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A gap in our current fundamental understanding of the mechanisms governing nanoscale friction 

exists, resulting in an ongoing challenge as technologically-relevant mechanical devices are 

miniaturized, and as the demands for energy-efficient, sustainable technologies increases. Studies 

combining atomistic simulations and experiments are yielding new insights into the origins of 

friction, particularly into mechanisms governing atomic-scale stick-slip behavior. As a first 

example, the behavior of atomic-scale stick-slip friction for truly 2-dimensional materials will be 

discussed. For nanoscale contacts to graphene, we find that the friction force exhibits a significant 

dependence on the number of 2-D layers[1,2]. Surprisingly, adhesion (the pull-off   force) does 

not[3]. Our further studies have revealed further complexities that arise from the combined effects 

of high flexibility and variable substrate interactions that occur at the limit of atomically-thin 

sheets. Specifically, the pull-off force is determined by a competition between interactions 

between the tip and the top-most graphene layer, and the graphene- substrate interaction, and also 

exhibits a sliding history dependence. An even stronger increase in friction occurs when graphene 

is fluorinated, where experiments and simulations both show that friction between nanoscale tips 

and fluorinated graphene (FGr) monolayers exceeds that for pristine graphene by an order of 

magnitude[4]. We attribute this to an entirely different effect: the enhanced corrugation of the 

interfacial potential due to the highly localized charge at fluorinated sites. The results are 

consistent with the Prandtl- Tomlinson (PT) model of stick-slip friction. We have also explored 

the speed dependence of atomic friction between  AFM tips and graphene-coated substrates and 

gold, as there is both experimental and simulation evidence indicating that friction can be 

significantly affected by the sliding speed in accordance with the thermally-activated (PT) 

model[5]. However, conclusive evidence linking the variation of friction with sliding speed and 

thermal activation have not yet been fully developed, largely because experiments have not yet 

been able to achieve sliding speeds comparable to those attainable in atomistic simulations. We 

explore the fundamental mechanisms of sliding by conducting matched ultra-high vacuum AFM 

experiments and molecular dynamics (MD) simulations. All controllable parameters, including 

tip shape, tip material, sample material, applied load, and mechanical stiffnesses, are matched 

between experiment and simulation. High experimental sliding speeds are enabled by fast data 

acquisition coupled with an adapting scanning apparatus. Slower sliding speed simulations are 

attained using accelerated MD. We will show the first results where scanning speeds in both 

experiments and simulations are matched, with results compared against the predictions of the 

thermally-activated PT model. 
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The formation of a boundary film by reaction with a gas-phase lubricant or lubricant 

additive formally occurs in several steps that involve the  initial adsorption and reaction 

of the lubricant molecule on the surface, followed by shear-induced decomposition and 

formation of the boundary film.   Fully understanding this sequence of reaction steps will 

enable the structure of the additive molecule to be related to the nature of the resulting 

boundary lubricating film.  This reaction sequence is explored by examining the surface 

chemistry of the reactant in ultrahigh vacuum to identify the adsorbed species that form 

from the molecular precursor.  The effect of shear is investigated by carrying out friction 

measurements using an ultrahigh vacuum tribometer, by analyzing the elemental 

composition in the wear track region using Auger spectroscopy and by detecting gas-

phase products evolved during sliding.   

The approach is illustrated using several examples.  The first is gas-phase lubrication of 

copper by dialkyl disulfides and trisulfides.  They initially react to form thiolate species 

on the surface and shear at the interface causes sulfur and some carbon to penetrate the 

substrate to form a boundary film that reduces friction.  The variation in the amount of 

methane desorbing from the surface per pass during sliding allows the shear-induced rate 

of thiolate reaction to be measured.  This enables models for the shear-induced 

decomposition to be tested experimentally.  

In a second example, the tribological chemistry of borate esters on copper is explored 

using isopropoxy tetramethyl dioxaborolane (ITDB), and tetramethyl dioxaborolane 

(TDB) as gas-phase lubricants. TDB decomposes to deposit BOx species on the surface 

and produces an initial decrease in friction coefficient that is not sustained. ITDB, which 

reacts at room temperature to form a surface tetramethyl dioxaborolide species, results in 

an immediate and sustained decrease in friction coefficient when used as a gas-phase 

lubricant for copper.  Thus, the surface chemistry of the borate esters can be correlated 

with their tribological properties and illustrates that replacing a hydrogen atom in TDB 

with a 2-propoxy group in ITDB has a profound influence on both the surface and 

tribological chemistry. 
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Identifying fundamental mechanisms that govern mechanical properties of 

nanocrystalline materials, such as friction coefficient and wear rate, is critical for rational 

design of wear-resistant materials.  We performed large-scale molecular dynamics (MD) 

simulations of plowing friction on fcc crystalline Cu surface (25~30 millions atoms) with 

a rigid SiC tip.  We investigated how friction depends on the average grain size (which 

varied from 5nm to 30nm), on concentration of impurities (Ag), and on plowing depths.  

