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Control of friction by shear induced phase transitions
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Controlling frictional behavior can be made possible when relationships are established between the mac-
roscopic frictional response and the microscopic properties of sheared molecular systems. Here an approach is
suggested for modifying the frictional response through shear induced phase transitions in a mixed lubricant
monolayer of a base solvent and an additive. The solvent-additive intermolecular interaction and relative
concentration are shown to be the major parameters in determining the friction force magnitude and the nature
of the responséstick-slip or sliding.
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Interfac.ial friction is one of the_ oldest problems in physicg MR N nd(R—T1;) L JUA(r,—R)
and chemistry and certainly an important one from a practi- 5 +2 + E
. . . . . . ot ; ot = JR
cal point of view. With the recent introduction of new experi-
mental tools that allow for detailed investigations of friction N JUB(r,—R)
at nanometer scales, there has been a major increase in ac- +2 ﬁ—R'+K(R—Vt):0, (D]
=L

tivity in the study of nanotribology: namely, interfacial
friction on the microscopic levét.® Nanotribology offers a
meeting ground for practical aspects with new and fascinat-

mo’r;  npa(2ri—R)  JUAB(r,—R)+U”B(r))]
+ +

ing physical phenomena such as dynamic phase transitions, at? ot ar;
giant enhancement of an effective viscosity in nanoscale con- N
f ts, shear induced ch ffects, and 9P(ri—r))
inements, shear induced chaos, memory effects, an > — L V1),
morel0-15 EI Ry
Controlling frictional forces has been traditionally ap- .
proached by chemical means, usually supplementing base i=1,.,N. 2

lubricants by friction modifier additive®:’ Each additive in Here we consider a mixed monolayer consisting of two types

such molecular mixtures serves a different role: some dez; |\ JleculesA andB:  a “base solvent’A and an “addi-

crease static friction and eliminate undesirable stick-slip Mo, B MoleculesA are numbered from 1 th and mol-

tion, some influence the tem_per?;[ure dependence of ViSCOgg jlesB from L to N. MoleculesA andB are chosen in such

ity, and others inhibit corrosiotf.*” While the behavior of 5 \yay that they tend to occupy different sites on the surfaces
single-component lubricants in nanoscale confinements hast the plates—for instance, on top of a substrate atom and at
been extensively studied both experimentally andthe center of the substrate lattices. Correspondingly, the in-
theoretically, >°~#% investigations of the behavior of teractions between the moleculésand B and each of the
molecular mixtures under similar conditions are in their earlyplates are given by different periodic potentials: namely,
stageg®19 UA(r) =U*{cos(2rx/a) +cos(2ry/a)} and UB(r)

In this paper we suggest an approach which might help= — U®{cos(2rx/a)+cos(2ry/a)}, wherea is the periodicity
decide how to tailor molecular mixtures so that they provideof the substrate lattices. For simplicity, we chose the same
desirable frictional properties. Modifying friction is achieved periodicity of U and UB. The intermolecule interaction is
here through shear induced phase transitions in the mixedescribed by a potentiab which includes a short-range re-
embedded system. Understanding the molecular picturpulsionC exp:—(ri—rj)zlcz] and a regularized Coulomb in-
could help create desirable phases of motion and therebgraction gadg/[b?+ (r;—r;)?]¥4 where for the effective
modify frictional forces. charges we assungs=—qa=¢, andb is a cutoff param-

In order to mimic surface forces apparatus experiments oeter. The chosen Coulomb interaction provides an attraction
sheared confined liqui§s* we introduce a model which con- between different type molecules and repulsion between
sists of two noninteracting rigid plates, with a monolayer ofidentical molecules. The parametgraccounts for the dissi-

N particles each of mass at coordinates;={x;,y;} embed- pation of the kinetic energy of each particle due to interac-
ded between them. One of the plates of mislsand center- tions with excitations in the plates. Again, for simplicity we
of-mass coordinat®={X,Y} is pulled with a linear spring assume that all molecules have an identical nmssd dis-

of spring constan. The spring is connected to a stage sipation constany and thatU”=U®B=U,. The effect of the
which moves with velocityV. This system is described by thermal motion of the embedded molecules is given by a
2N+ 2 equations of motion: random force f;(t), which is & correlated, (f;(t)f;(0))
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FIG. 2. Time dependence of the spring force fay weak
q/(U,a)*?=0.5, (b) intermediateq/(Uya)¥?=0.9, and(c) strong
q/(Uga)¥?=1.4 attractions betweeA and B molecules. Bottom

0 L panels show the corresponding time dependences of the ensemble-
0 0.25 05 averaged distances between neighboArandB molecules. Param-

