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 Figure 2.1: Face-Centered Cubic Structure 

2.4.4 Simulation Inputs and Variables 

 Baidakov et al. had simulated the argon system by varying temperature and density 

to calculate other thermodynamic properties. Thus, these two are the most important 

variables for the simulation input. Specified density is achieved in LAMMPS by scaling 

the volume and therefore the dimensions of the system by a scale factor, which is given by 

 

 (2.32) 

 

 (2.33) 

Here _8-77 is the unit cell density, _∗ is the specified density, d is the dimensionality of the 

system, N is the number of basis atoms, and B8-77 is the unit cell volume. The specified 

temperature of the system is maintained in LAMMPS by scaling the velocities of the 
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�* T* V* 

P* 

LAMMPS LAMMPS 
Corrected Paper [62] 

�P* 

% 

0.6 1.25 3413.33 0.26809649 0.24874287 0.2523 1.41 

 

Table 2.4: Simulation 1 Internal Energy Results 

�* T* V* 

U* �* T* V* 

LAMMPS LAMMPS 
Corrected Paper [62] �U*% 

0.85 0.4 2409.42 -6.7481059 -6.7709539 -6.522 3.82 

0.85 0.5 2409.42 -6.6277041 -6.6505521 -6.388 4.11 

0.01 0.7 204800 -0.1113784 -0.1116472 -0.127 12.09 

0.75 0.7 2730.667 -5.4482582 -5.4684183 -5.4674 0.02 

0.85 0.7 2409.42 -6.1355784 -6.1584264 -6.1438 0.24 

0.005 0.85 409600 -0.0441586 -0.044293 -0.052 14.82 

0.01 0.85 204800 -0.0928407 -0.0931095 -0.105 11.32 

0.7 0.85 2925.71 -4.978783 -4.997599 -4.997 0.01 

0.85 0.85 2409.42 -5.9510445 -5.9738925 -5.976 0.04 

0.005 1 409600 -0.041084 -0.0412184 -0.046 10.39 

0.05 1 40960 -0.470963 -0.472307 -0.48 1.60 

0.6 1 3413.33 -4.2097949 -4.2259229 -4.236 0.24 

0.7 1 2925.71 -4.8720824 -4.8908985 -4.891 0.00 

0.85 1 2409.42 -5.7951054 -5.8179534 -5.8179 0.00 

1 1 2048 -7.0308361 -7.0577161 -6.345 11.23 
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�* T* V* 

U* �* T* V* 

LAMMPS LAMMPS 
Corrected Paper [62] �U*% 

0.005 1.15 409600 -0.0401964 -0.0403308 -0.043 6.21 

0.05 1.15 40960 -0.4233646 -0.4247086 -0.431 1.46 

0.1 1.15 20480 -0.8660551 -0.8687431 -0.874 0.60 

0.6 1.15 3413.33 -4.1170899 -4.1332179 -4.134 0.02 

0.7 1.15 2925.71 -4.7734048 -4.7922208 -4.7918 0.01 

0.85 1.15 2409.42 -5.6459612 -5.6688092 -5.668 0.01 

1 1.15 2048 -6.8426366 -6.8695166 -6.127 12.12 

0.005 1.25 409600 -0.0396069 -0.0397413 -0.041 3.07 

0.05 1.25 40960 -0.4074324 -0.4087764 -0.41 0.30 

0.1 1.25 20480 -0.8086863 -0.8113743 -0.817 0.69 

0.45 1.25 4551.11 -3.1403556 -3.1524516 -3.155 0.08 

0.6 1.25 3413.33 -4.0648208 -4.0809488 -4.08 0.02 

 

Table 2.5: Simulation 2 Results 

�* T* V* 

P* �P*  % 

LAMMPS LAMMPS 
Corrected 

Paper 
[62] EOS [63] LAMMPS

-EOS 
Paper-
EOS 

0.85 0.4 2409.42 -3.5783297 -3.6171713 -2.052 -1.77679 103.58 15.49 

0.85 0.5 2409.42 -2.8269407 -2.8657823 -1.283 -1.20314 138.19 6.64 

0.01 0.7 204800 0.0063645 0.00635913 0.0063 0.00630 0.94 0.00 

0.75 0.7 2730.667 -0.8533896 -0.8836297 -0.8742 -0.86862 1.73 0.64 
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�* T* V* 

P* �P*  % 

LAMMPS LAMMPS 
Corrected 

Paper 
[62] EOS [63] LAMMPS

-EOS 
Paper-
EOS 

0.85 0.7 2409.42 0.06787979 0.02903817 0.1089 0.11663 75.10 6.63 

0.005 0.85 409600 0.00411592 0.00411458 0.0040998 0.00410 0.36 0.00 

0.01 0.85 204800 0.00793997 0.0079346 0.007901 0.00790 0.46 0.03 

0.7 0.85 2925.71 -0.4593475 -0.4856899 -0.4864 -0.48145 0.88 1.03 

0.85 0.85 2409.42 1.10414471 1.06530309 1.0571 1.06361 0.16 0.61 

0.9 0.85 2275.55 1.29445412 1.2509085 2.2305 2.24861 44.37 0.81 

0.95 0.85 2155.79 0.96030594 0.91178751 3.8959 3.88109 76.51 0.38 

1 0.85 2048 2.54658411 2.49282408 6.179 6.00773 58.51 2.85 

0.005 1 409600 0.00488871 0.00488737 0.0048681 0.00487 0.42 0.02 

0.05 1 40960 0.03730626 0.03717186 0.0369 0.03695 0.61 0.12 

0.6 1 3413.33 -0.2449998 -0.2643534 -0.258 -0.26039 1.52 0.92 

0.7 1 2925.71 0.03080046 0.00445804 0.0158 0.01777 74.92 11.11 

0.85 1 2409.42 1.98714124 1.94829962 1.9443 1.95454 0.32 0.52 

0.9 1 2275.55 3.30307509 3.25952947 3.2679 3.28981 0.92 0.67 

0.95 1 2155.79 2.10194922 2.05343079 5.0888 5.09576 59.70 0.14 

1 1 2048 3.70821716 3.65445713 7.5326 7.44448 50.91 1.18 

1.025 1 1998.05 4.81980207 4.76332044 9.029 8.84509 46.15 2.08 

0.005 1.15 409600 0.005648 0.00564666 0.0060375 0.00563 0.28 7.22 

0.05 1.15 40960 0.04631628 0.04618188 0.04597 0.04592 0.58 0.11 

0.1 1.15 20480 0.07149877 0.07096117 0.0705 0.07090 0.08 0.57 

0.54 1.15 3792.6 -0.0209953 -0.0366717 -0.031 -0.03169 15.73 2.17 
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�* T* V* 

P* �P*  % 

LAMMPS LAMMPS 
Corrected 

Paper 
[62] EOS [63] LAMMPS

-EOS 
Paper-
EOS 

0.56 1.15 3657.14 -0.0043973 -0.0212565 -0.0172 -0.01496 42.11 14.99 

0.58 1.15 3531.03 0.01570569 -0.0023792 0.007 0.01124 121.17 37.71 

0.6 1.15 3413.33 0.06117382 0.04182021 0.0439 0.04903 14.70 10.45 

0.62 1.15 3303.23 0.11459825 0.09393289 0.0954 0.10080 6.81 5.36 

0.7 1.15 2925.71 0.52955025 0.50320784 0.5057 0.50553 0.46 0.03 

0.85 1.15 2409.42 2.81878048 2.77993886 2.783 2.79645 0.59 0.48 

0.95 1.15 2155.79 3.33495819 3.28643976 6.2195 6.23599 47.30 0.26 

1 1.15 2048 4.85583105 4.80207102 8.8174 8.77728 45.29 0.46 

0.005 1.25 409600 0.00614196 0.00614062 0.0061384 0.00614 0.03 0.01 

0.05 1.25 40960 0.05204664 0.05191224 0.05178 0.05175 0.31 0.06 

0.1 1.25 20480 0.08504561 0.08450801 0.08413 0.08416 0.41 0.03 

0.45 1.25 4551.11 0.08187444 0.07098804 0.0737 0.06884 3.12 7.06 

0.6 1.25 3413.33 0.26809649 0.24874287 0.2523 0.25625 2.93 1.54 

0.3 1.5 6826.67 0.23147907 0.22664067 0.2262 0.22488 0.78 0.59 

0.6 1.5 3413.33 0.78380691 0.7644533 0.7675 0.76936 0.64 0.24 

0.9 1.5 2275.55 6.4138259 6.37028027 6.3617 6.38458 0.22 0.36 

1 1.5 2048 7.68530801 7.63154798 11.6027 11.60679 34.25 0.04 

1.125 1.5 1820.44 15.8147464 15.7467064 22.741 22.61349 30.37 0.56 
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Chapter 3   

Interatomic Potential, Integration Algorithm and Time-step 

 In molecular dynamics (MD), the interactions between the particles of a system are 

governed by the potential energy function. The potential energy of the system, which is a 

function of the relative positions of each particle, constantly varies since each particle is 

interacting with all of its neighbors simultaneously. The determination of positions and 

velocities of the atoms or particles in a phase space therefore is not straightforward and 

requires solving the equations of motion presented in an earlier section. Due to the large 

number of particles in the system such as the one studied in this work, any analytical 

solution will be impossible for such a complex system. Hench, this is achieved by 

integrating the equations of motions to obtain an approximate solution using numerical 

methods, particularly, the finite difference methods. 

3.1 Interatomic Potential: Embedded Atom Method 

 Recalling, the equations of motions, which need to be solved to obtain the 

trajectories are 

 (3.1) 

 

 (3.2) 

 

 (3.3) 

dri
dt

= vi

d2ri
dt2

= ai

Fi = miai = −∂U(ri)

∂ri
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The interatomic potential energy function, U, describes the dependence of the potential 

energy of a system on the coordinates of the atoms and therefore, defines the interactions 

of the atoms in the system. A simplest form of the potential energy function can be 

written as 

 
(3.4) 

In this, the total potential energy of a system is taken to be the sum of energy 

contributions from pairs of atoms and therefore is called a pair potential (e.g. Lennard-

Jones potential, Morse potential) [55]. Here, the three-body and many-body contributions 

of the interatomic interactions are neglected to simplify the simulations and expand the 

calculability of trajectories and therefore various properties. The pair-potentials allow fast 

computations of MD experiments with as many as 108 atoms [65]. However, to describe 

the interatomic interactions more accurately many-body contributions cannot be 

neglected. The pair-potentials effectively consider the various atomic bonds independent 

of each other, which is not the case in general and therefore the approximation is 

erroneous at times. In order to describe the elastic properties of a metal, pair-potentials 

need a volume-dependent energy term. However, at the atomic scale, the exact boundary 

of the volume at the surface is ambiguous and therefore surface effects cannot be modeled 

accurately using pair-potentials [66].  Additionally, in pair-potentials, the ratio of 

vacancy-formation energy to the cohesive energy is 1 however, for fcc metals this ratio is 

0.35 [67].  

 The embedded-atom method (EAM) interatomic potential, proposed by Daw and 

Baskes [66], overcomes these shortfalls of pair-potentials. In the EAM, the total cohesive 

energy of a metallic system is expressed in terms of the electrostatic pair interactions plus 

an embedding energy, which is the energy required to embed an atom into the electron 

density created by the surrounding atoms. This is given by  

U(r1, ..., rN ) =
1

2

N∑

i,j=1
i̸=j

uij
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 (3.5) 

Here, =Q is the energy required to embed atom i into electron density _R created by the 

surrounding atoms and V(PQR) is the electrostatic pair-potential between atoms i and j�

separated by distance�rij. Thus, the EAM effectively includes the many-body 

contributions. In metals, the electron density at the surface is different from the bulk. In 

features or structures that are in the nano-scale, the surface interactions are more 

significant and therefore, the local electron density consideration is important to describe 

metallic nano-systems. The EAM allows the electron density to vary between surface and 

the bulk and as a result accurately describes bulk and defect properties (energy, 

structural, mechanical, and thermal properties) of metals (specially, fcc metals [68]) and 

metal alloys [69].  Therefore, the EAM was used in the current work to describe the 

metallic interactions of an asperity pair. 

 The =, _, and V functions in equation (3.5) are analytic expressions with coefficients 

that are fit to experimentally determined spline for � [69]. To obtain the force equation, 

the derivatives of equation (3.5) are taken analytically in LAMMPS and this force 

equation is given by 

 

 (3.6) 

3.2 Integration Algorithm: Velocity-Verlet Method 

 The standard tools for solving initial-value problems such as equations (3.1) and 

(3.2) are the finite difference methods since it is the approximate solution that we are 

looking for in the absence of an exact analytical one. The fundamental idea of these 

U(ri) =
∑

i

Gi

⎡

⎣
∑

j ̸=i

ρj(rij)

⎤

⎦+
1

2

∑

i,j ̸=i

u(rij)

Fi = −
∑

i,j ̸=i

[
G′

iρ
′
ij +G′

jρ
′
ji + u′

ij

]
rij
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methods is that they replace differentials, such as dr and dt in the above equations with 

finite differences �r and �t. 

 

 (3.7) 

 

 (3.8) 

 

 Thus, the differential equations now become the finite-difference equations and the 

difference is taken over a small but finite time-step ∆U. The basic concept is that for the 

given positions, velocities and accelerations of the particles we try to find or approximate 

the positions, velocities and accelerations after ∆U, which is constant. The time-step size is 

usually selected so as to minimize the solution time without sacrificing the accuracy 

desired for a particular finite difference method. 

 The basic finite difference approximation for the velocity of a particle is given by 

equation (3.7), which arises from the calculus of finite differences. As ∆U →0 , the 

approximation keeps improving by the definition of a derivative, however, for any finite ∆U, this will never be an exact solution. To understand how close the approximation is 

(and eventually develop a finite difference method) a Taylor's series expansion for the 

position of a particle from time t to t+�t is implemented. 

