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Nano-Tribological Analysis by
Molecular Dynamics Simulation—A Review
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The advent of super computers for large scale atomic simulations and the invention of proximal
testing devices such as atomic force microscops, friction forge microscope, surface force apparatus,
nanoScratcher etc., have led to the development of micro- and nano-tribology. This paper reviews
some fundamental concepts and steps involved in molecular dynamics modeling of nanotribology
together with some significant aspects such as the mechanisms of wear and friction, the scale
effect of asperity contact size on friction, and the deformation induced by two-body and three-body
contact sliding on the atomic scale with a focus on the authors’ work on copper and silicon. Studies
on diamond-copper sliding reveal that there exist four distinct regimes of deformation, and that no-
wear deformation can be achieved by using a lower sliding speed, a smaller tip radius and a better
lubrication. The variation of the frictional force is a function of contact area in ali regimes except that
in the cutting regime where the conventiona! friction law still holds. Investigations into the diamond-
silicon sliding show that the amorphous phase transformation is the main deformation in silicon. In
a two-body contact sliding, the deformation of silicon falls into no-wear, adhering, ploughing, and
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cutting regimes while in a three-body sliding it falls into no-wear, condensing, adhering, ploughing

and no-damage wear regimes.
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1. INTRODUCTION

Tribology is the science and technology of interacting sur-
faces in relative motion; it includes the study of lubricants,

lubrication, friction and wear.! It is. an interdisciplinary
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field that has drawn great interest due to economic as well
as to scientific and technological reasons. The objectives
of tribology are to control friction, traction, and lubrica-
tion and to reduce surface damage such as wear, seizure,
and contact fatigue. On the macroscopic scale, tribology
tests are carried out with heavy loads applied on sub-
stances of relatively large mass. As such wear is inevitable
in macro tribology and characterized by bulk properties
of the substance. On the other hand, in micro/nano tribol-
ogy, light loads are applied on substances with small mass
and the wear is often on the micron, nanometre or even
atomnic level. As such the tribological performance of a
micro/nano system usually depends more greatly on the
surface interaction properties of the system elements in
contact sliding. Micro/nano tribological studies are there-
fore required to understand the interfacial phenomenon in
micro/nano structares used in most such systems, e.g., the
magnetic storage systems and micro/nano electro mechan-
ical systems (MEMS/NEMS).

Although friction and wear on micro- and nano-scales
have been found to be generaily smaller than to that on
a macro-scale, the adhesion force of a macro scale object
is several orders of magnitude smaller than the force of
gravity. In contrast, a micro scale object experiences an
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adhesion force over a million times greater than the force
of gravity. This is because the adhesion force decreases
linearly with size whereas the gravitational force decreases
with size cubed.® Thus, micro objects adhere to their
neighbours or surfaces and this is an obstacle to the minia-
turization of components. Reduction in adhesion and fric-
tion were brought about by applying principles of surface
chemistry and tribology to MEMS & NEMS. Mastrangelo®
discusses the physical and chemical techniques used to
alleviate the problem. Physical schemes were aimed at
minimizing contact surface area by eliminating the cap-
illary pull force through methods such as supercritical
drying, dry etching, hydrophobic coating etc. Chemical
schemes were aimed at minimizing inter-solid surface
adhesion through the use of textured surfaces and low-
energy monolayer coatings.

With the invention of atomic force microscopy (AFM),
Nanolndentor and NanoScratcher, and other instruments
such as surface force apparatus (SFA) and scanning tun-
neling microscope (STM), the study of tribology at micron
and nanometer scales has, to some extent, become experi-
mentally possible. Instant deformation is hard to be char-
acterized and high speed sliding is impossible to be carried
out on these apparatus. The Atomic Force Microscope
introduced in 1985 provided a method for measuring
forces on a nano-scale between a probe tip and an engi-
neering surface. It has been used for topographical
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measurements of surfaces on the nanoscale as well as
measuring adhesion and electrostatic force. However,
localized deformation, tip-substrate interactions and envi-
ronmental effects often make the results difficult to repro-
duce. Subsequent modification of AFM led to the
development of Friction Force Microscope (FFM) which
is used to measure forces in the scanning direction i.e.,
the force of friction. An AFM/FFM tip sliding on a sur-
face simulates just one contact whereas at most solid-solid
interfaces contact occurs at many asperities. Even so, as
these asperities are of different sizes and shapes, the effect
of size on friction/adhesion can be studied using differ-
ent radii tips. Bhushan and his co-workers*!! have used
these instruments to study various tribological phenomena
such as surface roughness, adhesion, friction, scratching,
wear, detection of material transition etc. For example,
Ruan and Bhushan* used FFM to study a freshly cleaved
highly-oriented pyrolytic graphite surface and found that
the atomic-scale friction and the topography exhibited
the same periodicity but the peaks were displaced rela-
tive to each other, which was explained by the variation
in interatomic force in the normal and lateral directions.
Bhushan and Ruan'! studied the mechanism of material
removal with an AFM. Recently, Bhushan'? presented a
comprehensive review of AFM/FEM studies on the siginif-
icant aspects of nanotribology, nanomechanics and mate-
rial characterization.
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The advent of super computers for large scale atomic
simulations have led to the development of computational
micro- and nano-tribology. While quantum mechanics is
ideal for very small models on the atomic scale and
micro/continuum mechanics is powerful for analysing the
objects of micre and macroscopic dimensions, molecular
dynamics simulation provides useful means for detailed
characterisation of materials on the nanometer scale. The
advantage of using melecular dynamics lies in its capac-
ity in handling relatively large molecular systermns, which
is hard for quantum mechanics to tackle, and its reliabil-
ity in exploring atomistic deformation mechanisms such as
phase transformations and dislocation emitions, to which
micromechanics and continuum mechanics are not appli-
cable. Thus, simulations provide useful insight into exper-
imental observations that may lead to the discovery of
new phenomena or act as drivers for new experiments that
in-turn may lead to an eventual solution to the engineer-
ing problems in trobology. Moreover, 3D-computer visu-
alization and animation allow us to follow the atomistic
behaviour at different time steps that helps to understand
the chemistry and mechanics of the processes.

Fundamentally, a molecular dynamics analysis involves
calculating the phase-space trajectories of each atom based
on its interaction with other atoms in accordance with
Newtonian dynamics. The phase space trajectory describes
the motion of an atom by describing its position in the
Cartesian coordinate and its momentum. Although the
principle of molecular dynamics is simple, a reliable appli-
cation of the technique requires sophisticated considera-
tions on the details of every step in the modelling and
simulation. .

This review will elaborate on some fundamental con-
cepts and features of molecular dynamics modelling
for characterising the nanodeformation mechanisms of
advanced materials, with some analysis of diamond-copper
and diamond-silicon sliding system as the examples.

2. MOLECULAR DYNAMICS MODELLING
OF MATERIALS

2.1. Initial Model

The very first step in the nanodeformation characteriza-
tion of a material subjected to a nano-processing operation
using the molecular dynamics analysis is to generate an
initial molecular model of the material consistent with the
operation. Here the nano-processing operation can be any
process corresponding to external loading, either simple or
complex, such as tension, bending, indentation, tribologi-
cal sliding and mechanical cutting. One way to generate
the initial model’® is to locate atoms on a perfect lat-
tice structure of a material that represents the real atomic
structure of the material.” For example, atoms in a model
to simulate copper will be positioned in accordance to a
face centred cubic (FCC) lattice structure with its lattice
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constant,' while a model to simulate diamond will be

positioned in accordance to a diamond cubic structure.
The model having atoms positioned in such a way
implies that additional potential energy between atoms has
been artificially applied to the system, because in a real
material, atoms are actually vibrating around their equilib-
rium positions. Before simulation can go on, therefore, it
is necessary to ‘relax’ this constructed initial model from
its artificially assigned conditions to its natural equilibrium
status consistent with the environmental temperature. This
involves the execution of the constant temperature molec-
ular dynamics program for a specified number of time
steps with a chosen potential function. During the relax-
ation process, the velocities of Newtonian and thermostat
atoms that are initially assigned based on a normal dis-
tribution -will gradually reach equilibrium at the specified
environmental temperature of the simulation by a veloc-
ity scaling. The number of time steps required to run for
such a relaxation is deterrnined by the time needed for
the model to arrive at this equilibrium temperature speci-
fied. Depending on the specific materials and their atomic
lattice structures, essential relaxation time steps vary. The
details will be discussed in specific examples later in the

paper.

