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Friction Control in Thin-Film Lubrication
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A novel method is proposed for controlling and reducing friction in thin-film boundary lubricated junctions,
through coupling of small amplitude (of the order of 1 A) directional mechanical oscillations of the confining
boundaries to the molecular degrees of freedom of the sheared interfacial lubricating fluid. Extensive grand-
canonical molecular dynamics simulations revealed the nature of dynamical states of confined sheared molecular
films, their structural characteristics, and the molecular scale mechanisms underlying transitions between
them. Control of friction in the lubricated junction is demonstrated, with a transition from a high-friction
stick—slip shear dynamics of the lubricant to an ultralow kinetic friction state (termed as a superkinetic friction
regime), occurring for Deborah number vallizs= t1/70sc > 1, Wherers:is the time constant of the boundary
mechanical oscillations normal to the shear plane and the characteristic relaxation time for molecular

flow and ordering processes in the confined region. A rate and state model generalized to include the effects
of such oscillations is introduced, yielding results in close correspondence with the predictions of the atomistic
simulations.

Understanding the atomic-scale origins of the mechanical and structural (and conformational) relaxations and energy redis-
rheological properties of boundary lubricating thin molecular tribution and dissipation, as well as system characteristic times
films, confined between closely spaced solid boundaries, is of (operationally dependent) such as the mechanical drivettime
fundamental and technological interest, aiming at molecular = A/v, which is the time for driving the systems at a veloaity
design of lubricants for use under extreme conditions of high a characteristic distance The ratioDe = t/tgrive is defined
loads and shear ratés® Confined fluids have been observed as the Deborah numbét,and it is expected that different
experimentally and theoretically to exhibit unique structural, regimes of rheological response correspond to different values
dynamical, mechanical, and rheological properties, different of De, which may be accessed for a given lubricant (as well as
from those of the bulk and dependent on the degree of given temperature and load) through controk@fe. Thus, it
confinement (load), operational conditions (e.g., shear rate andis expected that dissipation will be maximal D¢ ~ 1, and
temperature), and nature of the fluid (e.g., molecular shape, size otherwise reduced friction will occup.
and complexity) and its interactions with the boundaries (€.9., The MD simulations were performed using our recently
chemical or physical bindind):*? These properties include  developed grand-canonical MD (GCMD) methBd.In this
organization of interfacial films into layered structures charac- method, which models the configuration used in the surface
terized by load-sustaining capacity portrayed in oscillatory force apparatus (SFA} and tip-baset® experiments, the
solvation forces between the confining surfaces as the gap widthperiodically replicated simulation cell contains two opposing
between them is varied, and confinement-induced dynamical solid blocks with a gaf® between them (along thedirection
rheological response characteristics such as long-relaxationnormal to the solid surfaces) immersed in a liquid, such that
times, the development of shear yield stresses (static friction), the liquid in the confined region is at dynamic equilibrium with
and the occurrence of classes of shear motion (e.qg.,~ssigk the surrounding liquid. The solid blocks are of finite size in
and a transition to a steady sliding state and to an eventual statehe x-direction and extend over the length of the simulation cell
of ultralow kinetic friction (termed the superkinetic regitde  in they-direction. The size of the cell in thedirection,Hy, is
for shear velocities exceeding a critical valug), taken to be sufficiently large so that the molecules outside the

Here we investigate, through molecular dynamics (MD)
simulations, novel mechanisms for modifying, controlling, and
reducing frictional resistance in thin-film boundary lubrication,
through dynamical directional coupling to the sheared fluid of
small-amplitude mechanical oscillatory motion of the confining
surfaces, applied normal to the shear plane.

Underlying the aforementioned properties of confined mo-
lecular films and their tribological response are microscopic

confinement can exhibit bulk liquid behavior and the lenigth
varies dynamically using constant pressure MD (viAth = 1

atm). The geometrical parameters used in the simulations are
given in ref 12b.