 

 (3.9) 

 

 (3.10) 

 

Similarly, for the velocity and the acceleration of a particle from time t to t+�t the 

Taylor's expansions are 

ri(t+∆t) = ri(t) +
dri(t)

dt
∆t+

1

2

d2ri(t)

dt2
∆t2 +O(∆t3)

ri(t+∆t)− ri(t)

∆t
∼= vi

vi(t+∆t)− vi(t)

∆t
∼= ai

ri(t+∆t) = ri(t) + vi(t)∆t+
1

2
ai(t)∆t2 +O(∆t3)



 52 

 

 (3.11) 

 

 (3.12) 

Here bi represents the third derivative of the position with respect to time. Multiplying 

both sides of equation (3.12) by ∆U/2 and rearranging gives, 

 

 (3.13) 

Substituting this in equation (3.11) gives, 

 

 (3.14) 

Equations (3.10) and (3.14) constitutes the velocity-Verlet method used in an algorithm 

to obtain the trajectories. The algorithm implementation, with the trajectories at time t 

already known, is as follows: 

 

1. Calculate PQ(U +∆U) � PQ(t) +W Q(U)∆U+ 12 FQ(U)∆U2 where FQ(U) =< Q(U)/dQ 
2. Calculate <Q(U +∆U)  using equation (3.6) 

3. Calculate WQ(U +∆U ) =W Q(U) + 12 ∆U(FQ(U +∆U ) +F Q(t)) where FQ(U +∆U ) =< Q(U+∆U)/dQ 
 

Thus the new trajectories at time U +∆U  are now known and this loop can be executed till 

the desired time duration. 

 There are several finite difference methods available for use in MD simulations to 

integrate the equations of motion. However, many of them are interrelated or share the 

origin with minor variations [60]. The most time consuming step in the integration 

algorithm is the calculation of the forces on the particle and therefore a good choice of a 

vi(t+∆t) = vi(t) + ai(t)∆t+
1

2
bi(t)∆t2 +O(∆t3)

ai(t+∆t) = ai(t) + bi(t)∆t+O(∆t2)

1

2
bi(t)∆t2 =

1

2
∆t(ai(t+∆t)− ai(t)) +O(∆t3)

vi(t+∆t) = vi(t) +
1

2
∆t(ai(t+∆t) + ai(t)) +O(∆t3)
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finite difference method cannot have multiple steps for this calculation [70]. Since the time 

required to compute the interactions is smaller compared to that required integrating the 

equations of motion, the algorithm speed is not very important. Nonetheless, the velocity-

Verlet method is fast, efficient and is fairly simple and easy to program [58]. This method 

is k(∆U3) accurate and therefore not one of most accurate methods available for solving 

the equations of motions. On the other hand, this is a time reversible method that has 

moderate short-term energy conservation but very good long-term energy conservation 

[71]. Neither a detailed discussion on the advantages or the disadvantages of this 

algorithm is provided here, nor an effort made to justify the selection of this algorithm 

since this was the only choice available with LAMMPS. 

3.3 Time-step  

 A good MD simulation algorithm should be able to compute the trajectories as 

accurately as possible. Unfortunately there is no direct method to test the algorithm to 

verify the accuracy of the trajectories since an analytic solution to such complex systems 

is not possible. Therefore, there is no direct method to compare available simulation 

algorithms except to test on differential equations whose analytical solution is known. 

This would still be an approximate idea at best to prove the merit of any particular 

simulation algorithm for use with more challenging problems. Fortunately, we do not need 

the trajectories to be precise; the solution of the equation of motion should be able to give 

us states belonging to the statistical micro-canonical ensemble while conserving energy 

and momentum [60]. However, this does not mean we can meaningfully use highly 

inaccurate trajectories but that getting close to the true trajectories is good enough.   

 For given initial conditions, any two trajectories can diverge exponentially even if 

they were initially identical at the beginning. It would be unrealistic that any 

approximate method of solution like any finite difference method will provide exact 



 54 

trajectories. This can be primarily attributed to any integration error caused by the 

accuracy of the finite difference method or the implementation of the simulation 

algorithm. The accuracy to which the finite difference method approximates the exact 

solution, which is given by the first nonzero term omitted from the Taylor series, is called 

the truncation error. For the velocity-Verlet method this error is k(∆U3) and is the local 

truncation error as this is for a given time step. This local truncation error accumulates 

over every time step for the total simulation time which is known as the global truncation 

error and is k(∆U2) for the velocity-Verlet method [57]. The integration error arising from 

the implementation of the simulation algorithm is the round-off error. This comprises of 

all the errors associated with the rounding of the calculations to a certain number of 

significant digits by the computational system. Again, the round-off error has the local 

and global parts with the same meaning as before.  

 Both, the truncation error and the round-off error are a function of the time step 

size, ∆U. From the computational standpoint it is desirable to use a larger time step so as 

to complete a simulation in a reasonably acceptable amount of time considering the fact 

that some of the simulation runs performed in this work took several days to complete. 

However, larger time steps will result in less accurate computations of trajectories and 

degrade the energy conservation. To achieve the closest prediction to the true trajectories, 

the time step size should be as small as possible. This means there will be a larger number 

of time steps for a given simulation time which means a large number of calculations and 

therefore the accumulation of round-off errors could be significant. This opposing effect of 

the time step size on the truncation error and the round-off error makes it critical to 

select the time-step judiciously. Furthermore, stability of the simulation algorithm is also 

necessary so as to realize any useful results from an MD simulation. Depending on the 

simulation algorithm it is necessary to check how the errors propagate and whether there 

are amplified and become unstable. Again, most of the algorithms are only stable for a 

critical value of the time step size [57]. Therefore, the optimum value of the time step size 
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should be determined empirically so as to achieve good quality trajectories while 

consuming less computational time. 

 One of the most important aspects to be considered while selecting a time step size is 

the mean time between particle collisions or the frequency of motion of the particles. 

Logically, if the time step size is larger than the mean time of collisions or the period of 

the highest frequency motion of the particle, then the simulation will not capture the true 

dynamics of the system being studied [57,72]. The highest vibrational frequencies for bulk 

metallic systems are in the range 6 - 12 THz [72]. Therefore, the time period for this will 

be approximately in the range 0.08 - 0.16 ps. The time step size should be much smaller 

than this in order to follow the dynamics closely. One common practice is to select the 

time step size such that a minimum of 5 - 10 integration points per time period are 

performed which would give a range of 0.016 - 0.008 ps. In order to improve upon this 

estimation, an effective way would be to calculate the velocity autocorrelation function 

(VACF) for the given system. The VACF is a type of time correlation function that 

measures how the value of a dynamic quantity like the velocity of particles relates with 

itself at a shifted reference time. This is given by ( [57]),  

 

 (3.15) 

 

 (3.16) 

where � is the discrete times for which the velocities WQ are stored for ? atoms, a time 

step of size ∆U, reference time of U(, and a delay time of U. 
 The VACF provides some important information about the dynamics of a system as 

to how strong or weak the interaction forces are between the particles as well as the mean 

time of collisions between the particles. For this, a simulation was run for a 5 nm radius 

hemispherical copper asperity consisting of 45163 atoms at 300 K using the EAM 

ψ(t) =
1

MN

M∑

k

N∑

i

vi(tk)vi(tk + t)

M = L− t

∆t
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potential on LAMMPS. The time step used was 0.002 ps and the simulation was run for 

2000 time steps with velocities stored at every 10 time-steps for all the atoms. Using the 

above equation the VACF was calculated and is plotted in figure 1. 

 Figure 3.1 shows that the VACF oscillates strongly between positive and negative 

values suggesting that the atoms are vibrating and/or colliding and therefore reversing 

their velocities. These oscillations decay with time and become uncorrelated eventually. 

The first zero crossing of the VACF is however of prime significance. It gives an idea 

about the mean time period of the frequency motion or the collisions of the atoms and can 

be used to determine a suitable time step size for the simulation runs. Generally, 1%-10% 

of the first zero crossing of the VACF is considered as an optimum time step size to 

achieve reasonably accurate trajectories [59]. Figure 3.2 shows the VACF for all values of 

reference time where as Figure 3.2 shows the average value of the VACF over all the 

reference times. In this case the first zero crossing is at 0.1 ps and therefore the optimum 

range for the time step size is ∆U = 0.001 −0.01  ps. Therefore, a conservative choice of a 

time-step size of 0.002 ps was made, which is one of the most commonly, used time step 

size when simulating metallic nano-systems. Recently however, Villarreal et al. [72] have 

shown that it is possible to get good trajectories and therefore good energy conservation 

for metallic systems with a much larger time step size. They have also used LAMMPS 

with a modified version of the EAM potential to simulate pure metallic systems. 

According to them, for copper nano-systems, a time step size of up to 0.015 yields 

reasonably low energy drift thereby greatly reducing the total simulation time. However, 

this will not be implemented in the current work. 
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Figure 3.1: The velocity autocorrelation function for 5 nm size copper asperity at 300K 

with 45163 atoms and reference time U0 = 0. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: The velocity autocorrelation function for 5 nm size copper asperity at 300K 

with 45163 atoms for all reference times. 
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Figure 3.3: The average velocity autocorrelation function for 5 nm size copper asperity at 

300 K with 45163 atoms. 

3.4 Calculation of Static and Dynamic Properties 

 Once the trajectories of all the particles have been computed satisfactorily, 

macroscopic properties can be calculated. For an NVE ensemble, any macroscopic 

property A, can be defined as some function of the positions and the momenta of the 

particles in the system which is at equilibrium. For some finite duration of time t, this 

property can be averaged over time as [57] 

 

 (3.17) 

Here PN and MN are the positions and the momenta respectively of ? particles taken over � discrete times with time-step, ∆U.  
Invoking the energy conservation, it can be written as 

 

 (3.18) 

-8 
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-4 

-2 

0 

2 
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�avg(t) 
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First zero crossing of the VACF = 0.1 ps 
time-step size = 1% or 5-10% of first zero crossing  
= 0.001 ps or 0.005-0.010 ps 
current time-step size = 0.002 = 2% of first zero crossing  

⟨A⟩ = 1

M

M∑

k=1

A
(
rN (k∆t), pN (k∆t)

)

E = Ek(p
N ) + Ep(r

N ) = constant
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Using equation (3.17) the average kinetic energy for particles of mass, d as well as the 

absolute temperature, f is 

 

 (3.19) 

The average potential energy is given by the potential function, V(PQR) 
 

 (3.20) 

The pressure of the system consists of an ideal-gas contribution and the potential function 

accounting for the inter-atomic forces and is given by 

 

 (3.21) 

3.5 Summary 

 The positions and velocities of the atoms or particles in a phase space are determined 

by solving the equations of motion. In the absence of an analytical solution in a complex 

system with large number of particles, the equations of motions are integrated using finite 

difference methods to obtain an approximate solution. The finite difference method used 

as well as the algorithm employed by the MD code to compute the trajectories of the 

atoms have been described and discussed. In order to obtain trajectories as close to the 

true trajectories as possible and to keep the computational time small, the time-step has 

to be selected carefully. The importance of the time-step size for the simulations is 

explained and the selection criteria are described. The simulations performed to determine 

an appropriate time-step size are explained and the results are discussed. Finally, the 

equations used by the MD code to calculate various thermodynamic properties from the 

computed trajectories are listed. 

Ek =
1

2mM

M∑

k=1

N∑

i=1

pi(k∆t) =
3

2
NkBT

P =
NkBT

V
+

1

3MV

M∑

k=1

∑

i,i<j

∑

j

rij(k∆t)
du (|rij(k∆t)|)

drij

Ep =
1

M

M∑

k=1

∑

i,i<j

∑

j

u (|rij(k∆t)|)



 60 

Chapter 4  

Sliding Friction on Copper Asperities: Frictional Analysis 

4.1 Background 

 Understanding the physics of friction is of fundamental importance for a wide range 

of applications and even more so for small-scale applications. When surfaces in contact 

slide across each other, the manner in which the contacting asperities interact has a 

significant influence on the frictional characteristics of the sliding surfaces. Furthermore, 

the adhesion is directly proportional to the number of atomic or molecular bonds that are 

broken and formed at the interface of contacting surfaces during sliding [15]. Since the 

asperities or peaks on rough surfaces occur at multiple scales and may have contact areas 

with values scaling over many orders of magnitudes, their properties can vary significantly 

due to scale dependent mechanisms [73].  Therefore the behavior of asperities at the 

smaller scales may benefit from techniques such as molecular dynamics (MD) to 

characterize them. Blau [74] has shown that steady-state friction is highly scale dependent 

and therefore the friction mechanisms should be modeled considering the entire tribo-

system rather than a discrete asperity system. Such an exercise to model the scale effects 

would be extremely productive if carried out using MD, provided the computational 

resources allow.  

 Nevertheless, an important aspect of the frictional sliding process between rough 

surfaces is the interaction between two separate asperities rather than a flat surface and 

another flat surface or an asperity and a flat surface.  The current work studies two 
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separate spherical asperities, which has surprisingly only been studied a few times using 

molecular dynamics. In the most similar work, Zhong et al. [75] performed MD 

simulations of two asperities sliding into each other to study such asperity-asperity 

interaction. In their work, they modeled a sliding “hard” upper asperity deforming a fixed 

lower aluminum asperity, which is still very different from the two deformable copper 

asperities considered in the current work. They studied the effects of a wide range of 

conditions including sliding velocities, temperatures, and crystal orientations on the wear 

process.  At the micro-scale, several continuum based semi-analytical as well as finite 

element based models have also been developed for friction between sliding asperities and 

cover both elastic as well as plastic deformations [51,49,52]. Therefore, in addition, it 

would be interesting and insightful to see if these models can be compared to MD 

simulations at the nano-scale.  There have also been recent works that blend molecular 

dynamics and the finite element method, but the current work uses only the MD method 

[76]. 

 The origin of friction is an extremely complex phenomenon and is an open and 

growing research field. The existing theories developed for the bulk are not always 

consistent with material behavior at the molecular scale. The relationship between 

experimentally measured values of friction to the material properties is still not clear 

which makes the prediction of friction challenging. The objective of this work is to 

numerically study the atomistic mechanism of friction and contact deformation using 

molecular dynamics simulations on the dry sliding contact of nano-scale asperities. The 

effects of interference Z, relative sliding velocity W, asperity size A, lattice orientation \, 
and temperature control, on the friction characteristics are investigated quantitatively and 

qualitatively. All the simulations were carried out using the MD code LAMMPS [59]. 