Additive concentration
eter valuesV=0.07wa, »=2.6Mw/N, andN=50; other param-

FIG. 1. Dependence of the average spring force on the concereters are the same as in Fig. 1.
tration of additives for driving velocitie¥/wa=0.04, 0.3, 0.7, cor-
responding to stick-sligbold symbol$, intermittent type(circles, stick-slip motion occurs. Under our assumptions the spring
and sliding(plus sign$ motions. The force, time, and distances are foce versus the concentration of the additive molecules is
presented in units of 2Uo/a, ™ *=(a/2m)(M/UoN)™, anda. symmetric with respect tg=0.5 with a minimum at equal
Parameter  values: N=200, M/m=0.M, T M@/N, concentrations of molecules andB.
gn_dot;?a(liog)l » K=8Wo/a%, c=a, C=2Uq, kgT=10"Uo, In order to clarify the mechanism of modifying friction by
" adding an additive we have performed a detailed study of the
geometrical structure of the mixed embedded molecular
=2mignTat)s;. Here T is the temperature anklz is the  |ayer under shear and have established the relationship be-
Boltzmann constant. It should be noted that the particulatween geometry and frictional response. Here we present re-
form of interactions chosen here serves only as an exampkults obtained for the case=0.5, which corresponds to an
to demonstrate the suggested mechanism for modifying fricequal number oA andB molecules. Figure 2 shows the time
tion. However, our conclusions are mostly independent okeries of the spring force and of the ensemble-averaged dis-
the particular form of potentials. For instance, similar resultsance between moleculé#sandB, both calculated for weak,
have been obtained for the van der Waals attraction betwedntermediate, and strong attractions between the solvent and
molecules. additive molecules. In our model the strength of the attrac-
Before analyzing the model and describing the mechation is determined by the “effective charge” of the mol-
nism of how to modify friction, we present in Fig. 1 an ecules,q. All curves in Fig. 2 have been obtained for the
example of dependence of the time-averaged spring force asame driving velocity corresponding to stick-slip motion for
the concentration of the additive molecul& &=(N the base solverA. In addition, Fig. 3 presents the snapshots
—L)/N. The total number of embedded molecules is kepiof the embedded system observed during stigland sliding
constant. The calculations have been done for three values @) states of motion for the intermediate strength of attrac-
driving velocities, which correspond to periodic and chaotiction. The instants corresponding to the snapshots are marked
stick-slip behaviors  typical of low  driving on the time series of the force by arrows: see Fi$).ZThe
velocities!3¢811-153nd to steady sliding typical of higher snapshots are complemented by the two-dimensi2@)
velocities. Figure 1 demonstrates a decrease in friction witlourier transforms of the instantaneous correlation function
an increase in the concentration of the additive. More than $or the sheared monolayer, which are also shown in the insets
fourfold lowering of friction has been observed when theto Fig. 3.
concentration of the additive changed from 0 to 0.5. We ob- Our results clearly demonstrate that for weak and inter-
serve a decrease in friction for all regimes of motion, butmediate strengths of th&-B attraction the monolayer in the
with the strongest effect at low driving velocities, where thestick state has tetragonalsymmetry, for which the distances
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FIG. 3. Snapshots of the sheared monolayer showing tetragonal
lattice (a) for the locked states and hexagonal dbefor the sliding
states. Insets present corresponding correlation functions. Parameter
values:V=0.3wa and w=27(U,N/M)*¥a; other parameters are 60
the same as in Fig. 1.

Force

between neighboring\-A and A-B molecules equah and

a/v2, respectively. For the weak attraction the monolayer 40
retains tetragonal symmetry also in the sliding state where

the monolayer molecules move mostly while remaining in

the corresponding minima of the molecular-plate potentials.

This is reflected by the time series of the averaged distance 20
between A-B neighbors, which only slightly fluctuates

around the value o&/v2 [Fig. 2(a)]. The same is true for a
one-component monolayer.

In contrast, for the intermedia#-B attraction a nevhex- % 0'5 1' 1'5
agonal symmetry arises during sliding. Here the different Aﬁ ti J(U.2)"2 '
kind molecules group inté\-B pairs and form a lattice with raction, q/(U,3)
well-defined hexagonal symmetry, ignoring essentially the
symmetry of underlying potentidsee Fig. 3. The effect of
pair formation is seen in Fig.(B), which shows a significant
decrease of thA-B distances during sliding compared to the
valuea/v2, which is typical of the tetragonal lattice. Sliding
and stick states can be easily distinguished according the
time series of the spring force, presented in Fig. 2. Our caltime an almost ideal tetragonal structure witkB neighbor-
culations also demonstrate that being in the sliding state thiag distances close ta/v2 builds up, accompanied by an
molecules are, on average, equally distant from the minim@nhancement of the instant depinning force. This occurs as a
of the plate potentialdJA(R) andUB(R), and move within  result of the effective stirring of the system during long in-
the channels between them. Thus, due to the attraction beervals of sliding motion. Such a motion induces annealing
tween the base and additive, the molecules “pull” each othewhich removes defects that always arise during preparation
out of the minima of the corresponding potenti&l§ and  of the system.