In the simulations of shear the direction of sliding is along
the y-axis. In these simulations the upper solid block is
connected to a horizontay)(spring (spring constarks = 0.8
N/m), which is pulled at a constant velocigg. To model

momentum and energy transfer mechanisms governed byconstant load conditions, the center of mass of the block in the
couplings between the lubricating film molecules and the z-direction,zm, varies dynamically in response to the balance
(mechanical) motion of the shearing boundaries, as well as between an externally applied lodefe,: and thez-component
between intra- and intermolecular degrees of freedom. Associ-of the internal stress exerted by the liquid molecules on the
ated with such couplings is a spectrum of characteristic times upper blockg’z, i.e., M/A) Zem = PZ,, — 0x(t), whereM is the

(zr) (materials, temperature, and load dependent) for dynamic mass of the block and is its area. In addition, simulations
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were preformed where the gap width was modulated periodically
in time using a triangular drive (modeling a time-varying
externally applied load).

The fluid (spherical) molecules were treated dynamically
using 6-12 Lennard-Jones (LJ) interactions, withand o
parameters as described in ref 12b, corresponding to a com-
mensurate solidliquid systemt®i.e., fcc solid block¥’ with a
lattice constanta = 5.798 A, exposing (111) surfaces, were
used in conjunction with a liquid whose LJ parameters were
taken ase/kg = 119.8 K ando = 3.405 A, corresponding to
the solid and bulk liquid having the same density at the
temperature of the simulatiorig,T = 0.83% (above the melting
temperature of the bulk LJ material Bt= 1 atm).

For gap width < 30 A, the confined liquid organizes into
layered structures normal to the boundat®sThe degree of

ordering into such layers dependsDpand it originate¥° from
variations in the internal energy and entropic contributions to <
the free energy which oscillates (as well as the corresponding *

solvation forces) as a function &. Well-formed layers (i.e., ©
. . . . 0 1500 3000 0 750 1500 0 500 1000 1500
states of maximum sharpness of the oscillations of the density t (ps) t @8 t (ps)

proflles',p(z), across the glm, which are chara(?terlzed by minima Figure 1. (a) Position of the center of mass of the spring-pulled upper
of the in-layer diffusio b, occur with a period of about the  ojig block §/em, solid line), (b) sliding-spring forceFq), (c) height
molecular width ¢4 A). As elaborated by us previousi? variations of top block Az), and (d) number of molecules in the
transitions between such well-formed equilibrium layered states confinement i), plotted versus timet), obtained from GCMD
(occurring here forD, = 26, 22, 18, 15, 12, and 9 A, simulations of a four-l_ayer jynction u'n_der constant external lead
corresponding tm, = 7, 6, 5, 4, 3, and 2 layers, see Figures 1 _=7_3 MPa, sheared with spring velocmes_naf= 1, 10, and 2_0 m/s_ as
and 2 in ref 12b), are associated with expulsion of about a layer- 'gd'cat?d- The dashed line in (a) depiats. Note the stick-slip

. . : ynamics forvs =1 m/s, decreasing fas = 10 m/s and further reduced
Worth_ of molecules f_rom the confined region. Mos_t 'mporta_nt for vs = 20 m/s (approaching the steady-sliding regime). In the inset
here is the observatidhthat such molecular expulsion transi-  in the top panels fors = 20 m/s we display the time evolution of(t)
tions occur (for globular molecules and straight-chain alkanes) following a sudden cut (denoted heretas 0) of the sliding spring
discontinuously (reflected in a steplike drop pattern in the during the steady-sliding. This information was used to estimate the
number of confined molecules,, as a function oD), and they molecular_ fI(_)W _relaxation time,r_f (the dashed line _indi(_:ates_ an
are caused by a relatively small reduction of the gap width ( Expo'\Tentlgl fit withzs = 30? ps). Distances, force, and time in units of
~ 1 A). Further reduction of the gap width in the intengj, N, and ps, respectively.
— Dy, -1 — 0 occurs for an almost constant number of molecules
in the confinement and is accompanied by enhancement of the
interlayer (and intralayer) order in the resulting 1)-layered
film.