 The material selected for this work is copper, which has been increasingly used in 

nano-engineering where metallic properties are of importance. The higher electrical and 

thermal conductivity along with low friction makes copper suitable for use in applications 
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such as MEMS switches [77] or as an additive to enhance the “wear mending” property of 

a lubricant [78]. Luo et al. [79] fabricated the first thin film z-axis gyroscope with copper, 

which offered the possibility of designing larger and more complicated system owing to 

the higher density of copper. Copper thin films have been used as electrical connectors 

between discrete devices in integrated circuits or MEMS stress sensors [80,81]. The 

tribological properties of copper at micro/nano scale play an important role in the wire-

bonding process used in the interconnection of semiconductors [82]. Besides its application 

in MEMS, copper is also the nano-material of choice to be incorporated in the friction 

material used in automotive brake pads for its ductility and high thermal conductivity 

[83]. Copper nanoparticles have been used as an additive to enhance the tribological 

properties of lubricants [84,85].  

4.2 Methodology 

 The geometric 3D model used here to represent asperity-asperity sliding contact is 

shown in Figure 4.1. The model consists of upper and lower sections each having a 

hemispherical asperity and a rigid base, composed of copper atoms in a fcc lattice 

structure. The x, y, and z axes are oriented in the [100], [010] and [001] lattice directions 

respectively. Periodic boundary conditions are imposed along the x- and z-axis so that the 

atoms can exit one side of the boundary and re-enter the other side. Non-periodic and 

shrink-wrapped (the extents of the boundary are set so as to include the atoms in that 

dimension no matter how far they move [59]) boundary conditions are imposed along the 

y-axis. The size of the model and the number of atoms in the simulation are chosen to 

obtain a reasonable balance between nano-scale representation and the computational 

time and power required. Copper asperities of radii 5 nm, 7.5 nm and 10 nm were used in 

this work and the number of corresponding atoms and system dimensions are given in 

Table 1. 
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 Figure 4.1: Asperity-asperity sliding contact simulation model 

 

Table 4.1: Computation parameters for simulations 

 R = 5 nm R = 7.5 nm R = 10 nm 

b 0.5 nm 0.5 nm 0.5 nm 

�/R 0.10 – (-0.04) 0.10 – (-0.04) 0.10 – (-0.04) 

Base Atoms ~ 4,600 ~ 10,500 ~ 18,400 

Asperity Atoms ~ 22,400 ~ 75,000 ~ 177,000 

  

 The atomic interactions were described using the embedded atom method (EAM) 

given by Foiles et al. [68] provided in the LAMMPS library. In metals, since the valence 

electrons may be shared between atoms, local electron densities need to be taken into 

account and the bonds between atoms are not independent of each other. Therefore, 
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density-independent pair-potentials like the Lennard-Jones (LJ) potential are not always 

suitable to capture the physics of metallic bonding [68].  It should also be noted that 

EAM only accounts for the contribution of bound electrons to atomic potentials and not 

that of the valence electrons. An important difference of the current work compared to 

that of Zhong et al. [75] is that the latter’s work a generic LJ potential was used for the 

hard (non-deformable) upper asperity and the EAM potential was used for the lower Al 

asperity. 

 Newton’s equations of motion were numerically integrated using the velocity-Verlet 

algorithm with a time-step size of 0.002 ps. The MD simulations were performed in two 

stages on a high-performance computing cluster using between 40 and 80, 2.8 GHz Intel 

Xeon processors in parallel. First, for each simulation run, the system was initialized and 

equilibrated at 300 K temperature for 10 ps (5000 time-steps). For the remaining time of 

the simulation, the temperature control was not enforced anywhere on the system. 

However, it was found that holding the temperature constant on the base did not 

significantly influence the effective friction coefficient (as shown in a later section). After 

the equilibrating cycle, the top asperity was set in motion towards the bottom asperity by 

imposing an average velocity on the group of atoms in the base region in the x direction. 

During the asperity interaction, the normal and the tangential reaction forces were 

monitored on the base regions. These forces were averaged over the sliding distance and 

an effective friction coefficient was calculated for the distance through which the asperities 

were in contact, given by 

  

 (4.1) 

 

 (4.2) 
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Here, ni and no are the force values corresponding to the time when the asperities come in 

contact and get out of contact respectively and ? is the number of force values between XQ and X3. Note that µeff is not the same as the friction coefficient measured at the macro 

scale. However, they may correlate if an average is taken for different asperity sizes at 

different interferences using a method such as the statistical Greenwood and Williamson 

model for rough surface contact. 

4.3 Results and Discussion 

4.3.1 Asperity-Asperity Interaction 

 In order to obtain the sliding motion of the asperities across each other, the atoms in 

the base region of the upper asperity were imposed with a velocity in the x direction 

([100] direction). The lower asperity was held fixed to its position while the position of the 

upper asperity was set to apply interference with the lower asperity for a range of 0.1A to −0.04A. The Z/A values of less than zero were included for two reasons: 1) at theoretical 

zero interference, a positive interference was generated when the system was equilibrated 

at 300 K as the atoms relaxed and 2) the adhesion was strong enough to pull the atoms to 

make contact if the two asperity tips were within the attractive range. The simulations 

were run for a sufficient number of time-steps to ensure that the asperities were 

completely out of contact. At every time-step, the forces on the atoms in the base regions 

were summed and recorded to obtain the reaction force components. These values of 

forces were averaged for the time the asperities remained in contact. A visualization tool 

was used to note the start and the end of the contact. This was also verified by the values 

of forces, which averaged to zero before and after the contact. 

 Figure 4.2 shows the asperities at the start and end of sliding contact for Z/A = 0.10 

and W = 10 m/s for the asperity of radius 5 nm. In the first part of the sliding process the 
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upper asperity makes contact with the lower one and a junction is formed. This junction 

grows through the sliding as more atoms bond to each other and the free surface decreases 

until the centers of the asperities align. In the second part, this adhered junction starts 

stretching along the sliding direction as the asperities move apart and finally breaks after 

necking. Such formation of necking is consistent with the work by Zhong et al. [75]. They 

report that the neck glides on the Al surface along a favorable slip system and material is 

transferred from the lower Al tip to the upper LJ tip by adhesion. It can be seen (in 

Figure 4.2) that in the current work both the asperities undergo severe plastic 

deformation along with several atoms being transferred from one asperity to the other. 

 Figure 4.3 shows the friction force through the sliding interaction as a function of the 

normalized sliding direction. The black line shows the moving average trend line for 

clarity while the vertical red lines mark the start and end of contact between the 

asperities. Note: the forces shown throughout this document are the reaction forces on the 

base of the lower asperity. The value �/A = 0 corresponds to the position when the center 

of the upper asperity align vertically. The friction force which starts from zero, reaches a 

maximum at approximately �/A = 0.75 soon after the asperities align and decreases back 

to zero as the asperities come out of contact. The first half of the sliding process, where 

the asperities are compressed, is characterized mostly by the ploughing of atoms while the 

second half is dominated by adhesion.  

 The normal force is shown in Figure 4.4. As the asperities come very close to each 

other, they get pulled into contact, which is shown as the first peak in the normal force 

(at �/A between -0.75 and -0.50) as the lower asperity gets pulled upwards. As the upper 

asperity moves on, the normal force starts decreasing as the asperities start compressing 

and the lower asperity gets pushed down till approximately when the upper and the lower 

asperities align at �/A = 0. It then starts increasing as the asperities pull away from each 

other and then goes back to zero when the asperities come out of contact. The asperities 

remain in contact for a much larger distance past �/A = 0 due to adhesion. 
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 During the sliding interaction, the atoms are continuously vibrating about their mean 

lattice position as well as colliding with one another. Therefore, the positions and 

momenta of these atoms are continuously changing. As a result, the functions (e.g. forces) 

that depend on the positions and momenta are also fluctuating continuously [57]. The 

fluctuations seen in the forces can therefore be attributed to the vibratory motion and the 

frequent collisions of the atoms with one another. 

 

 

 

 

 

 

 

 

 

Figure 4.2: Copper asperities before (above) and after (below) sliding process for 

R = 7.5 nm, v = 10 m/s, and �/R = 0.1 
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Figure 4.3: The friction force during sliding in normalized sliding direction for 

R = 7.5 nm, v = 10 m/s, and �/R = 0.1. The black line is the moving average trend line 

and the red lines mark the start and stop of the asperity contact. 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: The normal force during sliding in normalized sliding direction for 

R = 7.5 nm, v = 10 m/s, and �/R = 0.1 
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 At the micro-scale, the inverse trend has been observed for the friction and the 

normal forces [51,49]. In the elasto-plastic sliding of micro scale hemispherical asperities 

without adhesion, it is the friction force that changes direction as the asperities push each 

other apart at the end of the contact. The normal force does not show this behavior due 

to the absence of a strong adhesion force. However, here the adhesion was strong enough 

to pull the atoms of the asperities to make contact even when the interference was 

negative, i.e. the asperities were separated by a distance of 0.04A. Such adhesion 

dominant interactions can lead to unpredicted contacts or larger contact areas than 

expected between sliding surfaces [17,27,86]. Figure 4.5 and Figure 4.6 show the friction 

force and the normal force respectively for Z/A = 0.00. It can be seen that even at 

theoretical zero interference the friction force is not zero due to adhesion, which would not 

have been the case at the macro-scale. The normal force on the other hand shows only a 

minor variation as the asperities slide across each other. Figure 4.7 and Figure 4.8 show 

the friction force and the normal force respectively for Z/A =−0.04 . At this value of 

normalized interference, the force interactions between the asperities get closer to zero on 

an average and any trend in the values of forces would be undetectable due to the normal 

fluctuations of the measured values. 

4.3.2 Effect of Interference, � 

 Figure 4.9 shows the effect of normalized interference (Z/A) on the averaged friction 

force for all three asperity sizes and relative sliding velocities. Here, the interference, Z is 
normalized by the asperity radius A. As the interference increases, the number of atoms, 

which interact with each other, also increases. This causes increased atom displacement as 

well as adhesion and results in an increased friction force, which is needed to plough 

through the atoms and also overcome the adhesion. Thus, the average friction force is 

directly proportional to the interference. 
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Figure 4.5: The friction force during sliding in normalized sliding direction for 

R = 7.5 nm, v = 10 m/s, and �/R = 0. The black line is the moving average trend line 

and the red lines mark the start and stop of the asperity contact. 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: The normal force during sliding in normalized sliding direction for 

R = 7.5 nm, v = 10 m/s, and �/R = 0 
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Figure 4.7: The friction force during sliding in normalized sliding direction for 

R = 7.5 nm, v = 10 m/s, and �/R = -0.04. The triangles on the data mark the start and 

stop of the asperity contact. 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: The normal force during sliding in normalized sliding direction for 

R = 7.5 nm, v = 10 m/s, and �/R = -0.04 
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 This is not the case with the average normal force (see Figure 4.10). The average 

normal force, while not showing a definite trend, seems to randomly fluctuate for certain 

interference values, which are different for each asperity size. This also results in a 

fluctuation of the effective coefficient of friction with interference (Z/A). The 

visualizations of the sliding process were analyzed which revealed that this fluctuation was 

caused due to the vertical alignment of the lattice and the resulting discretization of the 

smooth surface geometry for a given value of interference. Nevertheless, for all the values 

of interference, the asperities have the same average continuous geometry. The number of 

atoms would either increase or decrease slightly depending on the discretization and result 

in a biased value of the normal force.  

 

 

 

Figure 4.9: The effect of interference, asperity size, and relative sliding velocity on the 

average friction force 
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Figure 4.10: The effect of interference, asperity size, and relative sliding velocity on the 

average normal force 

Figure 4.11: The effect of interference, asperity size, and relative sliding velocity on 

the effective friction coefficient 
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 Similar to the current work, the results in a study of friction in nano-metric 

scratching of a rigid diamond tool on a copper work-piece [87] show a steeper increase in 

the friction force as compared to the normal force with increasing scratching depth and 

friction dominated by adhesion at smaller scratching depths. In this work since the 

average friction force is rapidly increasing compared to the average normal force, the 

effective friction coefficient also increases with the interference (see Figure 4.11). 

4.3.3 Effect of Asperity Radius, R 

 To study the effect of asperity size on the forces and effective friction coefficient, 

asperities with radii of 5 nm, 7.5 nm, and 10 nm were considered. Again, as the asperity 

size increased, the number of atoms in both of the asperities taking part in the interaction 

also increased. Note that as the size increases the smoothness of the curvature of the 

asperity also increases. This further adds to the number of interacting atoms.  

 

 

 

 

 

 

 

 

 

 

Figure 4.12: The effect of asperity size on the average friction force and the average 

normal force for �/R = 0.06 
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 Figure 4.12 shows that the average friction force and the average normal force 

increase almost linearly with size. The effective coefficient of friction (Figure 4.11) also 

increases with size since the average friction force increases more rapidly than the average 

normal force. This was expected and was in agreement to other similar works [86,47]. 

4.3.4 Effect of Sliding Velocity, v 

 Two sliding velocities of 10 m/s and 100 m/s were used in this work to quantify its 

effect on the friction characteristics along with the change in the interference and size.  

These values of velocity represent the velocities commonly encountered in MEMS/NEMS 

devices [19,88,12]. For example, a high temperature micro gas turbine has a rotational 

speed that would translate into a sliding velocity of over 500 m/s [89].  

 An important observation of this work was that for the sliding velocity of 100 m/s, 

due to the sudden acceleration of the asperity atoms in the x direction at the start of the 

simulation, the upper asperity oscillated about its center as it travelled towards and 

across the lower asperity. This caused the normal force and as a result the friction 

coefficient to fluctuate severely. To reduce this effect, instead of applying an 

instantaneous increase in velocity, the atoms were gradually accelerated. A velocity 

ramping function given by 

 

 (4.3) 

was used to accelerate the asperity to 100 m/s before the start of the contact and then 

was maintained at this velocity for the remaining sliding process. Although not evident 

during the visualization and in the force curves, some of this oscillation might still be 

present even after the gradual ramping of the velocity as well as for a sliding velocity of 

10 m/s for which such a ramping function was not in place. This could also explain the 

random fluctuation of the average normal force as observed in Figure 4.10, but then one 

v(t) = tanh

(
t

A
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would also expect the average tangential force to fluctuate and it does not. Therefore, it 

appears more likely that the previously mentioned lattice alignment effect causes these 

fluctuations. 

