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Abstract: When liquid molecules are confined in a narrow gapveen smooth surfaces,

their dynamic properties are completely differemni those of the bulk. The molecular

motions are highly restricted and the system eid#mlid-like responses when sheared
slowly. This solidification behavior is very depemd on the molecular geometry (shape) of
liquids because the solidification is induced by thacking of molecules into ordered

structures in confinement. This paper reviews tleasarements of confined structures and
friction of symmetric and asymmetric liquid lubrida using the surface forces apparatus.
The results show subtle and complex friction metdms at the molecular scale.
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1. Introduction

Tribological properties of the molecularly thinnfis of a liquid lubricant confined between smooth
surfaces are of importance in many academic resem@as, as well as a great variety of practical
applications. When the distance between the twtases (thickness of an intervening liquid film) is
decreased to the order of a few molecular diametieesmolecular motions are highly restricted and
the dynamic properties of the system cannot be rstwted simply by intuitive extrapolation of bulk
rheological properties of the liquid [1-7]. This & essential issue for developing and sustaining
technologies such as the hard disk drives usethfémnetic data storage and microelectromechanical
systems (MEMS). In addition, the tribological prapes of liquids in nanoscale confinement are also
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important for the fundamental understanding of rasoopic orealistic tribology of liquid lubricated
surfaces. Most of the practical or engineeringate$ are not molecularly smooth, but rough. The
contact between the two surfaces occurs at protgudisperities where the intervening lubricant
molecules are in nanoscale confinement. The n&bdbgy of liquid lubricants confined between
smooth surfaces studied in this paper represenislesh model for the sliding at a single asperity
contact of rough surfaces.

There are two major experimental approaches tostigege the nanotribology of liquids in
confinement: the surface forces apparatus (SFA&}10] and the atomic force microscope (AFM) [11].
The SFA measures the interaction between molegudanboth mica surfaces (probe radiis 1 cm)
separated by a thin liquid film. The true contaeiaa the local load and pressure, and the thickofess
sliding film are directly measured during slidinghe AFM measures normal and lateral (friction)
forces between a sharp tip (tip radilss 20 nm) and a liquid lubricated surface in contddie
lubricant thickness and the true contact area akaawn in AFM friction measurements.

Due to the well-defined contact geometry and itseptial to measure the contact area and the
lubricant thickness accurately during sliding, t8EA is now commonly used to investigate the
detailed friction mechanisms in confined liquidvfg. The contact geometry in the SFA is also siatabl
to compare the experimental results with computauktions. Indeed, some important fundamental
mechanisms of friction suggested by SFA experimardgglirectly supported by simulations [4,12,13].

In this paper, tribological properties of the maleely thin films of liquid lubricants studied ugjn
the SFA are reviewed; considerable attention isuged on the effect of the geometry (shape) of
lubricant molecules. Because the nanotribologicaberties of confined liquid lubricants are very
dependent on the packing (ordering) of moleculeéw/déen opposed surfaces, the geometry (shape) of
molecules (symmetric or asymmetric) plays an esdemle [1,14-20]. We start this paper by
describing the force measurements using the SFA&nTthe liquid structures of symmetric and
asymmetric liquids in confined geometries witholidisg (static structures) will be examined. After
that, the nanotribological properties (both staticl kinetic friction) of confined liquid lubricantsill
be discussed in relation to their molecular geoiestr

2. The Surface Forces Apparatus (SFA)
2.1. General feature of the SFA

The surface forces apparatus (shown schematicafygure 1 [21]) has become one of the standard
tools for measuring forces between two smooth sada&eparated by liquids and vapors as a function
of their separation [1,22]. By elastically compiagstwo initially curved surfaces, one can measure
the forces (pressures) between two flat surfad@is (tontact situation is the case for tribological
measurement as described below). Molecularly smaoita sheets are commonly used as the
substrate surfaces.

The distanceD between surfaces can be measured or controlldektier than 0.1 nm by the
combination of different stage mechanisms such agometers, differential spring levers and a
piezoelectric crystal transducer. The surface sejoar can be measured also to 0.1 nm using an
optical “multiple beam interferometry” [23-25]. THenges of equal chromatic order (FECO) are
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obtained by passing a beam of white light through $ubstrate surfaces; the analysis of the fringe
pattern enables us to measure the local rdglifiattened contact areg thickness (surface separation)
D and refractive inder of a confined liquid lubricant between surfaces.

For the normal force measurement between two nudaces, one of the surfaces is mounted at the
end of a double cantilever spring. The deflectibrthes normal force measuring spring allows us to
measure attractive and repulsive forces over thgeraf more than six orders of magnitude in force
and from 0.1 nm to many microns in distance. Depgndn the surface geometry, one can obtain the
normal forceF between two curved surfaces, or the presByreF/A) between two flat surfaces.

Figure 1. Schematic drawing of the experimental set-up ofS3RA friction measurements.
The two surfaces are compressed together by agphyanmal loadL (pressureP). The
intervening lubricant molecules are squeezed auhfthe contact interface and form a
hard-wall film (inset). The bimorph slider is usedgenerate lateral motions of the lower
surface at a constant sliding velocy and the friction forceF is measured by the
deflection of the friction measuring spring thapparts the upper surface. White light
passing normally through the back-silvered micaethés focused on a spectrometer slit
that results in the FECO interference fringe patt®etailed analysis of the fringes enables
us to obtain the surface separation (thicknessitefvening filmD) and the real contact
areaA during sliding. (Adapted with permission from [2TQopyright 2000 by Elsevier.)
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2.2. Tribological measurements

Lateral movement of the lower surface at a conssdiding velocity is accomplished with a
piezoelectric “bimorph slider” by applying a triarigr voltage to the bimorph strips [10]. Typical
range of the sliding distance is about500um.

Lateral (friction) force is measured by the frictidorce measuring attachment called “friction
device” [8,10]. The upper surface is supportedrimtibn measuring springs of the friction devicada
the lateral friction force is measured by the daiten of the friction springs which is detected by
semiconductor strain gauges attached on the sprifggspped with a bimorph slider and a friction
device, one can measure friction fofeat different applied loads and sliding velocityv. The FECO
fringes are always monitored during sliding, whemables us to obtain the film thicknd3sand the
contact ared in real time. From the shape of the FECO, any weatamage to the surface can be
easily detected as soon as it occurs, allowing tondistinguish between undamaged sliding and
friction with wear. All of the results included this paper are obtained with atomically smooth mica
surfaces (wearless friction).

