
Nano-Elastohydrodynamics: Structure, 
Dynamics, and Flow in 

Nonuniform Lubricated Junctions 
Jianping Gao, W. D. Luedtke, Uzi Landman* 

Structure, flow, and response characteristics of molecularly thin films of hexadecane, 
sheared by topographically nonuniform solid gold surfaces sliding at a relative velocity of 
10 meters per second, were investigated with molecular dynamics simulations. The 
simulations reveal three characteristics: spatial and temporal variations in the density and 
pressure of the lubricant in the region confined by the approaching asperities, accom- 
panied by asperity-induced molecular layering transitions that are reflected in oscillatory 
patterns in the friction force; asperity deformations and microstructural transformations 
mediated by the lubricant; and an onset of cavitated zones in the lubricant after the 
asperity-asperity collision process. The simulations extend micrometer-scale elastohy- 
drodynamic investigations into the nanometer-scale regime and provide molecular-scale 
insights into the fundamental mechanisms of ultrathin film lubrication phenomena under 
extreme conditions. 

T h e  general purposes of a lubricating fluid 
are to provide a protective coating to the solid 
surfaces, thus preventing formation of adhe- 
sive junctions, and to reduce frictional energy 
losses by acting as an interfacial layer of low 
shear strength (1-3). Underlying the devel- 
opment in the early 1960s of the theory of 
elastohydrodynamic lubrication (EHL) (3,  4) 
was the obsers~ation that when two noncon- 
forming solid surfaces come into contact in 
the presence of a liquid lubricant (or when 
two asperities of nominally conforming surfac- 
es, under conditions of boundary lubrication, 
come together), the pressure developed in the 
contact zone may achieve such high values 
that local elastic deformations of the surfaces 
must be included in proper treatments of lu- 
brication of the tribosystem. The  subsequent 
development of micrometer-scale EHL (mi- 
cro-EHL) and numerical algorithms (3,  4 )  
allowed investigators to focus on lubrication - 
processes involving individual surface irregu- 
larities (asperities) and has aided the design of 
machine elements and bio-tribological sys- 
tems (5, 6) of improved efficiency and dura- 
bilitv. Inherent to these continuuxn tnodels 
are dertain assumptions that are used as input 
into the calculations. These include constitu- 
tive relations such as rheological properties of 
the lubricant film (Newtonian or non-New- 
tonian viscositv laws, as well as Dressure and 
temperature variations of the viscosity) and 
mechanical response characteristics of the 
bounding surface materials (substrates and as- 
perities), as well as imposed interfacial liquid- 
solid boundarv conditions. 

T h e  ever-'increasing trend toward min- 
iaturization of technological devices and 
the  ability to fabricate such structures, cou- 

pled with the  emergence and proliferation 
of proximal probes ( in  particular, tip-based 
microscopies and the surface force appara- 
tus) and of atomic-scale simulation tech- 
niques, provide the impetus and the  means 
for nanometer-scale modifications and ma- 
nipulations of materials and allow system- 
atic investigations of interfacial problems of 
fundamental and technological interest 
with unprecedented high spatial and tem- 
poral resolutions and under extreme condi- 
tions ( 7 ,  8). Through such investigations it 
was found that molecular structure and dv- 
namics, mechanical response, and rheology 
a t  interfaces and in  confined thin films are 
often verv different from those in the bulk 
and cannot be understood by simple extrap- 
olation of bulk properties (7) .  However, 
even though the  surfaces of even the  most 
highly polished engineering components 
are characterized by roughness o n  a broad 
range of length scales (9) ,  most recent 
work, using atomic-force and friction-force 

u 

microscopies, the surface force apparatus 
(SFA),  and molecular dynamics (MD)  s i n -  
ulations, focused o n  atomicallv structured 
flat and'smooth confining surfices (7) .  

Asperity-asperity collisions, formation and 
subsequent breakage of interfacial adhesive 
junctions, and shear-induced rheological 
transformations in hiehlv confined fluids are " ,  
among the most fundamental processes in tri- 
bology as well as boundary and thin-film lu- 
brication (1,  7). T o  investigate the atomic 
and molecular origins of such processes in 
morphologically nonuniform lubricated nar- 
row junctions sheared at high velocities we 
have used MD simulations (7, 8), thus ex- 
tending micro-EHL investigations to the 
nanometer-scale regime, is beyond the range 
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prescribed interatomic potentials are numeri- 
cally integrated, and the resulting phase-space 
trajectories are analyzed. For model systems 
we used thin films of hexadecane (n-ClhH34) 
confined between two gold substrates expos- 
ing (1  11) surfaces [that is, A u ( l 1  l ) ] .  Topo- 
graphical nonuniformities (asperities) were 
modeled by flat-top pyramidal gold structures 
of height ha from the underlying gold surface, 
extending a finite length in the x direction 
and over the whole simulation cell in the y 
direction (that is, asperity ridges; see views 
along the y direction in Fig. 1).  

