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ABSTRACT

Over the last 15 years molecular dynamics (MD) &ations have become one
of the important tools to tackle many of the compfgoblems that are faced by
rheologists and engineers. The advent of moderasaoé science such as nano-
technology and the need to understand physical gghena including rheology and
tribology at the molecular scale have helped thewtgr of research both
experimentally and computationally at nano-scaMslecular dynamics simulations
among other molecular simulation methods have lbieed for computational research
in those areas. Application of molecular dynamics rheology has helped to
understand the behaviour of polymers qualitativelgp important progress has been
made in predicting quantitative rheological prosrisuch as the viscosity of simpler
liquids (such as alkanes). In particular the apgpién of MD to the behaviour of
confined fluids and lubricants at nano-scales lezgaled some important properties
and explained the underlying physics of observeenpmena that include enhanced
viscosity and relaxation times and the role of rarstress differences in supporting
large loads. MD has been a valuable tool in stuglifire relationship of the molecular
structure and the rheological properties. In tieigiew we will give an introduction
about the method and will discuss some of the gsxymade to date. Our main focus
will be on the application of MD in the nano-rhegjoof ultra-thin confined films.

KEYWORDS: Rheology; molecular dynamics simulation; nano-rbgg| confined
films; boundary conditions; slip; friction; tribayy; polymers, liquid crystals,
amorphous surface, crystalline surface.

1. INTRODUCTION

The idea of using molecular dynamics for understapnghysical phenomena
goes back centuries. About 180 years ago, longréefe availability of computers,
Laplace beautifully described the idea as “Givendie instant an intelligence which
could comprehend all the forces by which natureanigmated and the respective
situation of the beings who compose it - an irgeltice sufficiently vast to submit
these data to analysis - it would embrace in tmeestormula the movements of the
greatest bodies of the universe and those of tigelst atoms, nothing would be
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uncertain and the future, as the past, would bsepteto its eyes.” [1]. We call this
collection of bodies aystem In order to predict the movements of the partsof
system we need to know the forces acting betweemthnd we also need an
intelligence that can analyse the data. For tre fiequirement we have to devise a
model that mimics the real physical forces betwtenbodies. Availability of fast-
computing machines has brought Laplace’s dreame#dity by providing a vast
“intelligence” for analysing data. In recent yedatse application of molecular
dynamics (MD) to important problems in materialesaie in general and rheology in
particular has made it an indispensable analysit ttat sheds light on places and
problems that are hardly accessible by other methdehysical models and
reductionism are born out of the necessity to erptlae world in simple terms and
predict the behaviour and properties of physicatesys through our limited sources
for data processing. As we gain more powerful datacessing tools reductionism
becomes less important and we can tackle probleams first principles. We have
come a long way in the past decades in expandiagsite and complexity of the
systems that are studied by MD simulations. Perirafigture with utilization of new
techniques such as quantum computations we witlliye to tap even further into the
power that was envisaged by Laplace.

In the usual situations where continuum mecharécsbe used for calculation
of macroscopic properties, MD is an inefficient waf doing those calculations.
However there are circumstances in which the fluidler analysis does not follow
continuum models, or there is no such a model szritlee the behaviour of fluid. An
example of these situations is in highly confinddids where the inhomogeneity
induced by the confining surface renders contin@giuations useless or irrelevant; in
other situations the boundary condition is not knowlso when one is interested in
molecular scale dynamics and processes that invmlgkecular level time scales,
molecular dynamics simulations should be conside@ete of the promising areas in
this field is to investigate the molecular struetuand its effect on the overall
behaviour of the fluid and its mechanical propsrtiehus one could design molecules
that yield desired properties for the fluid of irgst. This could be a polymer melt,
lubricant or a drug delivery agent. These capadilimake MD an indispensable tool
in the currently flourishing area of nano-techngloghe information obtained by MD
in some cases is very hard to obtain by any ottethaas either because of the lack of
experimental techniques or working models. In tieisew we will discuss the basic
technical methods involved in typical MD calculatso Interested readers can find
more detailed discussions of the technical defedlsn the works by Haile [2], Allen
and Tildesley [3] and Rapaport [4].

Unlike Newtonian fluids, polymer melts and othepég of materials that
behave in a non-Newtonian manner lack a universajhged constitutive equation to
model their behaviour. This has led researchetsdh in other directions including
MD. Two aspects of molecular dynamics that have eniach valuable tool are the
study of polymer rheology in general and nano-rbgylin particular for systems in
equilibrium and far from equilibrium. While the fdamental analysis of the system in
equilibrium studies the static properties of theterial, non-equilibrium molecular
dynamics (NEMD) studies transport phenomena andamiyn properties. Unlike
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equilibrium molecular dynamics, NEMD is a fairly wedevelopment. [5]. This
method initially was used to study the rheologysiofiple Lennard-Jones soft spheres,
however more complex molecules, such as short cwathbranched molecules are
now widely being simulated using this method. Thumulations of chains with a few
hundreds or thousands of monomers are not uncomimora rheologist calculation of
viscosity and normal stresses are of great inteféds®¢ NEMD method allows the
calculation of the shear viscosity; but other dyitapnoperties of individual molecules of
interest can also be found. One of the interegtitgomes of these simulations captures
the shear thinning or non-Newtonian behaviour whieeeviscosity decreases with shear
rate. This phenomenon is widely known for polymesltsax However, the simulations
have shown, even for simple fluids that are Nevetorat lower shear rates (they are
Newtonian only on the time scales of common obsiens) that they act in a non-
Newtonian way at higher shear rates; the critibalas rate at which the transition to a
non-Newtonian regime begins is the inverse of diexation time of the molecules in the
system. In order to get a good signal to noise,rtte shear rates examined in NEMD are
usually larger than 70s%; that is, at least 2-3 orders of magnitude latgen what is
typically achievable by rheometers and experimetgahniques in the laboratory.
However, the gap between what is accessible byriexpets and NEMD does not
prevent us drawing important conclusions, and ngakim analogy between the behaviour
of simple fluids being simulated at large sheaegand those being measured in the
laboratory. The high shear rates simulated by NEM® actually encountered in some
physical situations. For example the shear ratpsreenced by a lubricant layer on a hard
disk in a computer could be as high as-1@° s*. In those situations the application of
NEMD is the only way to examine the properties loé fiquid film. One of the
achievements of NEMD has been to explain the midearigin of many rheological
observations such as shear thinning; the orientatfomolecules in the flow direction
makes the flow in that direction much easier anchatrally we encounter a lower
viscosity or shear thinning. The rheology of bul&temials is usually estimated by use of
NEMD algorithms such as SLLOD [5] and Green-Kubo §p methods. Most of the
existing NEMD simulations have been done eitheiJfouette planar shear or Poiseuille
flows although limited attention has also beenmjitcedevelop algorithms for extensional
flows by Matin et al. [7]. The boundary driven nadls that we mainly discuss here are
usually used in the study of boundary lubricanblbgy or the rheology of confined fluid.
That area usually is called nano-rheology and F@sficant applications in materials
science in general and nano-technology in particlais will include work done on
the simulation of fluid properties in nano-pores @onfined geometries, thin lubricant
film rheology, boundary conditions and slip anadyand structural design of liquids at
the molecular level.

1.1 Theory and Simulation

On the molecular scale, in a system of particles tépresents a form of matter
in its gaseous, liquid or solid form, the statetlod system can be described by the
positions and momenta of the molecules. Howevea omacroscopic scale we prefer
to describe the state of the system by a set afrebble quantities like temperature,
pressure, etc. Physical theories often try to déistala relationship between these

© The British Society of Rheology, 2006 (httwwWw.bsr.org.uk) 167



A. Jabbarzadeh and R. I. Tanner, Rheology Revi€@$§,2pp 165 - 216.

macroscopic observable quantities. In moleculatessianulations it is kinetic theory
and statistical mechanics that take the role ofgitamfor interpreting the connection
of the raw data, which are the velocities and pmsit of molecules, to the
macroscopic observable quantities. Rather thamgryo obtain a simplified closed
form expression to describe the behaviour of th&tesy (theory), molecular scale
simulations proceed by first principles and dingatimulate the original system. Then
the results of the simulation can be openly insggkdor behaviour, and for possible
explanations of such a response.

1.2 Molecular scale simulations

The earliest work in molecular scale simulation wascomplished by
Metropoliset al [8]. This work was fundamental for the so-calledrite Carlo (MC)
method. Early models were for idealised hard sghéiteree dimensional) and hard
disks (two dimensional). Later on the MC method veascessfully used with a
Lennard-Jones potential for soft spheres [9]. Tire Mmolecular dynamics simulation
by Alder and Wainwright [10] on hard spheres opetitelway for MD simulations.
Later Rahman [11] conducted an MD simulation fdit spheres with Lennard-Jones
potentials. The work on the Lennard-Jones model febswed by other researches
through the years. These simulations further fehed with the simulation of diatomic
molecular liquids [12], followed by an MD simulatidor liquid water [13]. Later,
work on rigid molecules [14] and flexible molecule$ liquid n-butane [15] and
proteins [16] paved the way for more complex syst@fimolecules. Since then there
have been numerous simulations in various apptisatifor understanding physical
phenomena through molecular dynamics simulation.

Molecular simulations have passed the limitatiohequilibrium computations
and are now being used for finding transport cogedfits by means of the so-called
non-equilibrium molecular dynamics (NEMD) method7{20]. Isothermal and
isobaric algorithms have been devised for NEMD 23] - The rheological properties
of homogenous LJ fluids [24, 25], and diatomic le&g[26] and polymeric liquids and
dilute solutions [27-29] and alkanes [30-33] haldeen studied through NEMD.

Molecular scale simulations are usually accomptishie three stages by
developing a molecular model, calculating the muall@c positions, velocities and
trajectories, and finally collecting the desiredomerties from the molecular
trajectories. It is the second stage of this predést characterises the simulation
method. For molecular dynamics (MD) the moleculasifions are deterministically
generated from the Newtonian equations of motiorother methods, for instance the
Monte Carlo method, the molecular positions areegaied randomly by stochastic
methods. Some methods have a combination of detistiniand stochastic features. It
is the degree of this determinism that distingussibetween different simulation
methods. Although the present review is restrictedmolecular dynamics and
especially non-equilibrium molecular dynamics (NEMB rheology, it should not be
forgotten that other “molecular” methods, such aswBian dynamics, are available
for the study of polymer solutions and long polyrmkains. The Monte Carlo method
[8] and various patrticle dynamics methods are alsmterest in rheology. However
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any attempt to include these methods in this re\new had to be resisted because of
space limitations.

2. MOLECULAR DYNAMICS SIMULATION TECHNIQUES

We begin with a brief description of the techniquBeaders already well
versed in the field may go directly to Sectionr8al molecular dynamics simulation a
number of molecules are put in a simulation box #redposition and velocity of these
particles are calculated at small time intervaldriggrating the equations of motion
that govern the motion of particles through thesghspace. The integration schemes
are based on simple finite difference methods. Micadhlly different versions of
Verlet's algorithm [34] or Gear's predictor-correctalgorithm [35, 36] are used
depending on various considerations in the proldatthe required level of accuracy.
Periodic boundaries are often used in the requilieelctions to mimic an infinite
system. Usually the force computation is the mastetconsuming part of any
molecular dynamics algorithm. This huge computatidgask can however be reduced
by incorporating some techniques such as the Vemgghbour list and link-cells
methods. The analyses of the generated data are tthoough kinetic theory and
statistical mechanics. The accuracy of the caledlaime average properties should
also be tested through the usual statistical methiodmake sure that the obtained
properties are reliable within specified statidtigacertainties.