 As seen in Figure 4.9 - Figure 4.11, the change in the sliding velocity of the asperity 

did not produce any consistent and significant change in the forces and the effective 

friction coefficient. This is in contradiction to several reported results on asperity sliding 

friction [26,19,90]. Karthikeyan et al. [19] have reported a five-fold increase in the friction 

coefficient when the sliding velocity of copper block on an iron block was increased from 

300 m/s to 1000 m/s. It should be noted that this sliding velocity is in a different range 

than that considered in the current work. In the sliding of a square prismatic diamond tip 

on a copper surface, the friction force increased as the sliding velocity increased from 10 

m/s to 100 m/s while the normal force remained unchanged [26]. However, the main 

difference between the above mentioned works and the current work is that the sliding 

surfaces remain in contact for the entire duration and the contact area is also essentially 

constant throughout the sliding process in those works. In the current work, asperities 

remain in contact for only a small duration with the contact area is continuously 

changing. Intuitively, this seems logical since there would be less time for the temperature 

to rise. In better agreement with the current work, Zhong et al. [75] performed the 

simulations with sliding velocities of 50, 100, and 400 m/s and found that at 300 K the 

wear of the aluminum asperity changed very little with respect to the sliding velocity. 

Although the increased velocity did not have a significant effect on the average forces and 

the effective friction coefficient, the length for which the asperities remain in contact is 

much shorter (~32%) for the higher velocity as seen in Figure 4.13 and Figure 4.14. This 

means that the effect of adhesion was lower for the higher velocity. Furthermore, the peak 

friction force during the sliding was slightly higher for the higher velocity; however, the 

normal force does not show a significant change. 
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Figure 4.13: The friction force during sliding in normalized sliding direction for 

R = 7.5 nm, v = 100 m/s, and �/R = 0.1. The black line is the moving average trend line 

and the red lines mark the start and stop of the asperity contact. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14: The normal force during sliding in normalized sliding direction for 

R = 7.5 nm, v = 100 m/s, and �/R = 0.1 
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4.3.5 Effect of Time-step size, �t 

 As discussed in section 3.3, the time-step size of 0.002 ps, used in all of the 

simulations, was chosen based on the criterion that it should be sufficiently smaller than 

the time period of the highest frequency vibrations of the atoms so as to achieve 

reasonably good trajectories and conserve energy. Again, a larger time-step size is always 

desired since that will reduce the total time required to run a simulation. A simulation 

was run using the asperity size of 7.5 nm and a sliding velocity of 10 m/s, with the rest of 

the parameters unchanged, to investigate whether using a time-step size of 0.005 ps 

instead of 0.002 ps would have a significant effect on the trajectories and therefore the 

results. Figure 4.15 and Figure 4.16 show the average friction force and average normal 

force respectively for both the values of the time-step size. The average friction force does 

not change significantly with the time-step size except for the normalized interference 

values of -0.04, 0.08 and 0.10. These values of normalized interference correspond to the 

least and the most number of atoms of the asperities interacting with each other.  

 

 

 

 

 

 

 

 

 

 

Figure 4.15: The effect of the time-step size on the average friction force 
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The average normal force, on the other hand, shows a significant variation between both 

the values of the time-step size for lower values of normalized interference. On an average, 

it almost stays constant for all the values of normalized interference, which is counter-

intuitive. At Z/A =−0.04 , the asperities do not come in contact during sliding and only 

long range attractive forces are present. Such a high value of the average normal force for 

this value of interference suggests the presence of instability with the 0.005 ps time-step.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: The effect of the time-step size on the average normal force 
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this phenomena should disappear. This is demonstrated by performing simulations for 

various lattice orientations, \, about the z-axis as listed in Table 2. This is probably a 

more realistic condition since, in a real surface, the lattices are oriented randomly within 

the asperities and thus, would average out the orientation bias. The slip planes of both 

the asperities remained parallel to each other as the lattices were reoriented the same for 

both asperities.  

Table 2: Lattice orientations simulated 

 

 

 

 

 

 

 

 

 

 As \ increased, the sliding direction appeared more favorable for slip and the average 

friction force decreased while the average normal force increased. The deformation or the 

material transfer did not decrease visibly for the range \ = 0° to \ = 34°. But at \ = 45°, 
which corresponds to the (110) planes parallel to the sliding direction, the deformation 

decreased dramatically with much less material transfer as observed in Figure 4.17. Zhong 

et al. [75] also reported that the wear decreased significantly when the sliding surfaces 

where parallel to the (111) planes compared to the (100) planes. Further, Sorensen et al. 

[30] have shown that between a Cu tip and Cu surface, with non-matching surfaces 

parallel to the (111) plane the wear is minimum. Although, the most favorable case of 

(111) parallel to the sliding direction is not considered in this work, the results are 

comparable. However, one should also note that the contact plane actually changes in the 

xyz direction � 

[110],[110],[001] 45� 

[320],[130],[001] 34� 

[210],[120],[001] 27� 

[310],[130],[001] 18� 

[410],[140],[001] 14� 
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current work due to the curved nature of both surfaces (i.e. at the initial contact the 

plane between the two surfaces will be sloped, but as the asperities progress further, the 

slope eventually becomes zero). In most of the other works that are of an asperity against 

a flat, the contact plane is always parallel to the sliding plane, which may no represent 

reality. 

 Similar to the case of \ = 0°, Figure 4.18 shows the friction force for the case of \ = 45° which starts from zero, reaches a maximum as the asperities align and decreases 

back to zero as the asperities come out of contact. However, the normal force does not 

show the same nature in this case (see Figure 4.19). Firstly, the asperities do not get 

pulled into contact as they come closer and the corresponding jump in the normal force is 

also not observed. Secondly, the normal force does not decrease as the asperities align at �/A = 0 as seen with the \ = 0° case. This suggests that as the upper asperity slides into 

the lower asperity, the atoms slip in the slip planes, which are now in a favorable 

orientation with respect to the sliding direction and therefore the asperities don’t get 

compressed. The normal force then starts increasing as the asperities pull away from each 

other and then goes back to zero when the asperities come out of contact. The adhesion is 

comparatively much lower when \ = 45° to significantly resist the separation of asperities 

than when \ = 0°. 
 Figure 4.20 shows the effect of lattice orientation on the effective friction coefficient 

for the asperity of radius 7.5 nm and a sliding velocity of 10 m/s. As the lattice is rotated 

about the z-axis from 0� to 45� the average friction force decreases while the average 

normal force increases and as a result the effective friction coefficient also decreases on 

average by a factor of about 6. Thus, friction is greatly influenced the lattice orientation 

within the sliding surfaces as reported by several other researchers. 

 Bulk metallic surfaces are comprised of grains with random lattice orientations. 

Furthermore, the lattice orientation within the surface is not always known even with 

nano-engineered components of MEMS/NEMS devices. If any one particular lattice 
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orientation data for friction is used then the prediction of friction that is highly dependent 

on the lattice orientation, will most likely be erroneous. In such a case, calculating an 

average friction data set, which represents a random lattice orientation of a realistic 

surface, would be more useful. Therefore, an average effective friction coefficient was 

calculated and plotted for the interference values considered as shown in Figure 4.21. The 

average effective friction coefficient was in the range 0.4 – 1.6 for the normalized 

interference range of 0 – 0.1.  

 In the MD study of nano-metric scratching of copper with diamond tip, Zhu et al. 

[87] obtained a friction coefficient value in range 0.85 – 1.05 for 0.16 – 0.5 normalized 

interference values with a sliding velocity of 200 m/s. These values are within the range 

obtained in the current work. Similar friction coefficient values were reported by Yang 

and Komvopoulos [26], Pen et al. [91], and Sun et al. [92]. However, these values do not 

agree with the work by Mishra et al. [93]. In their MD study of SiC tip on a Cu substrate, 

they obtained a friction coefficient value in 0.1 – 0.6 range for 0.02 – 0.35 normalized 

interference values and with a sliding velocity of 50 m/s. They also conducted an 

experimental study on the same setup with AFM and obtained friction coefficient values 

in range 0.35 – 0.55. Liu et al. also studied plowing and friction experimentally using SPM 

and obtained a friction coefficient value in range 0.25 – 3.25. Thus, friction coefficient 

values have been reported in a broad range.  

 It should be noted that in all of the above-mentioned works, the sliding tip was 

either diamond or SiC on a copper substrate. Therefore, adhesion is negligible compared 

to the copper on copper setup studied in the current work. Besides, the geometric model is 

that of a block or an asperity on a flat surface rather than an asperity-asperity 

interaction. In some of the early experiments [94], the values of the friction coefficient of 

pure polycrystalline bulk copper in a high vacuum were reported to be in the range 0.9 – 

1.2. These are in reasonable agreement with the values of 0.4 – 1.6 obtained in the current 

work. This suggests that friction at the nano-scale is not entirely disconnected from 
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friction at the macro-scale. As the friction values are averaged over a range of parameters 

governing the friction mechanisms, the nano-scale values converge to the macro-scale 

values. 

 

 

 

 

 

 

 

 

 

 

  

 Figure 4.17: Deformation at the end of sliding for \ = 0° (top), \ = 45° (bottom) for 

R = 7.5 nm, v = 10 m/s, and �/R = 0.1 
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Figure 4.18: The friction force during sliding in normalized sliding direction for 

R = 7.5 nm, v = 10 m/s, and �/R = 0.1 with \ = 45° 
 

 

 

 

 

 

 

 

 

 

Figure 4.19: The normal force during sliding in normalized sliding direction for 

R = 7.5 nm, v = 10 m/s, and �/R = 0.1 with \ = 45° 
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Figure 4.20: The effect of lattice orientation on the effective friction coefficient for 

R = 7.5 nm and v = 10 m/s 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21: The average effective friction coefficient as a function of normalized 

interference for R = 7.5 nm and v = 10 m/s, solid line is a linear fit 
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4.3.7 Effect of Temperature Control 

 All of the simulations performed up to this point in this work did not have any 

temperature control or thermostat in place during the sliding interaction, which would 

drain the energy out of the system. However, most of the previous works in the literature 

reported in the background section of this report had some sort of thermostat present in 

their system. Therefore, further simulations were carried out with a temperature control 

in order to observe its effect on the frictional characteristics. An asperity radius of 7.5 nm 

with a sliding velocity of 10 m/s was simulated for two different lattice orientations: \ = 0° and \ = 45°. After the entire system was equilibrated at 300 K, the base regions of 

both the lower and the upper asperities were held at 300 K by scaling the velocities of the 

atoms. 

 Figure 4.22 and Figure 4.23 show the friction force and the normal force respectively 

during the sliding interaction. The trend and the values of the forces for both the cases, 

with and without temperature control are nearly identical except that the asperities 

remain in contact for a slightly shorter length with the temperature control imposed. 

Therefore, the thermostat did not produce any significant effect on the forces and 

therefore the effective friction coefficient. Figure 4.24 shows the effective friction 

coefficient as a function of interference with and without a thermostat. It can be seen that 

there was little overall change observed by putting a temperature control for both the 

lattice orientations. Further, it confirms the previous finding of a lower effective friction 

coefficient at \ = 45°���
� The effect of temperature control on the asperity temperature for lattice orientation 

of \ = 0°�and \ = 45° is shown in Figure 4.25. When the thermostat was not in place, the 

asperity temperature increased by approximately 80 K for the case of \ = 45° as 

compared to 230 K for \ = 0° since the work required to slide the asperities across each 

other is more in the later case. Thus the temperature rise is a function of adhesion and 
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this finding is in agreement with the work by Ray et al. [95].  Also, the duration for which 

the asperities remained in contact is also much smaller for \ = 45° for the same reason. 

This was also the case when the thermostat was in place, however there was no significant 

increase in the asperity temperature for either of the orientations. 
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Figure 4.22: The friction force during sliding in normalized sliding direction for 

R = 7.5 nm, v = 10 m/s, and �/R = 0.1 with temperature control. The black line is the 

moving average trend line and the red lines mark the start and stop of the contact. 

 

 

 

 

 

 

-80 

-40 

0 

40 

80 

120 

160 

200 

-2.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0 

ft  (nN) 

x/R 



 88 

 

 

 

 

 

 

 

 

 

 

Figure 4.23: The normal force during sliding in normalized sliding direction for 

R = 7.5 nm, v = 10 m/s, and �/R = 0.1 with temperature control 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.24: The effect of temperature control on the effective friction coefficient for 

R = 7.5 nm and v = 10 m/s 
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Figure 4.25: The effect of temperature control and lattice orientation on the asperity 

temperature for R = 7.5 nm and v = 10 m/s 
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4.4 Conclusions 

 Molecular dynamics simulations of the dry sliding of copper asperities were 

performed using the embedded atom potential with LAMMPS. The aim of this work was 

to study asperity-asperity interaction to gain useful insights on the deformation 

mechanisms and frictional characteristics in a dry sliding process with a geometry that 

could be compared and perhaps coupled to continuum models. The effect of interference, 

asperity size, sliding velocity, lattice orientation and temperature control on sliding 

friction was investigated. The important findings and conclusions are summarized as 

follows:  

 As the asperities come in contact a junction is formed which grew through the sliding 

as more atoms bonded to each other. This adhered junction stretched along the sliding 

direction as the asperities moved apart and finally broke after necking. Extensive 

deformation and material transfer was observed for most of the cases that were studied. 

Adhesion dictated the sliding process as opposed to ploughing resulting in higher values of 

effective friction coefficient, which is consistent with literature. 

 The average friction force and the effective friction coefficient increased with the 

interference whereas the average friction force, average normal force, and effective friction 

coefficient increased with the asperity size. This is attributed to the increase in the 

number of interacting atoms. Fluctuations in the average normal force were observed due 

to the vertical lattice alignment and the resulting discretization of the smooth surface 

geometry for a given value of interference. 

For the range of 10 m/s to 100 m/s, the velocity presented no significant change in 

the friction characteristics as the duration of contact was not long enough to realize its 

effect. However, higher velocity reduced the adhesion effect between the asperities and 

therefore they remained in contact for a shorter length of the sliding distance. 
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 Lattice orientation presented a significant influence on the frictional characteristics 

with a reduction in the effective friction coefficient by a factor of about six for the range 

of orientation considered. For the case when the sliding direction was parallel to the (101) 

plane, the least material transfer and deformation were observed. Furthermore, lattice 

alignment or misalignment of the sliding surfaces greatly affects the friction characteristic. 