T h e  interactions between the  gold at- 
oms were modeled by many-body embed- 
ded-atom method interactions ( l o ) ,  which 
provide a proper description of the nature of 
cohesion in metals. T h e  alkane molecules 
were simulated by using the united atom 
model (1 1 ,  12) ,  with the interaction poten- 
tials between the  CH,  and CH,  segments of 
the  xnolecules including harmonic intramo- 
lecular bond-stretch and bond-angle bend- 
ing potentials, a dihedral angle potential, 
and nonbonded intra- and intermolecular 
interactions. T h e  interactions between the 
molecular segments and the gold atoms 
were modeled by 6-12 Lennard-Jones po- 
tentials with Darameters fitted to exneri- 
mentally estimated desorption data (12).  
These rrrotentials have been tested and used 
successfully in previous studies of bulk and 
interfacial alkane systems (1 1-1 3). 

T h e  Newtonian eauations of motion 
were integrated by using the  Verlet algo- 
rithm ( l 4 ) ,  w ~ t h  a n  integration time step At 
= 3.06 x 10-l5 s; for each of our systems a 
typical simulation consisted of 4 X lo5 At, 
that is, 1.2 ns, past a prolonged equilibra- 
tion stage. In  simulations of shear-induced 
flow, the solid surfaces were kept a t  a con- 
stant separation (chosen to correspond to 
an  initially vanishing average normal load) 
and were translated along the x axis in - 
opposite directions, with the  top and bot- 
tom surfaces moving with a constant veloc- 
ity of +5 and -5 m/s (a  relative sliding 
velocity V = 10 xnls). In  these simulations 
the alkane molecules and the gold atoms of - 
the asperities were treated dynamically. T h e  
simulations were performed isothermally, at 
a tetnperature T = 350 K, through scaling of 
intra~nolecular velocities in 50 At intervals. 

T o  exnlore the  d e ~ e n d e n c e  of structure. 
dynamics, and flow o n  the  characteristics of 
the  lubricated junctions, we studied mainly 
three lubricated systems. T h e  first consists 
of 422 hexadecane molecules with the sep- 
$ration between the  gold surfaces S = 36.1 
A, the  height of each of the  asperities h, = 
9.3 A, and thus the  separation betweeon the 
asperity tops Ah,, = S - 2hc3 = 17.5 A; the  
second system, which we refer to  as the 
near-overlap case, co;sists of 243 omole- 
cules, with = 23.2 A, ha = 9.3 A, and 
Ahclc, = 4.6 A; and the third system, referred 
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to as the overlap case (see Fig. I), consists 
of 281 molecules, with S 21.3 A, ha = 
14 A, and Ah,, = -6.7 A. In describing 
our results we denote by d,, the distance 
along the x direction between the leading 
edges of the opposing asperities. For each 
system the simulations of sliding followed 
equilibration, with the asperities well dis- 
tanced from each other, such that steady- 
state flow could be established before the 
onset of effects caused by lubricant con- 
finement in the interasperity region. 

Atomic and molecular configurations of 
the three simulated svstems, recorded in 
each case at selected times during the shear- 
ing process, are displayed in Fig. 1. The 
main patterns illustrated by these configu- 
rations are (i) the evolution of liquid lay- 
ered structures in the region between the 
colliding asperities and (ii) the severe de- 
formations of the asverities for the cases of 
near-overlapping (Fig. 1 B) and overlapping 
(Fig. 1C) asperity heights. It is particularly 
noteworthy that although in all cases a 
certain degree of interfacial layering in the 
vicinity of the solid boundaries already ex- 
isted at equilibrium and for large transverse 
separations between the asperities, the lay- 
ering of the lubricant in the interasperity 
region was initially absent and developed 

dynamically as the asperities approached 
each other. Furthermore, the number of 
layers in the interasperity region evolved in 
each case in a "quantized" manner as suc- 
cessive layers were squeezed out of it when 
the asperities came closer together. 