3. Static Structuresof Liquid Lubricant Filmsin Confinement

When the thickness of a liquid film between two sthosolid surfaces is decreased to the order of
molecular dimensions, the system no longer behases structureless continuum. The surface force
between the two surfaces does not vary smoothlypé$eitlates with distance due to the contributién o
structural or solvation forces [1]. The periodicity of the force oscillati corresponds to some mean
size of the liquid molecules. Figure 2 shows theidsl results of the structural forces of liquids
measured using the SFA [1,26]. The examples ofdifferent systems are shown: i) liquid molecules
having symmetric shapes such as a spherical mele@yiclohexane) and saturated linear-chain
alkanes (tetradecane and hexadecane); and ii) asimariquid molecules such as a branched alkane
(2-methyloctadecane). Oscillatory structural forse observed for the symmetric systems; the
periodicity corresponds to the diameter of the sphE cyclohexane and to the width of the
hydrocarbon chain for the linear alkanes (the larg of the hydrocarbon chain preferentially aligns
parallel to surfaces). The force oscillation suggésat the molecules form discrete layer structime
the confined films. Asymmetric molecule 2-methybmbcane exhibits a smooth and nonoscillatory
force profile because the asymmetric shape of tbiecnle prevents it from packing into well-ordered
discrete layers.

Spherical molecules, such as cyclohexane and octgityletetrasiloxane (OMCTS, not included
in Figure 2), and linear hydrocarbon liquids, sashetradecane and hexadecane, are the representati
examples of symmetric liquid molecules. Both symmoetystems exhibit oscillatory structural forces
in confinement as is shown in Figure 2, but the laoge of the oscillation is larger for the sphatic
molecule (cyclohexane). Because spherical molecdtesiot have a major axis to orient to, the
molecules can order into a structure not only e direction normal to substrate surfaces (layeoing
surfaces) but also in the direction parallel tdates (positional ordering in the layered plaini). iBe
other hand, for the linear chain molecules, thay foam a discrete layer structure on surfaces but d
not have a preferred orientation within the laygpoithe (no positional or in-plain ordering) [27]s A
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result, spherical molecules have more ordered tstre than linear chain molecules, which results in
the larger oscillation amplitudes in the force pgeofspherical molecules obtain deeper free energy
minima in the confined film).

The final film thickness under large applied loadimportant from the tribological viewpoint,
which is evaluated from the normal force profildsgure 2). Compression of the two surfaces
(decreasing the separation) squeezes out the émiewy liquid molecules, but the molecules are not
completely squeezed out from the interface and ireraa a finite thickness film that supports the
normal load (pressure). We can evaluate the fimakihess by the distance where structural repulsive
force diverges. This is called “hard-wall” thickise$senerally, symmetric liquid systems can paalt int
well-ordered structures and form thinner hard-vihtis.

Figure 2. Forces between mica surfaces immersed in diffdigmd systems. Oscillatory
force is observed for symmetric liquid systems ésmial molecule cyclohexane and linear
chain molecules tetradecane/hexadecane), indicativa discrete layer formation on
surfaces. Asymmetric liquid (2-methyloctadecane)egia smooth and continuous force
profile. (Reproduced with permission from [26]. @aght 1990 by American Institute of

Physics).
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4. Nanotribological Propertiesof Molecularly Confined Liquid Lubricants
4.1. General Features of the Friction and Lubrication of Confined Liquids

Figure 3 schematically shows the relationship betwlateral friction or lubrication force and time
for liquid lubricated surfaces [26]. When the thmeks of the liquid film is thick enough to flow as
bulk Newtonian fluid (“thick film” in Figure 3a) alteral force rises with time after the commencement
of sliding and reaches a plateau. This is the féréer the liquid to flow at a constant sliding veityc
V and expressed as
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F =nAy (1)

wheren is the bulk viscosityA is the surface area arids the shear rate (¢/D, D is the liquid film
thickness). When sliding is stopped, the lateratdaelaxes back to zero. When the thickness of the
film is decreased to some molecular dimensionsntbiecular motions are highly restricted and the
viscosity of the system is increased by many ordémnagnitude (referred to as effective viscosity
Nett). The lateral force upon shearing is still desadliby Equation 1, but the force is much larger than
that for the thick system.

For simple liquid systems, solid-like shear projsrtare often observed for their hard-wall state,
which is shown in Figure 3b. The two surfaces dueksto each other and move together at the
commencement of sliding until the lateral forcectess a yield pointH, static friction force or stiction
spike). After sliding occurs, the system sometimaghibits stick-slip sliding at low shear rate (the
lateral movement involves a repeated cycle of stgland slipping). When sliding is stopped, the
lateral force is stored and no force relaxatioruoec

Figure 3 represents thdeal examples for liquid-like and solid-like systems#€elreal friction force-
time plots (friction traces) obtained from experirteeexhibit mixed natures of liquid-like and solid-
like behaviors, which will be discussed in thedaling sections.

Figure 3. Two different lateral force responses between seda&eparated by liquid films.
a) Liquid-like response. When the thickness oflidpgid film is thick enough for the liquid
to flow as a bulk Newtonian fluid, the lateral fertme profile shows typical liquid-like
features. Nanoscale confinement increases the siigcof the liquid; the lateral force
increases by many orders of magnitude. b) For &aveéred hard-wall film, solid-like
shear response is observed, characterized by #tie &tiction (stiction) and stick-slip

sliding.
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It is important to note that the thickness of afowd liquid film during sliding does not always
equal its static hard-wall thickness, but variesie Ttypical example of the thickness change is
schematically shown in Figure 4. In the staticestijuid molecules are geometrically confined and
solidified (film is in a hard-wall state). In ord&y initiate sliding, lateral force must be applibet is
large enough tanelt the solid-like structure. This brings the densigcrease of the system which is
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achieved by the thickness increase (dilation) effilm, as is illustrated in Figure 4b. The ordétle
thickness change (dilation) is dependent on theeoubdr geometry, generally large for symmetric
liquids and very small (sometimes below 0.1 nm28%9]) for asymmetric liquids.