 Using a temperature control during the sliding with the base of the asperities at 

300 K produced almost no change in the friction characteristics in comparison to no 

temperature control. 
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Chapter 5  

Sliding Friction on Copper Asperities: Energy Analysis 

 In the process of sliding friction, energy is ‘consumed’ or work is required to 

overcome friction between the sliding surfaces. This imparted energy is converted to 

thermal energy and deformation energy (elastic and plastic). In this work, the sliding 

surfaces are the asperities and the energy added to the system to slide one asperity past 

the other gets converted in part to the kinetic energy of the system and by extension, to 

thermal energy. The remaining gets converted to the potential energy of the system, 

which in effect is the deformation energy. It is important to know quantitatively the 

energy distribution between these two forms to understand the atomistic origins of 

friction. Furthermore, the ratio of the contributions of each energy type gives deeper 

insight into the deformation mechanisms of surfaces as well as efficiencies of sliding 

systems. In the following sections, the method used to quantify each energy type is 

described and the resulting analyses based on the previous cases described earlier are 

presented.  

5.1 Total Energy 

 In this work the simulations are performed using the NVE ensemble. The boundaries 

are periodic in the x and z directions and non-periodic in the y direction. Along the x and 

z directions, any atom that leaves one boundary, re-enters from the corresponding 

opposite boundary. The boundaries in the y direction are fixed and therefore atoms 

cannot leave the system through the y direction boundaries. Therefore, the number of 
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atoms in the system remains constant throughout the simulation. The system boundaries 

are also adiabatic; that is a thermostat is not used to control the temperature of the 

system. As a result, the frictional work done should increase the total energy of the 

system by the energy conservation principle.  

 As the upper asperity collides against the lower asperity, some of the atoms are 

displaced permanently from their original lattice positions to new positions, where the 

original atomic bonds are broken and new ones are formed. While some of the atoms are 

not displaced sufficient enough to break the bond and therefore snap back to their original 

lattice positions after the contact is over. The former case will manifest as a change in the 

potential energy and for the current work this will be defined as deformation. The latter 

case will result in a change in the kinetic energy of the atoms and therefore the thermal 

energy of the system. (It should once again be emphasized that due to the limitation of 

EAM in taking into account the contribution of valence electrons, only phononic 

vibrations will be accountable for the thermal conduction.) Therefore, the total energy 

change or the work done on the system can be bifurcated into the energy consumed in 

causing deformation and the energy lost through thermal energy dissipation, given by 

 

 (5.1) 

5.1.1 Potential Energy 

 In MD, the interactions between atoms or particles in any system are defined by the 

intermolecular potential function, which is empirically derived from quantum mechanics 

and available a priori. The potential function used in this work is EAM and the total 

potential energy of the ensemble therefore is given by, 

 

E = Ep + Ek
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 (5.2) 

 

The values for =, �, and _ are provided for specific values of distance and electron density 

spacing in LAMMPS. 

 At the start of every simulation, the system was allowed to stabilize and achieve 

equilibrium. At this stage the system would have a certain potential energy depending on 

the atomic arrangement at that instance. Any change in this arrangement and therefore 

the physical structure of the system will cause a change in the potential energy. As the 

asperities interact with each other, some of the atoms move to a new location and the 

structure of the asperities change, which is termed deformation in this work. The system 

gets a new atomic arrangement and therefore a new potential energy value. Once again 

the system is allowed to stabilize at the end of sliding. The difference between the 

potential energies at the start of sliding and at the end of sliding will thus give the total 

change in the potential energy of the system. 

 

 (5.3) 

 The change in the atomic arrangement however does not entirely occur due to 

physical interaction; part of it is due to the increase in the kinetic energy or the 

temperature of the system. As the temperature increases, the average distance between 

the atoms increases and consequently the potential energy of the system also does. 

Therefore, the potential energy change now consists of two contributions; one from the 

temperature change and second from the physical sliding interaction of the asperities and 

will be given as 

 

 (5.4) 
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∆Ep = Ep(t) + Ep(0)

∆Ep = ∆Ep,therm +∆Ep,def
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where, ∆'),+ℎ-./ is the contribution from the temperature change and is termed thermal 

potential energy and ∆'),0-1 is the contribution from the deformation of asperities and is 

termed deformation potential energy. 

 In order to obtain the thermal potential energy, a set of simulations were run, one for 

each asperity size, in which the system was initialized at 0 K and then was subsequently 

allowed to stabilize at different higher temperatures without draining energy from the 

system. The sliding motion was also switched off so as to prevent the interaction of the 

asperities and to isolate the potential energy change solely due to a system temperature 

change. Equation (5.5) then gives the energy consumed in causing dislocation of the atoms 

from its original positions or in other words, deformation of the asperities. 

 

 (5.5) 

5.1.2 Kinetic Energy 

 The kinetic energy of the system with ? atoms (or particles) is the sum of individual 

atom velocities and is given by 

 

 (5.6) 

Here d is the mass of the atom and WQ is the velocity vector. 

 The upper asperity is sliding in the x direction with a finite and constant velocity 

and some kinetic energy is associated with this motion, which is called the translational 

kinetic energy. In addition, the atoms are vibrating about their mean lattice position 

corresponding to the local temperature and the kinetic energy associated with this 

vibrational motion is called the thermal kinetic energy. The translational kinetic energy 

does not influence the total internal energy of the system since the translational motion 

by itself neither increases the temperature of the system nor dislocates the atoms to cause 

∆Ep,def = ∆Ep −∆Ep,therm

Ek =
m

2

N∑

i=1

v2i
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deformation. Therefore it does not need to be considered in the frictional energy balance 

and henceforth in this work the thermal kinetic energy will be referred to as kinetic 

energy. 

 As the asperities interact, the velocities of the atoms about its mean lattice position 

increases as the temperature increases and this increases the kinetic energy of the system. 

The difference between the kinetic energies at the start of sliding and at the end of sliding 

will thus give the total change in the kinetic energy of the system. 

 

 (5.7) 

5.1.3 Temperature 

 The thermodynamic temperature of the system arises from the kinetic energy of the 

vibrational motion of its atoms and is defined by the relation 

 

 (5.8) 

In the absence of degrees of freedom within the atoms, the thermodynamic temperature is 

identical to the kinetic temperature. 

Therefore equations (5.6) and (5.8) give, 

 

 (5.9) 

 LAMMPS uses equations (5.1) through (5.5) to calculate the respective quantities 

and each of these could be taken as a simulation output. For the current work however, 

only the total energy and the temperature were taken as outputs whereas the potential 

and the kinetic energies were calculated afterward. 

∆Ek = Ek(t) + Ek(0)
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5.2 Work 

 The only work done in the MD simulation is sliding the upper asperity past the lower 

asperity with a finite interference. This frictional work can be defined using mechanics as 

 

 (5.10) 

Here the tangential force, I+, in the direction of sliding is taken over the sliding distance 

during which the asperities remain in contact. Therefore, the change in the total energy of 

the system due to sliding of the asperities should equal to the work done on the system 

and the following relation should hold true for the simulation. 

 

 (5.11) 

5.3 Results and Discussion 

 During the sliding of the copper asperities across each other, the temperature and the 

total energy of the system were taken as one of the outputs from LAMMPS. The total 

energy change results from LAMMPS were cross checked using equations (5.10) and 

(5.11) and the values matched with a relative error of less than 1% for all the cases that 

were run except for two: for Z/A =−0.04  and \ = 45°. For the cases when Z/A =−0.04 , 

the surface atoms on the two asperities were pulled towards each other due to long range 

attractive forces as the asperities got closer. As a result, the deformation was less and 

therefore the change in energy was small. This made it hard to determine the exact 

positions between which the asperities interacted and this lead to an error in calculating 

the work. The relative error for these cases was in the range of 1.8% - 40%. As seen 

previously, for the case when \ = 45°, the friction force as well as the deformation was 

W =

∫ out

in
ftdx

∆E = ∆Ep +∆Ek = W
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lowest for respective interference values and therefore the former justification applies here 

as well. The relative error for this case was in the range of 1% - 3.2%. 

 The results from the simulations performed to isolate the thermal potential energy 

component of the total potential energy are shown in Figure 5.1 - Figure 5.4. The system 

was initiated at 0 K and was stabilized at several higher temperature values. A second 

order polynomial is fitted to the data. The corresponding equations of the thermal 

potential energy as a function of temperature for all the asperity sizes are given below. 

 

 (5.12) 

 

 (5.13) 

 

 (5.14) 

 

 (5.15) 

 

 (5.16) 

 

 (5.17) 

 

 (5.18) 

 

 (5.19) 

 

The values from these relations were used to subtract the thermal potential energy from 

the total potential energy to obtain the deformation potential energy as per equation. 

R = 5 nm : Ep,therm = 0.0014T 2 + 6.665T − 186184

R = 7.5 nm : Ep,therm = 0.0041T 2 + 20.96T − 592889

R = 10 nm : Ep,therm = 0.00146T 2 + 43.579T − 1356082

R = 7.5 nm,θ = 14◦ : Ep,therm = 0.0042T 2 + 20.513T − 585588

R = 7.5 nm,θ = 18◦ : Ep,therm = 0.0041T 2 + 20.584T − 584873

R = 7.5 nm,θ = 27◦ : Ep,therm = 0.0039T 2 + 20.5846T − 587091

R = 7.5 nm,θ = 34◦ : Ep,therm = 0.0041T 2 + 20.62T − 586617

R = 7.5 nm,θ = 45◦ : Ep,therm = 0.004T 2 + 20.724T − 590393



 99 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Effect of temperature on the thermal potential energy for R = 5 nm, no sliding 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Effect of temperature on the thermal potential energy for R = 7.5 nm, no 

sliding 
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Figure 5.3: Effect of temperature on the thermal potential energy for R = 10 nm, no 

sliding 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Effect of temperature on the thermal potential energy for R = 7.5 nm, for all 

lattice orientation values, no sliding. Solid lines are a polynomial fit. 
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5.3.1 Effect of Interference, � 
 Figure 5.5 – Figure 5.7 show the change in all the energies and the frictional work 

done during the sliding interaction for normalized interference values of 0.10, 0.00, and -

0.04, respectively. As the upper asperity slides across the lower asperity these values keep 

increasing for the duration the asperities remain in contact. The frictional work done is 

equal to the sum of the change in the kinetic energy, the thermal potential energy, and 

the deformation potential energy. It can be seen that the changes in the thermal potential 

energy and the kinetic energy are fairly close and together they constitute a majority of 

the frictional work. This result is also consistent with varying normalized interference. An 

interesting observation here is that right after the asperities come in contact, the change 

in the deformation potential energy becomes negative and remains so till the asperities 

align vertically (�/A = 0.0). Beyond this point, it becomes positive and keeps increasing 

as long as the asperities remain in contact. This means that in the first part of the sliding 

interaction the atoms move to positions, which reduce the potential energy of the system, 

or in other words the atoms get rearranged to more favorable positions.  

 For Z/A =−0.04  the frictional work is not zero even though the asperities do not 

actually come in contact due to the long range interactions. However, the changes in the 

energies show severe fluctuations and the data is therefore not useful or reliable. It is for 

this reason that the results for Z/A =−0.04  have been omitted from the discussions for 

the energy analysis. Figure 5.8 shows the amount of work done to slide the upper asperity 

past the lower asperity during a simulation run for a sliding velocity of 10 m/s for all the 

values of interferences (normalized by the asperity radius) considered in this work. As the 

interference increases, the work done on the system also increases and this result is 

consistent with all three asperity sizes as well as for the case when sliding velocity was 

100 m/s as shown in Figure 5.9. The result is logical since the increase in the interference 
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increases the volume of the asperities coming in contact and therefore the number of 

interacting atoms. 

 

Figure 5.5: The energy change during sliding for R = 7.5 nm, v = 10 m/s and �/R = 0.1 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.6: The energy change during sliding for R = 7.5 nm, v = 10 m/s and �/R = 0 
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Figure 5.7: The energy change during sliding for R = 7.5 nm, v = 10 m/s and �/R = -0.04 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: Effect of normalized interference on the sliding work done during simulation 

for v = 10 m/s 
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Figure 5.9: Effect of normalized interference on the sliding work done during simulation 

for v = 100 m/s 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10: Effect of normalized interference on the ratio of change in deformation 

potential energy to frictional work for v = 10 m/s 
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 The interaction volume of asperities is a cubic function of the interference, however, 

the amount of work done as per the results is almost a linear function of the interference. 

This could be due to the atomic discretization of the asperity surface at the nano-scale. At 

zero interference, the work done is not zero since the asperity surfaces are in the 

attractive range at this value of interference (i.e. it is not a perfectly smooth surface). The 

surfaces adhere to each other as the asperities slide, plastic deformation occurs, and work 

is required to pull these surfaces apart. Figure 5.10 and Figure 5.11 show the ratio of 

change in the deformation potential energy to the frictional work as a function of 

normalized interference for sliding velocities 10 m/s and 100 m/s, respectively. This ratio 

shows the contribution of frictional work consumed to deform the original structure of the 

asperities. As the interference increases, the ratio of deformation potential energy to the 

frictional work increases almost consistently for the sliding velocity of 10 m/s for all three 

sizes. But this ratio is fluctuating quite randomly for the sliding velocity of 100 m/s, while 

showing a slight increasing trend on an average again for all three sizes. This means that 

the asperity surfaces are deforming more as the interference increases for both the sliding 

velocities, however, it is less so for the higher sliding velocity. As per the results only ~ 

8% - 19% of the frictional work goes into deforming the asperities for a sliding velocity of 

10 m/s and this range drops to ~ 7% - 11% for 100 m/s between all three asperity sizes. 