Our results show that the friction coefficient becomes larger as the average grain sizes 

decreases. Interestingly, the friction coefficient first decreases and then increases with 

increasing Ag concentration. The plowed volume in front of the tip is larger for 

nanocrystalline Cu than that of a single crystal copper.  Deformation mechanisms and 

microstructural evolution have also been elucidated.  Cracks are formed and grow along 

grain boundaries in the plowed-out material in front of the sliding tip, which might be one 

of the factors influencing the friction coefficient in addition the grain boundaries sliding 

and dislocation activity.  Pronounced grain growth is observed in the deformed region. 

                    

Figure 1 MD simulations of plowing friction on nanocrystalline Cu surface using a rigid 

SiC tip.  The average grain diameter of this sample is 15nm.   
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In the automotive industry, the control of friction and wear by the lubricant in thermal engines is 

one of the most important issues for fuel economy. Therefore, it is needed to better understand the 

nature of tribochemical reactions and competition of additives in the formulated lubricant in order 

to design and develop better lubricants that also address environmental requirements.  

Therefore, the lubrication mechanism of fatty acids is revisited with a new approach combining 

experimental and computational chemistry studies. The lubricating properties of single and 

mixtures of stearic, oleic and linoleic acids in a synthetic Poly-Alpha-Olefin base oil (PAO4) on 

iron oxide surface are investigated under mixed boundary regime with temperatures from 50°C 

up to 150°C.   

Experimentally, low friction coefficient (about 0.055) with no visible wear is reported in presence 

of single stearic acid at high temperature. This lubricating behavior is inhibited in presence of 

unsaturated fatty acids highlighting an anti-synergic effect of a saturated/unsaturated mixture, 

especially at 150 °C as shown in figure 1 [1].  

To understand the anti-synergic effect and the adsorption mechanism of these molecules, 

Molecular Dynamic (MD), Quantum Chemistry (QC) and Ultra-Accelerated QCMD [2] 

simulations are performed to evaluate their diffusion coefficient in PAO4 and their adsorption 

mechanism on iron oxide surface at different temperatures. MD simulation results show a faster 

diffusion towards the surface for unsaturated fatty acids than for saturated fatty acid at all the 

studied temperatures. This means that unsaturated molecules arrive and mainly adsorb before 

stearic acid on the surface leading to a tribological behavior of the mixture characteristic of the 

unsaturated molecule. Computational chemistry suggests that all fatty acids (saturated and 

unsaturated) adsorption mechanism is due to the chemisorption of the carboxylic group on iron 

oxide surface with no desorption up to 150°C [1]. 

 
Figure 1: Steady-state friction coefficient versus lubricant mixtures on an AISI 52100 steel surface at 50, 

100 and 150 °C 
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Tribological shearing of polycrystalline metallic surfaces typically leads to grain 

refinement and amorphization near the sliding interface. Therefore, one might expect this 

behavior to persist as the grain size is reduced to a few nanometers until an amorphous 

phase is established.  Using atomistic nanotribology models [1], we show that for system 

with sufficiently large initial grains (> 100 nm), grain refinement is indeed observed. 

Similar for alloy like system with large degrees of impurities, amorphous third body 

layers are formed.  Here, however, we demonstrate that for highly pure nanocrystalline 

counter bodies with grain level surface roughness; grain growth and cold welding is the 

preferred atomic structure evolution at the sliding interface as this leads to more 

deformable third body layers (see figure 1). Through large scale (spatial and temporal) 

atomistic simulations, we show that in the case of nanocrystalline iron (with grain size 

~25 nm ), the contacting surfaces employ the shear energy introduced by the sliding 

motion to move grain boundaries and to reorient, rotate and elongate grains in order to 

create a coarsened third body layer with the <111> bcc packed direction aligned with the 

shearing direction. The enlarged reoriented interface grains are then capable of 

accommodating the sliding motion and deformation through dislocation and twin 

boundary nucleation and propagation.  Shear bands  and  dynamic  twin  boundaries, 

oriented along the sliding direction and traveling perpendicular to the sliding motion 

within   the   coarsened   grain   region,   enable   the   creation   of   shear   planes   which 

accommodate the sliding motion. 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 1:   Coarsened third body 
layer formation between iron 
nanocrystalline asperity contacts. 