Figure 4. Shear-induced dilation of a confined liquid film). & liquid film is in a solid-
like hard-wall state on stopping. Lateral slidingtian is initiated when applied shear
force melts the solidified film. This is accompanied by theckmess increase (dilation)
and density decrease as is shown in b).
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4.2. Satic Friction (Stiction) of Confined Liquid Lubricants

We now describe the static friction (stiction) afnéined liquid lubricants; it closely reflects the
static liquid structure of the hard-wall films. brder to investigate the static friction behaviofs
confined lubricants, SFA stop-start experimentsemeerformed by a number of authors [14,15,18-
20,30].

Figure 5 shows the example of a SFA stop-start raxjeat for the molecularly confined film of an
asymmetric liquid lubricant, 1,3-dimethylbutyl otgther (DBOE) in the hard-wall thickned3 € 1.7
nm) [18,20]. Figure 5a shows the exact frictiorcés obtained at different surface stopping times.
Sliding is stopped for certain time then restarted; meanwhile the friction force @tmuously
measured as a function of time. If the stoppingtisishorter than the characteristic nucleatiom tiay
there is no change in the friction when it is rasth However, when the stopping time exceggs
stiction spike appears whose heidift (= Fs — Fi, Fs is a static friction force anéy is a kinetic
friction force) increases logarithmically with sfopg time (Figure 5b). The, is obtained from the
extrapolation of the logarithmic fit of the datathee abscissa. In the case of Figurer@&, 3.3 s.

In general, there are two distinct aging mechanismstiction (static friction), geometrical aging
and structural aging [31,32]. Geometrical aginget the real contact area due to the plastic creep
deformation of contact interfaces, and structugah@ induces changes of the structure of intengenin
liquid films. Both aging mechanisms are time demarigdthe contact area increases with aging time
and the structural change of liquids also proceattstime. In the SFA stiction measurements, tad re
contact area is always monitored and the resulivshio Figure 5b is already in effect normalized by
the contact area. Therefore, we can exclude tleetedif geometrical aging and evaluate the effect of
structural aging on stiction qualitatively and quiatively. This is the big advantage to using SieA
the study of stiction behavior of confined liquitticants.
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Figure 5. Stop-start measurements for the hard-wall filmrmofaymmetric liquid lubricant
DBOE. a) Exact friction traces. When sliding ispgied, some molecular relaxation occurs
and friction force initially decreases slightly. tifie stopping time is shorter than the
characteristic nucleation timeg,, there is no measurable stiction spike, and whdimg is
resumed it proceeds as if the surfaces have nexam ht rest. When stopping time is
longer thanr,, a stiction spike is observed when sliding is nesd. The height of the spike
increases with stopping time. In this figum,= 3.3s. Experimental conditions: applied
loadL = 30 mN (pressurf = 6.4 MPa); sliding velocity = 0.07um/s; temperatur@ =

23 °C. b) Effect of stopping timeon stiction spike height normalized by the contreta
AF/A for the DBOE films. Continuous logarithmic depende of AF/A ont is observed.
[b) Reproduced with permission from [20]. Copyrigh®09 by American Institute of
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Figure 6 shows the other examples of the stictmkesmeasurements for symmetric (linear chain
molecule hexadecane [14]) and asymmetric (squdliEsjg liquid systems. The results of the squalane
system resemble those of DBOE; the spike heighwgiowly and logarithmically with stopping time
t. In contrast, symmetric liquid hexadecane dispkyhfferent behavior. An abrupt and finite stictio
force appears once stopping tins longer tharr, (Figure 6a). It is almost an “all or none” respgns
and only a slight increase in the spike heighbiseoved for longer (>1,).

The molecular mechanisms involved in the stop-stanamics are discussed. In the SFA stop-start
experiments, the confined film is slid before stogpand molecules in the film may not have a
completely disordered structure but have sheanetlgconfigurations (discussed further in the
following section) [15,26,33]. When sliding is spma, the system relaxes from shear-aligned
configuration to more disordered configuration. sSTmolecular rearrangement induces a lateral force
drop (relaxation) at stopping as is observed irufeégha. This rearrangement should be accompanied
by a thickness decrease; Drummond and Israelactividictly observed the thickness decrease at
stopping for the confined squalane film [15]. Iffawwe stopping timeis shorter thart,, the film is in
the disordered state (liquid-like) and does notehatiction spike at the commencement of sliding
(liquid-like response as is shown in Figure 3a).the disordered liquid-like film, molecular
rearrangement continues withand molecules tend to pack in#tatic structure to obtain the free
energy minima in confinement (like the schematiticture shown in Figure 4a); the film finally
reaches a solid-like state. Hence, the nucleatioe t, is the time required for the conformational
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(orientational) rearrangements of molecules fromastordered configuration to disordeteglid-like
configuration and then to a statolid-like structure. Ther, is of course dependent on molecular
mobility, and increasing applied load or decreademperature generally increasgsbecause both
effects decrease the molecular mobility in the fiim,18,20,30] (see Figure 6a). The brief mechanism
discussed here is rather suitable to describe éhavior of asymmetric liquid molecules; symmetric
liquids include some different features (discudseldw).

Figure 6. Relationship between stiction spike height (noraeadiby the contact areal/A
and surface stopping time for two different liquid systems; a) symmetric uid
hexadecane and b) asymmetric liquid squalane. ffeetg oft on the stiction spike height
are different for the two systems (see text inije@xperimental conditions: &) = 21°C,

V = 0.17um/s; b) T = 26 °C, V = 0.65um/s. [a) Adapted with permission from [14].
Copyright 1993 by American Chemical Society; b) pa with permission from [15].
Copyright 2000 by American Chemical Society.]
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There are two possible solidification mechanismboofids in confinement; wall-induced epitaxitial
crystallization [16,34-36] and confinement-inducgldsslike transitions [4,13,37-41]. This is a
controversial issue and it is difficult to distingli the two mechanisms precisely by SFA experiments
However, detailed analysis of the phase transiiehaviors, particularly the continuous or abrupt
features of the transitions, enables us to estithatenolecular mechanisms.

As was already mentioned, the stopping time depwelef the stiction spike height of the
symmetric hexadecane shows an abrupt “all or ndwedavior, which is reminiscent of a first-order-
like transition. The first-order-like abrupt tratish between liquid and solid-like phase for hexche
is also observed for the transition between stigka&nd smooth sliding along with the change in the
sliding velocity, which will be described in thexteection.

