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Abstract 

Diamond like carbon (DLC) is an attractive choice as a coating for mechanical com
ponents, because of its excellent wear resistance and very low coefficient of friction . 
We use molecular dynamics (MD) simulations with a reactive force field (ReaxFF) to 
study the friction and wear between DLC counterfaces, both in comparison to and in 
contact with steel counterfaces. We show that the tribological propert ies of DLC in 
dry sliding friction are heavily dependent on both the structure of the DLC as well as 
the passivation layer that forms on the sliding counterfaces under different environ
mental conditions, and that when optimizing for the lowest COF the best structure 
for the DLC depends on the type of passivation layer. We also find that , by prevent
ing bonding across the counterfaces as the thin film of lubricant is squeezed out at 
the point of contact , the passivation layer is instrumental in the material's ability to 
resist scuffing and wear. Additionally, we find that the strength and hardness of DLC 
makes damaging the passivation layer due to contact forces unlikely under real world 
conditions. 

Finally, we use MD simulations to study in more detail the transition from lubri
cated to dry friction , and in particular, the role of DLC surface chemistry and the 
resulting passivation layer in this transition. Our work shows that the frictional force 
can be described quite accurately across the transition from pure slip ( dry friction) 
to the purely hydrodynamic regime using a simple model which superposes the two 
effects, provided it also accounts for any immobile fluid layers at the fluid-solid in
terface. We show that , for water lubrication, the transition from the pure slip to 
the purely hydrodynamic regime occurs at smaller lengthscales in DLC counterfaces 
compared with steel. 

Thesis Supervisor: Nicolas G. Hadjiconstantinou 
Title: Professor of Mechanical Engineering 
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Chapter 1 

Introduction 

Diamond like carbon (DLC) [1, 2] is an attractive choice as a coating for mechanical 

components. For example, DLC is typically used for reducing abrasive wear in a 

variety of applications as varied as internal combustion engines [3, 4], coatings on 

hard disk drives [5], and medical implants [6, 7]. Particular interest has focused on 

characterizing the tribological properties between DLC and other common materials 

found in mechanical components, such as steel [8, 9, 10]. Previous work reveals that 

DLC exhibits both excellent wear resistance as well as a very low coefficient of friction 

(COF) [1, 2, 11, 12] . Laboratory experiments have established a range of values for 

both the wear rate and the COF [11, 12]. These experiments also highlight the fact 

that many factors can affect the measured tribological properties of the material. 

Some of the more obvious examples include the bulk properties of DLC, such as the 

percentage of sp3 bonds or the percentage of hydrogen in the DLC; however, there 

are also other less obvious factors such as the environment the DLC is being tested 

in. For example, the relative humidity the experiment is performed at can have a 

dramatic impact on the resulting COF measured [11] . As we show in this thesis, 

many of the answers to these questions lie in the nature of the interactions between 

materials, that is, interface structure and properties are very important. 

Friction and wear are fundamentally molecular-level processes. In the case of DLC, 

in addition to its own structure, molecular considerations extend to its passivation 

layer which is in contact with the opposing surface ("counterface") . Currently, the 
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molecular mechanisms leading to the observed experimental behavior involving DLC 

remain poorly understood. Particularly intriguing are experimental data suggesting 

considerable sensitivity to ambient conditions [13, 11, 14] . It is widely speculated that 

these phenomena are driven by physicochemical interactions at the interface between 

the DLC and the counterface. Understanding the fundamental physics behind these 

phenomena is of vital importance for determining if DLC is an appropriate choice in 

a given environment. Additionally, this knowledge can be used to optimize existing 

systems for fully exploiting DLC properties. 

Currently the main method that has been applied to study the tribological proper

ties of DLC on the atomistic level is quantum molecular dynamics (QMD) simulation 

[30, 51, 22]. This method, which features first principles quantum mechanical model

ing to capture the interactions between atoms in the system, is highly accurate and 

is able to simulate all of the chemical reactions occurring in a simulation; at the same 

time, it is also very computationally expensive. As such, it is currently impossible 

to perform simulations containing enough atoms to simulate some of the important 

phenomena of practical interest ( e.g. wear, scuffing, and lubrication). 

In this thesis we use classical molecular dynamics (MD) simulation that exploits 

the recently-developed reactive potential models to study the atomistic mechanics 

underlying the properties of DLC under a variety of conditions of interest in the 

context of tribological applications. With this in mind, whenever possible, the sim

ulations in this work provide direct comparisons to analogous simulations involving 

steel counterfaces. 