Vs=20m/s

160 240

phase characterized by a layered structure with high degree of
intralayer order (both in the interfacial layers and inside the
film), the transition to a slip stage is signaled by structural
transformation of the interior layers in the film (which continues
Results of constant loadPf,, = 73 MPa) shear simulations o maintain a rather distinct layered structure) into a dynamical
of an equilibrated four-layer liquid film (with~150 molecules  phase with the intralayer order in these layers characterized by
per layer) for three spring-pulling velocitieg are shown in  regions of a highly dislocated two-dimensional (2D) defective
Figure 1. A characteristic stiekslip sliding motion is found  solid coexisting with 2D ordered (close-packed) islands (these
for the lower VelOCity (1 m/S), approaching a Steady Slldlng state islands appear to nucleate ordering of the |a%vshen a
for vs= 20 m/s correlated with a notable decrease in the friction Subsequent stick stage deve|ops)_ The latter dynamica| phase
force (panels b in Figure 1); from these observations we gppears to be distinct from the less ordered (“fluidiZéd”
conclude that the critical velocity. > 20 m/s. Accompanying  phases that are found during the steady-sliding and superkinetic
the stick-slip motion are sharp variations in the number of regimes. In this context we remark that in simulations employ-
confined molecules, as well as small dilations of the gap width. |ng a stiff pu|||ng Spring (|eks—> oo) atomic-scale Stic-ks]ip
On the other hand, the approach of the steady sliding regime isprocesses were found (with a slip length corresponding to the
signaled by a sharp drop im (see Figure 1d fors = 20 m/s) in-layer intermolecular distance in the slip direction), but with
with subsequent variations in the gap width agdbeing small  no accompanying intralayer disordering; instead the stitip
and erratic. Similar simulations for an external load of 132 dynamics occurred here via a sequence of intra|ayer-registry_
MPa (corresponding also to a four-layer film, but now in its change transitions (intralayer shuffle), each involving collective
optimally structured well-layered configuration) resulted also motion of the (ordered) interior layers past one another.
in stick—slip motion forvs =1 m/s. However, for sliding with The central issue that we would like to address now is whether
vs = 10 m/s the confined film collapsed to a three-layer structure the friction in such boundary lubricated systems can be
via expulsion of a layer worth of molecules during a brief controlled. For example, can a transition to the ultralow-friction
interval following a slip stage in the stietslip cycle (Figure  superkinetic regime be induced by other means, without having
2). The transition to a three-layer film is seen to be accompaniedtg slide the system with high velocities> v (i.e., larger than
by increased (static) friction. Such shear-induced transitions 20 m/s in our case)? To this aim, a novel method for accessing
in film thickness have indeed been observed experimerf@ly.  |ow friction states of the confined lubricant is suggested by the
The two stages in the stielslip cycles and the transition  aforementioned observatiotspbtained from simulations of
between them are accompanied by structural changes in the film.equilibrium states of the system, pertaining to the nature of
Thus, while the film in the stick stages exhibits a dynamical transitions between equilibrium layered states of the film that
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Figure 2. Same as Figure 1, but for a well-formed four-layer system
sheared withvs = 10 m/s under a constant lo&&, = 132 MPa. Note

the sharp collapse of the confined film a#=t500 ps fromn. = 4 to

n. = 3, accompanied by a decrease in the gap width (c), expulsion of
a layer-worth of confined molecules (d), and a pronounced increase in
the static friction (peaks of the stielslip cycles depicted by Hin

(b)).
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are initiated by small€1 A) variation in the gap width. In

this method dynamic controlled coupling is established between ~ °

the molecular and flow degrees of freedom of the sheared
lubricant and a mechanically driven mode. Here this method
of friction control takes the form of applied directional small-
amplitude oscillatory variations of the gap width.