2.2, Controi of Simulation Temperature

The portion of the material simulated by the molecular
dynamics model, often called the control volume, is only a
small part of the material in the neighborhood of the defor-
mation zone of interest. This portion in reality is part of
the rest of the material or the surrounding environment. As
such, any heat generated during a nano-processing within
the control volume will be conducted away. If this heat
conduction process cannot be simulated in a molecular
dynamics analysis, the simulation results can be incor-
rect. To achieve a reasonable heat conduction outward the
control volume, special layers of atoms, called thermo-
stat atoms, must normally be arranged to surround the
model, as iltustrated in Figure 1, the control volume for
a nano-indentation setup. Then based on the temperature
conversion rule to be discussed later in this paper, tem-
perature regulation is made so that the temperature due to
the kinetic energy of these atoms will always be consistent
with the environmental temperature. When the dimension
of the control volume is sufficiently large, the arrangement
of the thermostat atoms provides an efficient and reliable
way for the natural heat conduction in the solid.
The scaling of velocities'* can be done by

v

new

=V Kinetic energy corresponding to the environmental temperature
T Tod Kinetic energy of a thermostat atom before scalng
(1)

*An alternative is to take the initial positions of atoms from the end of
an earlier simulation. However this may not be viable as one may often
change the size and shape of a model.
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Fig. 1. Molecular dynamics model of silicon specimen with a hemi-
spherical indenter. Reprinted with permission from [15], L. C. Zhang and
1L Tanaka, JSME Int. J. Series A 42, 546 (1999). © 1999, JSME.

where V,,, is the scaled velocity of a thermostat atom and
V4 i8 its original velocity.

2.3. Control Volume

There are three major issues that must be considered in
the dimension selection of a control volume of interest.
To reduce computational cost, the volume should be as
small as possible. However, a too small volume will bring
about significant boundary effects that make the resolts
unreliable. These include the boundary temperature effect
and the boundary displacement effect. To eliminate these
effects, the dimension of the control volume must be suffi-

ciently large so that the temperature at the boundary of the -

control volume is close to the environmental temperature.
Then the application of thermostat atoms can make the nat-
ural heat conduction happen in simulation. Similarly, the
volume should also be sufficiently large so that the motion
of the boundary atoms does not affect the atoms in the
deformation zone of interest. Normally, an error analysis is
necessary to generate a suitable dimension. Two examples
of the selection process of the control volumes for nano-
indentation,'® which has fixed boundary atoms, and those
for nano-iribological sliding and nano-machining {nano-
cutting, nano-polishing and nano-grinding), which uses
moving boundary atoms,'* 17 will be discussed in detail
later.

2.4. Integration Time Steps

The prediction of the phase-space trajectories of atoms
in molecular dynamics simulation is based on the sec-
ond law of motion of Newton. To solve the differential
equation, the finite difference method is often necessary
because collisions between atoms are not instantangous;
rather, they are strong repulsive and atiractive interactions
that occur over a finite duration. However, the use of the
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Round-off
error dominates

Truncation error
dominates

Total global error

Integration step size At

Fig. 2. Different types of errors against the size of time steps. Reprinted
with permission from {15], L. C. Zhang and H. Tanaka, JSME Int. J.
Series A 42, 546 (1999). © 1999, JSME.

finite difference method implies that the size of the inte-
gration time step, Af, must be determined very carefully,
because both the global truncation error and global round-
off error depend on Ar. Moreover, these two Cypes of
errors are affected differently by changes in At, as shown
in Figure 2. The global truncation error decreases with
decreasing Az, while the other depends on the number of
calculations. This means that the smaller the size of the
time steps, the more calculations to be done and the greater
will be the global round-off error.

A way to reduce the round-off error is to have an effi-
cient code and use high precision arithmetic. To reduce-
the trunication error, however, it is necessary to reduce the
size of At. It must also be noted that a smaller time step
is usually associated with a greater computational cost.

In addition to the above problems, it is essential to
note that the finite difference algorithm commonly used
in molecular dynamics, the Verlet’s method,'> 17 is con-
ditionally stable. That is to say, it will become unstable
when Af reaches a critical value, though the threshold can
be determined through a series of experiments. Generally,
a suitable time step is recommended to be from 1/28 to
1/32 of the vibration period of an atom.' 7 Hence the
optimum time step is dependent on both the specific mate-
rial and the potential function used. For instance, with the
Tersoff potential,'® ' an individual atom of silicon or dia-
mond can be forced to move in a direction to determine
the corresponding stiffness k, as shown in Figure 3, so that
the period of vibration of the atom in the direction, T, can
be determined by T = 2 (m/k)"/?, where m is the mass
of the atom.'> !’

2.5. Temperature Conversion

Another important factor in a successful molecular dynam-
ics analysis is the reliable conversion between the kinetic
energy and temperature of an atom. An inappropriate con-
version will result in an error in the velocities of the
atoms and hence render the simulation incorrect. It is
always essential that for a given material, a temperature
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ing a silicon atom in the [100] direction. The material stiffness &k can be -

obtained from the gradient of the plot. Reprinted with permission from
[15], L. C. Zhang and H. Tanaka, JSME Int. J. Series A 42, 546 (1999),
© 1999, ISME.

conversion model is identified carefully before carrying
out a molecular dynamics simulation. In studying the
deformation mechanisms of monocrystalline silicon under
the nano-indentation and nano-scratching with diamond
tools,'> 1520 for instance, there are three models available?!
for the conversion. They are Dulong-Petit’s model, which
takes into account the independent lattice vibration, Ein-
stein’s model, which is based on the consideration of the
single characteristic frequency, and Debye’s model, which
involves a range of frequencies. A comparison with the
experimental measurement, as shown in Figure 4, shows
that in the temperature regime encountered in the nano-
indentation and nano-scratching, the Debye’s model is the
best for silicon and the Einstein’s model is the most suit-
able for diamond. Clearly, if these models are incorrectly
used, the result of molecular dynamics simulation cannot
be correct.

3 "

{ R J/moliK)
[
n_ o

=
%]

Silicon ( Einstein )

----- Silicon { Debye ) ]
x Silicon { Exp. )

Diamond { Einstein )

----- Diamond { Debye }
o Diamond { Exp. }

0 500 1000 1500
Absolute temperature { K')

Atomic heat

e
w

Fig. 4. Comparison of temperature conversion models. Reprinted with
permission from [15], L. C. Zhang and H. Tanaka, JSME Int. [, Series A
42, 546 (1999). © 1999, JSME.
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Fig. 5. Concept of stress vector on an atomic scale. Reprinted with
permission frem [15], L. C. Zhang and H, Tanaka, JSME Int. J. Series A
42, 546 (1999). © 1999, ISME.

2.6. Stress Analysis

The analysis of stress in a material is an important part in
our understanding of characteristics such as deformation
or transformation of the material under various machining
processes. Stress analysis also allows useful criteria to be
set for the prediction of phase transformation or plastic
deformation of the material under processing.

However, on a fine scale, materials cannot be treated as
a continnum and the conventional definition of stress is
no longer valid.!> 222 Tere, let us take the deformation
of monocrystalline silicon as an example to introduce the
concept of stress analysis on the atomic scale.

Figure 5 shows a conceptual atomistic model for cal-
culating stresses. Assume that a solid is divided into an
upper part £}, and a lower part {}, by a plane A. Consider
a small element T in {); with a base area § in plane A.
The stress on S is defined by

o= (2)

where F is the resultant force on S induced by the inter-
action between the atoms in £}, and those in T" and should
be calculated by

Ny Ny Ny Ny
FZZZﬁj*Zmej (3)
=1 j=1 i=1 j=1

in which N, is the number of atoms in T, N is the num-
ber of atoms in Q,, fi; 18 the inter-atomic foree vector
during indentation between atom  in [ and atom j in ),
and fy; is the inter-atomic force vector before indentation
between atom ¢ in 1" and atom j in ,. The contribu-
tion of interatomic forces before indentation, f;;, must be
eliminated as the stress analysis considers only the effect
of deformation due to external forces. This consideration
ensures consistency with the definition of stress in contin-
wum mechanics.
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It is important to note that in continuum mechanics a
stress vector is defined at a mathematical point but in the
definition here on the atomic scale, area 5 should always
be finite. Moreover, to obtain a representative stress vec-
tor on 8, the height of the element must be selected in a
way that the interaction force between atom j in {}, and
atom i in £, but beyond the top surface of I' is negligible.
In the stress analysis of silicon specimen subjected to
nano-indentation, for instance, it is found that the opti-
mum size for element I' is 2L x 2L, x 2L, as shown in
Figure 5, where L_==0.543 nm is the side length of a unit
cell of silicon.

There are two questions that arose from the above stress
definition on a molecular scale. The first pertains to the
momentum flux of atoms within the material. That is if it
is necessary to consider the contribution of this element
in the calculation of stresses. In fact, each element of the
siress tensor will compose of a kinetic part and a potential
part, i.e.,

N 1 N
Juyp=m > Vi Usg + 3 > rygFia 4)
i i#f
where m is the atomic mass, v,, is the @-component of the
velocity of atom i, r;g is the S-component of the vecior ry
separating atoms i and j, and F;;, is the a-component of
the force exerted on atom ¢ by atom j. However, simulation
results have shown that for a solid, the contribution due to
the momentum flux of atoms within the body is very small
compared to the effects of inter atomic forces between the
atoms. Hence, if the simulation is done for a solid, this
term can be neglected.

The second question is that when a material is under
an external load applied by another solid, e.g., in the case
of nano-indentation involving both the workpiece material
(monocrystalline silicon) and the tool (diamond indenter),
if it is necessary to include the interaction forces between
the workpiece and tool atoms in the stress analysis of
the workpiece. It has been shown that the effect of this
interaction is small when the work-tool interactive poten-
tial is low and hence is negligible if the region of inter-
est for the stress analysis is not in close proximity with
the tool. Stress calculation of the workpiece in such cases
can therefore be achieved by considering the atoms of
the workpiece alone. However, if the work-teol interactive
potential is high, the influence of the tool atoms must be
considered.

