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Lubricanizantiwear additives are __l_j-'__J to co trol the wear of rubbing parts and thus meet
3*Urjl_[_( able developmenticos .JJ}m particular carbon peak and carbon neutral needs
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Antiwear filmiformation and removal are complex tribochemical reaction processes, which involve
both of considerable molecular compositions of participating materials and various boundary
lubrication conditions.
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Mechanisms of film formation are poorly understood because they arise within a sliding contact
that cannot readily be directly probed and observed experimentally
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Completely deterministic modeling of such films is possible based on the complex interactions

between the numerous mechanical, material, thermal, and chemical variables over disparate
magnitudes of time and length scales






nping (SOL) approach
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The basic concept of the SOIiapproach is that any tribochemical molecule can be described and
represented by a set of certain of structural features or groups. The SOL approach organizes this set as
a vector, with the elements of the vector representing the number of specific structural features. These
vector elements are referred as structural increments, because each element exists as an incremental
part of a complete molecule, and not by itself. Molecules are built from these increments. Based on the
molecular lump of participating materials (Ce.g., lubricants, additives, tribopairs, debris, intermediate
and final products) and rules of tribochemical reaction, the lubricant-chemistry kinetic model of
boundary lubrication can describe the processes of complex tribochemical reaction on molecular level
and predict antiwear film formation and removal.
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. ing is to transform participating molecular composition into its molecular matrix,
tric matrix fl_url can'bendentifiec and read by computers, through structure vectors
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lubricant-chemlstr} of antiwearfilmformation and Lemoval is the complex reaction systems, which have so large number of both
reactants and reactions that measuring the molecular composition and studying the kinetics in sufficient detail are not possible to allow a
complete molecular and fundamental treatment
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The structure vector s in molecular lumps represent what structures are present in a molecule, but not its arrangement, Each
structure vector has its corresponding vector symbol, A set of seed molecules are chosen to allow chemical transformations to generate
products that populate the property and composition ranges, According to the possible molecular structures of participating materials,
the above classes of seed molecules are extended, and the final seed molecules are determined by merging some molecules with similar
reaction characteristics or structural characteristics.
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Mechanisms and f.JJ—“) tribochemical reaction
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_u.:_u aterials and boundary lubrication condition, it is important to
of tribochemical reactions for a given boundary lubrication system.
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Using a limifed set of structural’groups to describe thousands of components enables the use of a limited set of reaction rules to
establish the rather large number of reactions that constitutes the complex reaction networks of mixtures. Reaction rules are the basis for
judging the transition of the reactant molecular matrix to the product molecular matrix. It includes reactant selection rules, which
determine if a molecule has the increment(s) necessary for the reaction, and product generation rules, which convert the reactant
structure vector to the product structure vector through a simple mathematical operation and determine the locations of antiwear film
formation and removal. The reaction rules need to be characterized by logical constructs for the convenience of computer recognition.
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the basic principle of formulation of the reaction rules is ignoring minor reactions and retaining key reactions based on the antiwear
film formation and removal processes of the given tribochamical systems using deep learning.
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ideal gas constant; T — #d/%  local temperature; q*, q*— 707 ViLiE &0 = S YIH 7 1B 50 FR 8

molecular partition function of transition state and reactant respectively; AE — 1L 25 A0 5z ™ W) H BE 7K fE
molecular energy barrier;
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q*, g*and AE can be obtained by using QM Materials Studio DMol3 software and MD LAMMPS with ReaxFF
potential
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i ;‘ ¢ mixture by using each reaction rule as the outer loop and each structure vector group
enting the chemistry of the process. Computer programs generating the
[ the differential rate and energy balance equations for reactor modeling.
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Because all reaction is assumed as first order irreversible, the reaction network is equivalent to simple kinetic differential equations
of the molecular lumps, which are solved with the approach, which is equivalent to the classical fourth-and fifth-order Runge-Kutta

method and is very suitable for solving the dynamic model of SOL system .
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Computational efficiency is a key priority in this work, without an efficient approach, this type of modeling may not be feasible,
much less practical. For a given tribochemical reaction system, model calculation is optimized in order both to ensure a more detailed
description of the molecular compositions, but also and reduce the computational complexity to a certain extent.