In contrast, slow and continuous transition froouid to solid-like state (continuous growth of
AF/A on t) observed for the stiction behavior of asymmeligoid systems, DBOE and squalane,
resembles a glasslike transition. According to ¢baventional theories of glass transitions of bulk
polymers, “slowing down” of molecular motions (iease in relaxation times) occurs due to the
continuous decrease of collectively rearranginguv@ of molecules at low temperature [42]. It is
reasonable to assume that the effect of confinemerthe “slowing down” of molecular motions is
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essentially equivalent to that of decreasing tewrpee [4,10,13,41-43]. Asymmetric molecules do not
form discrete layer structures but pack more dgnaleing with decreasing thickness, and the system
should transit into glass at (or near) the hard-thatkness.

Molecular mechanisms associated with the formatiostiction spike for asymmetric systems can
be explained from the molecular volume decrease @ndinuous glasslike transition [20]. We
consider that the critical nucleation tinggis that required for the system to reach a ctiticalecular
volume for a glasslike transition. When slidingstepped, molecular rearrangement starts from shear-
aligned kinetic structure to static structure as weentioned. This rearrangement gradually reduees t
molecular volume of molecules and a glasslike itemmsoccurs at = 7,. Glass has out of equilibrium
structures and exhibits slow and continuous reiarathe system is able to pack more densely and
reach deeper energy minima along with 7;,). Therefore, the shear stress required to briagttstem
out of the local energy minimum into a sliding dgnfation increases with time. This continuous
increase commonly exhibits logarithmic dependentech is observed in Figures 5b and 6b. Actually,
this explanation is not limited to glasslike dynasin confined liquids but generally applicablehe
dynamics of bulk polymer glass [42,44-46].

We should note that the logarithmic dependencéatitdriction on surface stopping (aging) time is
not a specific feature for nanotribological systemu$ observed in a variety of macroscopic friction
systems and materials such as geological systearthdeakes), polymer materials, papers, stetds,
[31,32,47-50]. These macroscopic surfaces are ntggularly smooth but rough and the systems have
multiple contacts at the sliding interface. Fortswases, the origin of the logarithmic dependerice o
static friction on stopping time should be largdlye to the contribution of geometric aging; the rea
contact area gradually and logarithmically increaseh time because of the plastic creep deformatio
of the interface [31,49].

The force decay behavior of the stiction spike miyirslipping is also important. As is shown in
Figure 5a, the force decay of the confined DBOE tfar spike at = 120 s is fitted by a double
exponential function and two relaxation times dveamed. In the case of Figure 5a, theyare 3.1 s
and r, = 25.8 s, which are much longer than the timeescaf any conceivable single molecule
relaxations [51]. This indicates that the relaxatic governed by the cooperative molecular
phenomena, which also implies glasslike dynamicsifie DBOE system [20]. The double exponential
fit of the force decay was also reported for stiek-dlip friction of confined asymmetric squalane [16];
the relaxation times of; = 1.7 s andr, = 30.7 s were obtained that are very close tovélees for
DBOE.

It is interesting to compare the molecular relatatimes on stopping and those on starting in the
stop-start dynamics. For the DBOE system shownigarE 5, the time scale for the phase transition
from kinetic structure to solidlike structure o@ing is 3.3 s (&), which is very close to the short
relaxation time of the stiction force decay ontatgr(7, = 3.1 s). Figure 7 shows the comparison of the
characteristic nucleation timg and the short relaxation time on startingor the DBOE systems at
different applied pressures. The two relaxatioresrare almost equal to each other at the sameedppli
pressures, and both time constants exhibit exp@ietm¢pendence on applied pressure [20]. The
agreement of the two relaxation times implies ttied solidification on stopping and its melting
transition on starting are reversible molecularcpsses. According to the WLF (Williams-Landel-
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Ferry) theories for the dynamics of bulk polymeasges [42,52], the relationship between the
relaxation time of molecular motionand pressurB is given by

In7 =const. +$ = const. + BP (2)

whereB is a constant antlis the fractional free volume of molecules. Appbdity of the WLF
theories for the relaxation behavior of the cordinesymmetric DBOE is another experimental
evidence to support a glasslike mechanism of thdication.

Figure 7. Effect of applied pressure on the molecular relaxatime on stoppingr, and
that on starting; for the asymmetric liquid DBOE. The relaxation éim obtained at two
different surface stopping times= 120 and 1000 s) are plotted. Solid lines repretde
exponential fit to the data using Equation 2. (Repced with permission from [20].
Copyright 2009 by American Institute of Physics.)
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The agreement of, on stopping and; on starting is not observed for symmetric lindaamaes. As
is shown in Figure 6a, the valuesmffor hexadecane are in the range of 7 to 30 sh@mther hand,
the 1, values are much shorter thgn The r; for hexadecane is too short to be evaluated migdiy a
conventional SFA technique; lateral force droppadhediately to a kinetic friction force as soonfas i
reached a yield point [14]. This means that thelgmation on stopping and its melting on startiiog
the symmetric hexadecane film are not the reversibblecular process. One of the plausible
mechanisms of the dynamics is as follows [20]: twmfined hexadecane film could be in a
supercooled state when sliding is stopped, and;they correspond to the time constant for the phase
transition from supercooled state to crystallinengl with aging. On the other hand, theon slipping
may reflect the melting transition of the crystusture. It is difficult to clarify this speculat only
by experiments; further studies including compuséanulations are required to understand the
molecular mechanisms underlying these dynamics.

4.3. Kinetic Friction and Sick-Sip Siding

According to the old theories of friction (Amontéaw [2,53]), friction force is independent of
sliding velocity. This empirical friction law wass&blished in 17th century based on the purely
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geometrical model of interlocking asperities andsidl effective for many practical tribological
systems. However, for the friction of molecularin@th surfaces separated by a confined liquid
lubricant, we have to consider the effect of thebilty of confined liquid molecules instead of the
effect of interlocking asperities. Therefore, wevdndo bring the idea of a “molecular relaxatiomgi
scale)”, which is the main concept in rheologypalso tribology. Nanotribology of confined liquids
must be discussed as a function of time (slidifgarty).