UB, thereby effectively decreasing the potential barriers to For strongA-B attraction we find that the embedded mol-
sliding. This leads to a significant reduction of friction force ecules at all times form a nonideal hexagonal lattice, which
in the sliding state and to an increase of time intervals thaincludes pair chains and dislocations. Figufe) Zhows that
the system spends in motion. This complements the idea irat all times the molecules coalesce i#eB pairs drastically
troduced in Ref. 7 for one type of molecule. reducing frictional force. In this case the system executes

As we already noted above, for intermediate strengths ofliding motion even in the range of low driving velocities,
attraction the embedded monolayer has mostly tetragonalhere a stick-slip motion has been observed for weak and
symmetry in the stick state. Howevek;B attraction causes intermediate strengths of attraction.
the formation of defects: pairs, pair chains, and domains of Shear-induced transitions between tetra and hexa phases
a foreign phase within the tetragonal lattice. The presence ajbserved here resemble the Kosterlitz-Thouless transitions in
defects leads to a decrease of the external force needed 2 systems with Coulomb interactions, where pairing and
initiate motion (static friction force¢ as compared with the unpairing of oppositely charged particles occur under change
cases of weak attraction and of a monolayer containing onlyf the balance between interaction and temper&fuhe. our
one kind of molecule. This way tha-B attraction reduces case the pairing and unpairing process is mainly controlled
the time-averaged static friction and transforms the almosby the balance between the periodic potentials and interac-
periodic stick-slip motion into an erratic oheompare Figs. tion strength. Here an external force pushes the particles out
2(a) and 2b)]. However, Fig. 20) shows that from time to  of the potential minima and so the plate velocity rather than

FIG. 4. Time-averaged spring force as a function of attraction
for driving velocitiesV/wa=0.04, 0.3, 0.7, corresponding to stick-
slip (bold symbol$, intermittent type(circles, and sliding (plus
sign9 motions. Parameter values as in Fig. 1.
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temperature plays the role of the characteristic parameteelative to the mechanical stiffne&sin Eq. (1). The viscous
which triggers the transition. The driven system resides aleontribution is constrained in the range betwegviN and
ternately in both phases, and their contributions to the aver;VN/28 Thus, at low driving velocities, the reduction of

age are dictated by the duration of the stay in each phasgiction can be as large asrU,y/b+ 7V)/(7V/2).
Coexistence of the tetra and hexa phases has been also ob-The viscous term dominates in the sliding regime. The

served here at every instant in the form of domains of on@\_B attraction also influences the viscous contribution by
phase inside another. o suppressing the velocity fluctuations of the embedded mol-
In order to characterize quantitatively the effectAdB  oq\jjes due to an effective decrease of the potential corruga-
attraction on the frictional force, we present in Fig. 4 the; - Lowever due to the above-mentioned constraints on
time-averaged frictional forces in three typical regimes ofy,o \aue of the viscous term, this effect is less pronounced

motion: stick-slip, intermittent motion, _an_d_ sliding aS @ than the effect of the attraction on the potential contribution.

func_no_n of Fhe attraction pellrameter..A significant erUCtlonAs a result, for high driving velocities the reduction does not

in friction with an increase in attraction has been found forexceed the factor of 2

3” the reg:clmhes.fHowe%ver, r:he itrongest eﬁé&:ﬂ:ﬂ-fol%re- In summary, mixing the embedded layer with additives
uction of the force for the chosen _param_e)t 8S DEEN - goes not only reduce friction, but it also makes it possible to

observed for the smallest driving velocity, which correspond%ontrol the regimes of motion. Namely, tuning the concen-

to ihperlotc)mc stick-slip mok;uon w:ja one-(;:omkpongnt SYS€M. yration of additives and/or the attraction between the additive
IS observation can be understood taking Into accounty the pase solvent allows to eliminate stick-slip motion
that there are two contributions to the frictional force: the_q {5 achieve sliding at low driving velocitiésee Figs
. . A B . .
poten_tlal one given by thel anSU terms in Eq.(1) and 2(a) and Zc)]. Such a control can be of high technological
the viscous one given by thBi'» d(R—r;)/ot term. The  mportance for micromechanical devices, where the early

. A B . . . . . . ) . ) ;
potential termdJ™ andU™ dominate in the stick-slip regime. stages of motion and the stopping processes, which exhibit
For the tetragonal structure their contribution to the averagediick and slip, pose a real problem.

force can be estimated adJ,N/b. The attraction betweef

and B molecules reduces the effective potential barriers, Financial support for this work by grants from the Israel
which leads to a significant decrease in friction, which can beScience Foundation, BSF, TMR-SISITOMAS, and DIP is
viewed as a decrease in the stiffness of the molecular systegratefully acknowledged.
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