2.7. Potential Function

Given the adequacy of the simulation techniques and the
appropriate selection of the control volume and time step
size, the reliability of the results of a simvlation depends
on the quality of the atomic interaction potential used. If
the potential function does not model the behavior of the
atoms correctly, the results produced will be unable to sim-
ulate the actwal deformation correcily.
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It would be desirable to take the interactions directly
from first principle calculations. However, this would take
up far too much computational time. Thus in orders to
obtain useful atomic interactions, empirical potentials have
been developed.

In general the potential energy of a system of N atoms
is a function of the atomic co-ordinates. Thus the potential
energy may be expressed in a series of #-body inter-atomic
potentials

ot = G+ 2 (D) + 2y (i) + 2y (i)
oot Py ikl ) ()

where ¢, is the n-body interaction potential which is a
function of the positions of n atoms #jk... The sums in
Eq. (5) are over all combinations (excluding redundant
contributions) of n atoms in the system. The potential ¢,
and the number of terms, which are retained in a practi-
cal application, depends on the nature of the system under
investigation.

In s-p bonded metals, ie., metals with free electrons
outside the ion cores, the structure-dependent part of the
system energy can be accurately expressed in terms of the
second-order (pair potential) terms of Eq. (5). Hence pair
potentials (such as Lennard-Jones, Morse, etc.) have a firm
theoretical basis in simple metals.”> Examples of such met-
als are copper, sodium, magnesium, and aluminium. Zhang
and co-workers have employed the Morse pair potential
in the modeling of copper atoms and find the results of
the simulation satisfactory.!*?* A detailed explanation and
expression for the Morse potential used in the modeling
of copper can be found in Ref. [14].

When using the pair potential function, the omission
of angle dependent forces and many-body effects results
in a severe restriction on its application to more cova-
lent systems such as silicon where the directionality of
the localization of charge in the bonding region is impor-
tant. In such cases, it will require an empirical potential
incorporating two and three-body interactions. The param-
eters used in the potential function can be determined by
least-square fits to a database of calculated energies of real
and hypothetical atomic structures. However, due to the
exclusion of some atomic structures, it is often difficult to
evaluate the generality of such potential. Also, this method
of simulation requires much computational time.

To address these shortcomings of the above-mentioned
potential function, the Tersoff potential was developed.
This replaces the traditional two and three-body expansion
of the interaction energy with a simple pair-like potential
where the bond order of the atoms is affected by its
local environment.!®!® In this way, structural chemistry
is included in a classical empirical potential. It has been
found that energies and geometries for silicon are ifery
well described using the Tersoff potential. A detailed
explanation and expression for the Tersoff potential is
given below.

J. Comput. Theor. Nanosci. 3, 167—-188, 2006
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The total Tersoff energy E, is modeled as a sum of
pair like interactions and can be expressed as,

£ =Y E= 5TV, ©)
i i

where W, is the bond energy so that the summation in

the equation is about all the atomic bonds in the control

volume. W; is a function of repulsive pair potential fp,

and attractive pair potential f,, and has the form of

W = fc(rij)[fR(rij)+bjij("ij)] (7
where
fR("ij) = Ay BXP(_A;‘;'”U)’ fA(rij) = Bij BXP(_FLU".})

1 rfng,-j

1 1
fC(rij) = :,‘2'+ECOS"T(’]‘;‘_Rij)/(sfj_st)], Ri=<r;<§;

0 rszRij
b'.j = ij(I +B?i g;.-)q/zn(.
G = 2. Felri)e(8i)

ki, j
g(gijk) = 1+C¢'2/d;2_ C?/[d? + (h; —cos Gijk)z]
Ay = (A, +/\f-)/2,
Aij = (AsAj)l'Izs
Rij = (RiRj)m,

My = (Mi+ﬂj)/2
172
Bij = (BEBj) /
172
Sij = (Sisj) / (8)

Here, i, j, and k label the atoms, Ty is the length of the ij
bond and 6, is the bond angle between bonds ij and ik.
Other parameters such as A, B, R, §, A, y, and w, as listed
in Table I, are Tersoff potential parameters, depending on
individual materials. With Egs. (6) and (7), the interaction
forces between silicon atoms can be obtained by calculat-
ing the gradient of E,.

The interaction between the silicon and diamond inden-
ter atoms is modelled by the modified Morse potential'*
given by

d)(rij) = AlD[e*ZAzﬂ(ﬁj*”n) _ 2ef\2“(".'r"n)] 9

Table 1. Parameters in Tersoff potential for carbon and silicon.

Carbon Silicon

A (V) 1.3936 x 10° 1.8308 x 107
B {eV) 3.4670 x 107 47118 x 107~
Ap 34.879 24,799

® 22.119 17.322

B 1.5724 % 1077 1.1000 x 107¢
n 7.2751 % 107 7.8734 % 10~
c 3.8049 x 10* 1.0039 x 10°
d 4384 % 10° 1.6217 x 10
h —5.7058 x 107! —5.9825 x 107!
& (nm) 0.18 0.27

S (nmy} 0.21 _ 0.30
Xee=10 Xeisi = 1.0 X = 09776
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Table II. Parameters in the standard Morse potential.

Parameter C-8i
D (eV) 0.435
o (nm™") 46.487
r, (nm) 0.19475
A 1

A; 1

The parameters such as D, a, r, are shown in Table II.
Interaction force is calculated by the gradient of ¢.

3. NANO-TRIBOLOGY
3.1. Introduction

A full understanding of friction and wear on the atomic
scale is of fundamental importance to the development
of nanotechnology. Immediate examples in which atomic
friction and wear play a central role are the optimal design,
fabrication and operation of devices with atornic resolu-
tion, such as micro-machines and high-density magnetic
recording systems. Over the last two decades or so, many
studies have been carried out to explore the mechanisms of
nano-friction and nano-wear, both theoretically and exper-
imentaly. For instance, an early experimental observation
of atomic scale friction using an atomic force microscope
was reported by a research group at IBM.? The fric-
tion coefficient between a tungsten tip of radius 300 nm
and a basal plane of a graphite grain was found to be
0.012 at a normal load of 10 uN. Another early interesting
study®® was about the sliding of a tungsten tip of radius
10 pm on a carbon sputtered surface. A frictional force of
about I uN at zero normal force was measured, indicat-
ing an infinite friction coefficient. In the meantime, the-
oretical studies wsing molecular dynamics simulation and
the first-principle calculations®™>! have also been carried
out and showed that friction coefficient could vary sig-
nificantly, from 0.01 to 0.07, under different sliding con-
ditions. Recently, the work reported by Mulliah et al?
on the indentation and scratching of Ag(100) surface by
a pyramidal diamond indentor, showed that the shape of
the tip affects the friction coefficient and it is dependent
on both the orientation of the indentor and the indenta-
tion depth. Belak and Stowers® studied the indentation
and scraping of a copper monocrystal by a rigid dia-
mond tip using the molecular dynamics simulationr. While
focusing mainly on some issues of indentation with an
observation of dislocation initiation, they also simulated a
cuiting under a specific condition and observed that the
friction coefficient was about 1.0. However, the mecha-
nisms of friction and wear and the effect of deforma-

tion, sliding conditions and distocation motions were not

studied.
A more systematic research was conducted by
Homola,* who proposed the concept of interfacial sliding
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to describe the sliding of two perfect, molecularly smooth
and undamaged mica surfaces. Mechanisms of wear
also addressed. The investigation demonstrated that the
Bowden-Tabor formula,®® which states that the frictional
force is proportional to the real molecular contact area,
could well describe the frictional behaviour during atomic
sliding. In fact, the importance of the atomic contact area
to atomic friction is not difficult to understand if the JKR
theory®® ¥ is recalled. This theory, while considering the
effect of surface energy in its analysis, has implicitly indi-
cated that the real contact area must be of great concern
to sliding ioads on the atomic scale.

If looking into the details of contact sliding, we can have
two primary situations. When two surfaces are in slid-
ing without foreign particles, they are in two-body contact
sliding, as shown in Figure 6(a). In this case, the interac-
tions among surface asperities play a central role in the
process of wear and friction. However, if some particles
appear between the surfaces, which could be the debris
from worn surfaces or foreign particles due to contami-
nation, a three-body contact sliding occurs, as shown in
Figure 6(b). Under such circumstances, the kinetics and
properties of the particles contribute to the tribology of
the surfaces. The above sliding processes are common in
nanotribological systems.

(a) Newtonian silicon atoms
Sliding direction

Diamond ( rigid )

Thermostat atoms

Boundary atoms

(b) Sliding and sclf-rotating Newtenian silicon atoms

directions /

Thermostat atoms

Diamond { rigid )

Boundary atoms

Fig. 6. Molecular dynamics modeling of the sliding processes. {(a) two-
body sliding and (b) three-body sliding. Reprinted with permission from
[16], L. C. Zhang and H. Tanaka, Tribol Ins. 31, 425 (1998). © 1998,
Elsevier Science.
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Fig. 7. The concept of moving control volume of a workpiece subject
to nano-cutting. (a) Initial control volume, (b) The control volume before
the operation of removal and addition, and {(¢) The control volume after
the operation of removal and addition. Reprinted with permission from
[38], W. C. D. Cheong ct al., Key Engineering Materials 196, 31 (2001).
© 2001, Trans Tech Publications.