2.1 Molecular models and potentials

The most common model that describes matter irditferent forms is a
collection of spheres that we call “atoms” for bitgvThese “atoms” can be a single
atom such as Carbon (C) or Hydrogen (H) or theyrepnesent a group of atoms such
as CHor CS. These spheres can be connected together to éogerimolecules. The
interactions between these atoms are governedfbsca potential that maintains the
integrity of the matter and prevents the atoms fiitapsing. The most commonly
used potential, that was first used for liquid ar88], is the Lennard-Jones potential
[39]. This potential has the following general form

m n
fL=Ae = -2 (D)

ij ij

wherer; = 1; - 1; is the distance between a pair of atorasdj. This potential has a
short range repulsive force that prevents the afoons collapsing into each other and
also a longer range attractive tail that preveimésdisintegration of the atomic system.
Parametersn andn determine the range and the strength of the #tteaand repulsive
forces applied by the potential where normaitiys larger tham. The common values
used for these parameters are= 12 andn = 6. The constarA depends om andn
and with the mentioned values, it will Be= 4. The result is the well-known 6-12
Lennard-Jones potential. Two other terms in theeadl, namelye and s, are the
energy and length parameters. The energy parargesametimes referred as well-

© The British Society of Rheology, 2006 (httwwWw.bsr.org.uk) 169



A. Jabbarzadeh and R. I. Tanner, Rheology Revi®0$§,2pp 165 - 216.

Quantity Unit Quantity Unif
Length: B Velocity: @m?*?
Mass: m Density: 53
Energy: € Stress: ds’
Shear rate: (dms 312 Viscosity: meY¥s?
Temperature: dks Stiffness: s’
Time: ms 22 Normal Stress Coefficienf: /s

Table 1. Lennard-Jones reduced units, m and e are molecul:
diameter, mass and energy parameter respectively.

depth, is the minimum energy fdr The length parameter is the distance between
two interacting atoms when the potential energgei®. s is sometimes referred to as
the atomic or molecular diameter, though this dpgon may not be quite true for
atoms that are treated as soft spheres. Neverghtlgises an idea of the dimension of
the atoms. The energy and length parameters depetite type of the atoms involved
in the pair interaction. For example= 0.393 nm and/kg = 47 K are used for united
atom representations of ethyl (9Hyroups. To minimize the extremely large or small
numbers in the simulations the computations amenofonducted under reduced units
conventions where the mass, energyapd size () of the suitably chosen atom are
used as units for mass, energy and length. Allpttoperties that are calculated will
naturally have reduced dimensions. The reduced ané given in table 1 for various
properties. After the computations the values @andnverted to suitable Sl units.

For a system oN atoms, taking into account all pair interactioesuits in
N(N- 1)/2 interactions, a number that can be very langm for moderate numbers of
atoms. However since the potential vanishes atldigtances it is often assumed that
it can be truncated beyond a certain distagaehich is called the cut-off radius. The
potential then can be shifted so that it goes shipdb zero at = r.. This strategy
significantly reduces the number of interactioneeTrruncated shifted form of the
Lennard-Jones potential is:

s 12 s 6
de — - — - fau, ET
fun= r r st

0 rsr

[

where:
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The force between two interacting atoms then cafobed by differentiating
the force potentiaf =- df/dr. It is suggested that the choice of cut-off esglci
near the critical point can affect the phase diegaad thermodynamic properties [37].
Choices ofr, = 2'®s (pure repulsive force) at. = 2.5s have been widely used in the
literature. However, long-range corrections are entm some of the properties like
pressure and total energy at the end or duringstimellation. For constant volume
simulations a constant value must be added toirlaé fesults for some properties [3].
For constant pressure simulations the correctiopulsh be done during the
simulations.

In the case of a molecular system several intenactites or atoms are
connected together to form a long chain, ring onaecule in other forms. In this
case, in addition to the mentioned Lennard-Jone®npal, which governs the
intermolecular potential, other potentials shoulel émployed. An example of an
intramolecular potential is the torsional potentiahich was first introduced by
Ryckaert and Bellemans [15] in the simulation dfutane for the torsional motion of
the atoms about the bonds of the same moleculexd<Bthat keep the atoms in the
structure of a molecule are often modelled as rigidl connectors. They can also be
modelled as a stiff spring with a potential simitarthat of a linear Hookean spring.
Other molecular models are also commonly used a&ISHAKE and RATTLE
models where the bond length or bond angles aeel fduring the simulations. These
semi-rigid molecules are however are more diffitalsimulate and due to the special
algorithm the time steps used are usually smaller.

For simulation of real fluids in order to obtain améngful physical quantitative
results the values farand s should be determined carefully. This is done bjeseof
simulations to get physical properties close tséhdetermined by experiments for the
material that is being simulated. For simulatiorredl molecular fluids the choice of
the simulation parameters is more complex as onaldhalso choose proper values
for the intramolecular potential as well. As exaespbf real fluids that have been
widely simulated by researchers liquid argon (atorfiuid) and various alkanes
(molecular fluid) can be named. Generic simulationerms of reduced units are also
widely used for obtaining qualitative results.

The movement of the atoms in the atomic systenoisiged by Newtonian
dynamics given by:

Fi =mr. (3)

wherem is the mass of the atom. Equation (3) gives thatgns of motion for thal-
body system. However these equations can be writterarious forms. The most
common form is to write the equations in termsh& thomenta and positions. These
are given by:
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Pioe (4)
m
pi:Fi e, (5)

wherep andr are the momentum and position. Equations (4) &hére well known
equations of motion that give the positions and iwota of the atoms. Using these two
equations any system of particles can be represented by first order differential
equations, which is equivalent tdN3second order differential equations given by
equation (3). These equations can be solved btefitifference methods. There are
many methods available for solving sets of firdesrdifferential equations. In any
molecular dynamics algorithm force computationtie tost time consuming part.
Thus any chosen finite difference method shouldtido integration with minimum
need for the force computation. Popular finite eliéince schemes such as Runge-Kutta
are rarely used in molecular dynamics [2]. Histallictwo finite difference methods
have been used in most of the MD simulations. Thegemethods are the Verlet
algorithm [34] and the Gear predictor-correctoroaithm [36]. The Gear algorithm is
of higher order compared to the Verlet algorithro, is offers a higher level of
accuracy. However, comparing the energy consetvatioperties at large time steps
the Gear algorithm lags behind the Verlet algoritfiims makes Verlet more attractive
for its ability to use larger time steps; howevds tmight be associated with some loss
in accuracy. In the final averaged results bothho@$ basically give the same
statistical uncertainties. So for most of the siiohs it is a matter of personal taste
which integration method is chosen.

2.2 Imposing boundary conditions

In MD simulations the way the molecules or atomseriact with their
surroundings must be implemented in a proper waygeneral the boundaries of the
simulation region can be one of the following thpessibilities:

1. Periodic boundaries.
2. Sliding periodic boundaries.
3. Hard boundaries.

The periodic boundaries are applied in the direstizvhere one intends to
simulate an infinite system. The periodicity is kg by introducing gorimary cell
surrounded by iténagesin the periodic directions. Figure 1 shows a tiwoehsional
view of the primary cell surrounded by its replicghenever a particle exits from one
face of the primary cell another image particleeentfrom the opposite face. The
number of the particles in the primary cell rematosmstant and the particles in the
small volume of the simulation box will represeiné tmacroscopic system fairly well.
In general only the information about the atom¢hia primary cell needs to be stored.
The interaction between the particles is governgdhe minimum image convention
where each particle interacts with the closestoglégiimage of the other particles
including the one in the same cell. Some modifteatishould be applied to make the
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= Primary Cell = Primary Cell
o Image Cell o Image Cell

(a) (b)

Figure 1: (a) Periodic boundaries shown for two dimensiore Tell ir
the centre is the primary cell surrounded by itglicas. (b) Slidini
periodic boundaries in two dimensions. This kingefiodicboundarie
is used in NEMD simulation of homogenous shear flow

periodicity applicable to homogenous shear flowudlly to apply a flow field a
boundary driven method (moving hard boundaries)mmused. However this results
in undesirable effects due to presence of the that induces inhomogeneity. To
avoid this, and to measure the properties of a lyemous system (bulk properties);
the sliding periodic boundaries method [17] is usEldis so called non-equilibrium
molecular dynamics (NEMD) method is widely used fbe simulation of bulk
homogenous fluids. Figure 1 shows the sliding mkciddoundaries method in two
dimensions. In this method the upper and lowerriayswe moving relative to the
primary cell with a velocity proportional to thalistance from the primary cell in the
direction normal to the flow. This method inducesirdform shear rate across the
flow. Whenever a particle leaves the primary callgosition and velocity should be
adjusted according to the velocity gradient. Haodriglaries are used in the study of
the surfaces or solid-fluid interfaces. Also theg ased to induce a boundary driven
flow. In this case also, periodic boundaries aneallg applied in the directions that
extend to infinity. The solid boundaries may beha form of hard reflecting walls or
structured atomic walls with a potential that keapes fluid particles inside the
simulation box. Although a hard reflecting wallpresented by a simple potential, is
less expensive computationally, atomic represenmtadf the wall is closer to physical
reality.

2.3 Economising the computational effort

As mentioned before the force computation from j#eractions is the most
time consuming part in the MD simulations. Of cajrgse of Newton’s third law can
halve the number of calculations. But using all giaér interactions can still be very
wasteful when the size of the simulation box is mlarger than the cut-off distance.
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Figure 2: This schematic view shows how the neighbour listhoe i<
implemented for atom 1 in the centre. Heyds the cut off radius at
rsnis the neighbour list shell. Only atoms in thegawof ¢, + rg) are pu
in the interaction list.

Since the Lennard-Jones potential mentioned ini@eet 1 is a short range potential
some techniques can be used to improve the congnahefficiency. Two techniques
are commonly used in MD simulations. They are tleel&t neighbour list method [34]
and the link-cells method [40]. A brief descriptiohthese methods will be given here.

Because of the small time steps used in the siiuolathe microscopic
configuration of the atoms changes very slowly otke time. So a list of
neighbouring atoms, which are in the interactiomgeg will remain valid over many
time steps. This will save time on rechecking ladl atoms in the system. To apply the
method successfully and to make it stay valid éorgler times a neighbour list shell
(rsn) is defined. Figure 2 shows a schematic view @& tholecules. In making a
neighbour list for the central molecule 1 only thesolecules are put in the list which
are within a distance. + rg, from the molecule 1. The neighbour list typicaity
updated every 10-20 time steps through monitorimg maximum velocity in the
system and refreshing the list when the followingdition is satisfied:

r.sh
Vimax > —— 6
Lo 20t ©

wherev na is the maximum velocity of the particles in thetgyn at a given time step
[4].