Reactive potentials [19, 20, 21] combine many of the benefits of ab-initio techniques 

with the computational efficiency of traditional classical MD simulations and have 

made it possible to perform sufficiently large simulations ( e.g. 10,000-100,000 atoms) 

without resorting to massively parallel computing resources, while still modeling the 

chemical reactions occurring in the system with reasonable accuracy. In the present 

thesis we use the ReaxFF potential [41, 40, 46, 54], which is described in more detail 

in section 2.3.3. The thesis outline is as follows. 

In Chapter 2 we provide background material on nanoscale friction and DLC 
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properties; we also review some of the general methods used in this thesis including 

MD simulation, the Reax Force Field, and the methods used to create atomistic 

models of D LC. 

In Chapter 3 we use atomistic simulations to measure the COF for DLC counter

faces in dry sliding friction. We specifically investigate the effect of the DLC structure 

( e.g. sp3 percentage) and environmental conditions which influence the passivation 

layer that forms on the counterface. The simulation results are compared with those 

for steel counterfaces as well as experimental results (for both materials) where those 

are available. 

In Chapter 4 we use MD simulations to study the friction and wear between 

pairs of DLC, steel, and mixed surface counterfaces in sliding contact. We consider 

water, n-eicosane, and 9-octyl-eicosane lubricants, paying particular attention to the 

passivation layer they induce on the sliding solid surfaces, and how they influence 

the bonding and wear that is experienced by the different combinations of surfaces. 

Using these simulation results, we study the failure modes of the various surfaces in 

order to gain insight into what makes DLC an effective coating for reducing friction 

and wear. 

In Chapter 5 we use atomistic simulations to study the transition from lubricated 

to dry friction in much greater detail. This is done by simulating like surface pairs 

of DLC and steel counterfaces that are separated by a lubricating layer of various 

thicknesses that are then subjected to Couette flow. This enables us to compare how 

the thin fluid films of the model lubricants behave relative to the theoretical models as 

well as the known properties of the fluid. In particular, we are interested in modeling 

the transition between the three expected regimes of nanoconfined flow and how the 

interactions between the model lubricants and the surfaces influence these transitions. 

Finally, in Chapter 6, we summarize the results from the previous chapters and 

offer suggestions for future work. 
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Chapter 2 

Background 

2.1 Nanoscale Tribology 

Friction and the associated Amontons law [16] is one of the most fundamental and 

well-studied problems in the history of science. Although energy dissipation due 

to friction can be explained at a basic level using simple terms, as we do below, 

models that are sufficiently accurate to be used for engineering design are typically 

very specific, complex and in many cases remain empirical. In this thesis we aim to 

provide fundamental understanding towards the development of such models for DLC 

and will be using high-fidelity MD simulations to obtain the required insight. 

Before we embark on this task, we provide a brief review of the basic understanding 

of frictional processes between molecularly smooth surfaces through van der Waals 

and electrostatic forces when in close sliding contact [16, 17, 18]. These studies 

suggest that the energy dissipation associated with friction can be illustrated using the 

following simplified mechanism [16], which considers atoms/ molecules at the interface 

of two surfaces in sliding contact as shown in Figure 2-1. 

Consider two particles (A and B, figure 2-1 , part a) at the interface of the two 

surfaces; due to the relative motion of the two surfaces, they are approaching each 

other but start far enough away from each other for their interaction to be negligible. 

Next in part b, due to the translation of the upper surface, the two particles get closer 

which results in mutual repulsion, causing particle A to move up and to the left and 
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a) 

b) 

c) 

d) 

Figure 2-1: Simplified mechanism through which atomistic friction, manifesting itself 
as dissipation of energy, is caused by the motion of atoms at the material interface. 
Upper surface is moving at constant velocity U0 and lower surface is held stationary. 
As the bonds between particles A and B with their respective surfaces deform, po
tential energy is stored. This energy is then converted back into kinetic energy after 
the particles pass the point of minimum separation, and is ultimately dissipated by 
subsequent collisions with other atoms. 
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particle B to move down and to the right (by a fraction of the typical intermolecular 

distance). In addition to exerting a force on both surfaces, the motion of particle A 

and particle B away from their starting positions results in both of these particles 

storing potential energy in their bonds with their respective surfaces. Then in part 

c, the two particles pass the location of their minimum separation. At this point the 

direction of the repulsion in the horizontal direction has reversed and the two particles 

are finally able to move back towards their equilibrium positions. Once this happens 

in part d , the stored potential energy can be converted into kinetic energy of the two 

molecules, which is then dissipated into the bulk and becomes heat when those, now 

fast-moving, molecules collide with other molecules in their immediate vicinity. 