3.2. Moving Control Volume

To simulate a sliding or cutting process, the distance of rel-
ative motion of an asperity to a workpiece is significant.?
An apparent way of simulating the steady-state behaviour
of the workpiece material is to take a large portion of the
work material as the control volume for simulation. How-
ever, this is infeasible because the cost and capacity of
computation limit the number of atoms in a model. The
moving control volume technique'*'®'"* is then neces-
sary and advantageous, in which the dimension of the con-
trol volume is similar to that of a non-moving one but with
special atom removal and addition techniques. Shown in
Figure 7 is an example of using the moving control tech-
nigue for simulating nano-cutting, where Zone 1, the zone
affected by cutting deformation, is equivalent to the nor-
mal control volume size discussed previously. Zones 2 to 5
are those unaffected by the cutting deformation. When the
cutting proceeds, atoms in Zone 5 can be removed because

*In grinding and polishing, the situation is sirnilar.
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the removal will not affect the behaviour of the atoms in
Zone 1. However, Zone 4 becomes a transition one because
the boundary between Zones 4 and 5, which is originally
inside the workpiece, becomes a free surface. The dimen-
sions of both 4 and 85 must be determined by an error
analysis such that the removal of Zone 5 and the creation
of the new free surface do not influence the behaviour of
atoms in Zone 1. Similarly, because atoms are added in
Zone 2 after the removal of atoms from Zone 5, Zone 3
becomes a transition zone. Owing to the same reason, the
dimensions of both &2 and 83 must also be determined
by an error analysis. Zone 6 consists of the boundary and
thermostat atoms.

-3.3. Diamond-Copper Sliding Systems

3.3.1. Methods of Modelling and Analysis

For simplicity, let us consider an atomically smooth dia-
mond asperity sliding on an atomically smooth surface of
a copper monocrystal in its (1 1 1) plane. The variables
of interest are the sliding speed V, indentation depth d,
degree of surface lubrication or contamination and the tip
radius of asperity R that is the radius of the envelope of
centres of the surface atoms. The environmental tempera-
ture of the sliding system is 293 K and the asperity rake
angle is —60°. In addition, we assume that d keeps con-
stant in a sliding process, which implies that the sliding
system has an infinite loop stiffness.

The interactions between copper atoms can be described
by the modified Morse potential given in Eq. (9), where
r; is the interatomic separation between atoms i and j, r,
is the equilibrium separation at which the potential min-
imises. D and « are material constants listed in Table IIL.
The physical meaning of D is the cohesive energy hetween
the two atoms. A; and A, are non-dimensional parameters
indicating the cohesive strength change between the atom
pair { — j. For copper-copper atom pairs, A, = A, = 1,
hence Eq. (9) becomes identical to the standard Morse
potential. For copper-diamond atom pairs, however, A,
takes a value in interval (0, 1] whilst A, = 1. This is
because an application of lubrication or contamination
on the diamond-copper interface weakens the cohesive
strength between copper and diamond atoms. Hence the
effect of surface lubrication or contamination on the fiic-
tion and wear can be qualitatively investigated by varying
Ay in (0, 1] and ignoring the detailed effects of lubricant or
contaminant atoms. However, when A, varies in (0, 1], the
potential curve between a pair of copper-diamond atoms
will distort towards the negative direction of r. Bearing in

Table IIl.  Parameters in the standard Morse potential.

Parameter Cu-Cu Cu-C
D (eV) . 0342 0.087
a (nm™') 13.59 50.40
Ty 0.287 0.205

J. Comput. Theor. Nanosci. 3, 167—188, 2006

Nano-Tribological Analysis by Molecular Dynamics Simulation—A Review

Extra half plane Burgers vector Exlra half plane

DOOOOO@OOOOOO@")/ODOOOO
QO0000CANOODO®O0OOO0CCO
200000C0HBOWO0OR2O0O0000CO
Q00000 UPCMOHYOOOOCOD0
2000C00DRCOBROOOUOCOD
OOOOOOOOOO@O@OOOCOOO
B O 0D 000 C 00

ooooooo T 8
O00QOOCOROOOQODO0
OO OO0 0BE0FA000000 0
CONOODOOOODANODOOOOOCO
TOO0OONOCO00OOND O O0QOOOCOD0

Burgers circuit

Stip plane

Fig. 8. Determination of edge dislocations. Reprinted with permission
from [14], L. C. Zhang and H. Tanaka, Wear 211, 44 (1997). © 1997,
Elsevier Science.

mind that the atomic distance between any copper and dia-
mond atoms increases, rather than decreases, when a lubri-
cant or contaminant atom appears to separate them from
direct confact, the potential curve should distort towards
the positive direction of r. Hence A, in Eq. (9) must be
larger than one. In the present analysis, we determine A,,
when A; changes, by keeping the spring constant of a
copper-diamond atomic pair unchanged.*

With the above potential function available, the forces
on atom  due to the interaction of all the other atoms can
be calculated by

Z A(ry) (10)

J=1, J#

where N is the total number of atoms in the model®
including thermostat, boundary and diamond atoms. Con-
sequently, the motion of all the Newtonian atoms in the
control volume, including their instant position and veloc-
ity vectors, can be obtained by following the standard
procedures of molecular dynamics analysis described
previously.

In principle, an asperity is three-dimensional and thus a
three-dimensional molecular dynamics analysis would be
more appropriate. However, we found, based on a care-
ful comparison,® that a two-dimensional model can lead
to accurate enongh results in terms of the variations of
temperature and sliding forces and easier characterisation
of deformation. We will therefore focus on the two-
dimensional, plane-strain analysis in this section.

When an instant configuration of the copper atomic lat-
tice during sliding is obtained by the molecular dynamics
analysis, the distribution of dislocations in the deformed
lattice can be determined by the standard dislocation
analysis.*® Figure 8 shows an example of identifying edge

*This means that when A, is given, A, is determined by (A, D) (A0} =
Dea?; hence A, = )\,_”2.

*Here, 12,000 < N < 15,000 is used in conjunctiors with the technique
of moving control volume.
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Fig. 9. The wransition diagram of deformation regimes. (The diamond
slides from the right to the left). Reprinted with permission from [14],
L. C. Zhang and H. Tanaka, Wear 211, 44 (1997). © 1997, Elsevier
Science.

dislocations when two extra half planes of atoms (dark
atoms) appear in the deformed atomic lattice. The Burg-
ers vector can be obtained by application of the Burgers
circuit. Since we are now carrying out a two-dimensional
molecular dynamics simulation, we can only study edge
dislocations.* For convenience, however, we call them dis-
locations thereafter.

3.3.2. Mechanisms of Wear

The deformation of the copper specimen has four dis-
tinct regimes under sliding. They are the no-wear regime,
adhering regime, ploughing regime, and cutting regime, as
shown in Figure 9. In the figure, the transition of defor-
mation regimes is characterised by the non-dimensional
indentation depth &, which is defined as d/R and can be
viewed, when contact sliding takes place, as a measure of
the strain imposed by the diamond asperity.

In the no-wear regime, the atomic lattice of copper is
deformed purely elastically. After the diamond asperity
slides over, the deformed lattice recovers completely. In
this case, sliding does not introduce any wear or initiate
any dislocation.

When & increases and reaches its first critical value,
84", adhering occurs. The atomic bonds of some surface
copper atorns are broken by the diamond sliding. These
copper atoms then adhere to the asperity surface and move
together with it. However, they may form new bonds with
other surface atoms of copper and return to the atomic
lattice. The above process repeats again and again dur-
ing sliding, causes a structure change of the copper lat-
tice near the surface, and creates surface roughness of the
order of one to three atomic dimensions. In the meantime,
some dislocations are also activated in the subsurface, see
Figure 10(a).

If & increases further to its second critical value, 8@, the
above adhering deformation will be replaced by ploughing
(Fig. 9 and Fig. 10(b}). An apparent feature of deformation
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Fig. 10. Distribution of dislocations in the subsurface of copper speci-
men. (The diamond slides from the right 1o the left). (a) adhering regime,
(b) ploughing regime, and (c) cutting regime. Reprinted with permission
from [14], L. C. Zhang and H. Tanaka, Wear 211, 44 (1997). © 1997,
Elsevier Science,

in the stage is that a triangular atom-cluster always exists
in front of the leading edge of the dianiond asperity
and appears as a triangular wave being pushed forward.
In this regime, the deformation zone in the subsurface
becomes very large and a great number of dislocations are
activated. Moreover, the motion of dislocations and their
interactions in the subsurface become extremely complex.
Grain boundaries can also be generated by ploughing, as
shown, for instance, by the continuous orange curve in
Figure 10(b).

When & reaches its third critical value, 8V, a new
deformation state, cutting, appears, characterised by chip

J. Comput. Theor. Nanosci. 3, 167188, 2006
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formation. Compared with the ploughing regime, the
dimension of the deformation zone during cutting is
smaller, Dislocations distribute much more closely to the
sliding interface (Fig. 10(c)).

The above figure of deformation regimes and their tran-
sition represents the most general case. Under some spe-
cific sliding conditions, not ali the regimes would appear
except the no-wear regime.