The Link-Cells method is used when the size of glmeulation box is many
times larger than the cut off radigs Consider a rectangular volume as the simulation
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Figure 3: A three dimensional implementation of the lioé#ls methoc
For an atom in cell numbet4 (in the centre of the cube), only ¢
14,15,16,17,18,19,20,21,22,23,24,25,26 and 27, teebé searched f
potential interaction candidates.

box. This volume can be divided into small cellsanénthe side of each cell is slightly
larger than the cut off radius. Then any atom in a given cell can possibly intera
with the atoms either in the same cell or in thenediately neighbouring cells. This

can be illustrated with a three dimensional exansplewn in Figure 3. Consider that
the simulation box is divided into 3" 3 cells. For cell number 14, which is located in
the centre, there are 26 neighbouring cells inetitieections. For an atom in the cell
14 only half the neighbouring cells and the cellitsélf (total of 14 cells) need to be

searched for the potential interaction partnerss fieans any part of the cells will be
searched only once in the process of building e ipteraction list. So for example

interaction between cells 14 and 13 will be checkdten cell 13 is the centre of

attention. This makes it possible to take the radsentage of Newton’s third law. As

a result, in tabulation of the pair interactionslyoone interaction between atoinand

j will be recorded. This avoids double counting teé interactions and also improves
the computational efficiency of the algorithm. Teearch through the neighbouring
cells is more efficient than checking all pairs ihe system. It reduces the
computational effort fromO(N?) to O(N) whereN is the number of atoms in the
system [4].

2.4 Calculating macroscopic properties

To derive useful information from the detailed m®wropic behaviour of the
system, it is necessary to relate the microscopiorination to the macroscopic
properties. This task is achieved by using statisinechanics. Thermodynamic state
properties such as temperature, pressure and ahmergy as well as other quantities
such as the stress tensor and viscosity can bela@d by using relevant equations of
state. Other structural properties of interest dsn also calculated from the
microscopic position of the particles in the systé&hany given time a system of
particles can be described by a point inlNadémensionabhase spac@ Phase space
has two components, aN3dimensionalconfiguration spaceand a 8! dimensional
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momentum spacédhe path through which the point in phase spaocéves with time

is called the phase space trajectory. So at a divet the positions and momenta of
all particles in the system correspond to a sipgiet on the phase space trajectory.
All the other properties computed in a MD simulatiare a function of phase space.
So these properties also evolve with time as tls¢éegay passes along the phase space
trajectory. For some property suchA&&t)) which is a function of the phase space
the instantaneous value is not a constant witheasp time.A is a fluctuating
quantity with time and any measurement for thispprty should be done during a
long enough period of time. So the time averagé\faill be:

(A)zp@ry% ;A( de @)

where angled brackets denote the time average.

2.4.1 Stress tensor

For a rheologist it is important to relate the rogwopic state of the system to
the stress tensor. The microscopic derivation efdtness tensor is due to Irving and
Kirkwood [41] and can be also found in [5]. Withogbing into details of the
derivation, the expression for the instantaneossttensor is (note we use the tensile
stress is positive convention, as do most rhedsgsme authors use the pressure
tensor (compression positive))

s(rt)=- 1 m(v;(t) - U, H)(vi (1) - U, 1) + ry 00, (OF; ()

V E N ®)

In equation (8) the first term in the summatiorthis kinetic contribution to the
stress tensor wherg is the mass of particlie U is the streaming flow velocityy is
the total volume of the system amdis the velocity of particle. The second term
represents the contribution of the potential todtress tensor wherg = r; - r;is the
distance vector between particlendj andF; is the force on particledue to particle
j. Oy is a differential operator which is given by:

n-1
O =1- 1,—.. xl +xxx}+ rA.-lZc + 9)
I 20 7 nt '

For bulk fluids with pair-wise interactior@®; = 1. For inhomogeneous fluids if
the intention is to calculate the average stressoteacross a chann€) = 1 can be
used as a reasonable approximation and has beeedpfd2] to give consistent
results. However if one studies the local stressde across a channel within an
inhomogeneous fluid a better method can be useth, asi thenethod of planep3].
The approximate valu@; = 1 is often used and this yields the expressiorite time
average stress tensor as:
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:$< M- UE)v- U6EY R > .......... (10)

2.4.2 Kinetic temperature

Each translational degree of freedom in the systemtributeskgT/2 to the
kinetic energy so that the instantaneous kinetiptrature will be:

TM= o mu()- UG, ) (1)

GN- Ok : O )

wherekg is the Boltzmann constant ahtds the number of particles in the system. The
number of degrees of freedom i$\N(3 C), whereC is the number of constraints such
as constant temperature or constant momentum. ffteeime average temperature
will be:

W < [m v, - ur) ]> .......... 12)

2.4.3 Determining local properties

Generally in MD simulation the averages are obthifue the entire space of
the simulation box. However, in situations that dlwe non-isotropy and
inhomogeneity, or when we are interested in thegnttes of the fluid on a certain
point of space one needs to calculate the time geepaoperties locally. For this
purpose the volume of the simulation box is dividetb a number of cells. To get
good statistics each cell should be occupied bgwaténs of particles. The properties
that vary only in two dimensions are often calcedateasily. This then involves
dividing the simulation box in two dimensions ir@mumber of sampling cells. This is
shown in figure 4 for a flow over a cylinder of dm@ne molecules.

All the local properties such as the stress tensgelncity and density can be
measured by this technique. Meshing in three dimesshas been attempted, but it
requires much larger systems to acquire good statisThere are subtleties in
calculating the local stress from equation (10i &svolves pair-wise interactions and
each atom could be residing on different samplimgs.bin those situations the
contribution to the stress is shared between the &6 a rough approximation. This
has proved to work in practical terms.

2.5 Constant temperature and constant load simulains

Most of the instances where the rheology of thelfls studied involve shear
flow. In these simulations generated viscous haattioe removed somehow to ensure
an isothermal simulation and to obtain a steadyestin homogeneous shear
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Figure 4: Flow over a cylinder in a rectanign box. The simulation area
meshed by a 15000 grid. The calculated streamlines are also shadve
fluid is dodecane being simulated at 300 K and msite of 750 kg/r
There are 40480 atoms in the simulation box. (Abdszadeh unpublish
work)

simulations usually either a Gaussian thermosfab{®nomentum rescaling is used to
remove the heat. The thermostat must be applied mnlthe thermal part of the
velocities. That is the streaming velocity shoulel known. In bulk homogenous
simulations using the SLLOD algorithm [5] a linealocity profile is assumed so the
thermostat is considered to be a profile-biasedntbstat (PBT). Using a profile-
biased thermostat at extremely high shear rates 16" s?) is known to be
responsible for transition to a ‘string phase’hie simulation of atomic fluid [5]. It has
been proved that a profile unbiased thermostat (P[4%#], where the streaming
velocity profile is calculated during the simulatjocan remove this artefact. In
boundary driven simulations of thin liquids filmig generally believed that the ideal
way of removing the generated heat is to let itvffoom the fluid to the walls. This is
similar to what happens in nature and most probablthe experiments. Then if an
atomic wall is used, it is required only to thermadshe wall atoms. This method,
although it appears to be the ideal way to makesathermal simulation will not
guarantee a constant temperature at high shear rate

Liem et al. [45] performed simulations to compare a homogenshisar
simulation (using Lee-Edwards periodic boundariesid also boundary driven
simulations (using moving walls). They used momentestaling and thermostatted
walls respectively to control the temperature. Tisbypwed both methods lead to
identical results in cases where both convergesteady state. However, for boundary
driven methods, thermostatting the walls worked ocaylower shear rates for LJ
fluids. The reason was that the fluid heated upuoh an extent that the particles
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penetrated the atomic wall. This problem appearsub a limit on utilising a
conducted heat flow to the walls at high shearstaBince the simulations at lower
shear rates are prone to higher statistical urioégs, and, on the other hand,
simulations are not possible at high shear ratesobglucting the heat to the walls, we
will be limited to only a small span of shear ratiest are possible to be simulated, if
only a thermostatted wall method is used. In ang cass desirable in some situations
to examine very high shear rates. So in order hiese high shear rate simulations a
combination of thermostatted walls and thermosiditéd may be used. Although the
simulations are conducted at very high shear r#étesthickness of the fluid film is in
the range of nanometres and the calculated Reynoldtber Re=rg Z? /1) is still
very low. For example for a hexadecane film witithkhess ofZ = 3.898 nm at a very
high shear rate ofg = 10*° s the calculated Reynolds number is ~0.2. This is
much smaller than that expected for a turbulenvfl&ven in the case of LJ fluid
simulation at the highest shear rates the Reynalasber is less than 1000 which is
the limit beyond which ‘string phases’ are expedtedhappen (1910°) [5]. For rigid
model of molecular liquids it is found that using atomic version of a thermostat
instead of a molecular thermostat applied to thereeof mass of molecules can result
in non-zero anti-symmetric stress [46]. Whether ikishe case with the non-rigid
molecules is unknown, however it seems unlikely] #re stress tensor obtained has
proved, on checking, to be perfectly symmetric. Ef@nrigid molecules it is found
that the results for atomic and molecular thermestee identical for shear rates up to
1 in reduced units ( ~#Ds? for alkane systems). It is only at extremely higjear
rates that the results become different [46]. Soués of thumb, the thermostatting
method is not going to make any difference in trmulte as long as one keeps the
shear rate below 1bs®.

Most of the experiments on confined liquid filmsealone under constant
pressure or constant normal load (NPT simulatidh)s allows for the motion of the
confining surfaces in the normal direction. In MDmslations constant volume
methods (NVT) are much easier to implement, andat fhany simulations are done
using this method. However it is believed that NVAd NPT simulations produce
different results for the rheological propertiegshathe latter having a smaller slope in
the non-linear, shear thinning regime. This howeigeto be expected, as the constant
volume does not allow for dilation and at higherastmtes the normal stresses lead to
increased pressure and hence different rheologregderties from those found using
constant pressure. One way of reducing the diffexren to use an elastic wall with
wall atoms attached to elastic springs, effectivalgwing for the change in volume.
Another method keeps the normal load constant bywaly the walls to move
vertically by defining an equation of motion givey equation (13) for the wall in
direction normal to the wall whereis a damping constant, and A is the area of the
wall andP,, andP, are the normal and external pressures.

z=zAR,-B) (13)

Other methods such as grand canonical molecularardigs (GCMD)
developed by Gao et al [4dan be used for maintaining the constant pressure,
temperature and chemical potential. This method kewesquires a larger number of
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molecules to be simulated because confined fillasuaed in combination with a bulk
region where the molecules in the confined regieely interact with those in the bulk
region. The bulk region acts as reservoir at congbeessure. The problem with this
method is that the confined region (with solid bk)ckn one lateral direction is
restricted to a very small strip that could be msaialler than those studied in the
experiments. To reduce this system size effect lbae has to choose a larger system
that makes the method even more expensive. In difEMD methods the size
problem is usually taken care of through utilizthg periodic boundary conditions.