Again, it should be noted that this deformation potential energy arises purely from the 

asperity interaction and does not include the thermal potential energy. The values for the 

ratio of deformation potential energy to frictional work obtained in this work are fairly 

close to the values obtained by Junge and Molinari [98]. They use a similar analysis to 

quantify the deformation potential energy in nano-scratching of an aluminum substrate 

with a spherical aluminum asperity. For their range of substrate heights and sliding 

velocities, this ratio was in the range of approximately 13% - 16%. 
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Figure 5.11: Effect of normalized interference on the ratio of change in deformation 

potential energy to frictional work for v = 100 m/s 

 Figure 5.12 and Figure 5.13 show the ratio of change in the kinetic energy to the 

frictional work as a function of normalized interference for sliding velocities 10 m/s and 

100 m/s respectively. This ratio shows the contribution of frictional work consumed in 

thermal dissipation manifested as the temperature rise. The trend is complimentary to one 

observed for the deformation potential energy. This ratio decreases as the interference 

increases suggesting the reduced contribution to thermal dissipation. Again, the trend for 

the sliding velocity of 10 m/s is much more consistent than for 100 m/s velocity, 

nonetheless, the ratios for both decrease with interference. The change in kinetic energy 

for 10 m/s sliding velocity ranges from approximately 47% - 43% of the total frictional 

work and the corresponding range for 100 m/s is approximately 49% - 46%. This shows 

that the majority of the frictional work is converted to thermal kinetic energy. The 

remaining frictional work besides kinetic energy and deformation potential energy is 

converted to thermal potential energy as defined previously. 
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Figure 5.12: Effect of normalized interference on the ratio of change in kinetic energy to 

frictional work for v = 10 m/s 

 

 

 

 

 

 

 

 

 

 

Figure 5.13: Effect of normalized interference on the ratio of change in kinetic energy to 

frictional work for v = 100 m/s 
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Therefore, the total frictional work converted to thermal dissipation is in the range of ~ 

82% - 97% between both sliding velocities and all three asperity sizes.  

5.3.2 Effect of Asperity Radius, � 

 Asperity interference and asperity radius are the two dimensional quantities that 

control the number of atoms participating in the sliding interaction in the current work. 

Therefore, the basic effects of these two quantities are also similar. Accordingly, as the 

asperity radius increases, the frictional work done on the system also increases (Figure 5.8 

- Figure 5.9) for both sliding velocities. As the radius is doubled from 5 nm to 10 nm, the 

increase is frictional work is between 4-6 times for 10 m/s sliding velocity and between 3-5 

times for 100 m/s sliding velocity. This is the case for all interference values numerically 

explored.  

 The ratio of the change in deformation potential energy to frictional work also 

increases distinctly as the radius increases to 10 nm. However, it does not show a 

significant change between 5 nm and 7.5 nm radius asperities (Figure 5.10 - Figure 5.11). 

This means that the energy distribution does not remain consistent with asperity size. 

Another interesting result is that the fluctuations observed in the ratios for the smaller 

asperity sizes, are quite negligible for the 10 nm radius asperity.  

 The ratio of the change in the kinetic energy to frictional work does not show any 

trend for changing asperity size and fluctuates significantly for the smaller asperities. 

Once again the fluctuations for the 10 nm asperity size are negligible when compared to 

the other two sizes. The dynamic fluctuations seem to dampen out as the asperity size 

and therefore the number of atoms increases significantly. The primary reason suspected 

for this is that the discretization of the surface increases as the asperity size gets smaller 

and as it approaches the lattice constant some of the dimensions cause the surface to fall 

in between half lattices, where atoms cannot be present. 
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5.3.3 Effect of Sliding Velocity, � 

 The values of sliding velocity simulated were 10 m/s and 100 m/s, which were 

assigned only to the atoms of the upper asperity. Provisions were made so that the system 

had sufficient time to stabilize at each sliding velocity before the asperities interacted. As 

mentioned previously, this was particularly important for the case of 100 m/s sliding 

velocity since the sudden motion caused the atoms of the upper asperity to swing back 

and forth along the sliding direction. Figure 5.14 shows the frictional work as a function of 

normalized interference comparing the effect of both sliding velocities. For all three sizes 

of asperities, the frictional work was lower for the higher sliding velocity of 100 m/s by 

20%, 24%, and 33% on average for the 5 nm, 7.5 nm, and 10 nm asperities, respectively. 

As the velocity increases from 10 m/s to 100 m/s, the momentum also increases 10 times 

and the translational kinetic energy of the upper asperity increases 100 times. Although 

this translational kinetic energy does not increase the total internal energy of the system, 

the frictional work required for the sliding process decreases. This means that adhesion is 

lower and as a result the in-contact distance is smaller when the sliding velocity is higher.  

Therefore, the frictional work is lower for this case. This is an important finding that for 

the case of asperity-asperity interaction like in the current work, the frictional work 

decreases with increase in velocity but for an asperity-slab interaction by Junge and 

Molinari [98] the frictional work increased as the velocity increased. 

 The ratio of change in the deformation potential energy to the frictional work is also 

lower for the higher velocity. This is consistent for all three asperity sizes, as shown in 

Figure 5.15 - Figure 5.17. The portion of energy required to deform the asperities is lower 

for 100 m/s sliding velocity than the 10 m/s cases by 37%, 35%, and 37% on an average 

for 5 nm, 7.5 nm, and 10 nm asperities respectively. Consequently, the thermal 

contribution increased for the same case by 7%, 5%, and 8% respectively.  Since the 

thermal potential energy is only a function of temperature as explained previously, the 



 110 

sum of the kinetic energy and thermal potential energy contributions are higher for the 

higher velocity case. On an average, for 5 nm, 7.5 nm, and 10 nm asperities the total 

contribution of the thermal energy increases from 88% to 94%, 89% to 93%, and 83% to 

90%, respectively.  Thus as the velocity and the asperity momentum in the sliding 

interaction increases, the thermal dissipation increases while deformation energy decreases. 

This is again a contradicting result to the one obtained by Junge and Molinari [98] where 

the plastic energy (equivalent to deformation potential energy) was “somewhat 

insensitive” to the sliding velocity. 

 An interesting exception is for the case when δ/R =−0.04  (not included in the 

charts for clarity). For this case for all three sizes, the frictional work done on the system 

is higher for the higher velocity. The energy ratios for this case however do not show any 

definite trend.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14: The effect of sliding velocity on the frictional work for all asperity sizes 
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Figure 5.15: Effect of sliding velocity on the ratio of change in deformation potential 

energy to frictional work for R = 5 nm 

 

 

 

 

 

 

 

 

 

Figure 5.16: Effect of sliding velocity on the ratio of change in deformation potential 

energy to frictional work for R = 7.5 nm 
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Figure 5.17: Effect of sliding velocity on the ratio of change in deformation potential 

energy to frictional work for R = 10 nm 

 

 

 

 

 

 

 

 

 

 

Figure 5.18: Effect of sliding velocity on the ratio of change in kinetic energy to frictional 

work for R = 5 nm 
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Figure 5.19: Effect of sliding velocity on the ratio of change in kinetic energy to frictional 

work for R = 7.5 nm 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.20: Effect of sliding velocity on the ratio of change in kinetic energy to frictional 

work for R = 10 nm 
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5.3.4 Effect of Time-step Size, �� 
 Figure 5.21 and Figure 5.22 show the effect of the increase in the time-step size on 

the total energy change and the work done in sliding the asperities across each other, 

respectively, for the asperity size of 7.5 nm sliding at 10 m/s. In both cases the values are 

significantly higher for the normalized interference values of 0.06 and 0.08 when the time-

step size was 0.005 ps. This, however, does not provide us with a useful deduction as to 

which value of the time-step size provides us with an accurate version of the total energy 

change or the work done during sliding.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.21: The effect of time-step size on the total energy change for R = 7.5 nm and 

v = 10 m/s 
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Figure 5.22: The effect of time-step size on the work done for R = 7.5 nm and v = 10 m/s 

 

 

 

 

 

 

 

 

 

 

Figure 5.23: The effect of time-step size on the difference between the total energy change 

and the work done. 
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 Figure 5.23 shows the difference in the values of the total energy change and the 

sliding work for both the values of the time-step size. In the ideal case, the difference 

between these values should be zero, provided we can calculate all the values without any 

approximation and the total energy is conserved. But this is not the case since we are 

looking for an approximate solution in the absence of an exact one. Accordingly, it can be 

seen that this difference is proportionally larger for the larger time-step size, therefore 

suggesting degradation in the energy conservation. This simulation was carried out before 

all the other simulations and therefore, the time-step size of 0.002 ps was chosen for all 

the other simulations. 

5.3.5 Effect of Lattice Orientation, � 

 As the crystal lattice orientation changes, the orientation of the slip planes change 

and the manner in which the material behaves in a sliding interaction varies. The crystal 

lattice was rotated about the z-axis to study the effect of orientation on the frictional 

work and the resulting energy distribution. The asperity of radius 7.5 nm and the sliding 

velocity of 10 m/s were opted and kept constant for this particular study. The frictional 

work as a function of lattice orientation for all interference values is shown in Figure 5.24. 

As the lattice orientation parameter \ is changed from 0° to 45° the frictional work 

increases to a certain maximum and then decreases. This trend is consistent for all 

interference values. Figure 5.25 shows the same plot but with second order polynomials 

fitted to the data for convenience. The frictional work reaches a maximum for a lattice 

parameter value between 10° and 20° and reaches a minimum at a 45° lattice parameter. 

As the lattice orientation changes, it also orients the slip planes favorable to sliding, that 

is parallel to the sliding direction with the most favorable case being achieved when \ = 45°. As a result, the work required to slide the upper asperity across the lower 

asperity also varies and reaches a minimum when \ = 45°. Table 1 shows the percentage 
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increase and decrease in the frictional work with respect to \ = 0° at its maximum and 

minimum values, respectively. It can be easily seen that the decrease in the frictional 

work is in the range of 47% - 73% for the most favorable lattice orientation, which is a 

very significant reduction. It would be helpful to obtain an approximate prediction of the 

frictional work for the case when the lattice orientation of the crystal structure is 

randomly distributed over a rough surface of many asperities, which would most likely be 

a case in a practical sliding contact. Therefore, average values for the frictional work were 

calculated for every interference value and the results are plotted in Figure 5.26. 

 

Table 5.1: Increase and decrease in frictional work compared to \ = 0° 
 

��� 
Increase in Frictional Work at 

maximum value compared to � = 0 
(%) 

Decrease in Frictional Work at 
minimum value compared to � = 0 

(%) 

0.10 9 67 

0.08 25 47 

0.06 21 67 

0.04 13 62 

0.02 17 71 

0.00 62 73 
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Figure 5.24: Effect of lattice orientation on the frictional work for R = 7.5 nm and 

v = 10 m/s 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.25: Effect of lattice orientation on the frictional work for R = 7.5 nm and 

v = 10 m/s with second order polynomials fitted (solid lines) 
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Figure 5.26: Average frictional work as a function of interference. The solid line is a linear 

fit. 

 

 

 

 

 

 
 

 

 

 

 

Figure 5.27: Effect of lattice orientation on the ratio of the deformation potential energy 

to the frictional work for R = 7.5 nm and v = 10 m/s 
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Figure 5.28: Effect of lattice orientation on the ratio of the kinetic energy to the frictional 

work for R = 7.5 nm and v = 10 m/s 
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dissipation is highest. This agrees with the case of least deformation that was observed in 

the visualization of simulations as shown in an earlier section.  

5.3.6 Effect of Thermostat 

 Most of the research done in the field of nano-tribology using molecular dynamics has 

enforced some form of temperature control on the system; that is, using the canonical 

ensemble as opposed to the micro-canonical ensemble used in this work. Note that actual 

asperities should behave between these two cases. To check the influence of a thermostat 

in the current model, simulations were performed using a velocity scaling thermostat for 

the asperity of size 7.5 nm for two different lattice orientations of 0° and 45° at 10 m/s 

sliding velocity. A 300 K thermostat was placed at the bottom of both the asperities 

throughout the simulation to observe its effect on the friction characteristics as well as 

energy dissipation. Since energy is drained from the system as a result of the thermostat, 

the energy balance equation will change as follows 

 

 (12) 

where, � is the thermal energy drained to maintain the temperature at the base of the 

asperities. Therefore, 

 (13) 

As mentioned previously, each asperity was divided into five sections of equal heights in 

the x-z planes where the temperatures were recorded. Figure 5.29 shows the temperatures 

of each of these sections as the asperity slides in the absence of the thermostat. The data 

series T1-T5 and T6-T10 belong to the lower asperity and the upper asperity respectively. 

It can be seen that the temperature of all the sections increase simultaneously as the 

sliding takes place. This means that there is no significant thermal gradient between the 

base and the tip of the asperities even in the absence of a thermostat. Figure 5.30 shows 

∆E = W −Q

W = ∆Ep +∆Ek +Q
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the corresponding data for the case when the thermostat is present and again there is no 

significant thermal gradient and the temperatures for all the sections remain constant at 

300 K. The change in the kinetic energy and the potential energy as well as the frictional 

work and the thermal energy during sliding in the presence of the thermostat are shown 

in Figure 5.31. Since the temperature is held constant at 300 K, the kinetic energy and 

the thermal potential energy do not change. Now the major part of the frictional work is 

drained as the thermal energy due to the thermostat. Figure 5.32 shows the effect of the 

thermostat on the frictional work. When the thermostat is present, there seems to be no 

significant change in the frictional work than for the case of without a thermostat and the 

trend is consistent as the interference increases. For \ = 45°, the frictional work is again 

significantly lower following the same trend as before. The ratio of the deformation 

potential energy to the friction work on the other hand shows some intriguing behavior. 