For example, if the tip radius of the diamond asperity
keeps unchanged but the sliding speed changes, then at
lower sliding speeds all the four regimes described above
appear. At higher speeds, however, ploughing regime van-
ishes, see Figure 11(a). On the other hand, at a given slid-
ing speed, if the tip radius of the asperity is very small,
say 1 nm, only no-wear and cutting regimes emerge, as

A=5nm, =1

Q.42
Cuttin
0.1 9
. {3)
0.08F  Ploughing
& 0.06F 6(02) )
3 Adhering
0.04 6{3)
0.02+ No-Wear
OG 510 100 150 200
() Sliding Speed {m/s)
V = 200 s, A= 1
0.16 M
0.141
0.12r
0.1
O 008}
0.06F
0,04
p.o2t
% 1 2 3 4 5 6
(b} A {(nm)
V=200 m/s, A=5nm
0.12
o1l 55;3) Cutting
@ = =" :(2)
6 0.06 B¢ Adhering
4
0.04} B(C)
0.02+ No-Wear
(- 3 . 1 : s '
04 Q. g6 07 08 09 1 1.1
(c) A

Fig. 11. Regime transition under specific sliding conditions. (a) non-
dimensional indentation depth versus stiding speed, (b) non-dimensional
indentation depth versus tip radius, and () non-dimensional indentation
depth versus tubrication/contamination. Reprinted with permission from
4}, L. c Zhang and H. Tanaka, Wear 211, 44 (1997}. © 1997, Elsevier
Science.
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shown in Figure 11(b). However, with relatively larger tip
radii, adhering appears as' a transition from ne-wear to
cutting.

Another important factor that alters the deformation
transition is the effect of surface lubrication or contami-
nation. If the sliding interface is chemically clean, A, =
Ay =1 in Eq. (9). In this case, as shown in Figure 11(c),
ploughing does not happen at a given sliding speed and
tip radiuvs. If the surface is lubricated, A; < 1 with A, = 1,
and all the four regimes occur.

It is obvious from Figure 11 that the no-wear regime
exists in a wide range of indentation depths. In addition,
a smaller radius, a lower sliding speed, or a better surface
lubrication (i.e., smaller A,) enlarges the no-wear regime.
This highly indicates that a no-wear design of sliding sys-
tems may be possible in practice. Moreover, it is important
to note that the size of the no-wear regime is a strong func-
ton of sliding speed and surface lubrication. Therefore,
sliding speed and lubrication should be taken into specific
account in an attempt to design no-wear sliding systems.
Very recently from a carbon-on-copper roller-sliding study,
Jeng et al.* reported that minimum resistance at the inter-
face depends on the angular velocity of the roller and the
separation distance between the roller and the slab. They
found that a negative angular velocity minimizes wear and
deformation at the interface.

The formation of various deformation regimes and their
transition can be elucidated by the variation of temperature
distribution and dislocation motion in the atomic lattice,
see Figure 10 and Figure 12. For instance, a larger inden-
tation depth or a higher sliding speed indicates a higher
imput sliding energy, greater temperature rise and severe
plastic deformation. This in turn means a higher density
of dislocations with more complicated interactions in the
deformed atomic lattice. When the non-dimensional inden-
tation depth & is small, a smaller number of atoms have
high temperatures, as shown in Figures 12(a) and 12(b).
Sliding does not cause any considerable temperature rise
in the vicinity of the contact zone. With the increase of §,
the number of high temperature atoms increases quickly
(Figs. 12(c) and 12(d)). However, compared with the cut-
ting regime (Fig. 12(d)), the high temperature atoms in the
ploughing regime (Fig. 12(c)) distribute in a much wider
area. This explains why a ploughing regime has a greater
deformation zone and less localised distribution of dislo-
cations (Fig. 10).

3.3.3. Friction

With the above deformation mechanisms in mind, now
let us examine the frictional behaviour of the system.
Figure 13 shows the variation of the conventional fric-
tion coefficient, p = |F,/F,|, with the change of 8, where
F, and F, are respectively the frictional force and nor-
mal indentation force during sliding. It is clear that in
the cutting regime, F, is proportional to F,. In other
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0

Fig. 12. Temperature distributior in the atomic lattice of copper. (The diamond slides from the right to the left). {a) no-wear regime, (b) adhering
regime, (c} ploughing regime, and (d) cutting regime. Reprinted with permission from [14], L. C. Zhang and H. Tanaka, Wear 211, 44 (1997). © 1997,

Elsevier Science.

regimes, however, the behaviour of F, is complex. Partic-
vlarly, ;¢ becomes singular at a specific § in the no-wear
regime, :

The singularity of w is understandable if we examine
the sliding forces when & changes. On the atomic scale,
as shown in Figure 14, the normal sliding force F, always
varies from attractive to repulsive. Thus at the transition

V=200mfs, R=5nm, A;=1,=1

2 No-Wear [| |Adhering :  Cutting
1 a0 8@
u ol L ;/_.-
,; | Fe=uFy
1f - ! \
-8.08 -0.064 O

0.04 0.08 0.12 0.16 0.2 0.24
d

Fig. 13. Variation of friction coefficient. Reprinted with permission
from [14], L. C. Zhang and H. Tanaka, Wear 211, 44 (1997). ©@ 1997,
Elsevier Science.

178

point (F, =0), p is infinite. This also explains why
p varies sharply under different. sliding conditions as
reported by Refs. [26-32]. All these clearly indicate that
the concept of the conventional friction coefficient is no
longer meaningful in no-wear, adhering and ploughing
regimes.

Force (x10"9 N)
25 l
No-Wear )

V=200 m/s, R=5nm, i, =A,=1

Cutting
20
Adhering

15

r &

C Lo
L L 1

) L 1 1 1
-0.08 -0.04 O 0.04 008 0.12 0.16 0.2 0.24
o

Fig. 14. Variation of sliding forces. Reprinted with permission from
[14], L. C. Zhang and H. Tanaka, Wear 211, 44 (1997). © 1997, Elsevier
Science.
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Tn non-contact sliding, the only appropriate way to cal-
culate the frictional force is to use Eg. (10). In contact
sliding, however, empirical expressions in terms of the
contact area can be developed. For exampte, the following
simple formula can be obtained according to the present

theoretical analysis,

_Zz—ﬁb( for L,=0
n=1 m=1
- 11
F;( giILcwa + Z{l, fOr L'(:I) < Lc S ng) ( )
gPILcwa +£lﬂ’ for Lc = ng)

where (' = 409 MPa, {J' = 1.807 x 107% nN, ([ =
4.20 GPa, {i* = —1.899 nN are constants, N, is the total
number of copper atoms in the model, Ny is the number of
diamond atoms, L. is the atomic contact length and w, =
0.226 nm is the width of an atomic layer of copper in the
direction perpendicular to its (1 1 1) plane. Equation (11a)
can be derived directly from Eq. (10) by considering that
F, is the resultant force of the atomic forces on all the
diamond atoms in x-direction. Eqgs. (11b) and (11c) are
empirical expressions by fitting the MD simulation data
in Figure 15. The physical meaning of product L w, in
Eq. (11} is the atomic contact area in the present slid-
ing systern. As shown by Eq. (11) and Figure 15, we can
see that the frictional behaviour of an atomic sliding sys-
tem cannot be described by a single formula. There exist
two distinct contact sliding zomes, Zone 11 (L“) <L, <

Y and Zone III (L, = L), where L? =2.216 nm is
the transition boundary from Zones H to III, and Lf;]) =
0.277 nm is the minimum contact length defined as the dis-
tance between two copper atoms in its (1 1 1) plane. The
transition from non-contact to contact sliding is a sudden

-9
F, (x 107 N)
12 "ﬂ]jﬂl")l?‘ i IR
- =
i i l!mH li{ | {ﬂ} !2
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Fig. 15. Relationship between the frictional force and contact length.
XIR=5am V=20ms, A, =1; +: R=5nm, V=100 mvs, A, = |;
*: R=5nm, V=200 m/s, A=LOrR=1um, V=200m/s A, =1;
O: R=35um, V=200 m/s, A, =05, #: R=35 nm, ¥ =200 m/s,
A =06 +: R=50m, V=200 m/s, A, =0.7; [ R=5 nm, V =
200 mfs, A, = 0.8. Reprinted with permission from [14], L. C. Zhang
and H. Tanaka, Wear 211, 44 (1997). © 1997, Elsevier Science.
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change because L, does not exist below LY. In Figure 15,
Zone II reflects the frictional behaviour of the system in
the no-wear contact sliding, while Zone III shows that
in the adhering and ploughing regimes. Thus L? can be
interpreted physically as a critical contact length at which
wear takes place. It is easy to obtain according to Figure 15
that the shearing stress of the present sliding system in
the adhering regime, 7 = F, /(L w,), is in the range of
0.7 GPa to 1.5 GPa. With so few dislocations activated
in the atomic laftice, it is reasonable to see that 7 is
close to the theoretical shearing stress of a perfect copper
monocrystal, which is G/27 (=7.32 GPa) = Ty oreticas =
G /30 (=1.53 GPa),* where G 22 46 GPa is the shear mod-
nlus of copper.