2.6 _The scope of time scale and limitations

Although MD is used as a powerful tool in many &mgtions, it has its own
limitations and one should be aware about thoserbefising it. The time scale
involved in typical MD simulations is of the ordef few tens of nanoseconds. This
could be further diminished if the size and numbemolecules under consideration
are increased. A rheologist is usually interestedneasuring mechanical properties
such as stresses and viscosity under some sogfafmoation such as planar Couette,
Poiseuille and extensional flows. Two problems twdde here are related to thermal
noise and relaxation times. At lower shear ratesmial noises are comparable to
signals resulting from the perturbation and itaschto resolve a reliable time averaged
stress tensor due to large statistical uncertaiRty. confined systems, if one is
measuring the stresses through the forces on thielegal noise and hence lower
statistical errors are found in the results. Howehere is still a limit for shear rate
below which our readings will be meaningless. As shear rate is decreased we need
to run our simulations for longer times to get aatde snapshot of the phase space
and more reliable time averages. The problem isaeedd in the confined systems
because the relaxation time of these systems i®adsed significantly because of
confinement effects. Usually the maximum reasonéibie one can run a simulation
for a typical number of 10000 atoms is 100 nanaseésdns). The Rouse model can be
used as a measure of the critical shear rgt¢ for the start of non-linear behaviour
(that is when the shear thinning begins). We kngwis inversely proportional with
the relaxation time/(), (ie. g, p 1// ). A simulation time limit of 100 ns translates to
a shear rate of ~1@™. That means if the relaxation times are larger thithen we
will not see a Newtonian plateau for the systenoubgh our NEMD runs. So the
NEMD simulations will provide shear viscosities amat zero shear rate viscosityy(
Newtonian viscosity) if the relaxation time of thlecules are beyond the reach of
our simulation time. In some cases, however, extedjpol of the results can give us
an indication of the viscosity at the lower sheares. Using the Green-Kubo [6]
technique through equilibrium molecular dynamicsai®ther approach to calculate
the zero shear viscosity. However that also invelae upper limit of integration time
that the results are sensitive to. This upper Ighiuld be within the relaxation time of
the system and hence simulation time constraintsy &8EMD simulations are also
applied here. Despite these limitations, there pammising approaches to improve
these shortcomings. Among those new trends we cattionethe transient time
correlation function (TTCF) method [48] that maliesossible to use MD simulations
for viscosity calculations at lower shear rateg) #re momentum impulse relaxation
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method [49] that provides a computationally fasted anore efficient method for
viscosity calculation.

3. FLOW IN NANO-CHANNELS AND THIN LUBRICANT FILM
RHEOLOGY

3.1 Experimental studies of thin film rheology

Intriguing experiments on ultra thin lubricant férhave inspired simulations in
nano-channels. Bailey and Courtney-Pratt [50] péoeé these experiments, and
decades later their experimental method was imprexttdthe invention of the surface
force apparatus (SFA) by Israelachvili and Tabdi [Bho measured the shear properties
of thin films. Chan and Horn [52] measured the filitkness of three non-polar organic
liquids, including n-hexadecane, as they squedren between atomically smooth mica
surfaces. They found that the Reynolds theory lofidation worked well only for film
thicknesses down to 50 nm. The experimental worklsoéelachvili and his co-
researchers pioneered this area [53-55]. Early uneaents by Israelachvili [53] for pure
liquids, water and tetradecane, suggested thabsifgcremains constant within about
10% of its bulk value down to a film thickness of. However other measurements
[56] for cyclohexane with adsorbed polymer layengoothe surfaces showed that the
viscosity could become 20 times larger than thahefbulk viscosity at wall separations
of the size of the radius of gyration of the adedrpolymer. Measurements for crude oil
[54] and experiments with PDMS (polydimethylsiloggn and OMCTS
(octamethylcyclotetrasiloxane) also found simifzreases in the viscosity. Experiments
on various types of liquids suggested that thdcstatd dynamic properties of the
molecularly thin liquid films are very differentdim those of the bulk liquid [57].
Oscillatory force measurements between two mica sesfgs8, 59] indicated strong
layering between the surfaces. Perhaps one of t& extensive studies on these
confined films has been conducted by Yoshizawa Endelachvili [60-63]. Doing
experiments on linear chain molecules of alkanésgiwbular shape molecules they have
observed a rich range of phenomena that includeased relaxation time and viscosity
for these confined films together with stick-sliphaviour that changed patterns with the
type of molecules, load and temperature. Theses fdlrow remarkable memory effects
which are an indication of resilient molecular otaion due to very large relaxation
times and trapped metastable states. These wodgestuthat there exists a critical
temperature at which a stick-slip motion betweemn tmica surfaces separated by a 1.2 nm
film of hexadecane changes to a smooth motion. dritisal temperature was suggested
to be dependant on the film thickness and twistieahgtween the crystallographic
directions of the two mica substrates. The stigk{siction force was shown to decrease
with the temperature. The temperature in thesergrpets with hexadecane was very
close to its melting point (~1&) so it was hard to separate the effect of confer
induced order and temperature induced freezing stibleslip frequency was also shown
to be increasing with the shear rate and beyonditi@at shear rate the stick-slip
disappeared. It is suggested through MD simuldBdhand theoretical methods [65] that
the stick-slip is the result of periodic solidifia and subsequent melting of the confined
film. There are some limited experiments that alsow the alignment of the confining
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surface with each other can affect the results. fhilpaligned (zero twist angle) surfaces
have been shown to result in higher friction bathidfare mica [66] and a confined film
of tetradecane [63] and also liquid crystals [6lénshown that that higher shear stresses
are observed for fully aligned surfaces. Even digmist angle ~10° can reduce the shear
stress and make the stick-slip disappear [63]. &Vidnsition to a kinetic friction is
observed with disappearance of stick-slip forra fiith freely moving molecules such as
hexadecane, an extremely low friction (superkinstite) can be seen with grafted type
molecules [62].

Granick and his co-workers [68] also have donereite experiments with
various liquids ranging from simple molecular lidsi to polymer melts. They
measured the oscillatory shear response of thedlifitms with a thickness of 1-6
molecular diameters at shear rates ranging frot@®@". They observed a solid-like
response with yield stress and a liquid-like resgowhere no critical shear stress was
observed for starting the motion. The measuremegaige an enhanced effective
viscosity compared to that of the bulk liquid. lasvalso shown that the viscosity was
extremely dependent on the film thickness and thenabpressure. In a later study
[69] it was found that this critical stress wasaairse of static friction, which could
build up over time and was enhanced by normal pres$or polymer melts [70] the
transition times between liquid-like and solid-likehaviour could be of the order of
seconds to minutes although the general behavioutdibe the same. The Hat al.
[71] experimental work on the shear response ofnchailecules of dodecane and also
OMCTS for film thicknesses of 3-10 molecular diaemstis a classic work in the field.
In this work they used oscillatory shear to probe theological properties of these
thin films. The measurements of apparent viscosigr shear rates ranging from 1-
10° s* for dodecane at a film thickness of 2.7 nm (6 moler diameters) and OMCTS
at the same thickness indicated shear thinning.apiparent viscosity obeyed a power
law of the formA p g ?"3. The power increased in absolute value with deimezfilm
thickness with an increased net normal pressurallAghear rates the viscosity was
larger than the viscosity of bulk fluid, but sheéhmning resulted in a decrease of
viscosity by more than two orders of magnitude.oAls general increase in the
viscosity with decreasing film thickness was obsdrThis was in general agreement
with previous findings for hexadecane [68-70, 72je critical shear rate for the onset
of shear thinning also decreased as the film trldsknwas reduced. One of the
important findings was that the Newtonian zero shate viscosity was 5-6 orders of
magnitude larger than that of bulk dodecane. Stuflynano-rheology of larger
molecules of polymer melts of PPMS (poly(phenylmgétitoxane)) confined between
strongly adsorbing surfaces of mica by Granick and [73] showed similar
observations. For different chain lengths it wasnfi that both the shear moduli and
the applied normal force to squeeze the film torgguired thickness scaled up with
the radius of gyration of the chains. It was alsggested that the measured value for
the storage shear modulus indicated an enhancadghaiment of the chains in those
strong adsorption limits. Large amplitude non-linehear rheology of the same
polymer melts was also studied at strongly adsgrksorfaces [74] and weakly
adsorbing surfaces [75].
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Figure 5: Proposed generalized map of effective viscosity] [7
(Reprinted figure 4 from Wear, V 200 by Luengol&aelachvili J an
Granick S, “Generalized effects in confined fluitlew friction map fo
boundary lubrication”, 32835, Copyright (1996), with permission fr
Elsevier).

Based on these experimental observations an eféectiscosity map was
proposed by Luengo et al [76]. This is shown infig5. In this figure we can see that at
zero loads corresponding to bulk liquid elastohgigirmmic sliding regime the shear
thinning only happens at sufficiently large shedes. Increasing the load and subsequent
transition to boundary lubrication regime, resuitsnuch higher effective viscosity with
Newtonian behaviour at low shear rates. At higleras rates non-Newtonian behavior
with characteristic shear thinning sets in with awver law behaviour in the form of

~g" with n having values between -0.5 to -1 that increasabsolute value as the load
is increased, (reduced film thickness). This tr@ependence of n on the film thickness)
is confirmed by simulations and experiments [77, T8e onset of this shear thinning
regime for boundary film is suggested to be disoowous accompanied by various stick-
slip patterns. This regime is followed by a secqudteau of Newtonian regime.
Increasing shear rate further leads to a secomsti@ar thinning regime.

Recent experiments [79] show these films exhitstidéet stick-slip behaviour
with transition to lower friction sliding for simgllubricants and melts [78]The state
of this transition seems to be dependant on thecntdr type of the lubricant. While
linear alkane and simple lubricants show abruptditeon, branched alkanes show a
continuous transition. As the sliding velocity icieased the film jumps from one
steady state with high viscosity to another stesidye with a lower viscosity [80].
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These experiments showed at shear rates accegsithle lab (typically < 10s?) it
took a few minutes for the film to get to a steadgte smooth sliding regime. One
would imagine as the shear rates are increasedshiogld take less time. With the
advance of experimental techniques such as newrag@re of SFA that take
advantage of in situ x-ray diffraction and alsongsAFM it is possible to probe the
structure of the confined films. Shear induced afjigation, and aligned phases on
the boundary [81] andithin the domain [82] that form with a ~%2ngle with respect
to the shear direction are reported for confindadiof n-eicosane, a linear alkane.
Despite ongoing research in this area for almosieaade there are still many
unresolved issues. Disagreement between the exgridhresults is not uncommon
with some recent experiments challenging some oblither findings [83, 84].