Normally, the potential energy stored when the particles move apart is provided by 

the normal load keeping the two materials in contact. However, even in the absence 

of chemical bonding at the interface, longer range molecular forces, such as van der 

Waals forces as well as electrostatic (Coulomb) forces, result in adhesion between 

the two surfaces, which also contributes to the work done ( and thus, ultimately, 

dissipation). In other words, adhesion plays a role both in determining the COF and 

wear via molecular interactions occurring at the contact interface, but by causing an 

attraction between the two materials that increases the effective load on the system. 

The latter, however, is generally not observed when dealing with real surfaces. This 

is because real materials are rough, making the percentage of the contact area where 

the two materials are close enough for molecular interactions to be significant a small 

fraction of the total area. 

Smooth-surface friction and wear rates of various types of DLC have been widely 

studied in the literature using ab-initio MD simulations [23, 24, 22] . While these sim

ulations are quite accurate, due to the intermolecular forces being calculated directly 

from quantum mechanics, their extreme computational cost greatly limits the size 

of the computational domain that can be simulated using reasonable computational 

resources. The small size of these simulations makes modeling important tribologi

cal phenomena like wear and lubrication very difficult or impossible. However, these 

studies do predict that DLC in contact with a DLC counterface should provide some 
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of the smallest known COF values for dry sliding (less than 0.07), due to minimal 

surface roughness and weak adhesion between surfaces [28, 16]. However, while labo

ratory experiments [1, 2, 27, 28] have demonstrated that DLC surfaces can achieve a 

low COF, they have not been able to consistently reproduce the very low COF values 

predicted in these earlier studies except under very specific circumstances. 

The most likely cause of this disagreement is the highly idealized conditions in 

these simulations. In addition to assuming perfectly flat DLC surfaces, there are also 

some unrealistic assumptions being made about the passivation layer and the ambient 

conditions. For example, the carbon atoms at the DLC surface will be perfectly 

passivated with hydrogen atoms, however the ambient conditions needed to generate 

that passivation layer are not considered in these computational studies. Additionally, 

little effort has been made to simulate DLC with sub-optimal but realistic passivation 

layers, such as DLC that has become oxidized due to prolonged exposure to oxygen 

in the atmosphere. In this thesis, we address this by incorporating the chemical 

interactions between the two counterfaces, the surrounding environment, and any 

lubricants used into the model to more closely simulate the interaction between real 

surfaces. This is vital for allowing us to accurately observe how the tribological 

properties of DLC function at the molecular level. 

2.2 Diamond Like Carbon 

DLC is a type of amorphous carbon material that can exhibit a range of properties 

depending on how the carbon atoms it is comprised of are bonded together [2, 26] . 

This is usually quantified as the percentage of sp3 bonded carbon atoms. More sp3 

bonded carbon atoms results in a denser coating that is similar to diamond. DLC 

comprised of more than 60% sp3 is generally referred to as tetrahedral amorphous 

carbon ( ta-C). Materials with sp3 percentages below 40% are usually considered to 

be amorphous carbon (a-C). Additionally, the properties of DLC can also be modified 

by the inclusion of fillers such as hydrogen. 

High sp3 DLC has a number of properties that are similar to diamond, such 
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as high hardness and low chemical activity in most environments. In laboratory 

and industrial settings it has been shown [2, 3] that applying a layer of DLC to a 

mechanical component can greatly extend the lifetime of the part by reducing the 

amount of friction at the interface as well as the associated wear. However, the 

efficacy of this process can vary significantly in lab experiments and in real world 

applications, even for very similar types of DLC. For example, measurements of the 

COF of unlubricated hydrogen-free tetrahedral amorphous DLC can range between 

0.05 and 0.20, solely based on the relative humidity at which the experiment was 

performed [27, 29, 30]. 

These variations are thought [30]-[35] to be heavily dependent on the surface 

chemistry of DLC and the properties of the passivation layer that forms based on 

environmental conditions, such as the amount of oxygen or water vapor in the air, 

or the composition of any lubricants to which the DLC surface is exposed to. As a 

result, understanding how the passivation layer interacts with a lubricant is of great 

importance for gaining molecular insight into the origin of the excellent tribological 

properties exhibited by DLC. 