The linear equations, Egs. (11b) and (11¢) are only the
rough fittings to the theoretical results. The data scattering
in Figure 15 indicates that other variables, such as the tip
radius of asperity R and sliding speed V, also contribute
greatly to friction. In other words, F, should be a function
of not only the contact area L w, but also V, R, and so on.

It is worth to note from Figure 14 that the frictional
force F, does not vanish under a stable condition even if
the system is in non-contact sliding. It is understandable
since the interactions between the diamond and copper
atoms always exist. In contact sliding with a small indenta-
tion depth, F, remains small until a ploughing or a cutting
is achieved. Hence, the frictionless sliding mentioned by
Belak and Stowers® is doubtable. Indeed, in their simula-
tion the indentation motion stopped after 2000 time steps
but the ‘frictionless motion’ ended at the 1000 time step.
In that period of time, sliding was still at the very ini-
tial transient state. Thus the variation of F, with the time
step of MD simulation does not make sense in terms of
the frictional or frictionless sliding. In addition, the normal
force variation that they reported is inconsistent with the
indentation motion.

In summary, the molecular dynamics analysis has
acquired the following important understandings of
nance-wear and nano-friction on diamond-copper sliding
systems:

(1) There exist four regimes of deformation in general in
an atomic sliding system. They are the no-wear regime
that is defect-free, adhering regime in which surface atom
exchange occurs, ploughing regime that is characterised
by a moving trangular atom-cluster, and cutting regime
that material removal takes place.

{(2) In the cutting regime, the frictional force follows the
simple proportional rule of F, = uF,. In all the other
regimes, the formulae in Eq. (11) apply.

(3) The transition between different deformation regimes
are governed by indentation depth, sliding speed, asper-
ity geometry and surface lubrication conditions. A better
lubrication, a smaller tip radius, or a smaller sliding speed
can bring about a greater no-wear regime and no-wear
designs may be achieved in practice.
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3.4. Scale Effect of Contact Size on
¥riction Transition

3.4.1. Introduction

The investigation by Zhang and Tanaka'* described above
focused on the friction and wear mechanisms when the
radius of the asperity R is a constant while the depth of
asperity indentation 8 increases. Wear and plastic defor-
mation consequently occur when & reaches to a critical
value.

Based on certain experimental observations,
Hurtado and Kim* proposed a micro-mechanical dislo-
cation model of frictional slip, predicting that when the
contact size is small the friction stress is constant and of
the order of the theoretical shear strength. However, at
a critical contact size there is a transition beyond which
the frictional stress decreases with increasing contact size,
until it reaches a second transition where the friction
siress gradually becomes independent of the contact size.
Hence, the mechanisms of slip are size-dependent, or in
other words, there exists a scale effect. Before the first
transition, the constant friction is associated with con-
current slip of the atoms without the aid of dislocation
motion. The first transition corresponds to the minimum
contact size at which a single dislocation loop is nucleated
and sweeps through the whole contact interface, resulting
in a single-dislocation-assisted slip. This mechanism is
predicted to prevail for a wide range of contact sizes, from
10 nm to 10 pm, in radius for typical dry adhesive con-
tacts; however, there are no available experimental data in
this size range. The second transition occurs for contact
sizes larger than 10 um, beyond which friction stress is
once again constant due to cooperative glide of disloca-
tions within dislocation pileups. The above dislocation
model excludes wear or plastic deformation of the sliding
parts.

To clarify this issue, Zhang, Johnson and Cheong® car-
ried out a nano-tribology analysis using molecular dynam-
ics by varying the asperity radius from 5 nm to 30 nm
and keeping the indentation depth unchanged. The model
consists of a single cylindrical asperity (rigid diamond} of
various radii, sliding across a copper (111} plane with a
speed of 5 m/s. The indentation depth, d, was 0.46 nm and
—0.14 nm (0.14 nm above the workpiece), respectively,
where d is the distance between the surfaces of the asperity
and specimen defined by the envelopes at the theoretical
radii of their surface atoms. As usual, two layers of ther-
mostat atoms are arranged around the Newtonian copper
atoms of the specimen to ensure that the heat generated
during sliding can conduct out of the control volume prop-
erly. The velocities of atoms in the initial configuration
of the model follow the Maxwell distribution. The modi-
fied Morse potential, Eq. (9), was applied to describe the
interactions between the atoms. It must be noted that the
molecular dynamics simulation cannot capture the second
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Fig. 16. Snapshots of sliding simulation with diamond asperities of dif-
ferent tip radius. () radius = 5 nm and (b) radivs = 30 nm. Reprinted
with permission from [24], L. C. Zhang et al., Tribol. Leit. 10, 23 (2001).
© 2001, Springer Publishers.

transition because it will require too long a computation
time to analyze a model in the order of micrometers.

3.4.2. Friction Transition

Figure 16 shows snapshots of the simulation with different
asperity sizes. It is clear that the depths of indentation
in the simulations are small enough so that there are no
dislocations created within copper, corresponding to the
no-wear regime described by Zhang and Tanaka.'®

In the case where radius of the diamond asperity is
less than 12 nm, the carbon atoms slide across the copper
atoms in close contact. The surface of the copper work-
piece conforms closely to the shape of the asperity tp
in contact (Fig. 17(a)). There is also strong indication of
atomic stick-slip between the atoms of the asperity and
the workpiece (Fig. 17(b)). This implies that the sliding
mechanism involved is similar to the ideal slip of two
atomic planes in a perfect dislocation-free crystal. Hurtado
and Kim* referred to this sliding mechanism as concur-
rent slip. In addition, the friction stress averages around
a constant value of 5GPa regardless of the contact width
(Fig. 19).

When the asperity radius exceeds 12 nm, there are con-
siderable differences in the sliding mechanism involved.
The surface of the copper workpiece does not conform
closely to the shape of the carbon asperity (Fig. 18(a)).
And there is little atomic stick-slip between the atoms of
the asperity and the workpiece (Fig. 18(b)). In addition to
that, the frictional stress now decreases with increasing the
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Table IV. Contact lengths by the JKR and MD analyses for the case of
diamond-copper interactions.

Zhang and Mylvaganam

Table V. Comparisons of dimensionless shear stress (7/4) and contact
size (a/b) at transition.

Contact length Za (nm)

d = —0.14 am, d =0.46 nm,
P =0.625 N/m P =722.969 N/m
R=5nm JKR 2.914 3.764
MD 2.870 4.120
Hertz 0 2.160
d=—0.14 nm, d =0.46 nm,
P=0.824 N/m P =27.34 N/m
R=8nm JKR 3.9% 5.152
MD 3.731 5.740
Hertz 0 2.980

cylinder in contact with a half space (plane-strain), that
the indentation load per unit width on the asperity, P, and
the contact width, 2a, follows the relationship of

* 2

P= wfRa —~/2mE*aw (12}
where R is the radius of the asperity, E* is the effective
modulus of the contact system,* w is the work of adhe-
sion and can be determined by a nano-indentation simu-
lation using molecular dynamics analysis. It is found that
for the present diamond-copper (C-Cu) system, uwic_c, =
1.476 J/m>. Since the diamond asperity is assumed to be
a rigid body, the E* in Eq. (12) becomes 125.36 GPa by
taking E; = o0, E., = 110 GPa and v, = 0.35.%

Table IV compares the contact widths from the molec-
vlar dynamics simulation, the JKR theory of Eq. (12) and
the Hertzian contact theory under various conditions. The
values from the JKR and simulation are different, although
the deformation of the copper workpiece at d = —0.14 nm
was purely elastic and that at d = 0.46 nm was almost
purely elastic. A possible cause is that the contact width
of the molecular dynamics simulation contains the effect
of slidinig, while Eq. (12) does not. It is also worth noting
that the predictions by the JKR theory compared to the
predictions by the Hertzian contact theory is much closer
to the molecular dynamics results. This indicates that the
effect of normal adhesion is considerable.

In calculating the contact width above using Eq. (12},
the force P used is from the corresponding molecular
dynamics simulation as listed in the table. In their paper,®*
Zhang, Johnson, and Cheong also discussed the sliding on
copper by a copper asperity.

3.4.4. Mechanism—An Open Question

Apparently, the above result of molecular dynamics sim-
ulation is in agreement with the phenomenon predicted
by the dislocation model,* but the mechanisms are dif-
ferent. A guantitative comparison between the predictions
of the two modelling methods is worthwhile, although
the specimen materials are different and the dislocation

182

2-D MD model
d =—0.14 nm d =0.46 nm 3-D Theoretical model
T/ 0.061 0.037 0.023
a/b 6.53 13.06 30
& (Pa/m) 2.90x 10 .46 x 10" 1.88 x 10%*

medel is three-dimensional whereas the present molecular
dynamics simulation is two-dimensional. Table V shows
the results of the dislocation model and those of the molec-
ular dynamics simulation. The value of 7/ obtained from
the molecular dynamics simulation is close, particularly in
the case of d = 0.46 nm, to that of the dislocation model,
where T is the shear stress and u is the bulk shear mod-
ulus defined by Hurtado and Kim™ as p = 2G,G, /(G +
G,) in which G, is the shear modulus of the asperity and
G, is that of the copper specimen. In the present molecular
dynamics simulation, the asperity is rigid so that G, == oo
and u = 2G, = 81.48 GPa. The ratio a/b at the transition
varies considerably with the indentation depth, where a is
half of the critical contact width and & is the Burgers vec-
tor. The ratio for the case of 4 =0.46 nm is closer to that
of the dislocation model. However, it is interesting to note
that in the transition zone the rates of friction reduction
with the contact size, § = dv/da, are very different. The
molecular dynamics analysis gives a much greater rate.
A better understanding is needed by wsing a three dimen-
sional model.