These atomic and molecular structural 
variations are portrayed in the behavior of 
the forces acting between the thin-film 
molecules and the solid substrates. as well as 
by the intermetallic interactions between 
the two solid surfaces. As a demonstration 
we show in Fig. 2 the time variation of the 
forces in the shear and normal directions Cf, 
and f,, respectively) recorded during a sim- 
ulation of the near-overlapping system. Of 
particular interest are the oscillatory pat- 
terns in the forces before the collision be- 
tween the asverities. whose characteristics 
correlate with the structural layering stages 
of the lubricating film (compare Figs. 1B 
and 2; note that the marked minima in f, 
and f,, seen particularly clearly in f,, corre- 
spond to successively decreasing discrete 
numbers of molecular layers in the interas- 
perity region). 

The aspects revealed by our investiga- 
tions are that molecular density layering 
and consequent solvation force oscillations 
can occur not only in liquids confined be- 

g. 1. Side views of atomic and molecular configurations r m d e d  at 
Wed times during MD simulations of the sliding process of nonuniform 
>kl Au(l11) surfaces (yellow and red balls describing the bottom and top 
~rfaces, respsctively), lubricated by hexadecane molecules (the molecular 
rgments are described by the green balls). Each of the Au(111) swfaces 
as modeled bv two atwni  layers of dimensions 1 15.4 A bv 55 A fin the x 
,d y di ionsj ,  and the simuiatii ceH was periodically re&cated'in the x 
d Y difections. The too swface translated in the harizontal, x,  direction and 
e kttom one in the '-x direction, with a relative velocity of 10 mls. (A) 
re tern with a large separation between the asperity heights Ah, = 
r.5T(n) asperity near-overiap system with M, = 4.6 A. (c) me 
~perity-overlap system with Aha = -6.7 A. The selected times (in pico- 
mnds) for these systems are as follows (in each case the system starts 
the top left, proceding downward and ending at the bottom right): (A) 
56,247,308,370,431, and 522; (B) 156,250,308,351,400,461,614, 
ld 786; and (C) 122,184, 245,398,489, and 797. Dewting by d ,  the 
stance along the x direction between the leading edges of the approach- 
g asperities, conversion of the above times to d, distances can be 
:hie@& bv d_- = d, - O.lt. where d, = 38.7 A Nor (A) and 1811, dm = 18.7 

tween smooth solid surfaces under equilib- 
rium conditions (7), but also under con- 
stant-velocity shear-flow conditions in a lu- 
bricated junction with nonuniform surfaces, 
and that such oscillations, correlated with 
quantization of the number of lubricant lay- 
ers in a localized region of the contact (that 
is, the interasperity zone), can be exhibited 
both in the normal (f,) as well as the tan- 
gential (f,) forces. The implication of these 
observations (which we have made also for 
the two other simulated systems) is that 
such oscillations in the force resisting the 
relative sliding motion (that is, the friction 
force, f,) may lead to stick-slip behavior in 
experiments where the sliding of the sub- 
strates (kept at constant normal separation) 
is driven by means of a connection through 
a spring element to a stage dragged at con- 
stant velocity [as in SFA measurements (7, 
15)l. 

Another aspect revealed by the simula- 
tions pertains to the crucial importance of 
the dynamical mechanical response of the 
substrates, and in particular that of the ir- 
regularities (asperities), in determining the 
evolution and properties of sheared systems, 
as is illustrated through the atomic config- 
urations shown in Fig. 1 and the force and 
local stress plots shown for the near-overlap 

A [for (C)], and t is in picoseconds. Note the laywing in the interasperil 
zone for all three systems and asperity deformations in (8) and (C). 
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system in Figs. 2 and 3, respectively. For 
relatively large spacing b t w e e n  the asperity 
heights (Ah,, = 17.5 A, Fig. 1 A ) ,  shear- 
flow accomuanied bv structuring of the  " 
lubricant occurs with n o  distortions of the  
metal surfaces. However, in  the  cases of 
nearly overlapping (Fig. 1B) and overlap- 
ping (Fig. 1 C )  surface irregularities, large 
densification and ~ressur izat ion of the  lu- 
bricant in  the  interasperity region occur, 
accompanied by a significant increase of 
the  effective viscosity in  that  region [de- 
tailed analysis of the  rheological and dy- 
namical characteristics indicate formation 
of a viscoelastic or  elastoplastic zone (16)].  
These processes result in deformations of 
the  gold asperities, much beyond the  elas- 
tic response regime. 