The nature of the transition to the high viscositgime is still a matter of
debate. While some of the results suggest a contgtransition as the film thickness
is decreased to 6-10 molecular diameters [71] reesxperiments by Klein and
Kumacheva [85] on OMCTS suggest an abrupt tramsitfde are still only beginning
to understand the correlation of film moleculareotation and rheology. There are
many issues that still beg for the attention oféRperimental research community in
this field. It is not still clear whether the obged phenomena are the result of using a
particular type of surfaces which in most casefoisned from cleaved sheets of
atomically smooth mica. Although it has been sutggbshe behaviour is universal
regardless of the type of molecules and surfac&krfore recent results shed doubts
on this universality. The experimental procedurepimbing the rheological properties
can be divided in two categories. Those that us#lat®ry shear and those employing
steady shear (no directional change). In normaluanstances for measurement of
bulk rheological properties this should not makecmuifference. However these
films exhibit properties that sometime are depenaenthe time and distances that
they go under continuous shearing. We are begintungnderstand that every little
detail counts on these experiments. Issues of aifantamination [84], method of
preparation, the type of the surfaces and theative orientation and crystallographic
direction and shearing directions seem to be dfialimportance. So any comparison
of the experimental results should consider theb#esdifferences. Some of these fine
points are simply beyond the capabilities of currerperimental techniques. It is
exactly at these circumstances that computationetheds such as MD present
themselves as a tool to shed light of these commielems.

3.2 Molecular dynamics and thin films

A molecular level study of flow near a solid sugas essential for understanding
the mechanisms of spreading, wetting, lubricatipolymer coating and processing,
friction and thin film casting. These important Bggtions in engineering and science
make the study of the thin liquid films both rewiagdand interesting.

Computational investigations of flow near solid lwalsually are carried out to
complement the experimental findings and to exptaime of the observed phenomena
that cannot be explained in experiments. The adgentof the simulations over
experiments is that one has detailed control oweditions under which a problem is
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investigated. In the laboratory however there aemymissues such as contamination,
surface and film preparation methods that may affee results and controlling them

from one experiment to other can be troublesomethi simulation also some

information regarding the dynamics and structurehef film can be extracted that is
usually not possible in the laboratory.

The simulation of thin confined films, which is thein focus of our attention in
this article, can address a wide range of isswgisdimg:

1-  The nature of transition to high viscosityinees;
2- The source of the transition;
3- Transport and dynamic properties of the filsfope and after transition;

4 - Effect of the surface topology, structure praperties on the film rheology
and response;

5- Origin of stick-slip;

6 - Parameters that affect the boundary conditions;

7- Effect of the fluid molecular structure on hreperties and response of the
film;

8- Devising practical methods to manipulate theplbgical behaviour of the
film.

3.2.1 Historical perspective, from simple to complesystems

Computer simulation has been employed as a powtdllin investigating the
flow behaviour in molecularly thin film liquids. Bse simulations have been able to
capture unprecedented detail about the film belawaod have been able to reproduce
some of the experimental observations and more riapity to explain the nature and
origin of such observations. Although all compusémulations have many distinct
features, most of them use molecular dynamics tgabsa in their simulations. These
simulations can be categorised in different groups:

1. Simulations which investigate the equilibrium pndjgs of the confined
films (no flow is considered);

2. Simulations which study the thin liquid film progies in some kind of
flow geometry (The most popularly studied kind lofrf has been Couette
flow between two planar surfaces. However, somearebers have
investigated Poiseuille and squeezing flows as)well

3. Simulations which use simple atomic fluids with tsdfennard-Jones
spheres;
4. Simulations which analyse more complex macromogs;uike polymer

melts. These include branched molecules, ring shaypéecules and so on.
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The simulation of thin liquid films can also differ many other technical details
and also in the chosen molecular model. For instéme model for the solid surface can
be chosen to be a smooth and structureless wallywadl constructed of individual atoms.
Thermostatting methods for simulations conductedathermal conditions can also vary
from one simulation to another. Using these sinwiat we have realised that
inhomogeneity with marked variation of density oweslecular distances is a trademark
of molecularly thin films that distinguish them finathe bulk. This strong variation leads
to ordering of the fluid molecules and hence sigaiftly different properties from that of
the bulk material. We are beginning to understdre rtature of such transitions. The
simulations have generally revealed the solidfishaviour of fluid layers near the walls,
a phenomenon that could even lead to the crysitidiis of the entire film when the wall
separation was less than 5-6 molecular diameteaslirlg to a finite yield stress [87].
According to these studies, in films narrower tttnee to four molecular diameters flow
is dramatically different from that of bulk fluidi89]. In sufficiently thin films and at high
shear rates the measured viscosity decreasesheitin sate, obeying a power law with an
exponent of -0.5, which implies a shear thinnirfgaf This happens independently of the
molecular composition of the film [87]. We will rew some of these computational
findings in the coming sections.

Molecular dynamics simulations of fluids in narralvannels have been carried
out since the 1980’s. Bitsanis and co-workers dituitions [89] mainly for fluids in
pores. Magdat al [90] performed MD simulation for a 6-12 Lennaahéds liquid in
channels about 2-12 molecular diameters wide.ignvibbrk smooth walls were used as a
model so that the potential between each partiotethe wall depended on the normal
distance of that particle from the wall. Bitsamisal. [42] introduced a local average
density model (LADM) of viscosity and diffusivityni which the local transport
coefficients were those of homogenous fluid at maxamsity obtained by averaging the
local density over a molecular volume. According Bisanis this model predicted
qualitatively correct values for velocity profilesffective viscosity and shear stress. The
LADM model was used to set up the mechanical egustfor Couette flow, Poiseuille
flow and squeezing flow between parallel platescokding to this analysis different
equations could be derived for the effective viggadepending on the flow type [91].
The results for velocity profiles, stress distribntand effective viscosity showed strong
correlation between these properties and the gereitation across the channel. Also the
dependence of viscosity on the nature of flow wgklighted [91]. Although the LADM
model seemed to be valid for some narrow chanowkfl further studies [89] showed that
in films narrower than three to four molecular deens flow was dramatically different
from that of bulk fluids and could not be explaingg a local average density model
(LADM). This different behaviour, especially thehamced viscosity, was explained by
the inability of fluid layers to undergo the glidimotion of planar flow. In other words
the increase in the effective viscosity was exjgldito be the result of fluid layering not as
a consequence of the average density rise. Soerestihg simulations have also been
carried out for examining the non-slip boundarydition in flows next to solid walls [87,
88]. These simulations were performed for Coudtted between two planar solid walls.
The liquid was a simple LJ fluid consisting of spt& molecules. Stronger interaction
between wall and fluid was shown to induce thedflisiyers to become narrower and
closer to the walls. It was also demonstratedititaeasing the density of the atomic wall
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could affect the fluid layers only by sharpeningittprofiles but did not make them closer
to the walls. In planar Couette flow simulationsvis found that normal stress was not
constant on the atomic scale contrary to what iseebed from the Navier-Stokes
equations. This oscillation in normal stress arst #he velocity gradient across the slit
was of the order of a molecular diameter and awggagprmal stress and velocity on this
scale would remove the oscillations [88]. Beyonel first or second layer these average
values would satisfy the Navier-Stokes equatiorth &iconstant viscosity. In the same
work the degree of wall slip was shown to decredéteincreasing wall-fluid interaction
strength. More recent results reported [77] theekeof slip increasing with shear rate.
Thin fluid films of flexible chain molecules shedrbetween two solid walls were also
investigated [87]. The fluid consisted of spheriwalecules or flexible linear chains of up
to 20 monomers connected by FENE type springs lamdvills were atomic, structured
from the (111) plane of a FCC lattice. The atomseweoupled to lattice sites by
means of stiff springs. The simulations were donth &iconstant pressure applied to
the walls. To find the dynamic response the filmsveheared by moving the upper
wall at a steady velocity and then the mean fricidorce per unit area was found.
Their results [87] showed that at high shear ritese was a substantial shear thinning
with the viscosity obeying a power law. Also théyowed that, below a characteristic
shear ratg,, the viscosity saturated to a limiting value ahdttthe film exhibited
bulk-like dynamics down to a thickness of 6 molecubiameters. At smaller
separations it was found that there were dramaticegses in the relaxation time and
the viscosity. This kind of increase was attributeda confinement-induced glassy
transition. Another important finding was that etnon-Newtonian regime for these
glassy films whereg > g, the viscosity obeyed a power law in the fornvofi g >'®
[87], suggesting it could be a universal propetrtyubricants near a glassy transition
under constant normal load. At constant wall separa however this relationship
was less universal with (-2/3) replaced by (-1/®)e reason given was that the film
could not expand to facilitate shear at constdmt fhicknesses. In the case of flexible
chain molecules it was suggested that the chagthemad no effect on the viscosity of
the film, although it increased rapidly with cha@mgth for bulk fluid. However more
recent results concluded differently about theaféd the chain length [92]. This work
suggested that the long relaxation time and ineréawviscosity is the result of wall-
induced glassy transition. Lupkowski and Van Sv@d, [94] investigated properties of
thin film liquids in two different geometries. Thdirst work simulated the confined fluid
interacting with fluctuating walls [93] and the ead work was on the simulation of
planar shear flow [94]. In the earlier work [93ktharticles were placed in a rectangular
box with two rigid walls at two opposite faces. Axternal pressure was put on the walls
so that walls could fluctuate and mimic a consfaessure system. In these works it was
shown that the wall-particle mass ratio had anceften the equilibration time and
fluctuations in pressure but had no effect on fistalistical averages. The simulations
were done for both hard and soft spheres. Thetsesugjgested a lower value for wall-
particle mass ratio for short time scale fluctuai@nd hence better sampling of phase
space. In their later work [94] they examined theas flow of thin liquid film between
two walls with fixed normal load on the top of tvalls. The material between the plates
was allowed to exchange particles with an extewsgrvoir during the shearing process.
The model replicated the experimental techniqueeldped by Israelachvili [95] and
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consisted of two atomic walls one of which wasdhtéa to a spring and the other was
moving with a constant velocity. The shear forcentltould be found fromgE kDX
where DX was the deviation from the equilibrium positioh tbe surface which was
attached to the spring. The results for the shearihdicated stick-slip behaviour for low
shear rates accompanied by a gradual increaseess sind then a sudden and sharp
decrease in stress and decrease in the numbertimigsa A sudden increase in wall
separation was also observed in this situationhfgbrer shear rates it was shown that the
system moved to a pure sliding regime. Profounéctsf of the walls on the fluid
structural and dynamical properties such as thkdgglision coefficient have been
observed [96, 97]. Heinbuch and Fischer [98] stlidiee behaviour of the fluid in
Poiseuille flow for a cylindrical pore. A cylinda€wall was formed by regularly arranged
fixed atoms of 16 rings each of 25 equally spateths. The cylindrical atomic pore had
a radius of about 5 molecular diameters. The dyi¥orce which induced the Poiseuille
flow along the cylinder axis was assumed to behef gravitational form with an
acceleration g = 0.1 or 1.0 (in reduced uréts)s). Analysis of the results revealed that
the molecules in the first adsorbed layer wereegister with the triangular lattice of the
wall atoms and that the second layer was strorglctared. Comparing velocity and
density profiles for different runs also providemire information regarding the effect of
temperature, driving force, wall attraction strénghd heat-dissipation mechanism on the
structure of the flow and velocity field. Appargntemperature had little effect on the
velocity in the case of a weakly attractive walbwver for a strongly attractive wall
increasing the temperature removed the second kedsdryer and made it flow.
Increasing the driving force from g = 0.1 to g 6 finade the drift velocity ten times larger
and the second layer did not stick to the wall.sT$tiowed that higher driving forces
could sweep away the sticking layers. One of theksvthat needs to be mentioned here,
although not directly related to thin liquid filnis the simulations of Lienet al. [45].
Their work contains some useful information on teehnical aspects of this kind of
simulation. They did some simulations with LJ et to examine the shear flow with
sliding solid boundaries and compared it with tbenbgenous NEMD shear flow, which
used the Lees and Edwards [17] sliding periodicnbdany method. They computed the
local stress tensor components from the wall dyosrand also from the viral theorem
and compared it with the results at the same Isicear rate for the homogenous shear
model. The distance between the walls was largejtdi® molecular diameters. A slicing
method was used to calculate the streaming velaaitiyother local properties. However
it seems that in the calculation of the stressoilecsmponents from the viral theorem they
ignored the contribution of the wall particles e tconfiguration part of the stress tensor.
They encountered also problems at very high staes,rwhen fluid particles penetrated
into the solid walls.