The above analysis concludes that there does exist a crit-
ical contact size on the nanometer scale, below which the
‘stick-slip’ occurs and sliding occurs by concurrent slip of
all the atoms in the contact at a friction of the theoretical
shear strength of the solid. When the contact size is bey-
ound the critical value, a friction transition takes place to
a much lower value. The critical contact size varies with
the degree of penetration of the asperity. In addition, the
study fuher confirms that the Heriz theory fails to predict
the contact size in vacuum at the nanometer scale when
surface energy plays a key role.

Recently, Mulliah et al.* proposed a spring model to
investigate the stick-slip phenomenon for a pyramidal dia-
mond tip in contact with (010) fcc silver surface. They
investigated the mechanism by considering different slid-
ing speeds and vertical displacements. For small vertical
displacement, they found that the scratch was not contin-
ious whereas for large vertical displacement the scratch
was continious. At small displacement the stick-slip was
revealed by the calculated static friction coefficient values
which were three times larger than the dynamics values.
For large displacement, the static and dynamics friction
coefficient values were close to each other and the stick-
slip was manifested by periods of motion where the tip
moved faster and then slower than the support.
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3.5. Diamond-Silicon Sliding Systems
3.5.1. Modelling

Let us now consider the two-body and three-body con-

tact sliding problems defined in Figure 6. In the former,

asperities are fixed on the sliding surfaces. To understand
the fundamental deformation mechanism in a compo-
nent induced by the penetration of asperities, a molecular
dynamics model illustrated in Figure 6(a) is developed,'®
where the shape of a hard asperity, which should be irreg-
ular in reality, has been simplified to a hemispherical dia-
mond tip of radius R moving with a constant speed V.
Since a diamond can be considered as a rigid body com-
pared with silicon, the model enables us to concentrate on
the understanding of deformation of silicon. In a three-
body contact sliding, the model shown in Figure 6(b)'¢ can
be used, where the motion of a foreign particle between
the two surfaces possesses both a translation and a self-
rotation. To facilitate understanding, a single particle is
considered for the time being and is approximated by a
diamond ball of radius R, moving horizontally (transla-
tion) with a speed ¥, and in the meantime rotating about
its centre independently with a peripheral speed V.. When
V. =1, the three-body contact sliding reduces to a two-
body one. When V, =0 or V, = V,, on the other hand,
it becomes a pure rolling process. To avoid the boundary
effect, the dimension of the moving control volume of the
silicon specimen was taken as 9.23 (nm) x 13.57 (nm) x
4.34 (nm), containing 28,773 silicon atoms.

3.5.2. Inelastic Deformation

The molecular dynamics simulation showed that there
always exists a thin layer of amorphous silicon in a spec-
imen subsurface subjected to a two-body contact shiding,
as shown in Figure 21(a). This is in agreement with the
experimental findings by Zhang and Zarudi*’ (Fig. 21(b)).
The thickness of the layer decreases with decreasing the
penetration depth of asperity (Fig. 21(c)), é. If & is large
(e.g., 763 nm), dislocations can be developed in the crys-
tal silicon below the amorphous layer. When 8 becomes
smaller, dislocations cannot be activated but the amor-
phous layer still appears. This means that on the nanometer
scale an inelastic deformation via amorphous phase trans-
formation is a more energetically favourable mechanism.
In the case with three-body contact sliding, the mechanism
of inelastic deformation is the same, i.e., via amorphous
phase transformation. However, becaunse of the kinetic dif-
ference in the two-body and three-body sliding motions,
the extent of subsurface damage is different. In general,
4 two-body contact sliding introduces a thinner layer of
amotphous. A three-body contact sliding, however, may
leave a perfect crystal structure after sliding although wear
has happened, depending on the penetration depth of the
particle, its speed ratio of self-rotation to translation and

variation of atomic bonding strength affected by surface:
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Fig. 21. 'The subsurface microstructure of silicon monocrystals after a
two-body contact sliding. The amorphous phase transformation has been
predicted. (a) a cross-sectional view of the deformed subsurface of the
specimen (V, =200 m/s, R =2.1 nm, 4 = 0.99 nm, sliding in {100] direc-
tion). Reprinted with permission from [16], L. C. Zhang and H. Tanaka,
Tribol. Int. 31, 425 (1998). © 1998, Elsevier Science. (b} an experimen-
tal result of the subsurface damage induced. Note the top amorphous
layer. (V, =23.95 m/s, R =1 pm, 4 = 152 nm, sliding in [100] direc-
tion) Here, each spot represents a silicon atom. Reprinted with permis-
sion from [47], L. C. Zhang and I. Zarudi, Int. J. Mech. Sci. 43, 1985
(2001). © 2001, Elsevier Science. (c) experimensally measured thickness
variation of amorphous layer with the indentation depth of the asperity
(V,=23.95 m/s, R =1 pm, sliding in [100] direction. Reprinted with
permission from [16], L. C. Zhang and H. Tanaka, Tribol. Ins. 31, 425
(1998). © 1998, Elsevier Science.

contamination. It was also found that the variation of slid-
ing velocity from 20 m/s to 200 m/s does not change the
deformation mechanisms described above.

Figure 22(a) is a molecular dynamics prediction on the
deformation caused by a three-body contact sliding. It is
clear that at location {2-4) specified in the figure, the
shape of the crystal-amorphous boundary is irregular; but
at location {1-3}, the boundary is mostly regular along the
{111) atomic lattice orientation. This coincides very well
with the experimental findings reported by Zarudi et al.*
shown in Figure 22(b) to Figure 22(d). According to the
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Fig. 22. Comparison of theoretical prediction and experimental obser-
vation, In (¢} and (d). each spot represents a silicon atom observed in
experiment, (a) Molecular dyramics prediction of the deformation in the
scratch generated by nanopolishing (a) cross-sectional view, (b) A cross-
sectional view of the deformation in a scratch generated by nanopolish-
ing (experiment), (c) The atomic crientations at the boundary (location
(2-4}), and (d) The atomic orientations at the boundary (location {1-3}).
Reprinted with permission from 48], 1. Zarudi et al,, Narotechnology
15, 104 (2004). © 2004, IOP Publishing Ltd.

theory of contact mechanics, the stress fields at locations
(2-4) and (1-3) are different. At the former, the hydro-
static stress component dominates so that the boundary
does not go along a single atomic lattice orientation. At the
latter, however, the shear stresses play a central role and
hence the phase change terminates in a particular orienta-
tion. These are aligned with the stress criteria for various
phase transformation events in silicon proposed.'>*

3.5.3. Wear Regimes

Similar to the wear mechanisms for the diamond-copper
sliding system' discussed previously, the wear regimes
of the current diamond-silicon system also depend on
sliding conditions, as shown by the mechanism diagram,
Figure 23. In a two-body contact sliding with a given slid-
ing speed, the deformation of a silicon monocrystal falls
into no-wear, adhering, ploughing, or cuiting regime when
the asperity penetration depth varies, see the left half of
the figure. Deformation without wear happens only under
an extrernely small penetration depth, when the atornic lat-
tice of silicon deforms purely elastically. With increasing
the penetration depth, adhering takes place (Fig. 24(a)),
in which some surface atoms stick to the asperity sur-
face and move together with it to cause wear. However,
these atoms may return to the silicon substrate during slid-
ing if the specimen sarface has not been contaminated.
‘When the penetration depth increases further, a new wear
state, ploughing, characterised by an atomic cluster being
pushed to move with the asperity, will appear (Fig. 24(b)).
A further increase of the penetration depth leads to a con-
finuous cutting process.
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Fig. 23. The wear diagram. The diamond asperities/particles move from
the right to the left. The rotation of particles is anticlockwise. Reprinted
with permission from [16], L. C. Zhang and H. Tanaka, Tribol. Ini. 31,
425 (1998). © 1998, Elsevier Science.