Figure 8 shows the schematic illustration of tHectfof sliding velocity on friction force (“frictin
phase diagram” established by Yoshizawa and Isthella [2,14,54]). Friction force varies with
sliding velocity and exhibits a maximum when tharetteristic transit time (sliding velocity) equals
the relaxation time of molecular motion at the isigdinterface. The ratio between the two time scale
is commonly known as the Deborah number, De, défine

De = relaxation time / transit time (3)

so that maximum friction occurs when Bel. A single maximum peak is schematically illustchin
Figure 8. However, there are multiple moleculaaxation mechanisms at the sliding interface in real
tribological systems and friction force-sliding weity curves obtained from experiments suggest the
existence of multiple peaks and valleys [18,19,8D,5

For a liquid or liquid-like film we expect the ftion force to increase with the sliding velocitiké
a Newtonian liquid) until the sliding velocity rdses De = 1, above which velocity the friction force
falls. Stick-slip friction usually appears in thegative slope regime.

Figure 8. Schematic “friction phase diagram” showing the @leof sliding velocity on
frictional energy dissipation [2,14,54]. Maximunicfion occurs where De = 1. Increasing
applied load (pressure) retards the molecular metat the sliding interface and shifts the
curve to lower sliding velocities. On the contranycreasing temperature increases the
molecular mobility and shifts the curve to highefocities.

Liquidlike
(dF /dV > 0) Solidlike

%, (dF/dV<0)

Friction Force, F —

Sliding Velocity, V —>

Figure 9 shows the relationship between shearss&¢s kinetic friction forceF / contact ared)
and sliding velocityV for the asymmetric DBOE film [18]. Before we dissuthe effect of sliding
velocity, we briefly summarize the effect of apdliead (pressure) on friction force (shear streBlsg
shear stress (friction force at unit area) increas¢h the increase of the applied pressure (agpdiad
normalized by the contact area). According to thk theories of friction (Amontons’ law [2,53]),
friction forceF is proportional to applied lodd
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F=/ 4)

where u is the friction coefficient. This is an empiridalv based on the purely geometrical model of
interlocking asperities. Sliding of the two surfagaroceeds by overcoming the asperities (the upper
surface moves up against the force of gravity terceme the asperities, which gives a proportional
load dependence). It is interesting to note thafftiction of molecularly smooth surfaces also dejse

on applied load because the sliding is also accamgay the lifting up of the upper surface by some
fraction of an atomic or molecular dimension to reene the molecular-scale asperities or surface
lattices. In this situation, the normal load isaegkd by attractive surface forces and Amontong’ita
modified by

F=Fy+ il ©)

whereFy is the friction force at zero load [2]. For thécfion of molecular smooth surfaces, finite
friction force is occasionally observed even whiea applied load is zero due to the contribution of
adhesive surface forces, which is included~@sNote that according to Equation fjs given by the
slope of the friction forcevs. load curve, B/dL, rather than the absolute valueFdL; the latter is the
more traditional definition ofz given by Equation 4. Equation 5 appears to apmth bat the
macroscopic and nanoscopic scakeslé invariant friction law) [56]. In SFA friction measurements,
the real contact areA can be directly measured by FECO and the magnitideiction can be
guantitatively described by the friction force aitiarea, shear streSsThen we obtain

F

S

Fo, L_

AT A + Hy= S + 1P (6)
where § is the critical shear stress (shear stress at zenmal pressure) [2]. If the surface force
between two surfaces separated by a lubricantdicgipurely repulsivelp = 0 (5= 0) and friction
force is simply proportional ta (Equation 4, load-controlled friction). On the etthand, for highly
adhesive system$; (S) is large andu is very small (adhesion-controlled friction). Thacfion of
molecularly smooth mica surfaces covered by a stafd monolayer sometimes shows typical
adhesion-controlled frictiorS(= & andy = 0) [57]. The friction coefficientg/ (= dF/dL) of the DBOE
system in Figure 9 range from 0.01 to about 0.2eddmg on the sliding conditions (e.g., sliding
velocity and applied pressure). Symmetric liquidteyns generally give larger, sometimes larger
than 1 [2,14,26]. For a detailed discussion ondffiects of loads or pressures, see Reference {2] fo
example.

Now we discuss the effect of sliding velocity oittion in Figure 9. The shear stress curves for the
DBOE show apparent sliding velocity dependencdotsliding velocity ¥ < 0.1 um/s), shear stress
decreases wit. Shear stress curves exhibit a minimuri at0.02um/s and above the velocity shear
stress increases witfl. This velocity dependence implies that there dréeast two friction force
maxima (De = 1) associated with two different malac relaxation processes at Id¥wand highV
regions, which are outside the sliding velocitygarcovered by the measurement. Friction features
dramatically change with sliding velocity. The gt shows stick-slip friction in the negative slope
regime (&dV < 0) and smooth sliding is observed for the posisiape regime @dV > 0) (see the
insets of Figure 9). The velocity for the frictioninimum (d&dV = 0) corresponds to the critical
velocity (V) for the stick-slip friction.
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Figure 9. Relationship between shear stress and sliding wgldor the confined
asymmetric films of DBOE at different applied pness. Friction curves have a shallow
minimum at the sliding velocity of about 0.Q@n/s where stick-slip to smooth sliding
transition occurs. The friction traces in inset®whthe typical examples of the traces
below and above the critical velocit¢. (Adapted with permission from [18]. Copyright
2005 by American Chemical Society.)
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Stick-slip friction is observed for many differenbnfined liquid systems, both symmetric and
asymmetric molecules, sheared at low sliding vgjoéiigure 10 shows the examples of the stick-slip
friction of a) symmetric hexadecane [14,58] andabymmetric squalane [16,59]. For the symmetric
hexadecane, the stick-slip amplitude does not deparch on sliding velocity when sliding velocity is
lower than the critical stick-slip velocity.. At V =V, stick-slip spikes eventually disappear and
smooth sliding is observed. On the other hand,stiek-slip behavior of the confined squalane is
apparently continuous; stick-slip amplitudes grdiguand continuously decrease with increasing
sliding velocity and the system shifts to smoottlisy when sliding velocity reach&s.