Prior to exploring the effect of oscillations of the confining
gap on sliding friction, we apply to the layer-ordered system
periodic oscillations of the gap width and allow the system to
evolve until a steady state is achievi@din illustration of the
change in the degree of order in a four-layer confined film
caused by such oscillations (with an amplitude of 1.5 A) is
shown in Figure 3. Results of sliding simulations are shown
in Figure 4, confirming our expectations pertaining to the
influence of directional oscillations of the confining boundaries
on the sliding dynamics and friction in the lubricated junction.
In particular, small-amplitude (1.5 A) periodic variations
(triangular drive with a velocityese= 15 m/s) of the gap width
for the four-layer film result (for a sliding velocitys = 1 m/s)
in a most significant reduction of the frictional resistance and
obliteration of the stickslip dynamics, that is, transition to an
ultralow friction state, i.e., the superkinetic regime (compare
the left column in Figure 4a,b to the corresponding oscillation-
free case shown far; = 1 m/s in Figure 1a,b). This transition
is accompanied by a precipitous decreass;iand the normal
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Figure 3. Atomic configurations obtained from grand canonical
molecular dynamics simulations of a fluid lubricating the gap between
opposing solid boundaries (yellow spheres). The upper equilibrium
configuration was recorded for a gap width of 15.25 A showing
organization of the confined fluid molecules (in purple) into four ordered
layers; the liquid molecules outside the confinement are depicted in
green. The bottom figure, recorded during a small-amplitude (1.5 A)
oscillation of the gap width, illustrates disordering of the layered
structure in the confinement accompanied by flow of molecules in and
out of the confined region.
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Figure 4. Same as Figure 1 withs = 1 m/s, but under directional
oscillations of the top solid block along tlzeaxis (normal to the shear
plane), using a triangular waveform with an amplitude of 1.5 A and
velocitiesvesc = 15, 1.5, and 0.3 m/s, as indicated. In panels (c) we
display the time variations of the normal component of the internal
stress on the confining boundariegs. (in units of MPa). Note the
transition to a superkinetic regime for the highest oscillation velocity
and the intermittent well-defined stielslip and superkinetic dynamics
for the lowest one.

component of the internal stress on the boundaoifs, Since
the transition to the superkinetic regime occurred under the
influence of the out-of-plane oscillations already at a spring
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sliding velocity vs = 1 m/s, while for the oscillation-free case gap from a well-formed layered state cause significant changes
such transition requires velocities larger than 20 m/s, the effectin the structural, dynamic, and rheological properties of the
of the oscillations may be interpreted as effectively lowering lubricant. To model such effects, caused by an applied
the critical velocityy. in a most significant way. On the other  oscillatory variation with a frequency.sc = 27/705, rate and
hand, under directional oscillations at a lower frequengyc( state models can be generalized by relating some of the model
= 1.5 m/s) a somewhat frustrated form of stiecldip dynamics parameters, specifying the state and/or properties of the
is maintained (compare middle column in Figure 4a,b with the lubricant, to external control variables. We present here one
left column in Figure 1a,b), while oscillations at an even lower simple example of such a generalization, where we use a
frequency f{osc = 0.3 m/s) result in intermittent stiekslip modulation function (i.e.m(t) in eq 1) to represent direct
(characterized by pronounced high static friction peaks, Figure external control of the state of the lubricant; here we tiaki
4b) and short periods of close to superkinetic sliding, ac- = 1 — An Sir? (wosd/2). The time-dependent modulation
companied by large variations im andog; (with low values (control) of the extremal value®ax and 6min) of the order
during the superkinetic intervals). parameter models here states of the lubricant, accessed via an
To understand and optimize the frequency dependence of theexternal oscillatory drive, which are characterized by maximal
applied mechanical directional oscillatory coupling to the and minimal values of the order parameter that are smaller than
molecular shear flow motion, we suggest that the dominant in the absence of such imposed oscillations.
operative relaxation time is that pertaining to molecular flow  To complete the model the equation of motion for the spring-
in-and-out of the confined zone, denoteddgyother relaxation pulled block and the expression for the friction forEg are
processes, such as layering of the film, intralayer ordering, andtaken after CB (see egs 1 and 2 in ref 22). It is convenient
the time for restoration of stickslip dynamics after interruption ~ now to rescale variable® = (60 — Omin)/(Omax — Omin), andbo
of the directional oscillatory variation of the gap width while = Omin/A0, 01 = Omad A6, andt’ = /A0, whereAl = Omax —
in the superkinetic state, are relatedrto To estimater; we Omin, as well as denota(t) = 1 — m(t) = A, Sirf(wosd/2). With
have cut the pulling spring during sliding in the superkinetic this rescaling (dropping the primes) and notations the equations
regime under constant load (see= 20 m/s in Figure 1) and  of the generalized rate and state (GRS) model are
recorded the time evolutions ok(t) (see inset in Figure 1).