For the  case of near asperity overlap 
(Figs. 1B, 2, and 3 ) ,  the gradually increasing 
confinement of the interasperity region is 
acco ln~an ied  bv the  deve lo~ lnen t  of tran- 
sient focal stresses in frontLof the moving 
asperities ( in  Fig. 3 local stresses normal to  
the  interfaces, T:,, and along the shear di- 
rection, T,,, are shown). Similar results were 
obtained for the  overlapping-asperity case 
with even larger magnitudes of the stresses. 
T h e  local shear and normal stresses that 
develop in the  junction are of comparable 
magnitudes, with T,, > T,, when the asper- 
ities come closer together (see t = 585 ps in 
Fig. 3). O n  exceeding a limiting value of 
close to 4 GPa, these accumulated local 
stresses lead to severe deformations and 
structural transformations of the asperities 

Time (ps) 

Fig. 2. (A and B) Total forces (in thex direction, f,, 
and in the direction normal to the surfaces, f,) on 
the gold solid surfaces from the alkane molecules 
(sol~d lines) plotted versus time for the near-over- 
lap system (see Fig. 1 B; for conversion to nteras- 
perity distances, see caption). Intermetallic forces 
between the opposing s o d  gold surfaces, with an 
onset on close approach of the asperities, are 
depicted by the dashed line. The numbers in f, 
designate the "quantized" number of layers n the 
nterasperity zone (see Fig. 1 B). Note the correa- 
tion between the force osc~llations and the struc- 
tural varations In the lubricant. 

(1 7), mediated by the  intervening lubricant 
molecules, even before the  onset of direct 
intermetallic interactions (Figs. 1B, 2,  and 
3) .  In  some locations along the  asperity 
ridge ( in  the y direction), drainage of the  
lubricant lnolec~lles was complete when the  
sliding asperities passed over each other, 
leading to the  formation of a n  intermetallic 
connective iunction that sheared and even- 
tually broke with continued sliding, result- 
ing in the transfer of some metal atoms 
between the  asuerities. In  this context we 
remark that in comparative simulations un- 
der the  same conditions with n o  lubricant 
molecules in the junction, the magnitude of 
the  interaction between the  asperities and 
the degree of deformation were found to be 

c 7  

insignificant. Furthermore, when the shear- 
ing process of the lubricated system was 
simulated with undefortnable asperities, 
normal and tangential stresses in excess of 
150 GPa  developed, accompanied by trap- 
ping of a monolayer of alkane molecules 
between the  asperities. This observation 
emphasizes that the  dynamical mechanical 
response of the  surfaces, and in particular, 
that of the  nonuniform surface features (as- 
perities), must be included for a proper de- 
scription of the  lubricated junction under 
these conditions. 

Asperity deformations, complete lubricant 
drainage, growth of intermetallic junctions, 

shear-induced metal epitaxy, partial spreading 
by means of interlayer slip in the intermetallic 
junctions resulting in structural modifications 
of the surface topography (smoothing), and 
eventual rupture of such junctions are most 
pronounced for the case of overlapping asper- 
ities (Fig. 1C). The  results for both this system 
and the near-overlap one suggest that in ad- 
dition to the aforementioned lubricant-medi- 
ated smoothing of surface roughness, oscilla- 
tory shear or cyclic relative motion of the 
surfaces may lead to material fatigue, wear, 
and eventual failure due to repeated stress 
loading cvcles of the surfaces. " ,  

For the  near-overlap system, we com- 
ment  also o n  the  occurrence of local rup- 
ture. after asuerities have collided. of the  
liquid film i; t he  region between ;he de- 
parting asperities, resulting in  the  appear- 
ance of a nanometer-scale cavitate? zone 
(18)  (of a length scale of -30 A and 
lasting for a period of more than  100 ps). 
T h e  appearance of such cavitated zones is 
associated with insufficient back-flow of 
lubricant molec~lles into that  reeion. T h e  
formation and consequences of cavitated 
zones in  lubricating films, which are sub- 
jects of basic and technological signifi- 
cance, have been recently discussed in the  
context of micro-EHL simulations (19)  of 
film breakdown as two rough surfaces slide 
against each other.  