A study byBitsanis and Hadziioannou [99] investigated theab&hur of confined
polymer melts in the vicinity of solid walls andugit their equilibrium dynamic and
static properties. Flexible chain molecules comgisbf up to 30 segments were studied.
A truncated shifted 6-12 Lennard-Jones potentigétteer with a 10-4 LJ wall potential
were used for fluid-fluid and wall-fluid interactie respectively. By choosing proper
values for the energy parameter of the wall patétiiree types of smooth walls were
examined including purely repulsive and short rangeakly attractive and strongly
attractive walls. A FENE (Finitely Extendible Nanéar Elastic) spring was used to
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connect the segments of the same molecule. Theersoal condition was maintained by
scaling the segment velocities at each time stiep.résults for density profiles indicated
that the peak density near the walls was quite dowpared to the simple spherical
liquids and the density oscillations were dampemedh more strongly in the case of
polymer melts. The study of the chain orientatiortbie liquid slabs showed that bonds
preferred to be more or less normal to the walks @g - 3s distances from the wall [99].
This trend was especially strong for short chdtas.larger distances, however molecules
were randomly oriented. By defining an end enhamcerfactor a preferential adsorption
was observed for the end beads of the chain meteclihis means, very close to the
walls, that the density of chain ends was very nhigher than the density of other beads.
By averaging this enhancement factor over thefati region (2.5) it was found that
the deviation of the end density from the otherdsedensity occurs only in this narrow
interfacial region. Nevertheless, in the presericGegirong attractive wall the tendency of
the chain ends to accumulate close to the wallsredsced as a result of having the
middle beads inside the well (attractive tail) loé€ wall potential. It was shown that the
shape of the chain portion in the interfacial ragemuld be severely distorted. In this
region the chains tended to lie flat on the surfadgethe shape of the rest of the chain was
unaffected outside this region. This phenomenoultess in apparent shrinking of the
chains normal to the walls and apparent swellinglf@h to the walls. However, the
overall length of the chains in the interfacialioegwas close to the bulk value throughout
the film. The dynamic properties of the polymer tnredide the interfacial region showed
the bead mobility was higher than the bulk valueltel to the wall and lower than the
bulk value normal to the wall. This was, howevdéitrjlauted to the layering of the beads
for the formation of the interface. Also the megnae displacement of the chain centre
of mass over a certain time interval was shownet@tisotropic and different from the
bulk value for the chains which had some portiothemselves in the interfacial region.
Bitsanis and Hadziioannou [99] argued that thecef®é the walls was localised and very
short range. They also argued against the existeh@ny forces between the solid
surfaces intermediated by polymer melts and agtiesexistence of profoundly different
rheological behaviour of polymer melts within ataige of one radius of gyration from
each wall, such as was inferred from some expetahegsults.

They also studied [100] the equilibrium properid<onfined films with shorter
chains with 5 segments in each molecule. Their Isition for different solid wall
interaction strengths suggested that there wage ilacrease in the relaxation time of the
chains in the adsorbed layers close to the soifdses. They suggested strong crowding
of the segments in the adsorbed layer were redgerisr this effect. They also suggested
that this slow dynamics of the adsorbed layersctbel the reason for the increase in the
viscosity of the thin films. However this would hegm for very thin films where the
adsorbed chains comprise a significant portiorhefdonfined film. It was suggested, for
thicker films the free chains are the substantaipns of the film, so not much deviation
from the bulk viscosity is observed.

In the work of Maniast al. [101], which seems to be a follow-up to the above
mentioned work, the behaviour of polymer melts unsleear was investigated. The
simulations were performed for Couette flow geognély confining the polymer melts
between two parallel walls, which were moving witbnstant velocity in opposite
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directions. For more attractive walls the densityomogeneity was found to be stronger.
The shape of the flow velocity profile across tharmel showed a strong correlation with
the density profile. The velocity profile was limeanly in the middle part of the film
where the density was almost constant. For the attnactive wall the first layer stuck on
the wall. The simulation verified that for lessattive walls there was some slip between
the walls and the first layer. This slip increaseith increasing shear rates or with
lowering the wall-to-wall distance. For more attiee walls much higher shear rates
could be applied since the slip between the walisfluid was negligible, though even for
attractive walls slip could be observed for higleahrates. No dramatic change in the
density profile was observed for less attractivdlavas the shear rate was increased.
However, for more attractive walls there was aesystic change in the density profile
with the change in shear rate. In this case areaser in the density of the first and
particularly the second layer was observed whieldiw-density area between these two
layers decreased in density. These changes welritt to the flat orientation of the
chains, which were in contact with the walls. Tkiisd of orientation increased the slip
between two layers. This was confirmed by an oleskmcrease in the fraction of beads
in a molecule in contact with the walls. Mangtsal. [101] suggested that the slip both
between the wall and the fluid and between thefadtil layer and middle part occurred
in the low-density areas where different partshefgystem met. All the above-mentioned
simulations for bead-spring type chain moleculekdd the intramolecular architecture
including bond angles and dihedral potentials, tisite the natural part of real polymer
molecules. This fact made it difficult to deciddtifse “necklace” chains would behave
like real polymers [100].

One of the important features of thin films is thahility to withstand the huge
loads even when the thickness of the films goesndtawonly a few nanometres. In
simulations of confined films of various alkanessas hexadecane and squalane it is
shown that the existence of normal stress diffeseris the main factor that make it
possible to withstand such high loads. Figure @vshd, (first normal stress difference)
and its ratio with the second normal stress diffeeeN,/N,| for various linear and
branched alkanes. At shear rates less thaf’ st@hat is the threshold of the nonlinear
behaviour N; is positive and\)/N,| ~1, at higher shear rates in the non-linear regn
grows significantly and faster tha. Note in these [102] simulations the thicknesthef
film was ~18 molecular diameters and thicker tha limit (6-10 molecular diameters)
where “solid-like” transition occurs for the cordih films. The generated first normal
stress difference basically applies a normal fapcethe surfaces and keeps them
separated while they are being sheared. The sionsahave showrN; grows with
effective length of the molecules [103].

3.2.2 Recent works

More realistic models for chain molecules havetathto emerge in the literature
in the simulation of simple hydrocarbons and alkarkhe parameters used in these
simulations are well refined and is known to pragphysical properties very close to that
of experimental measurements [77, 104-109]. Thieselations are now trying to tackle
more complex real systems. The models chosen tbrthe wall and the confined fluid
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Figure 6: (a) First normal stress difference and (b) absdlatie of first an:
secom normal stress differences shown for various Wradcand line:
isomers of GoHe, and also linear molecules of tetracosangHts) alkane
The film is 7.2 nm thick (~18 molecular diameterflabove the limit whe
the film acts solid-like [10R(Reprinted from Tribology International, V.
by Jabbarzadeh A, Atkinson J D, and Tanner‘RHge effect of branching ¢
slip and rheological properties of lubricants in lesnlar dynamic
simulation of Couette shear flow'35-46 Copyright (2002), with permissi
from Elsevier).

although still not perfect, nevertheless mimics riea-alkane system very closely. The
potentials used for the alkane system can now giredvalue of the viscosity of the
alkane system very close to its experimental vil08].

3.2.3 The nature of rheological transition in thinfilms

All the experimental and simulation work pointsdiamatic changes of confined
film properties with respect to those of the butltawever what triggers these marked
differences remains elusive. In the past few ysarse interesting refinements of the
simulation methods that make the simulated modelshntloser to the experimental
systems has helped to shed some light on the pnoldei et al [107-109] in simulation
of confined dodecane systems have shown that Kflal interaction strength is set to
values close to that of mica, provided the simoetirun long enough, the equilibrated
confined films 6 molecular layers thick or thinfierm into distinctive layers packed in a
form shown in figure 7. The molecules are accomnmatlan 6 distinctive layers and in
each layer the molecules are highly ordered intsameike domains in which they lie
parallel to each other. The direction of the mdkecaxis in each domain is either parallel
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or perpendicular with those in the other domairehEdomain is extended across the film
and effectively forms a crystalline bridge [110].

Figure 7. Snapshot taken for the l@yer film of dodecane confin
between two mica walls. (Top wall is not shown dtarity).
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normal pressure (diamonds), experiments (triangées) calculated bu
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The transition to this highly ordered configuratis suggested to be the result of
increased effective density by Cui et al. Measutirggshear viscosity for a 6 layer film of
dodecane they have shown their extrapolated remdtsimilar to those measured by Hu
and Granick [71] at lower shear rates [109]. ThisHown in figure 8.

Using the work of Cui et al as a base for our oty we have been able to
conduct one of the most comprehensive studies ® atathe confined film rheology
of dodecane films. The result obtained througheh@mulations address some of the
issues that have been debated over the last twaddsc Presenting some of these
results here we will put forward some of our cosns as an answer to some of
these questions.

The nature of the transition to high effective wasity regime lies in the
structure of the film between the solid surfacéss Ithis structure that dictates the
rheological response. For the dodecane film theqe® that led to the formation of
this mosaic-like in-plane order which stacks acres film is very interesting. We
have conducted isothermal, constant normal loadilsiions at 300K and 1 atm, for
various film thicknesses starting from films 4.4% down to 1.98 nm.

The snapshots of the equilibrated films 2.85, 288 4.45 nm are given in figure
9. For films 2.85 nm and thinner the equilibratéoh fhas a mosaic-like structure. The
shear response for these films corresponds toyahigi effective viscosity as shown in
figure 10 and is in agreement with those reportetib et al. [71]. For films 4.45 nm and
thicker there is no organization at the middlehaf film, although the layers next to the
walls retain the same mosaic-like structures. Fisrfilm the viscosity is very close to that
of the bulk dodecane (see figure 10). For a filnthie intermediary region with 3.95 nm
thickness (figure 9b) there are bridges formed betwthe walls. These bridges are
surprisingly resilient to the applied shear rakgsm the animations produced we can see
at a shear rate of 16 the bridge distorts, then detaches itself from smeace at a
point a few layers away from the wall and reattadtssdf to some suitably ordered
surface layers in a reduced strain configuratior. fid that the bridges are destroyed
at shear rates 10°s*. The shear-induced destruction of the bridgesvnsible so
that when the shear rate is reduced back beldw“1®e observe the formation of new
bridges. The viscosity behaviour corresponds vergll with these structural
formations. As we can see in figure 10 for 3.95film a higher viscosity is registered
at lower shear rates where these bridges stilt.ekie viscosity though is still smaller
than that of a 2.85 nm thick film whose mosaic-léteucture in the form of multiple
interwoven bridges are formed. The sudden drop igtogity for 3.95 nm film
corresponds to the point where these partly foromgstalline bridges are destroyed.