Much of the simulation work was performed at the 
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Today, from consideration of environment, the use of lead is strictly disabled in industrial 

materials for sliding equipments, and so copper (Cu) alloy material including sulfur (S) is 

known to be a prospective replacement especially for a heavy-load bearing and so on. It 

is experimentally confirmed that a microstructural precipitation of copper-sulfide (Cu2S) 

is one of causes for good lubrication[1]. However, the atomistic structure and mechanism 

which will provide good lubrication is yet to be clarified. We construct an atomistic 

simulation model of Cu2S crystal where the materials are contacting and sliding each 

other with a large compressive load, for the purpose of obtaining the knowledge about the 

atomic behavior. First, we perform a structural optimization using DFT (Density 

Functional Theory) calculation-software (Wien2K) to determine the lattice constants and 

bond angles in hexagonal unit of periodic Cu2S crystal. These quantum-mechanics-based 

parameters are applied to the construction of an interatomic potential of Cu-S system 

including pairwise and angular terms[2]. Then, we conduct classical molecular dynamics 

(MD) simulations of shearing of Cu2S hexagonal 

crystal on its basal plane in several different 

temperatures and pressures. Consequently,  it is 

recognized that, in sliding condition, Cu2S 

crystal exhibits not a simple crystal slip, but a 

complicated bond-switching mechanism or 

crystalline disordering (amorphization). Besides, 

the higher the sliding velocity is, the larger the 

shear stress becomes, which is understood as a 

typical behavior in flowing liquid. 

We study also on the Cu-Fe-S system, where the 

“bornite” crystal appears as one of actual 

precipitates. The crystalline structure and 

mechanical properties of the bornite are 

investigated here. The DFT results show a clear 

difference in chemical bond state owing to 

inclusion of iron atoms. 

This work was supported by the New Energy and Industrial Technology Development 

Organization (NEDO) of Japan.  
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Figure 1: Molecular dynamics 
simulation of hexagonal Cu2S crystal 
structure  in shearing and sliding, 
using a DFT-based interatomic 
potential. 
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It is difficult to determine how the multiscale texture influences the performance of 

hybrid bearing. On the one hand, because of the journal eccentricity, the height profile of 

the texture becomes non-periodic in circumferential direction, which makes a number of 

multiscale methods incapable of solving the problem; On the other hand, hybrid bearing 

has complex boundary conditions, such as shallow/deep recess, resistor, cavitation, which 

makes the corresponding equation even more difficult to solve. To the best of author’s 

knowledge, none of multiscale methods has successfully solved the texture-hybrid-

bearing lubrication problem.  

In this study, we advance a deterministic multi-scale computation method, proposed in 

ref. [1], to calculate the hybrid-bearing performance with non-periodic textures profile 

under complex boundary condition. A novel reduction method based on substructure and 

a two-step condensation technique are employed to handle the nonperiodicity, which 

simplifies the problem size from 2D to one column. The proposed method has been 

implemented for a hybrid bearing, which has 4 resistors and 4 grooves. The eccentricity 

ratio is 0.3, as shown in Fig. 1. Furthermore, the cavitation effect has taken in to account 

by the implement of Swift-Stieber boundary condition. The total number of textures is 

352 textures (32 columns in circumferential direction whereas 11 rows in axis direction, 

both uniformly distributed, as shown in Fig. 2). Each texture was meshed by 60×60 

elements, so the total system nodes number are 1.3×10
6
. The calculation was conducted 

using MATLAB with 2.8 GHz CPU and 4 GB RAM, and the pressure distribution is 

shown in Fig 3. It takes less than 1 minute to solve this multiscale problem, which 

indicates that the proposed method is a high efficient way to solve the non-periodic 

problems under complex boundary conditions.  
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Fig.3: Pressure Distribution  
of the textured Hybrid Bearing  

ω 

e O

resistor
groove

texture

O1

 
Fig.1: Schematic of the 
textured hybrid bearing 

 
Fig.2: Schematic of the 
texture distribution 
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We study the mechanical and physical properties of the normal contact between solids with 

fractal surfaces. Both experimental and synthetic surface topographies are investigated. To solve 

the mechanical boundary value problem with contact constraints we use the finite and boundary 

element methods as well as a simple asperity based model with interactions [1]. 

Properties of rough surfaces (spectrum breadth [2,4] and Gaussianity  [3]) and their effect  on 

mechanics  of contact  are discussed. We  study  the evolution  of the true contact  area [3,4], 

probability density  of contact  pressure  at  the interface,  topography  of the  free  volume  and 

topology of contact clusters. We also carry out an extensive comparison with analytical models 

and numerical results of other groups. We consider both elastic and elasto-plastic material models 

(the later within a large deformation formalism); a special focus is put on the transition between 

these two deformation regimes. 

Next this work is extended to take into account multi-physical phenomena, namely (i) the fluid 

flow through the free volume in the contact interface, and (ii) the electric and heat transfer 

through contact clusters. These extensions are done within the finite element framework. 

 

 

Fig. 1: Synthetic rough surface Fig. 2: Contact clusters    

for a surface with small 

spectrum breadth 

Fig. 3: Fluid flow through the 

contact interface between 

elasto-plastic solids 
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