Fig. 3. Local stresses, exerted by the alkane molecules on the solid gold nonunform substrates, plotted 
versus x. The stresses, obtaned during a sliding simulation of the near-overlap system (see F I ~ .  1 B), were 
calculated by averaging forces across they direction. The solid and dashed lines denote the stresses on the 
s o d  top and bottom surfaces, respectively. Side views of the sold surfaces are superimposed, aiding n 
visualizng the relative interasperity configuration at the indicated times. Note the signficant local stresses 
developing in front of the approachng asperites and the asper~ty deformations when the stresses achieve 
values of -4 GPa. 
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Our findings provide insights into the 
atomic-scale fundamental processes of ul- 
tra-thin film lubrication, thus extending 
continuum EHL and micro-EHL treat- 
ments into the nanometer realm. Such 
investigations address some issues facing 
certain current novel technologies [such 
as high-density information storage and 
retrieval systems (20) and provide the im- 
petus for future experimental and theoret- 
ical investigations. 
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Imaging Pattern Formation in Surface 
Reactions from Ultrahigh Vacuum up to 

Atmospheric Pressures 
H. H. Rotermund,* G. Haas, R. U. Franz, R. M. Tromp, G. Ertl 

Two optical methods that allow pattern formation to be investigated at an arbitrary 
pressure are here applied to image concentration patterns of adsorbed species associ- 
ated with heterogeneous catalytic reactions. In contrast to most surface physical tech- 
niques, these methods are not restricted to high vacuum conditions and thus bridge the 
"pressure gap." With carbon monoxide oxidation on a (1 10) surface of platinum as an 
example, the coupling mechanisms responsible for spatiotemporal self-organization in 
surface reactions were followed from reaction-diffusion control to the thermokinetic 
region, associated with phenomena not previously observed in pattern formation. 

T h e  applicability of most surface physical 
techniques is restricted to ambient gas pres- 
sures below about mbar. This gives rise 
to a "pressure gap" between model studies 
conducted at low Dressures and the condi- 
tions of "real" catalysis. Data measured at 
low pressures exploring the mechanism and 
kinetics of a heterogeneously catalyzed re- 
action can be theoretically extrapolated 
across a large pressure range ( I ) ;  however, 
there are also cases in which the phenom- 
ena occurring on opposite sides of this gap 
are different in nature. This is the case for 
nonlinear effects causing spatiotemporal 
pattern formation on a reacting surface (2): 
A t  low pressures the conditions are nearly 
isothermal, and concentration patterns are 
formed by coupling of the reaction and 
surface diffusion. Phenomena of this type 
have been widelv studied with the recentlv 
developed technique of photoemission elec: 
tron microscopy (PEEM) (3-5). A t  higher 
pressures, on the other hand, finite temper- 
ature differences caused by variations of the 

heat release associated with the reaction 
give rise to thermokinetic waves governed " " 

by the heat conductance of the system, 
which to date have been imaged primarily 
by techniques based on infrared emission 
(6). 

In this report we demonstrate how two 
optical methods may be used to image sur- 
face patterns at arbitrary pressure. With 
these techniques, the continuous range of 
coupling mechanisms responsible for spatio- 
temporal self-organization in surface reac- 
tions ifor examnle. diffusion and heat con- 

& ,  

ductance) becomes accessible to experi- 
mental investigation. The two techniques, 
ellipsomicroscopy for surface imaging 
(EMSI) and reflection anisotropy microsco- 
py (RAM), are closely related and are based 
on changes of the degree of polarization of 
light reflected from a surface. 

The EMSI technique is based on  ellip- 
sometry, which is well-established and has 
been used as an imaging method for char- 
acterizing structures on surfaces with thick- 

Fig. 1. Experimental setup 
for EMS1 and RAM. Light 
from an Ar-ion laser (wave- 
length A = 488 nm, power = 

100 mW) is reduced in co- 
herence as it passes through 
a vibrating multimode optcai 
fiber: it is then llnearly polar- 
 zed and iliuminates the sur- 
face at an angle of 70" w~th 
respect to t s  normal for ~ r - I O ~  laser 

EMS1 (solid path) and close 5zq Analyzer ) 488 nm 
(Polarizer) 7, Polarlzer 

to normal incidence for RAM background b ens^?^ b ens 

(dashed path). After reflec- 
Subtracter 

tion, the beam is imaged 
onto a charge-coupled de- I Video I Coherence- 

Scrambler 
vice (CCD) chip by lenses recorder I 

(enabling magnifications be- RAM 

tween X I  and x50), after 
passing through a cornpen- 
sator (b'4 plate) and being 
adjusted close to zero inten- 
sity by the anaiyzer. An image processor (Hamamatsu Argus 20) permits background subtraction in reai 
time. Arrows indicate the polarization of the light for EMSI. 
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