The nature of the transition itself is a matterdefoate where a continuous
transition is suggested by Granick and his co-wsrf&1]. A sudden discontinuous
transition is favoured by Klein and Kumacheva [8%)ur results points to a
discontinuous transition due to the structural grattformed in the film. Despite
suggestions of freezing transition and “solid like&nsitions our results show an
evolving film which is far away from freezing oribg solid. The calculated diffusion
coefficients show a significant slow down in thendynics. At that point there is a
break-up between viscosity and inverse diffusioedir relationship, characteristic of a
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liquid [110]. However, diffusion is still bigger &m what would be expected from a
solid material. Our further work on temperature(jland shear induced transitions to
a disordered phase also favours a discontinuonsitian.

(a) 2.85 nm (b) 3.95 nm

(c) 4.45 nm

Figure 9: Snapshots of simulated confined dodecane films é&&twnode
mica surfaces under constants tempeeaind load conditions of 310
and 1 atm for various film thicknesses. The toplwakome cases is r
shown to ease the visualization of the formed &tnes.

194 © The British Society of Rheology, 2006  (httywWw.bsr.org.uk)



A. Jabbarzadeh and R. I. Tanner, Rheology Revi®0§ 2 pp 165 - 216.

~10°F

8 f = 2.85nm

DE. - v 3.95 nm
2 2 4.45 nm

=10 g 0 Bulk

<= fF LI

2 i Vv "

‘nl0F n

o F =

o | Exp.Buk n

0 [ Viscosity . Ve, m

>10°FY cao0%b60Bzy

= F a ] "

8 r []

< o

nlo'kE 1 ! ! 1 1
10° 100 10° 10° 10 10" 10

Figure 10: Effective shear viscosity againsttishear rates for varic
film thicknesses for dodecane at 300 K and 1 atrmabload pressur
The simulated bulk viscosity is very close to theperimente
measurement. The 2.85 nm film is a 7 layer filmhwihosaiclike
structure. The 3.95 nm film amspond to a film with partially forms
crystalline bridges. For the 4.45 nm film except tlee two layers ne
to the walls, there is no ordering. Note the suddiep in viscosity fc
the 3.95 nm film. The drop corresponds to the stalgere the bridge
are destroyed due to applied shear.

An example of a shear induced melting and transitiodisordered phase are
displayed in figure 11. In this figurg, and g4 [111] are second and fourth rank
correlation functions defined as:

g.(r) =(cos 2 () g ¢ ))
9.(r) =(cos 4y (0) g ¢ ))

These two parameters are widely used in strucamalysis of liquid crystals.
Whereg, 0 andg, 1 is an indication of tetratic order (mosaic-li&eucture) and
g2 1 andg; 1 is an indication of nematic order (parallel atigent).g, 0 and
ds O indicates there is no particular order and mdé are aligned randomly. The
film presented in figure 11 starts from a mosdie-structure that is signified [ 0
andg, 1. This stage is associated with high shear stredsstick-slip spikes with large
amplitudes. The shearing results in destructiothefmosaic-like order and crystalline
bridges across the film. The film is expanded viiitreased thickness and transition to
smoother lower shear stress values that is reremisf the “kinetic friction” regime.
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Figure 11: Shear induced transition of a moshie ordered structu
film 2.85 nm thick to a disordered film. This inese in disorder resu

in the increase of the film thickness and decressghear stress. T
orientation order parameteig?2 and g4 show the signature ohit
transition §2 0 andg4 1 is an indication of tetratic order (mosaic-
like structure) andy2 0 andg4 O is an indication of no particu
order).

3.2.4 Multiple rheological states

Using very long runs we have recently shown thaledane films confined
between model mica surfaces are capable of deratingtrmultiple rheological states
[106]. Figure 12 shows this transition to low sheiacosity regime. The film is 2.8 nm
(measured from the position of the wall atoms)khigtially and equilibrated with a
strongly layered structure as shown in figure 7artBtg from this equilibrated film,
applying shear initially destroys the in-plane ontethe layers. Continuing the shear for
(60 ns) results is sudden reordering of the dodeaawlecules in the flow direction and
the reduction in the film thickness and shear stréis formation is not unique and
multiple states might result. In some cases onfgva layers might align in the flow
direction and the rest might orient in a differeliection. In some of the simulations
molecular orientation is at an angle with the fldirection and still the result is a film
with lower friction. This is shown in figure 13 wieethe film is being sheared at*i6™
The molecules in each domain are extended with #xé making a 45° angle with the
shear direction. Depending on how the layers fdrenrheological response is different.
We have displayed some of these results in figere/tiere the shear viscosity is plotted
against the shear rates for these multiple sta@tes.high friction that has the “mosaic
like” structure up until shear rates <*#@*is shown to start the shear thinning at much
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Figure 12: Transition of a 6 layer film of dodecane confinestvieel
two model mica walls made of 100 plane of fcc lattitiee equilibratio
of the film initially produces a highly layered rfil with tetratic orde
(shown in figure 7). Applying the shear initiallyestroys order in tt
film (shown in the inset) and then filnreorders, only this time all lin:
up in the flow direction. The results is a film vaeoeffective viscosity
even less than that of bulk dodecane. The snapsttotee top ar
bottom show the molecular orientation in the indual layers. Froi
Jabbarzdeh A, Harrowell P, Tanner R |, Phys.Rev.Lett. 326103
2005. Copyright (2005) by American Physical Soc[ay6].

lower shear rates not accessible by our simulatidog/ever the experimental results are
shown to be catching up with simulation resulttoater shear rates. In contrast the low
viscosity films behave as Newtonian and only staghow shear thinning at higher shear
rates. Significantly, all the low friction films kibit a Newtonian viscosity lower than that
of the bulk dodecane (~1.34 mPas). This is sigmifias these highly ordered films of
low friction films remain stable and even at hidtear rates do not get disordered. The
observed phenomena is very similar to the so céttesiory effect” that is seen in “stop-
start” shearing experiments [61].

The transition to these low shear viscosity regiimesccompanied by significant
slippage. The nature of the slip of course can bike gifferent depending on the
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Figure 13: (a) Transition to low friction film in the simulath of
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in the recent experiments on confined films of cesane (GH,4,) [82)].
Note the shear is applied in the X direction (nefmd figure 3b fror
Drummond C, Alcantar N, and IsraelachviliRhys. Rev. E. 6611705
(2002). Copyright (2002) by American Physical Stgie

molecular orientation of the molecules in the lay@ihese are shown in figure 14 where
we can see the slippage happens more significeuityn the film. For the film whose
molecules are in all 6 layers aligned in hexaggnadicked form the slip happens within
the film and it is equally distributed between layerhe mechanism of this low friction
film is very similar to what happens for a solithlicant such as graphite where individual
layers slip on top of each other. A similarity @so be drawn with nematic phase liquid
crystal films [112]. For the film with 45° alignmerhowever, there are multiple slip
planes both within the film (only one slip plane)daat the dodecane-mica interfaces.
Barrat and Bocquet [113] have argued that structuismatch between a liquid and a
solid surface can result in a significant reductiorihe interfacial friction and hence
enhance wall slip. We are unaware of any resotigating the consequences of this
structural mismatch in a thin lubricating film.

The low friction films are distinct from what is geived as superlubricity where
low friction between solid-solid contacts happene tb incommensurability of the two
surfaces in contact [66]. Here the main slip happeithin the film (particularly in fully
aligned films). The internal slippage shown for fite in figure 14b happens due to
mismatch of the crystalline bridges that form asrdise film. We see clearly this
mismatch from the molecular orientation snapshotshat the bottom of figure 13. We
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will come back to this mismatch issue in the nedtisn when we discuss the surface
effect.

Similar observations of domains with an angle ®ghear direction are reported
in experiments on slightly longer alkane molecues-eicosane (§H4,) by Drummond
et al [82]. Traditionally it is believed, mainly & &d on the computer simulations of
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Figure 14: Density and velocity (in shear direction) profifes the twc
low friction films shown in (a) figure 12 and (b)gfire 13a. Th
viscosities and densities arermalized respectively by wall veloc
and average density of the film.
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soft LJ spheres by [64, 114], that solid-like tuiid-like transition is the main route of
transition from the static friction regime to thmdtic friction in thin film lubricants.
The signature of this event is intermittent “freeyi and “melting” of the confined
film manifested by stick-slip behaviour. A steadiate kinetic friction regime
characterised by smooth sliding is reached wherfilimeis fully melted and can not
get back to an ordered “solid like” state. Our dation results, also suggestions from
experiment [82] now suggest that there might arrathite to kinetic friction and that
is through alignment and order within the film. $hioute leads to a much lower
kinetic friction.

The low friction films shown in figure 15 are showm be in a lower energy
state than that of high friction film with a mosdiice structure [106] suggesting they
might be the true equilibrium state of the film ahé mosaic-like structures are only
metastable states. Recent experiments by Zhu aadidBr[84] are thought to be a
strong indication of this hypothesis. In that exment the longer waiting time for
equilibrium (by moving the mica surface towardsteather slower) resulted in a film
with much lower viscosity than that formed by sazieg the film faster.

The results here also explain behaviour observeddny thin films regarding
stick-slip, memory effects and transition from kt&tip to smooth kinetic friction
regime. Historically many of the previous simulasothat captured the stick-slip

10°g
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- ., (6 layers)
7 10 %
o S )
E 07k i
= 10F .
> 5 = HF film
-g 10 ?
g f NEMD
2 10°F Simulations
) = _
= o Bulk  — — = = =
v 10 E LF film, 45 °
N u LF film, 3 Layers
10 E_ LF film, 5 Layers
10 i ! ] ] ] ! ]

10" 10° 10° 10’ 10° 10"
g st

Figure 15: Multiple rheological states of aléyer (~2.4 nm) dodeca
film confined between atomically smooth model miealls maa of ¢
100 plane FCC lattice. The experimental resultdwfet al [7] are als:
plotted here.
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behaviour involved setting up simulations that feadimilar setting to experiments
with the surfaces attached to springs and a fictti mass to reproduce the
experimental findings. However we have been ableyegb atomic scale stick-slip
behaviour out of our simulations that are basictdlg solid walls with a sandwiched
layer of lubricant film.

3.2.5 The role of surfaces in rheological responsé the film

The structure of the confined film generally dietits mechanical properties.
Due to the small scale of the system the confisingaces naturally have a significant
effect on the film structure and its ultimate prdfgs. There have been systematic
studies on the effect of surface energy and demsityhe film properties [88, 104].
The increased density of the walls makes the layarsediately next to the walls
denser. The walls with higher surface energy irsgethe adsorption level of the
molecules onto the wall and naturally affect thmider. Those in turn have profound
effects on how the film interacts with the wall atitle momentum transfer and
boundary conditions are affected in turn.