For the case when \ = 0°, there is no significant change due to the presence of the 

thermostat for all interference values except for Z/A = 0.06. Atomic discretization seems 

to be the cause of this particular inconsistency, but for the case when \ = 45°, the ratio 

shows the complete opposite trend. As the interference increases, the contribution of 

deformation potential energy in the absence of the thermostat increases whereas it 

decreases in the presence of the thermostat. This means that the deformation decreases 

when the temperature is held constant at 300K for this lattice orientation. Since the 

temperature is controlled when the thermostat is present, the thermodynamic kinetic 

energy is also controlled. As shown in Figure 5.34, the ratio of kinetic energy to the 

frictional work is very low in the presence of the thermostat since the change in the 

kinetic energy is lower due to the lower temperature change. The ratio decreases from 

47% to 2.5% for \ = 0° and from 49% to 7% for \ = 45°. This change in the ratio is 

compensated by the heat rejection from the system, Q. As shown in Figure 5.35, the heat 

rejection from the system is 83% and 72% on average for all interferences for \ = 0° and \ = 45° respectively. 
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Figure 5.29: Asperity temperatures during the sliding interaction for R = 7.5 nm, 

v = 10 m/s and �/R = 0.1, without thermostat 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.30: Asperity temperatures during the sliding interaction for R = 7.5 nm, 

v = 10 m/s and �/R = 0.1, with thermostat 
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Figure 5.31: The energy change during sliding for R = 7.5 nm, v = 10 m/s and �/R = 0.1, 

with thermostat 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.32: Effect of thermostat on the frictional work for R = 7.5 nm, v = 10 m/s 

-2000 

0 

2000 

4000 

6000 

8000 

10000 

12000 

-2.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0 

�E (eV) 

x/R 

Ek 
Ep,therm 
Ep,def 
Win 
Q 
Contact Start & Stop 

0 

2000 

4000 

6000 

8000 

10000 

12000 

0.00 0.02 0.04 0.06 0.08 0.10 

Win (eV) 

�/R 

� = 0°, No Thermostat 
� = 45°, No Thermostat 
� = 0°, Thermostat 
� = 45°, Thermostat 



 125 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.33: Effect of thermostat on the ratio of the deformation potential energy to the 

frictional work for R = 7.5 nm, v = 10 m/s 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.34: Effect of thermostat on the ratio of the kinetic energy to the frictional work 

for R = 7.5 nm, v = 10 m/s 
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Figure 5.35: Effect of thermostat on the heat rejection from the system for R = 7.5 nm, 

v = 10 m/s 

 Overall, it can be deduced that the presence of the thermostat did not produce any 

significant change as far as frictional work is concerned. The only change seen is due to a 

change in the lattice orientation, which is consistent with the previous analysis. Even 

though the energy distribution was shuffled between ∆'( and �, total thermal 

dissipation was still the major sink to the frictional work input and constituted about 87% 
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5.4 Conclusions 

 A molecular dynamics study was performed to investigate the energy dissipation 
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Additionally, the effect of a velocity-scaling thermostat was studied for selected asperity 

sizes and sliding velocities.  

 The frictional work has been separated into change in potential energy, kinetic 

energy and heat rejection. The potential energy is further bifurcated to thermal potential 

energy, arising due to the system temperature, and deformation potential energy, which 

arises from the dislocation of the atoms from their initial equilibrium positions (i.e. 

thermal expansion). Thereby, the contribution of the frictional work to asperity 

deformation and thermal dissipation has been quantified.  

 The frictional work is directly proportional to the number of atoms participating in 

the sliding interaction and therefore to the size of the asperities and the interference 

between the asperities. It is an inverse function of the sliding velocity and decreases 

significantly as the sliding velocity is increased. This is due to the additional momentum 

of the upper asperity atoms resulting from the increased velocity. The lattice orientation 

also significantly affected the frictional work. It was maximum for a lattice orientation 

parameter range of 10° - 20° and was minimum for a lattice orientation parameter value 

of 45°. The presence of a thermostat at the base of both asperities did not affect the 

frictional work appreciably. 

 The deformation potential energy contribution increases as the interference and 

asperity size increases. However this increase is less sensitive to the higher velocity. Again, 

the deformation potential energy is inversely related to the sliding velocity and the 

previous argument for this applies here as well. The lattice orientation significantly 

affected the deformation potential energy which was maximum for the lattice orientation 

parameter range of 25° - 35° and was minimum for a lattice orientation parameter value 

of 45°. Thus, the frictional work and the deformation potential energy assume peak values 

at different orientations but both have their lowest values at 45°. The presence of a 

thermostat only affected the deformation potential energy for a lattice orientation 

parameter value of 45° when it decreases with increasing interference. The thermal energy 
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dissipation is complimentary to the deformation potential energy and hence showed 

reversed trends. The majority of the frictional work for all the cases was converted to 

thermal energy dissipation through the combination of thermal potential energy with 

kinetic energy (without a thermostat) or kinetic energy and heat rejection (with a 

thermostat).  

 The dynamic fluctuations were considerable for smaller asperity sizes and they 

damped out for the asperity with a 10 nm radius. This is believed to be primarily due to 

the severe atomic discretization of the asperity surface. 



 129 

Chapter 6  

Summary and Conclusions 

6.1 Key Developments 

 In this work sliding interaction between two hemispherical copper asperities were 

simulated using molecular dynamics. Atomistic origins of friction were studied and the 

energy dissipation mechanics were analyzed qualitatively and quantitatively. LAMMPS, 

the molecular dynamics code developed at Sandia National Laboratories, was used to set 

up the friction model and to run the simulations. LAMMPS was first used to simulate LJ 

argon and thereby calculate its pressure and internal energy. EOS for LJ fluid developed 

analytically as well as using results of several computer experiments, along with a similar 

molecular dynamics work is used to learn and validate LAMMPS.  

 In the physical model, the lower asperity is fixed while the upper asperity slides past 

it with a finite interference and a fixed velocity at 300 K starting temperature. Both the 

asperities were made up of copper atoms in an fcc lattice structure. The effects of the 

interference between the asperities, asperity size, sliding velocity, lattice orientation, and 

temperature control on friction mechanisms as well as energy dissipation mechanisms were 

studied.  

 In the absence of any impurities on the surface, the atoms from both the asperities 

formed bonds and acted as one single structure when the asperities ploughed against each 

other. Such adhesion (or cohesion) dictated the sliding process and resulted in higher 

values of effective friction coefficient. However, when the average was taken over different 
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lattice orientations, the values of the effective friction coefficient greatly agree with macro-

scale measurements of extremely clean surfaces in vacuum. Therefore, for the current 

geometry, the friction values at nano-scale are not different from those at macro-scale. 

 For the range of sliding velocity considered in this work, its variation presented no 

significant change in the friction characteristics as the duration of contact was not long 

enough to realize its effect. However, the higher velocity reduced the adhesion effect 

between the asperities and therefore they remained in contact for a shorter length of the 

sliding distance. Therefore, the frictional work also decreased significantly as the sliding 

velocity increased due to the additional momentum of the upper asperity atoms resulting 

from the increased velocity. 

 At nano-scale, the surfaces of devices or structures are not smooth but are rather 

discretized. This discretization governs the lattice alignment of the contacting surfaces 

with matching lattice orientations and affects the frictional mechanisms significantly. As 

the asperity size increased this effect started decreasing. Lattice orientation also presented 

a significant influence on the frictional characteristics with a reduction in the effective 

friction coefficient by a factor of about 6 for the range of orientation considered. 

Therefore, if the lattice orientation could be controlled during fabrication of nano-

structures, friction characteristics could be tailored. 

 The frictional work has been separated into change in potential energy, kinetic 

energy and heat rejection. The potential energy is further bifurcated to thermal potential 

energy, arising due to the system temperature, and deformation potential energy, which 

arises from the dislocation of the atoms from their initial equilibrium positions (i.e. 

thermal expansion). Thereby, the contribution of the frictional work to asperity 

deformation and thermal dissipation has been quantified.  

 The deformation increased as the interference and the asperity size increased but 

decreased with an increase in the sliding velocity. Correspondingly, thermal dissipation 

decreased with interference and asperity size but increased with sliding velocity. The 
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thermal energy dissipation is complimentary to the deformation and hence showed 

reversed trends. The majority of the frictional work for all the cases was converted to 

thermal energy dissipation through the combination of thermal potential energy with 

kinetic energy (without thermostat) or kinetic energy and heat rejection (with 

thermostat). Thus, energy dissipation agrees with macro scale estimations [99]. The 

presence of a thermostat at the base of both asperities did not appreciably affect the 

frictional characteristics or the energy dissipation. 

6.2 Statement of Intellectual Contribution 

 In order to better predict friction and therefore control friction in various tribological 

applications including MEMS/NEMS, the gap between the knowledge of nano-scale 

friction and macro-scale friction must be bridged. Questions such as - what size and 

number of individual asperities represent a real macro-scale surface and under what 

governing parameters does the nano-scale friction values converge to macro-scale values -

need to be answered. This work presents qualitatively and quantitatively the influence of 

the individual parameters on the friction mechanisms at the nano-scale which is necessary 

in answering these questions. 

6.3 Suggestions for Future Work 

 Asperity-asperity interactions are the fundamental unit of the friction process 

between two surfaces. When two surfaces slide over each other, several asperity pair 

interactions take place simultaneously. Therefore, an obvious extension would be to 

develop a method to analyze friction and energy dissipation for multiple asperity pair 

interactions. This work could be extended to predict the frictional characteristics for a 

nano-scale rough surface using the following two techniques: 
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6.3.1 MD Simulations of Multiple Asperity Pair 

 MD can be used to simulate multiple asperities interacting simultaneously using a 

model similar to the one used in the current work. The effect of asperities of varying size, 

varying shape, and varying lattice orientation placed randomly on a surface can be 

studied, which would mimic a real surface much closely. It would also provide a means of 

keeping the surfaces in contact for a longer sliding distance, as the chances of having at 

least one asperity pair in contact at any point of time would be higher.  Such a geometric 

model would provide a more accurate understanding of the sliding mechanisms compared 

to the combination of single geometric features. However, multiple asperity pairs would 

quickly increase the number of atoms in the system and therefore techniques allowing for 

accelerated dynamics or larger time-step size [72] or hybrid methods would have to be 

utilized if the available computational powers are not sufficient to handle the huge 

number of atoms in the system.  

6.3.2 Statistical Model 

 Another approach to extend the current work would be using a statistical model. 

Statistical extensions to single asperity results have been successfully done to estimate the 

frictional characteristics at macro- and micro-scales [100]. A statistical model can be used 

as follows [101]: 

 If ^(Z) is an interference dependent frictional property of a single asperity then 

statistically the same property over a nominal area, %4 and asperity density, � is given by 

 

 (6.1) 

where b(�) is a Gaussian Distribution given by 

 

µ(δ) = ηAn

∫ ∞

d
µ̄(δ)φ(z)dz
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 (6.2) 

 

 (6.3) 

Here, `� is the standard deviation of the asperity heights, � is the asperity height 

measured from the mean of asperity heights and v is the separation based on asperity 

heights. 

 The results for A = 7.5 nm from the current work: 

 

 (6.4) 

Using equations (6.1) and (6.4) gives 

 
(6.5) 

This is the friction coefficient of the entire area. 
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Appendix 

 LAMMPS uses an input script (as one of the methods) to run a simulation. The 

input script is in the form of a text file, which consists of a list of commands that are 

executed in a sequential order. Each line begins with a command followed by the 

corresponding arguments. The comment lines begin with a '#' sign and are ignored by 

LAMMPS during execution. At the end of the input script, the simulation is terminated 

[59]. A sample of the input script used to run all the simulations performed in this work is 

given below. The command arguments for certain commands are different for every case 

considered in this work. These commands are marked with '*' (not part of the actual 

input script) and the command arguments corresponding to every case simulated are 

listed for those particular commands. Detailed information on the commands and their 

arguments can be found in the LAMMPS manual.  
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Input Script 
 
# 3D Friction Simulation of Sliding Cu-Cu Asperities 
 
units    metal 
dimension  3 
boundary  p s p 
 
atom_style  atomic 
neighbor  2.0 bin 
neigh_modify  delay 5 
 
# Create geometry 
 
lattice*  fcc 3.615 
region*  box block -150 450 0 152.5 -75 75 units box  
create_box  3 box 
mass    * 63.546 
 
# Regions 
 
region*           lo-fixed block 75 225 0 5 -75 75 units box 
region*           above-lo block INF INF INF 5 INF INF side out units box 
region*           hi-fixed block -150 0 147.5 152.5 -75 75 units box 
region*           below-hi block INF INF 147.5 INF INF INF side out units box 
region*  slab1 block 75 225 5 20 -75 75 units box 
region*  slab2 block 75 225 20 35 -75 75 units box 
region*  slab3 block 75 225 35 50 -75 75 units box 
region*  slab4 block 75 225 50 65 -75 75 units box 
region*  slab5 block 75 225 65 80 -75 75 units box 
region*  slab6 block -150 0 72.5 87.5 -75 75 units box 
region*  slab7 block -150 0 87.5 102.5 -75 75 units box 
region*  slab8 block -150 0 102.5 117.5 -75 75 units box 
region*  slab9 block -150 0 117.5 132.5 -75 75 units box 
region*  slab10 block -150 0 132.5 147.5 -75 75 units box 
region*  lo-asperity sphere 150 5 0 75 units box 
region*  hi-asperity sphere -75 147.5 0 75 units box 
region   lo-half-sphere intersect 2 lo-asperity above-lo 
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region   hi-half-sphere intersect 2 hi-asperity below-hi 
region   sensor1 intersect 2 lo-half-sphere slab1 
region   sensor2 intersect 2 lo-half-sphere slab2 
region   sensor3 intersect 2 lo-half-sphere slab3 
region   sensor4 intersect 2 lo-half-sphere slab4 
region   sensor5 intersect 2 lo-half-sphere slab5 
region   sensor6 intersect 2 hi-half-sphere slab6 
region   sensor7 intersect 2 hi-half-sphere slab7 
region   sensor8 intersect 2 hi-half-sphere slab8 
region   sensor9 intersect 2 hi-half-sphere slab9 
region   sensor10 intersect 2 hi-half-sphere slab10 
 
# Create atoms 
 
create_atoms  1 region lo-half-sphere 
create_atoms  2 region hi-half-sphere 
create_atoms  3 region lo-fixed 
create_atoms  3 region hi-fixed 
 
# Potentials 
 
pair_style  eam 
pair_coeff  * * Cu_u3.eam 
 
# Groups 
 
group   lo-fixed region lo-fixed 
group   hi-fixed region hi-fixed 
group   lo-half-sphere region lo-half-sphere 
group   hi-half-sphere region hi-half-sphere 
group   sensor1 region sensor1 
group   sensor2 region sensor2 
group   sensor3 region sensor3 
group   sensor4 region sensor4 
group   sensor5 region sensor5 
group   sensor6 region sensor6 
group   sensor7 region sensor7 
group   sensor8 region sensor8 
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group   sensor9 region sensor9 
group   sensor10 region sensor10 
group   boundary union lo-fixed hi-fixed 
group   mobile subtract all boundary 
group   driven union mobile lo-fixed 
 
# Initial velocities 
 
compute          asp mobile temp/partial 0 1 1 
velocity*  mobile create 600 482748 temp asp 
compute  1 sensor1 temp 
compute  2 sensor2 temp 
compute  3 sensor3 temp 
compute  4 sensor4 temp 
compute  5 sensor5 temp 
compute  6 sensor6 temp/partial 0 1 1 
compute  7 sensor7 temp/partial 0 1 1 
compute  8 sensor8 temp/partial 0 1 1 
compute  9 sensor9 temp/partial 0 1 1 
compute  10 sensor10 temp/partial 0 1 1 
compute  lo_asp lo-half-sphere temp 
compute  hi_asp hi-half-sphere temp/partial 0 1 1 
 