y; IS the concentration of molecule 1,
k; is the reaction rate constant for rule I,

Q;: 1s the associative set of k;corresponding to molecule i and

ij
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Minimization and dynamics simulations were performed with the LAMMPS simulation package, all atomic interactions were
modeled by ReaxFF force field. The model was energy minimized, then dynamics were run.
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Both hybrid quantum chemical molecular dynamics simulations and experiments were conducted to generate high-throughput
synthetic data for machine learning training, validation, testing and prediction. Deep learning was exploited to understand the causality
between the microstructural features and the multiscale properties.
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e real and! nominal contact areas. The probabilities that the point falls within the
intermittent contact areas of surface a and b are equal to A; /A, and A; ;/A, . Then the probability
I ~oficontactat this point is then equal to the joint probability:
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: Macroscopic properties constant, but
i surface is contoured at asperity level

The surface profiles measured by 2D/3D surface profilometers, SEM, conductive atomic force
L 4 microscopy (AFM) are treated by deep convolutional generative adversarial networks DCGANs in
hot spots flash on and off deep leal’ﬂing for Ai,a’ AAi’h, Ar’ ‘An’ Ai,ﬂ/AAn, and AAi’b/AAn.
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ion of time that a point on the upper surface partition actually spends in

1l @,, _UJ CT When an ayerage flash temperature is calculated for a given time step, it wil

conservation of momentums;

static or inlstantaneous time averaged
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which implies that:

nom™ H(HH asp asp* “intermittent” contact
e

macroscoprc discretized
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P ,,m and P,,are the nominal and average contact pressures. deep convolutional generative adversarial networks
DCGAN:s for P, and P,

asp*®
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surface unconditionally, and on Al(100) and Cu(100) surfaces conditionally
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bed S e(100), Al(100), and Cu(100) was 4F hollow, bridge, top
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The most s ;3\ _lg ad S ¢ adsorbed PO molecule on Fe(100) was 4F hollow, bridge, top
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Molecule bond angle influenced adsorption configurations and energies. Lateral repulsion among atoms and molecules on Fe(100),
Al(100), and Cu(100) surfaces influenced adsorption configurations and energies
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The coverage of the species adsorption on surfaces depended on adsorption surface and site
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Both chemisorption (Fe—S bond formation) and tert-butyl release (S—C bond breaking) were accelerated by shear
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The results of this study should provide insight on the relative significance of the various theoretical mechanisms that are believed to
be at work, rational rules of tribochemical reaction and spatial and temporal sub-partition of the reactor volume by using machine
learning technique. This approach could be a useful tool to design tribopairs, lubricants and additives
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. _ etic model offantiwear film formation by oil additives based on structure-oriented
lumping(SOIL) = ) A ase and atom molecular level approach and involves characterization of participating
molecular compositic - dNEies, reaction network and kinetic differential equation of tribochemical reactions. Therefore
for the given tribochamiCASFStemssatis important to' understand thoroughly all the information on mechanisms of tribochemical
reactiolfs‘, and' then'tongnoreminorreactionssand retain key reactions based on the antiwear film formation and removal processes in
formulation of the reaction rules
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Accuracy, computational efficiency, and stability can be simultanerously achieved with applications of the specific distribution of the

particitating materials for its molecular content in the molecular lump matrix, modified classical fourth-and fifth-order Runge-Kutta

method for the kinetic differential equations of the molecular lumps, hybrid quantum chemical molecular dynamic and machine learning

approach for the reaction rate constants, the conceptions of reactor volume, its spatial and temporal sub-partitions, and area of

intermittent contact for descriptions of the products, reactants, and states of interest within a tribological contact, the motion equations

for dynamic loading conditions, optimization of cycle times of reaction network, and regulation of total number of the molecular lumps.
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This approach could be a useful tool to design tribopairs, lubricants and additives.