Despite these works the effect of surface morphokd topology in atomic
scales is less studied. Limited existing reseanchthe effect of surface roughness
[105, 115] indicates that even roughness at at@eede has a profound effect on the
film layering, order, boundary condition and rhegpt@l response. Using a simple
sinusoidal wall with model alkane films it has bestrown that the wall slip increases
with wall roughness period and the size of the mdks. The wall slip decreases with
increased wall roughness amplitude. [See figure 6kimulations with atomically
rough and smooth gold surfaces Gao et al [115] ls&wsvn that a four-layer film of
hexadecane behaves quite differently dependinghensurface used. They have
observed the shear stress with the smooth wallishrfrower than that is measured for
films confined between the rough surfaces. The maimson for this is due to
significant surface slip that occurs with smoo#t 8urfaces. The average roughness of
the roughened wall is only few times the size dfyesegments that constitutes the
hexadecane chain, yet the effect is profound. iBréfiown in figure 17.

Much less work has been done on the effect of thfases atomic structure
and order, relative commensurability, crystallodniapdirection, shear direction and
relative position of the two confining surfaces eBuess attention has been paid so far
to the structure of the surface in terms of atoarrangement and order. We recently
conducted studies [116] on the effect of wall ammider on the properties of the
confined film in static and dynamic situations. \W&ed an amorphous wall which was
basically a bcc wall that was melted at very higimperature and then the amorphous
state was frozen and used as a surface. The pbduak was very smooth at the
atomic levels having a roughness of (0.06 nm) 0.i¥hen measured using a method
described in [115]. The same method gave the raesghiof a FCC wall shown in
figure 7 to be 0.016 nm (0.04. This roughness was much smaller than that wed us
in the Gao et al [115] work. However to bring theeél of roughness of the amorphous
wall to the same level as the crystalline walligmlate the effect of the amorphousness
of the wall) we used a very short range barried {dl4] that shaved off some of the
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Figure 16: The effect of (a) roughness period and (b) rougt
amplitude on the velocity profiles for average fithickness of 3.9 n
(9.63%). The dashed line shows the awggafilm thickness positic
[105]. From Jabbarzadeh A, Atkinson J D, and TamhérPhys. Rev. E
61,690, 2000. Copyright (2000) by American PhysicatiSty).

troughs on the surface to reduce the effective hnags. Scanning through the
modified amorphous wall this time gave the rougknedue to be (0.04) similar to

that of the FCC wall.

Equilibrating the amorphous wall with no roughnessdification resulted in a
film with no structural order. The modified amorpisosurface with roughness equal to
that of mica produced a film with a sharper laygreffect and in-plane ordering. A
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Figure 17: Molecular dynamics simulation results for normatl atea
stresses for a Kyer film confined between flat (left panels) amdigr
(right panels) surfaces undergoing sheas, the velocity of the movir
wall and here it is shown for = 1 m/s @~10°s™) andv = 2 m/s
(g9 ~2x10 sH[115]. (Reprinted from &o J, Luedtke W and Landmar
“Structures, solvation forces and shear of molecfillaas in a roug!
nano-confinement”Tribology Lett., 9 (2000) 3-13.)

single patch of molecules aligned parallel to eattier on the surfaces led to the
formation of a single crystalline bridge across fi@. However in this case, unlike
those formed with FCC surfaces, the orientatioadfion of the axes of the molecules
in the bridge did not have any preferential dir@ttand was random. The rest of the
film remained disordered. Snapshots of the filmat tvere produced are shown in
figure 18.
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(@) (b)

© (d)

Figure 18 Snapshots of dodecane films confined between th
unmodified amorphous walls(b) modified amorphous film wi
roughness equal to that of a model mica wall. {c) @) the same syst:
as (b), from side and top views respectively. Nibte formation of
small patch of ordered phase that has led to theadfbon of singl
crystalline bridge. The films have been equilibrated fonsigant time:
of 47 ns (10 million time steps) and no further i@ in the structu
was observed.

When these films were subjected to shear there wenearked differences
between the rheological properties of the film etvieen the model mica surface with
FCC structure and those between the amorphous.Wdiks shear response of these
films is shown in figure 19. We can see in thisifigithat the high viscosity state of the
mosaic-like structure of the film confined betwebe FCC walls gives way to a film
with low viscosity which is only marginally highénan that of the bulk dodecane. The
modified “smooth amorphous” walls on the other hgmdduce a film with more
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Figure 18: Shear viscosity vs. shear rate for a nomin&y@r film ol
dodecane. Note the marked difference in rheologiesponse wil
different walls. For the amorphous wall the dens#tythe samas thi
fluid (1.95 ). Using a slightly lower density close to thatREC wal
(1.85 “® densities provided similar results. The markeddsm drop ¢
shear viscosity for the film confined between srhoamorphous wal
corresponds to the destruction of crystalline tegighat contribute

increased viscosity.

enhanced viscosity due to the presence of the allipst bridges that form only
randomly. This higher viscosity film though dropséa lower viscosity as soon as the
bridges are destroyed. At this stage there is @eudeduction in the viscosity that
corresponds to shear induced destruction of thdgbs at shear rates >*#G™. One
should bear in mind that this artificially built ified “smooth amorphous” wall used
here to isolate the effect of the amorphousnessvasth out the roughness effect from
our results. The results show the formation of lemp order requires an atomic
smoothness where the average roughness has tesbthém one tenth of the probing
segments diameters. At the same film thicknesoghly 6-7 molecular diameters
the smooth wall will only produce randomly orienteddges that will be destroyed
under shear more easily. Tightly knit mosaic-likeisture, formed with the crystalline
surface, clearly results in a higher viscosity. tAis thickness we can see even the
“smooth amorphous” wall can not match the viscositjrancement that is produced
by a crystalline wall. However we can not rule strbnger in-plane order at thinner
films with a “smooth amorphous” wall. Although evém that case we expect the
direction of molecules in the formed domains tadteer random.
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Figure 20: Shear viscosity vs. the shear rate for linear, $taand com
shaped isomers of6H,0, model polyethylene. Degree of branchin
defined as the number of branching points per H0ban atoms on tl
effective length (the longest route between thee flends of th
molecule).

We are currently looking on the effect of crystadlisurface commensurability
on the response of these films to shear and we fivebe subtle details have
tremendous effect on the film response and appahauiogical response similar to
those reported by Yoshizawa et al [63].

3.2.6_The role of molecular structures on the filnproperties

The molecular structure of the liquids dictates gigsical and rheological
properties of the liquids. Nowadays developmennefv synthesizing methods has
made it possible to produce novel new materialdeddar dynamics can be used as a
valuable tool to study the properties of the materfrom their molecular structure.
The detailed control over the structure gives théita to study the properties of
materials even before they are synthesized inaheratory. Recent simulations of the
long C100 polyethylene [103, 117] and dendrimer$8]lcan be mentioned as a
growing trend in this direction. A systematic stuafithe effect of branching on linear,
star, H and comb shaped C100 molecules shows temisiscrease of shear viscosity
with the degree of branching for bulk polymers (8gere 20). The effect of degree of
branching on the rheological properties of confialichne chains was studied by MD
simulations [102] and similar conclusions were drafar the viscosity. It is shown
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that the degree of branching also affects the bawyndonditions with larger slip
experienced as the degree of branching is incred$ezse simulations however have
been done with lower surface energies and forivelgtthick films where “solid-like”
transitions are not expected. More detailed sinanatfor mica-alkane systems with
thinner films where “solid-like” transitions mightappen could also be beneficial.
Studying branched molecules could shed light oneffect of molecular structure on
the formation of solid-like domains and hence oe thsponse to shear before and
after phase transitions. The experiments on varigpas of molecules report similar
exotic behaviour; however the phase transition d¢dé different depending on the
architecture of the molecules. Such investigatmmdd lead to detection of novel new
structures that could have rheological propertféaterest in industrial applications.

4. CONCLUSIONS AND THE FUTURE

In this article we have concentrated on the praficdf rheological properties
under shear using molecular dynamics simulationprdations. These methods are
appropriate in looking at phenomena where the oblasize and/or the surface
roughness approach molecular size. In this casentijer finding has been that when
the channel width is reduced below about seven cuntde diameters or sizes
comparable to the size or radius of gyration of ¢bafined molecules a significant
increase in the viscosity is seen. However thissiteon to high viscosity depends on
many factors such as the surface energy, wall dmests and crystalline order.
Depending on these the confined fluid may exhibittiple rheological states. It may
retain its fluidity and show enhanced viscosityyoalfew times that of the bulk due to
geometrical constraints. It might change phase ighlyh ordered structures and
depending on the structures formed the rheologiesponse could range from an
extremely high viscosity 6-7 orders of magnitudegéa than the bulk or films with
viscosity even lower than the bulk. Some of theedaahe films that we have simulated
change to ordered phases usually only seen witiidligrystals. The findings of these
simulations greatly assist us in understandingbéteaviour of thin lubricating films.
In addition when the detailed studies of the flsinface interactions are made, one
sees that the wall slip is common, and that thaildetind patterns of the surface
roughness can influence the rheological resporgefisiantly. Areas of order (solid-
like) and disorder (liquid-like) can be simultanslu present. In some cases
spectacularly low friction is found (figure 15), ish may have practical applications.
Experimental and simulation work suggests thin fittaricant properties depend on
many factors and every little detail counts in theieological response. The film
thickness and molecular structure; surface eneéogyglogy, structure, crystallographic
direction and relative orientation are among mangartant parameters that affect the
results. The response of the film is so entanglétl these parameters that confined
thin film lubricants should be considered as a cosite system whose response are
mainly driven from combined film-surface detailhi§ approach suggests a universal
generic description of film rheology is often inacate at best and depending on the
details, multiple rheological states might exisemyor the same fluid-surface system.
Most of the work has been done with straight-chaitkenes (GHn.2) with n up to
O(109, but it has been possible to extend the work mwremcomplex molecules
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containing for example short or long chain branched rings of atoms. Since the
microstructure is precisely specified, one is allebe certain about the effect of
molecular architecture on rheology including thestfiand second normal stress
differences (see section 3.2.2).

Whilst the bulk of this review is confined to shiegrit is possible to consider
elongational flows e.g. [7], using these methoderd/complex geometries can also be
approached (e. g. figure 4) including the questdietailed knowledge about the state
of flow near sharp corners. Crystallization witlovl can also be simulated, and the
effects of chemical reactions under flow can alsa@dnsidered in the future.

Nonetheless, despite these successes, MD methedscaeation in their use.
Typically, except for using Green-Kubo [6] methottse method works best at high
shear rates (>1G ). Below this signal/noise ratio in the computatids too small to
give reliable results. Clearly this is an area wehéne improvements would be
welcome. Another source of much dispute among thetiioners is the question of
how thermostatting should be done for “isothernadblems. We have described
some well-tried methods above, but especially af Wgh shear rates, there are still
many debates. We believe MD will increasingly hesaful tool in resolution of nano-
technology problems in the near future.
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