 9-12]
S
B 0,040 ]
i Decanol
Glycerin '
0,035 L)
5600 5800 6000 6200 6400

Calculated potential energy of the tribosystem after shear
with different lubricating agents, W kcal/mol

Fig. 4. The correlation dependence between friction factor and counted parameter W,

Conclusion

Thus, in the present work the examples of molecu-
lar dynamics methods application for the description of
processes on border of firm and liquid phases in a friction
zone have been shown. Methods of calculation of molec-
ular parameters of the lubricant layer formed by mesogene
molecules capable to show the orientational effects have
been offered. These parameters described the lubrication
layer energy in static condition and at virtual shear.

Besides, we have counted the molecular order pa-
rameters in lubricant layer which at molecular level is
oriented during shear. Experiments on measurement of
friction factor in different mesogene environments have
shown that shear resistance has significant correlation
with computed parameters of molecular modelling. It
means that calculations of molecular dynamics allow to
predict the tribological properties of «structurally-ac-
tive» lubricants and, hence, to help with creation of new
lubrication compositions.
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