In a three-body contact sliding, however, silicon will
experience different wear regimes. They are the no-wear,
condensing, adhering, and ploughing regimes, as shown in
the right half of Figure 23. After the pure elastic deforma-
tion in the no-wear regime, the amorphous phase under the
particle will experience a remarkable condensing locally
without material removal. In other words, because the den-
sity of the surface silicon atoms under particle indenta-
tion becomes higher, condensing creates a sliding mark
on the specimen surface, see Figure 25(a). Thus condens-
ing is a special wear process without material removal.
A further particle penetration will lead to adhering and
ploughing (Fig. 25(b)). These regimes are similar to the

Fig. 24. Characteristics of various deformation regimes in two-body
contact sliding processes (a cross-sectional view). (V, = 200 m/s, R =
2.1 am, sliding in [100] direction) {a} adhering (d = 0.19 nm) and
(b) ploughing (4 = 0.39 nm). Reprinted with permission from [16], L. C.
Zhang and H. Tanaka, Tribol fns 31, 425 (1998). © 1998, Elsevier
Science.
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(a)

(b}

Fig. 25. Deformation regimes associated with three-body contact
sliding—a cross-sectional view. (V, =200 m/s, ¥, = 100 m/s, R=2.1 nm,
sliding in {100} direction) (a) condensing (d = 0.19 nm) and (b) plough-
ing {(d = 0.99 nm). Reprinted with permission from [16], L. C. Zhang
and H. Tanaka, Tribol Int. 31, 425 (1998). © 1998, Elsevier Science.

corresponding ones in the two-body contact sliding. Cut-
ting rarely happens in three-body sliding processes but is
possible if the particle penetration depth becomes suffi-
ciently large and the self-rotation speed becomes small.
Another interesting phenomenon associated with the
three-body contact sliding is the existence of a regime
of no-damage wear. Under certain sliding conditions, the
atomijc bonding strength among surface silicon atoms can
be weakened chemically. When this happens, these atoms
can be removed via adhesion because diamond-silicon
attraction is still strong, as shown in Figure 26. Due to the
re~crystallisation behind the particle, a worn specimen may
appear as damage-free in the majority of its subsurface
with only litde distortion within one or two surface atomic
layers. In conjunction with the phenomenon happened in
the condensing regime discussed above, it becomes obvi-
ous that a perfect subsurface after a three-body contact
sliding does not necessarily indicate a no-wear process.

3.6. Multi-Asperity Sliding
3.6.1. Modelling

Previous study of a single sliding asperity has provided us
with important knowledge on the deformation mechanisms

J. Comput. Theor. Nanosci. 3, 167—188, 2006
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Diamond ball

Fig. 26. Material removal via adhering in a three-body sliding process
when the C-~5i interaction is three times stronger than that of Si-Si. The
particle translation is from the right to the left and its rotation is anti-
clockwise. (V. =200 m/s, ¥, = 100 m/s, R = 2.1 nm and & = (.19 nm).
Reprinted with permission from [16], L. C. Zhang and H, Tanaka, Tribol.
int. 31, 425 (1998). © 1998, Elsevier Science.

of friction and wear of monocrystalline materials. In a real
sliding system, however, a counterpart material is actually
subjected to multi-asperity interactions, as illustrated in the
mserts of Figures 6(a) and 6(b). When the first asperity
has created a damaged zone, the material may deform dif-
ferently under subsequent sliding interactions. Cheong and
Zhang thus discussed the effects of the sliding by multi-
asperities,®®

The mechanics model consists of three spherical dia-
mond asperities, A, B, and C, sliding on an atomically
smooth silicon surface, as illustrated in Figure 27. Their
refative positions and orientations are defined by their dis-
tances, L,g and L,., and angles with respect to the slid-
ing direction, o and 6. Three cases are of special interest,
which are (I) @ = 8 =0 with L,y < L,., representing a
repeated single-asperity sliding so that the effect of resid-
ual subsurface damage can be understood, (II) & =0° and
0 =90° with L,y = L,., standing for the interaction of
two parallel asperities, and (III) o = 90° and 8 = 0°, indi-
cating the case with parallel sliding asperities coupled with
an interaction from a third asperity. Again, since diamond
is much harder than silicon, the asperities are modeled as
rigid spheres. These spheres slide across the silicon surface

Fig. 27. The mechanics model for multi-asperity contact sliding.
Reprinted with permission from [50], W. C. D. Cheong and L. C. Zhang,
Int. J. Marerials and Product Tech. 18, 398 (2003). © 2003, Inderscience
Publishers.
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Fig. 28. Cross-section of the silicon workpiece through the center of
asperities. Reprinted with permission from [50], W. C. D. Cheong and
L. C. Zhang, Int. J. Materials and Product Tech. 18, 398 (2003). © 2003,
Inderscience Publishers.

at a specified velocity 40 m/s. The maximum depth of
asperity penetration is 1.0 nm.

3.6.2. Configuration Il and 111

In the cases of configurations I and IiI, the asperities do
not retrace the damaged zones. At the depth of asperity
penetration of 1.0 nm, the wear mechanism observed is
that of cutting. The plastic deformation due to the slid-
ing asperities is very localized. Figure 28 shows a cross-
section of the silicon workpiece through the centre of the
asperities. It can be seen that there is almost no subsur-
face damage to the silicon workpiece between the two
asperities. Plastic deformation is very localized and occurs
beneath the asperities.

As in nano-indentation,”! the sliding asperities A, B, and
C also create trails of subsurface amorphous layer in the
damaged zones. Phase transformation of silicon occurs at
the leading edge beneath the sliding asperity resulting in
the formation of amorphous chips and an amorphous trail
along the path traversed by the asperities. Dislocations are
absent at this particular depth of asperity penetration. This
suggests that the plastic deformation is solely due to phase
transformation.

3.6.3. Configuration I

In this case, the second and third asperities B and C retrace
the damaged path caused by asperity A. Therefore, the
cutting mechanism involved in the first and the following
two asperities are very different. Asperity A cuts the sili-
con workpiece in the same fashion as the case of a single
sliding asperity, causing phase transformation of the orig-
inal diamond cubic silicon. Asperity B, however, ploughs
through the residual amorphous layer in the wake of asper-
ity A. No further phase transformation is found but the
amorphous silicon atoms are pushed away as the asperity
ploughs through.

3.6.4. Phase Transformation

As shown above, something apparent in the silicon work-
piece in all the three configurations is the formation of
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Fig. 29. Cross-sectional view of asperities A, B, and C in configuration
1. A Kght coloured circle represents an atom with coordination num-
ber 4 and a dark circle represents an atom with coordination number 6.
Reprinted with permission from [50], W. C. D. Cheong and L. C. Zhang,
Int. J. Materials and Product Tech. 18, 398 (2003). © 2003, Inderscience
Publishers.

an amorphous subsurface fayer in regions traversed by the
diamond asperities. This is analogous to the amorphous
damaged zone due to nano-indentation. Hence it is worth-
while to draw comparisons and to predict the process of
phase transformation based on results obtained from nano-
indentation.'*!

With configurations IT and III, wear via cutting is
achieved by chipping the amorphous silicon. By consider-
ing the exact coordinates of the silicon atoms, it is found
that the transformation mechanism is similar to that of
nano-indentation.”! Diamond cubic silicon first transforms
into its B-tin phase and then upon the removal of stresses,
transforms into an amorphous phase. This explains the
trail of subsurface amorphous silicon in the damaged zone
behind each sliding asperity. The mechanism of phase
transformation is reflected in the coordination numbers
of atoms near the regions beneath the asperities. It can
be seen that a cluster of six-coordinated body-centred
tetragonal B-tin silicon atorns indicated by darken circles
(Fig. 29) forms near the leading edge beneath each asper-
ity. Four-coordinated diamond cubic silicon transforms to
its six-coordinated B-tin form due to the stresses induced
by the asperity. When the stresses are removed as the
asperity slides past, the atoms transforms into an ener-
getically more favourable amorphous form. The coordina-
tion number of the silicon atoms in the trailing amorphous
region is mostly equal to four. Therefore, as the asperity
slides across the silicon workpiece, diamond cubic sili-
con continueusly transforms into S-tin silicon beneath the
asperity and then transforms into amorphous silicon when
the asperity passes, leaving a layer of subsurface amor-
phous silicon in its wake.

Figure 30 shows the number of S-tin silicon atoms
formed during the cuiting process with asperity confign-
rations IT and ITI. The number of B-tin silicon in configa-
rations If and III are three times that of a single asperity
cutting process. This indicates that the formation of B-tin
silicon is highly stress state dependent and occurs oaly
beneath the three asperities. Although regions between
the asperities are compressed due to the proximity of the
asperities, it is likely that B-tin silicon do not form becaunse
of the absence of the required stress states.

J. Comput. Theor, Nanosci. 3, 167-188, 2006
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Fig. 30. The number of 6-coordinated B-tin silicon atoms in Configura-
tions I, 1, and IIT compared to that with a single asperity, Reprinted with
permission from [50], W. C. D, Cheong and L. C. Zhang, Int. J, Materials
and Product Tech. 18, 398 (2003}, © 2003, Inderscience Publishers.

With Configuration I, asperity A cuts the silicon work-
piece in very much the same way as in the other two
configurations described above. The asperity cuts through
the diamond cubic silicon leaving behind a trail of subsur-
face amorphous silicon. However there is a vast difference
in the silicon phase transformation involved due to asper-
ities B and C, which represent subsequent cuts into the
amorphous zone. In the present case, the six-coordinated
atoms also form beneath asperities B and C (Fig. 29). This
implies that the B-tin silicon phase is recoverable from the
amorphous phase provided that the required stress field is
achieved. It must be noted that only some of the B-tin
silicon is recovered as asperity B and C retraces the amor-
phous damaged zone. That is why the number of B-tin
silicon atoms in Configuration I is slightly less than that
of Configuration II and 1I (Fig. 30).

4. CONCLUSION

This review has discussed some fundamental issues in
studying the nano-tribology using molecular dynamics,
such as adhesion, wear, and friction, and the mechanisms,
involved in the diamond-copper and diamond-silicon slid-
ing systems. The understanding achieved is very useful to
the development of products with good performance and
durability.
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