Fitting the increase in the number of confined molecules by an MYem = KYem = vd) - Fo 2
exponential form yieIdsrPL:4 ~ 300 ps. We now may )

estimate the Deborah numbddg = ¢/7osc (Wheret; and 7osc Fo= 0min T (Omax~ Omin)0 + BYem )
are taken as the operative relaxation and drive times, respec-

tively) With 7osc= 6 x 10720 m/uys, yielding for vos.= 15 m/s 0= (0 + 6on()(1 - 6 - O,n(V))/7 - (0 + ON(1)Yer,  (4)

(i.e., Tosc = 40 ps),De = 7.5; that is, in this regime the system o )
is driven out of dynamic equilibrium conditions, resulting in Note that whenn(t) = 0 the oscillation-free CB model is
reduced frictional resistance (superkinetic regime), as observed€covered. The first term in eq 2 is the (experimentally
in the simulations (Figure 4a,b fogs.= 15 m/s). On the other ~ Measured) spring forc&s, and from eq 3 it is seen that in a
hand, forvess = 1.5 m/s (i.e.7osc = 400 ps),De = 0.75 and a more ordered state _(Ia_rgervalug of the dynam_lcal st_ate variable
somewhat “mixed” stickslip dynamics occurs reflecting the 0, e.qg.,0 ~ 1) the friction force is larger than in a disordered
ability of the confined molecular system to only partially relax State (e.9.¢ ~ 0). _ ,
and explore its intrinsic dynamical states at any value of the 10 compare the results of the model to our simulations, we
externally applied gap variations, while fogec= 0.3 m/s (i.e., ~ US€ks = 0.8 NN (as in the simulations) ard = 24 450 amu
Tose= 2000 ps)De = 0.15 resulting in intermittent well-defined (the_comblned mass of Fhe sllqllng block and half of the confined
stick—slip and steady-sliding interva®8. In fact, in the latter lubricant used in the simulatiofy. For the extremal values
two cases other molecular relaxations and drive characteristicOf the order parameter we takgax = 0.8 NN anddmin = 0.19
times (such as the one associated with the sliding spring-driven"N, guided by the variations of the spring force in the
motion) may become operative, and they, together with oscnlatlt_)n-fr_ee simulations ats = 1 m_/s (seeFs in the left
should be considered in estimating the effece column in Figure 1b), and for the amplitude we takg= 0.9.

It is of some interest to model the above findings obtained The other parameters of the model £ 0.5 AL B = 0.2
via atomistic simulations by a generalization of a phenomeno- nN-ps/A, andr = 7.55 ps) were determined by attempting to
logical rate and state (RS) appro&tfor boundary lubrication ~ réproduce the general behavior (frequency of stislip events
proposed recently by Carlson and Batista (CB).  In this model and their amplitudes) for th.e oscnlat.lon-free cases (Flg'ure. 1b).
the friction forceFo(Vem, O(t)) is taken to depend on the center The re_SL_JIts o_f the model _d|splayed in Figure 5 for oscillation-
of mass velocityyem, of the block (of mas#) pulled by the ~ free sliding (i.e.,n(t) = 0 in eq 4) atus = 1, 10, and 20 m/s
spring, and on a state variaté), representing the state of the exhibit rather adequate_ correspondence vylth those predicted
lubricant. The state variable (order parameter) is constrainedthrough the MD simulations (compare to Figure 1).

to vary dynamically between a maximum valfiga (ordered Most r«_—:‘markable is_the correspondence between results_ of
state) and a minimum valu@yi, (disordered state), satisfying ~ the MD simulations (Figure 4) and the model results shown in
the equation Figure 6 for sliding withus = 1 m/s and for three oscillation
periods ¢osc = 40, 400, and 2000 ps), which are the same as
. (0—m(1)0,,;, )MV O, 0) those used in the corresponding MD simulations. In the latter
0= - = o(0—m()0in)¥em (1) a saw-tooth drive was employed, while for convenience in

displaying the model equations we used sinusoidal oscillations;

with the ordering rate proportional to'! and 16 playing the we note here that very similar results are obtained by integrating
role of a characteristic disordering distarféeln the original eqs 2-4 with the modulating function taking the form of a saw-

CB model, and for the oscillation-free casa(t) = 1. tooth pattern. While refinements and/or alternative ways of

As discussed abov@,we have found from the simulations incorporating the effect of external drives in rate and state

that small-amplitude variations of the width of the confining models are certainly possible (and are being explored by us),
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predicted by the atomistic simulations. Experimental observa-
tions pertaining to control of friction through directional
coupling have been most recently maée?®

Vs=1m/s Vg=10m/s Vs=20m/s

n
Yem (A)
20 30
100 150
160 240

10
50
80
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