There are three theoretical models for the fundaahenechanisms of stick-slip friction; rough
surfaces model, velocity-dependent friction modeid phase transition model [2,14,60]. For the
confined lubricant liquid systems studied here, giese transition model is the most important
mechanism to understand the stick-slip behaviothisymodel, cyclic transitions occur between stati
state (solidlike phase during sticking) and kinstigte (liquid-like phase during slipping). Therefait
iIs reasonable to correlate the molecular mechansirsick-slip dynamics with those of stiction
dynamics discussed in the previous section.
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Figure 10. Comparison of the stick-slip behaviors between wgjnraetric liquid
hexadecane and b) asymmetric squalane. The effédi&ding velocity on the stick-slip
behaviors are different; the transition from statip to smooth sliding aV. is abrupt
(discontinuous) for hexadecane and is continuousdoalane. Experimental conditions: a)
T =18°C, V. = 0.4 um/s, dry N gas (relative humidity = 0%); B) = 26 °C. In this
experiment, it is difficult to precisely determing because it is difficult to distinguish
chaotic regime and smooth regime. [a) Adapted \pighmission from [14]. Copyright
1993 by American Chemical Society.; b) Adapted wadrmission from [16]. Copyright
2001 by the American Physical Society.]
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Stick-slip friction is obtained at a constaintving velocity. However, theelative velocity between
the two surfaces is not constant but varies dutimegstick-slip cycles. During sticking, thielative
velocity between surfaces is zero and the two istickurfaces move at a giveniving velocity [61].
Decreasing driving velocity prolongs the time i tsticking regime, which corresponds to the long
stopping (aging) time in the stop-start stictionasi@ements. In contrast, stick-slip does not apaear
high driving velocity because the system does awelenough time to solidify, which corresponds to
the case of no stiction spikestat r, in the stop-start measurements. On the basisofdéa, critical
sliding velocity for the stick-slip frictionV, and the critical nucleation time, for stiction is
quantitatively correlated as follows [2,14]:

- (Fs B Fk)

,
ek @

where Es— Fy) is the stick-slip amplitude ari€lis the spring constant of the friction measuripgrsy.
This equation does not consider the sliding vejodépendence of stick-slip amplitude and therefore
could be rather suitable for the abrupt (discortims) transition systems. Indeed the critical vejoci
for the symmetric hexadecane is well predicted loydfion 7 inserting the values obtained from
sliding and stop-start measurements.

4.4. Comparison of the Molecular Mechanisms between Stiction and Stick-Sip Friction

It is interesting to compare the shear dynamice/éen stiction and stick-slip friction because both
include solid-liquid transitions in confinement andder shear. The solidification mechanism (first-
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order-like or glasslike) that governs the dynamo€sstiction and stick-slip friction is basically éh
same for most of the symmetric and asymmetric digiin confinement. However, for the case of
asymmetric DBOE, stiction and stick-slip frictioreagyoverned by different solidification mechanisms,
which will be described below.

For the symmetric hexadecane film, stick-slip atople is not very sensitive to sliding velocity (
<V,), and the transition from stick-slip to smoothdsig occurs abruptly at; (Figure 10a). This “all
or none” feature is similar to that we observetha stiction dynamics of the same system (Figuje 6a
No stiction spike appears when the stopping time;,. Whent exceeds;, spike appears whose height
does not depend much é@nThese results lead to a conclusion that a fidémllike solidification
(crystallization) should be the major mechanismthar stick-slip and stiction dynamics of symmetric
hexadecane in confinement [2,14,16,35-36,62,63F @&kplanation is consistent with the well-ordered
layer structure in the hexadecane film as probed hgrmal force measurement (Figure 2). Spherical
molecules such as cyclohexane and OMCTS also sbawpta(discontinuous) solid-liquid transitions
in stick-slip and stiction dynamics.

The stick-slip to smooth transition for the asymmaeesqualane exhibits a continuous nature (Figure
10b). Stick-slip amplitude is large at low slidimglocity and gradually decreases with the incredse
sliding velocity, and stick-slip disappearsvat(stick-slip amplitude diminishes below the noisedl).
This smooth transition reminds us of a continuanigldication behavior in the stiction dynamics of
the same systems. As was already discussed, ttt@rstidynamics of asymmetric squalane are
successfully explained from the theories of a amrfient-induced glasslike transition [4,13,16,38-41]
The same mechanism can be applied to the stickdglyamics; increase in the stick-slip amplitude
along with the decrease in sliding velocity cousbult from the more densely-packed structures
induced by long time aging (low sliding velocityvgs long sticking or aging time in the stick-slip
cycles). This structural change also induces tloavtir of the length scales of correlated structumes
three dimensions. Drummond and Israelachvili [1&parted that branched hydrocarbon lubricants
such as polw-olefin and a mixture of branched hydrocarbons agbibit a continuous glasslike
nature of the dynamics in stick-slip and sticti@mnaviors.

Strictly speaking, the stopping (aging) conditi@mse not exactly the same between during sticking
in the stick-slip cycles and during stopping incstin. As was already mentioned, in the stiction
measurements, lateral force drops immediately wlaaral movement is stopped (Figure 5a),
indicative of some molecular rearrangements frometi¢ structures (possibly have shear-aligned
conformations) to static structures (more disorderenformations). On the other hand, in the stick-
slip cycles the two sticking surfaces move togetiten givendriving velocity and lateral force is
continuously applied (no relaxation in the latestakss), which may have the effect of maintainhng t
shear-aligned kinetic conformations even duringkstg. The different force relaxation behaviors in
stiction and stick-slip friction do not have an essgal effect on the dynamics of symmetric and
asymmetric systems, but have a significant effadhe dynamics of the confined DBOE system.

Yamada [18,20] compared the stiction and stick-$tiption of asymmetric liquid DBOE in
confinement. Continuous stiction spike behaviorimgfastopping time is observed as is shown in
Figure 5b. Logarithmic dependence of the spikeltedgp stopping time suggests glasslike dynamics.
In addition, the relaxation time analysis (Figunealso implies the glasslike solidification nature.
Figure 11 shows the stick-slip amplitude of the saystem as a function of sliding velocity. The
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stick-slip amplitude does not decrease continuowdly the increase of sliding velocity but the ktic
slip abruptly disappears ned¢, which resembles a first-order-like transition.eTstick-slip amplitude
does not depend much on applied pressure, whichlss consistent with the first-order-like
mechanism (glasslike dynamics are more sensitiveagplied pressure [42,52]). The different
solidification mechanisms in stiction and sticipstiynamics for the confined DBOE film could be
explained as follows: i) aging with lateral strestaxation (in the case of stiction) leads to aHea
disordered” glasslike structure, and ii) aging withlateral stress relaxation (in stick-slip frict) may
retain the shear-aligned molecular conformationsnesturing sticking [33] which could lead to a
crystal-like structure. Israelachviét al. [64] studied the shear dynamics of an anisotrqgdiee)
molecule using the FECO spectroscopy in the SFAcandluded that lateral shear force actually leads
to a local alignment of molecules and triggers eattbn and crystallization. The same effect codd b
expected for the stick-slip dynamics of the DBOEteyn.