# Fixes 
 
fix    1 driven nve 
fix    2 lo-fixed setforce 0.0 0.0 0.0 
fix    3 hi-fixed setforce 0.0 0.0 0.0 
#fix    4 sensor1 temp/rescale 100 300 300 0.1 1 
#fix    5 sensor10 temp/rescale 100 300 300 0.1 1 
#fix_modify   5 temp 10 
 
# Run 
 
timestep*  0.002 
thermo  100 
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thermo_style custom step temp c_lo_asp c_1 c_2 c_3  c_4 c_5 c_6 c_7 c_8 
c_9 c_10 c_hi_asp pe ke etotal vol f_2[1] f_2[2] f_2[3] f_3[1] f_3[2] 
f_3[3] 

thermo_modify format 1 %07d format 2 %7.3f format 3 %7.3f format 4 %7.3f format 
5 %7.3f format 6 %7.3f format 7 %7.3f format 8 %7.3f format 9 %7.3f 
format 10 %7.3f format 11 %7.3f format 12 %7.3f format 13 %7.3f 
format 14 %7.3f format 15 %10.3f format 16 %10.3f format 17 %10.3f 
format 18 %10.3f format 19 %011.6f format 20 %011.6f format 21 
%011.6f format 22 %011.6f  format 23 %011.6f format 24 %011.6f 

 
run    5000 
 
variable* VXequal(exp(step/30000)-exp(-step/30000))/(exp(step/30000)+exp(-

step/30000)) 
fix*    4 hi-fixed move variable NULL NULL NULL v_VX NULL NULL 
#fix*   4 hi-fixed move linear 0.1 0.0 0.0 units box 
 
dump   1 all atom 3000 dump.cu75dR10 
dump   2 all dcd 1000 dcd.cu75dR10 
dump   3 hi-fixed custom 3000 vel75dR10.txt id vx vy vz 
 
run*    246000 
 

Normalized Interference Multiplier �/� � 

0.10 0 

0.08 0.02 

0.06 0.04 

0.04 0.06 

0.02 0.08 

0.00 0.10 

-0.04 0.14 
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Asperity Size, � (for � = �� �/ �) A = 50 % region  box block 0 250 0 105 -50 50 units box 

region          lo-fixed block 50 150 0 5 -50 50 units box 

region           above-lo block INF INF INF 5 INF INF side out units box 

region           hi-fixed block 0 100 100+mR 105+mR -50 50 units box 

region           below-hi block INF INF 100+mR INF INF INF side out units box 

region  slab1 block 50 150 5 15 -50 50 units box 

region  slab2 block 50 150 15 25 -50 50 units box 

region  slab3 block 50 150 25 35 -50 50 units box 

region  slab4 block 50 150 35 45 -50 50 units box 

region  slab5 block 50 150 45 55 -50 50 units box 

region  slab6 block 0 100 50+mR 60+mR -50 50 units box 

region  slab7 block 0 100 60+mR 70+mR -50 50 units box 

region  slab8 block 0 100 70+mR 80+mR -50 50 units box 

region  slab9 block 0 100 80+mR 90+mR -50 50 units box 

region  slab10 block 0 100 90+mR 100+mR -50 50 units box 

region  lo-asperity sphere 100 5 0 50 units box 

region  hi-asperity sphere 50 100+mR 0 50 units box 

fix  4 hi-fixed move linear 0.1 0.0 0.0 units box 

run  1250000 A = 75 % region  box block -150 450 0 152.5 -75 75 units box  

region           lo-fixed block 75 225 0 5 -75 75 units box 

region           above-lo block INF INF INF 5 INF INF side out units box 

region          hi-fixed block -150 0 147.5+mR 152.5+mR -75 75 units box 

region           below-hi block INF INF 147.5+mR INF INF INF side out units box 

region  slab1 block 75 225 5 20 -75 75 units box 

region  slab2 block 75 225 20 35 -75 75 units box 

region  slab3 block 75 225 35 50 -75 75 units box 

region  slab4 block 75 225 50 65 -75 75 units box 

region  slab5 block 75 225 65 80 -75 75 units box 

region  slab6 block -150 0 72.5+mR 87.5+mR -75 75 units box 
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region  slab7 block -150 0 87.5+mR 102.5+mR -75 75 units box 

region  slab8 block -150 0 102.5+mR 117.5+mR -75 75 units box 

region  slab9 block -150 0 117.5+mR 132.5+mR -75 75 units box 

region  slab10 block -150 0 132.5+mR 147.5+mR -75 75 units box 

region  lo-asperity sphere 150 5 0 75 units box 

region  hi-asperity sphere -75 147.5+mR 0 75 units box 

fix  4 hi-fixed move linear 0.1 0.0 0.0 units box 

run  1875000 A = 100 % region  box block 0 500 0 200 -100 100 units box 

region           lo-fixed block 100 300 0 5 -100 100 units box 

region           above-lo block INF INF INF 5 INF INF side out units box 

region           hi-fixed block 0 200 195+mR 200+mR -100 100 units box 

region           below-hi block INF INF 195+mR  INF INF INF side out units box 

region  slab1 block 100 300 5 25 -100 100 units box 

region  slab2 block 100 300 25 45 -100 100 units box 

region  slab3 block 100 300 45 65 -100 100 units box 

region  slab4 block 100 300 65 85 -100 100 units box 

region  slab5 block 100 300 85 105 -100 100 units box 

region  slab6 block 0 200 95+mR 115+mR -100 100 units box 

region  slab7 block 0 200 115+mR 135+mR -100 100 units box 

region  slab8 block 0 200 135+mR 155+mR -100 100 units box 

region  slab9 block 0 200 155+mR 175+mR -100 100 units box 

region  slab10 block 0 200 175+mR 195+mR -100 100 units box 

region  lo-asperity sphere 200 5 0 100 units box 

region  hi-asperity sphere 100 195+mR 0 100 units box 

fix  4 hi-fixed move linear 0.1 0.0 0.0 units box 

run  3000000 
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Asperity Size, � (for � = ��� �/ �) A = 50 % region  box block -240 300 0 105 -50 50 units box 

region           lo-fixed block 70 170 0 5 -50 50 units box 

region           above-lo block INF INF INF 5 INF INF side out units box 

region           hi-fixed block -230 -130 100+mR 105+mR -50 50 units box 

region           below-hi block INF INF 100+mR INF INF INF side out units box 

region  slab1 block 70 170 5 15 -50 50 units box 

region  slab2 block 70 170 15 25 -50 50 units box 

region  slab3 block 70 170 25 35 -50 50 units box 

region  slab4 block 70 170 35 45 -50 50 units box 

region  slab5 block 70 170 45 55 -50 50 units box 

region  slab6 block -230 -130 50+mR 60+mR -50 50 units box 

region  slab7 block -230 -130 60+mR 70+mR -50 50 units box 

region  slab8 block -230 -130 70+mR 80+mR -50 50 units box 

region  slab9 block -230 -130 80+mR 90+mR -50 50 units box 

region  slab10 block -230 -130 90+mR 100+mR -50 50 units box 

region  lo-asperity sphere 120 5 0 50 units box 

region  hi-asperity sphere -180 100+mR 0 50 units box 

variable  VX equal (exp(step/45000)-exp(-
step/45000))/(exp(step/45000)+exp(-step/45000)) 

fix  4 hi-fixed move variable NULL NULL NULL v_VX NULL NULL 

run  242000 A = 75 % region  box block -150 450 0 152.5 -75 75 units box 

region           lo-fixed block 75 225 0 5 -75 75 units box 

region           above-lo block INF INF INF 5 INF INF side out units box 

region           hi-fixed block -150 0 147.5+mR 152.5+mR -75 75 units box 

region           below-hi block INF INF 147.5+mR INF INF INF side out units box 

region  slab1 block 75 225 5 20 -75 75 units box 

region  slab2 block 75 225 20 35 -75 75 units box 

region  slab3 block 75 225 35 50 -75 75 units box 

region  slab4 block 75 225 50 65 -75 75 units box 
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region  slab5 block 75 225 65 80 -75 75 units box 

region  slab6 block -150 0 72.5+mR 87.5+mR -75 75 units box 

region  slab7 block -150 0 87.5+mR 102.5+mR -75 75 units box 

region  slab8 block -150 0 102.5+mR 117.5+mR -75 75 units box 

region  slab9 block -150 0 117.5+mR 132.5+mR -75 75 units box 

region  slab10 block -150 0 132.5+mR 147.5+mR -75 75 units box 

region  lo-asperity sphere 150 5 0 75 units box 

region  hi-asperity sphere -75 147.5+mR 0 75 units box 

variable  VX equal (exp(step/30000)-exp(-
step/30000))/(exp(step/30000)+exp(-step/30000)) 

fix  4 hi-fixed move variable NULL NULL NULL v_VX NULL NULL 

run  246000 A = 100 % region  box block -200 600 0 200 -100 100 units box 

region           lo-fixed block 100 300 0 5 -100 100 units box 

region           above-lo block INF INF INF 5 INF INF side out units box 

region           hi-fixed block -200 0 195+mR 200+mR -100 100 units box 

region           below-hi block INF INF 195+mR INF INF INF side out units box 

region  slab1 block 100 300 5 25 -100 100 units box 

region  slab2 block 100 300 25 45 -100 100 units box 

region  slab3 block 100 300 45 65 -100 100 units box 

region  slab4 block 100 300 65 85 -100 100 units box 

region  slab5 block 100 300 85 105 -100 100 units box 

region  slab6 block -200 0 95+mR 115+mR -100 100 units box 

region  slab7 block -200 0 115+mR 135+mR -100 100 units box 

region  slab8 block -200 0 135+mR 155+mR -100 100 units box 

region  slab9 block -200 0 155+mR 175+mR -100 100 units box 

region  slab10 block -200 0 175+mR 195+mR -100 100 units box 

region  lo-asperity sphere 200 5 0 100 units box 

region  hi-asperity sphere -100 195+mR 0 100 units box 

variable  VX equal (exp(step/30000)-exp(-
step/30000))/(exp(step/30000)+exp(-step/30000)) 

fix  4 hi-fixed move variable NULL NULL NULL v_VX NULL NULL 
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run  320000 

 

Lattice Orientation, � \ = 0° lattice  fcc 3.615 \ = 14° lattice  fcc 3.615 orient x 1 4 0 orient y -4 1 0 \ = 18° lattice  fcc 3.615 orient x 1 3 0 orient y -3 1 0 \ = 27° lattice  fcc 3.615 orient x 1 2 0 orient y -2 1 0 \ = 34° lattice  fcc 3.615 orient x 2 3 0 orient y -3 2 0 \ = 45° lattice  fcc 3.615 orient x 1 1 0 orient y -1 1 0 

 

Time-step, �� ∆U = 0.002 M� timestep 0.002 ∆U = 0.005 M� timestep 0.005 

 

Thermostat, ��� � 

Off #fix  4 sensor1 temp/rescale 100 300 300 0.1 1 

#fix  5 sensor10 temp/rescale 100 300 300 0.1 1 

#fix_modify  5 temp 10 

run (1)   5000 

run (2)   1875000 

On fix  4 sensor1 temp/rescale 100 300 300 0.1 1 

fix  5 sensor10 temp/rescale 100 300 300 0.1 1 

fix_modify  5 temp 10 

run (1)   10000 

run (2)   1875000 


	Abstract
	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	List of Symbols
	Chapter 1 Introduction
	1.1 Background
	1.2 Nano Tribology
	1.2.1 Flat Surface - Flat Surface Interaction
	1.2.2 Asperity - Flat Surface Interaction
	1.2.3 Asperity - Asperity Interaction

	1.3 Motivation and Current Work

	Chapter 2 Molecular Modeling
	2.1 Introduction
	2.2 Molecular Modeling and Simulation
	2.2.1 Quantum Mechanical Methods
	2.2.2 Molecular Mechanics
	2.2.3 Monte Carlo
	2.2.4 Molecular Dynamics

	2.3 Molecular Dynamics using LAMMPS
	2.3.1 Input
	2.3.2 Initialization
	2.3.3 Atom Definition
	2.3.4 Settings
	2.3.5 Run
	2.3.6 Output

	2.4 Benchmarking LAMMPS
	2.4.1 MD Simulation
	2.4.2 Thermodynamic Quantities and Reduction of Units
	2.4.3 Model
	2.4.4 Simulation Imputs and Variables
	2.4.5 Calculations
	2.4.6 Results and Discussion


	Chapter 3 Interatomic Potential, Integration Algorithm and Time-step
	3.1 Interatomic Potential: Embedded Atom Method
	3.2 Integration Algorithm: Velocity-Verlet Method
	3.3 Time-step
	3.4 Calculation of Static and Dynamic Properties
	3.5 Summary

	Chapter 4 Sliding Friction on Copper Asperities: Frictional Analysis
	4.1 Background
	4.2 Methodology
	4.3 Results and Discussion
	4.3.1 Asperity - Asperity Interaction
	4.3.2 Effect of Interference
	4.3.3 Effect of Asperity Radius
	4.3.4 Effect of Sliding Velocity
	4.3.5 Effect of Time-step size
	4.3.6 Effect of Lattice Orientation
	4.3.7 Effect of Temperature Control

	4.4 Conclusions

	Chapter 5 Sliding Friction on Copper Asperities: Energy Analysis
	5.1 Total Energy
	5.1.1 Potential Energy
	5.1.2 Kinetic Energy
	5.1.3 Temperature

	5.2 Work
	5.3 Results and Discussion
	5.3.1 Effect of Interference
	5.3.2 Effect of Asperity Radius
	5.3.3 Effect of Sliding Velocity
	5.3.4 Effect of Time-step Size
	5.3.5 Effect of Lattice Orientation
	5.3.6 Effect of Thermostat

	5.4 Conclusions

	Chapter 6 Summary and Conclusions
	6.1 Key Developments
	6.2 Statement of Intellectual Contribution
	6.3 Suggestions for Future Work
	6.3.1 MD Simutions of Multiple Asperity Pair
	6.3.2 Statistical Model


	References
	Appendix