Current computational research into the surface chemistry and passivation of DLC 

has generally been focused on relatively small quantum chemical simulations. These 

simulations are able to accurately study how different passivation layers form and how 

effective these layers are at reducing the COF [30, 36] . Additionally, quantum molec

ular dynamics (QMD) simulations were recently used to identify why organic friction 

modifiers were able to induce super-lubricity in ta-C [37]. While these techniques 

are powerful, they are unable to scale up to the simulation sizes and length scales 

necessary for measuring wear, even at the atomic level. Recently, molecular dynam

ics (MD) simulations utilizing a reactive potential [38, 40] have been used to study 

nanoscale friction in amorphous carbon films [31, 32]. In these studies, they modeled 

the dry sliding friction between large molecularly smooth hydrogenated amorphous 

carbon (a-C:H) surfaces. From their computational experiments they were able to 

show that temperature and normal load during sliding friction influenced the length 

of time for the COF to reach a constant value (the running-in time) of the counter-
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faces. They were also able to conclude that this behavior was a result of structural 

changes at the surface of the DLC and its passivation layer. 

Although significantly more expensive than non-reactive potentials, reactive po

tentials are significantly more computationally efficient than ab-initio ( quantum chem

ical) simulations while still offering reasonable chemical accuracy, thus enabling oth

erwise infeasible simulations while striking a good balance between efficiency and 

fidelity. Using these techniques will allow us to accurately model both the DLC and 

its surface chemistry, and enable us to study how these physicochemical interactions 

impact the friction and wear of DLC in several different environments and with a 

selection of test lubricants. 

2.3 General Methods 

In this section we briefly discuss the main computational techniques we leverage in 

this thesis. 

2.3.1 Molecular Dynamics 

Molecular dynamics is a technique for modeling the behavior of a system consisting 

of an ensemble of atomic particles using the classical Newtonian equations of motion. 

The motion of each atom in the simulation is tracked through time by determining the 

forces acting upon it using an interatomic potential and then numerically integrating 

in time to obtain its position at the next timestep of the simulation. 

In this work the MD simulations were performed using LAMMPS (large scale 

atomistic/ molecular massively parallel simulator), an open source package developed 

by Sandia National Laboratories that is highly optimized for running MD simulations 

across many CPU cores or even GPUs [42, 38, 56]. 

In order to integrate the equations of motion in time, LAMMPS uses the Velocity 

Verlet algorithm [43]. This algorithm is preferred because it reduces the total number 

of mathematical operations needed to update each of the atom positions compared to 

many other numerical integration schemes. These forces acting on each of the atoms 
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in a given simulation can come from a several different sources including van der 

Waals, electrostatic, chemical bonds, as well as constraints placed on the simulation. 

In this thesis, the forces resulting from van der Waals effects, electrostatics, and 

chemical bonds are all calculated according to ReaxFF. This potential model is dis

cussed in more detail in section 2.3.3 below. While this potential model has many 

useful features, it is also very computationally expensive. Fortunately, LAMMPS 

enables us to take advantage of a number of standard techniques to improve the 

performance of the simulations in this work. 

For example, in order to reduce the number of calculations performed when calcu

lating the next timestep of a simulation, the ReaxFF implementation features a cutoff 

distance of 10 angstroms, which means that forces between atoms farther away than 10 

angstroms are set to zero. Coupled to cell lists (binning) , which group all atoms into 

cells slightly larger than the cutoff distance (12 angstroms on each side). Using this 

approximation prevents us from having to calculate the distances or forces between 

atoms that are not in the same or an adjacent cell . This reduces the computational 

complexity of performing the MD calculation from O(N2 ) (when using a neighbor 

list) to O(N Ne), where Ne is the number of atoms per cell. This improvement is 

particularly important for large simulations such as those in this work, because Ne 

is dependent on the number density of the atoms in the simulation rather than the 

total size of the simulation. This means that for increasingly large simulations the 

scaling becomes O(N). 

A second technique that brings considerable computational benefit is parallel pro

cessing, which takes makes best use of the processing capabilities of state of the art 

multi-core CPUs. This is done using several approaches. The most straightforward 

amounts to dividing the simulation domain into a grid of smaller boxes and assigning 

each of these boxes to a Message Passing Interface (MPI) node [38] . While the defini

tion of nodes has become more complicated with the advent of high core and thread 

count computer processors, the concept is that each node runs on a subset of the 

available computing hardware ( either on one or more servers). In general, approxi

mately one node is used per physical CPU core; however other configurations may be 
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more efficient in specific circumstances. Each node calculates the forces and updates 

the positions for all of the atoms in its box before relaying the updated information 

the other MPI nodes. The size of these boxes is periodically adjusted so that the 

number of atoms per MPI node remains relatively even. However, the efficiency gain 

from this technique eventually becomes limited by the communication overhead. On 

the other hand, we can take advantage of Open Multi Processing (OpenMP) , which 

allows for additional multi-threading within each of the MPI nodes [39]. 