Figure 11. Stick-slip amplitudes as a function of sliding @ty for the hard-wall films of
DBOE at different applied pressures. The inset shihw typical stick-slip shapes obtained
at P = 4.7 MPa.T = 23 °C. (Adapted with permission from [20]. Copyright(G20by
American Institute of Physics.)
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Table 1 summarizes the stiction and stick-slip dyica of symmetric and asymmetric liquid
systems in confinement [20]. Symmetric spherical &near chain molecules exhibit discontinuous
stiction and stick-slip dynamics, indicative of iast-order-like crystallization in the static-kinet
transitions. In contrast, (highly-) asymmetric lidumolecules such as squalane tend to exhibit a
continuous nature of stiction and stick-slip tréinsis on the basis of a glasslike transition. Far t
continuous glasslike systems, the stiction spikghteand stick-slip amplitude reach plateaus aglon
stopping or sticking time. This is possibly due tte fact that the length scales of cooperative
rearrangement (essential nature of a glasslikaitran) become saturated in a confined geometry. [20
Table 1 includes an exceptional example (asymm@&BEOE) that exhibits different solidification
mechanisms between stiction and stick-slip frigtimhich may reflect the effect of lateral (resigual
stress during stopping (aging) and resulting con&dional relaxations.
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Table 1. Comparison of the stiction and stick-slip behawitmr symmetric and asymmetric
liquid systems in confinement [20].

symmetric (e.g., asymmetric (e.qg., highly asymmetric
hexadecane [14,58])| DBOE [18,20]) (e.g., squalane
[16,59])
spike height| immediately increase increase logarithmically with long time
vs. stopping| to its plateau wheh | required to reach to a plateau
. time exceeds, (“all or
stiction .
behavior none” behavior)
possible “discontinuous” first- | “continuous” glasslike transition
mechanism | order-like transition
(crystallization)
stick-slip insensitive tov (V <V,), stick-slip abruptly | gradually decrease
amplitude | disappears at; (“all or none” behavior) with V, shift to
stick-slip vs. sliding smooth regime a¥.
behavior velocity
possible “discontinuous” first-order-like transition “continuous”
mechanism | (crystallization) glasslike transition

4.5. Complex Shear Behaviors of Confined Asymmetric Liquids

Because asymmetric liquid molecules form disordestdctures in confinement, their dynamic
properties are much more complex than those of sstnecriiquids. In this section, we describe some
examples of the complex shear behaviors of asyniefuids.

Figure 12 shows the friction traces for the cordirigms of an asymmetric liquid lubricant 1,3-
dimethylbutyl hexadecyl ether (DBHE) in the hardHwstate (thicknes® = 1.7nm) [19]. Friction
traces at three different sliding velocities arevsh. At low sliding velocity (a), smooth sliding is
observed (Smooth | regime). Static friction forEg) @ppears at the commencement of sliding. At high
sliding velocity (c), smooth sliding is again obssdt (Smooth Il regime). In this regime, the system
exhibits no static friction. Between the two smorghime, unstable sliding is observed; frictionctor
exhibits cyclic “oumps and valleys”. Most of thestable sliding such as stick-slip friction appears
below some critical sliding velocity (below a smoothdglg regime). However, for the DBHE system
there are (at least) two critical velocities an@ smooth regimes; the unstable regime lochaébseen
the two smooth regimes.

The unique velocity dependence of the friction wvédra two smooth sliding regimes at low and
high sliding velocity and unstable regime betwekamnt, was first reported by Drummoretial.
[65,66] for the sliding of surfactant monolayer-taxh mica surfaces in water. They measured the
sliding velocity dependence of friction behavioranvery wide velocity range and found a stick-slip
regime between two smooth sliding regimes. Thekstiip behavior is very different from common
stick-slip friction; stick-slip spikes pointedown rather than up (“inverted” stick-slip friction).h&
molecular mechanism of the new unstable sliding stadied experimentally [67] and theoretically
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[68], and the following model has been proposede Tmooth sliding at low sliding velocity is
governed by the formation and rupture of adhesioeds between shearing surfaces (elastic
contribution), which is accomplished by the sligpibetween adsorbed surfactant molecules. The
smooth sliding at high sliding velocity is governby the flow of molecules under shear (viscous
contribution), which implies the desorption of satant molecules from substrate surfaces. The
“inverted” stick-slip friction is the transition a&e between the two different kinetic sliding state
slipping between adsorbed molecules and flow cdaletd molecules.

Figure 12. Friction traces for the hard-wall film of DBHE ahree different sliding
velocities. Three different friction regimes areselved. a) Smooth | regime at low sliding
velocity. After a change in the driving directiostatic friction is observed. b) Unstable
regime. The friction force exhibits cyclic bumpgaralleys. c) Smooth Il regime. Smooth
sliding is again observed. No static response geed after the change in the driving
direction. (Adapted with permission from [19]. Cogt 2008 by American Chemical
Society.)
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On the basis of the above models, Yamada [19] meg@lausible mechanisms to explain the
unstable sliding of DBHE (Figure 13b). The DBHE emlile has an asymmetric shape and the
confined film has rather a disordered structuree frtolecules in the film should interdigitate betwee
each other. At low sliding velocity, molecules inetfilm are adsorbed on highly-adhesive mica
surfaces and slipping could occur between the adsomolecules (Smooth | regime). Increasing
sliding velocity tends to stretch or “iron” the neolles, which reduce the interdigitation of molesul
between each other [15,69,70]. Then, moleculeseaténter of the film may be decoupled from mica
surfaces and flow with sliding motions (Smooth éigime). Figure 13a schematically shows the
friction map for the confined DBHE system; showiting different friction states depending on the
sliding velocity. At very low sliding velocity, redar stick-slip sliding (transition between static
friction and kinetic friction) is expected, whick deduced from the existence of the static friction
response in Figure 12a and stop-start stiction areagents [19].
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Figure 13. a) Schematic friction map (friction force-slidingelacity curve) for the
confined DBHE film. The stop-start measurementtfos system shows a stiction spike
after a long stopping time. Therefore, friction nmadm at very low sliding velocity is
expected, which corresponds to a static frictiortdo b) The plausible molecular models
for the two smooth sliding regimes are shown, whiepresent the effect of sliding
velocity on the change of molecular conformatiomsl aesulting shift of slip planes.
(Adapted with permission from [19]. Copyright 2008 American Chemical Society.)
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We should add two more points on the complexityhaf nanotribology of asymmetric systems.
First, the friction mechanisms of confined asymiwetiiquids include a glasslike long-range
cooperative effect, which gives longer correlatimmes for relaxation and al$onger sliding distances
to reach a steady sliding state [15,16]. Seconabtitstick-slip behavior is occasionally obseryest
below V. (Figure 10b]J15,16,59,71], which is also a characteristic featof the complex tribology of
asymmetric liquid systems. The transition from ks8tip to smooth sliding along with the sliding
velocity is continuous for glasslike systems, ané definition ofV. is the velocity above which no
more stick-slip spikes are observed (stick-slip Btonge is below the noise level). Nedy, static force
necessary to initiate sliding of surfaces becomdsemely sensitive to sliding conditions such as
perturbation, fluctuation or sliding velocity; thsthe reason for the chaotic stick-slip friction.

4.6. Future Prospects

In this paper, nanotribological properties of thelecularly confined films of symmetric and
asymmetric liquid lubricants investigated using t8EA are reviewed. Many aspects of liquid
structures and resulting nanotribological dynanaos successfully explained from the view of two
solidification mechanisms of liquids in confinemetd under shear; first-order-like discontinuous
transition (crystallization) and continuous gldsslitransitions. However, we have to mention that
there are still controversial discussions on thelication mechanisms in confined films:
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i) It is difficult to exclude the possibility of & formation of poly-crystalline states for
asymmetric liquid systems; we cannot preciselyimjstish the two states (poly-crystalline or
glasslike) by conventional SFA experiments.

i) There are publications that repocbntinuous glasslike dynamics for highly-symmetric
spherical liquid molecules. Granickt al. examined the nanorheological properties of the
molecularly thin films of OMCTS using the SFA armalihd the continuous increase of relaxation
times along with the thickness decrease [38,72]s T totally incompatible with the abrupt
dynamic transitions between solid-like state awgid-like state for symmetric liquid systems
described in this paper. The apparatus and expetaneonditions of Granick’'s works are
slightly different from those of most of the worksferred in this paper, but we do not have
sufficient explanations for the discrepancy.

iii) Bureau [73] recently reported that the liquatfuctures in confinement are very dependent on
the confinement rate. They studied the moleculgeriag of a linear alkane n-hexadecane and
found that the layering (ordering) is observed whan liquid is confined at an extremely low
confinement rate. Increasing confinement rate ieduisordered liquid structures even for the
symmetric linear liquid. The results included imstpaper were obtained under sufficiently low
confinement rate; detailed analysis of the rateatféhould further improve our understanding on
the structuring of liquids in confinement.

iv) The structures and properties in confined kiljtiims are not uniform in both thickness and
in-plain directions. Density distribution of moldes is not uniform in the thickness direction as
probed by normal force measurements (see FiguH.2Also, the contact pressure for Hertzian
contact shows a maximum at the center of the cordaga, which induces non-uniform
molecular density distributions within the contacea [74]. Friction behavior observed by the
SFA represents thaverage properties of the entire film and masks a varigtylifferent local
mechanisms of sliding within the film.

Improvement of the experimental technique with 8tA could shed new light on the complex
behaviors of the dynamics of confined liquids. Hengleret al. improved the SFA by introducing fast
spectral correlation (FSC) interferometry [6,75heTaccuracy of the thickness and refractive index
measurements of confined liquids using this teammics improved by a factor of about 10 to 30
compare with the conventional setting of the SFAasumeements. Kuriharet al. established a new
shear force measuring technique called shear f@s@nance method [76,77]. The advantage of this
method is an extremely high sensitivity to any gw®rn the fluidity of intervening liquid films
attained by the high shear resonance response, Atsubination of the SFA with a variety of
spectroscopic techniques is proposed recently,iwémables us to investigate the detailed and/@i loc
structures of confined liquids during shear. IsaabVili et.al. studied the structure and dynamics of the
molecularly confined films of a liquid-crystal ugithe combination of SFA and X-ray scattering [78].
Granick and coworkers have reported the measursntértonfined liquid dynamics using the SFA
with two spectroscopic techniques; fluorescenceetation spectroscopy [74,79], and confocal Raman
spectroscopy [80-82]. These studies reveal thadggaeous dynamics of liquid molecules within the
confined films.
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5. Summary and Conclusions

The shear properties of liquid lubricants configdanoscale are very different from those of bulk
rheological properties. The relaxation times of @alar motions are prolonged by many orders of
magnitude and the systems show solid-like respomgesn sheared slowly. The solidification of
liquids in confinement and resulting dynamic pradiesrare very dependent on the geometric feature
(shape) of liquid molecules because the dynamiesgawverned by the packing of molecules in
confined geometries and during shear. Detailedidricneasurements of the molecularly thin films of
symmetric and asymmetric liquid lubricants using slurface forces apparatus enable us to discuss the
relationship between molecular geometry and namatygical properties.

Symmetric liquid molecules, such as linear chairetues and spherical molecules, tend to pack
into well-ordered structures in confinement. Thietistin and stick-slip friction behaviors suggest a
first-order-like discontinuous transition betweaiid-like phase and liquid-like phase upon shearing
indicative of a confinement-induced and/or sheduoed crystallization. In contrast, stiction and
stick-slip properties of liquids having asymmetnmlecular shapes generally exhibit a continuous
nature of the solid-liquid transitions, indicatieé a glasslike transition induced by confinemend an
shear. The nanotribological dynamics of asymmaédigaid molecules are much complex due to a
variety of packing structures in confinement andrdyshear.
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