2.3.2 General simulation geometry 

The general simulation setup consists of two counterfaces m relative motion (see 

Figures 2-2 and 2-3) with and without lubricant , to simulate lubricated and dry 

sliding friction , respectively. These counterfaces are composed of several layers of 

atoms, including a control surface, a temperature control layer and the main body of 

the material. In some cases (see below), atoms near the point of contact are endowed 

with a different identity so that they can be used ( as a group) to measure the stress 

tensor/ pressure at that location. 

Two different geometries are used in this work. For simulations of dry sliding 

friction or Couette flow (in Chapter 3 and Chapter 5), we use the flat counterfaces as 

shown in Figure 2-2. For simulations of thin film lubrication and wear (Chapter 4) 

we introduce an asperity via the sinusoidal counterface shown in Figure 2-3. 

All simulations in this work are performed at a fixed temperature of 350K. The 

temperature was kept constant by using a Nose Hoover thermostat [44, 45], which 

simulates an external heat reservoir and exchanges kinetic energy between the system 

of interest and the reservoir. This enables the removal of the excess kinetic energy 

generated due to friction. To avoid any artifacts from the thermostat, the latter is 

only used on the atoms in the temperature control layer of each counterface while 

data is being collected. 

Additional constraints on the simulation include the imposition of constant veloc

ities or constant external forces on the 'control surface' portion of the counterfaces. 

Assigning constant velocities is necessary for achieving relative translation between 
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Figure 2-2: Initial simulation setup for flat DLC counterfaces. The atoms used to 
apply external forces are shown in red, the atoms held stationary are shown in pale 
blue, temperature control layers of atoms are shown in pink and brown, and the atoms 
making up the main body of the counterface are shown in teal. The atoms making 
up the two passivation layers are shown in white. 

29 



Figure 2-3: Initial simulation setup for a counterface with an asperity. Atoms used 
to apply external forces are shown in red, temperature control layers of atoms are 
shown in blue and atoms making up the main body of the counterface are shown in 
purple. The (main body) atoms used to calculate the stress at the tip of the model 
asperity are shown in purple. The passivation layers are shown in white. 
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the counterfaces, while applying a constant external force allows, in principle the 

imposition of a desirable nominal pressure (see below). Relative motion is achieved 

by immobilizing one counterface and moving the other at a fixed rate. 

The nominal pressure is applied by assigning an additional force to all of the atoms 

in a given control surface. This results in the load being evenly distributed across 

all the atoms in the control surface, while keeping the atoms the positions of the 

atoms frozen relative to the other atoms in the layer. In this work, we generally use 

this constraint in combination with a prescribed (constant) horizontal velocity, which 

enables us to measure the horizontal forces acting required to cause the (horizontal) 

motion and from that calculate the frictional force. 

In the cases where we prescribe both the horizontal and vertical velocities, we can 

get a measurement of both the friction force and the nominal pressure. However, 

the nominal pressure, although useful, is a poor approximation of the actual pressure 

at the point of contact. To obtain a better measure of the pressure at the point of 

contact, we sample the stress tensor of a small number of atoms near the point of 

contact, which we call the stress measurement region. 

The stress measurement region is at the bottom tip of the asperity containing 250 

atoms and is used to calculate the stress tensor at the contact point (see figure 2-3). 

This region of includes the bottom 2(DLC) / 3(Steel) angstroms of the asperity. While 

these atoms may eventually move as the material wears, we empirically concluded 

from our simulations that in general, they do not leave the area of contact between 

the two surfaces, and are thus expected to produce reliable measurements of the stress 

at the contact point. The stress tensor at the tip can then be used to calculate the 

pressure at the tip of the model asperity as well as the shear stress at the tip. 

We recall that all measurements in MD simulation are subject to statistical noise, 

due to the small number of molecules present in the averaging volume [25] . To reduce 

the statistical uncertainty in our measurements we use time averaging to the extent 

allowed by our simulations. In steady simulations, such as those in Chapter 3 and in 

Chapter 5, after the equilibration period the simulation reaches a steady state and 

results can be averaged in time. The simulations of Chapter 4, however, are inherently 
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unsteady both due to the relative lateral motion of the counterfaces (which leads to 

compression) and the resulting wear. 

For Chapter 3 and Chapter 5, all of the data from after the equilibration period 

was averaged and the standard deviation was found using the bootstrap method. 

For the data presented in Chapter 4, the data from every period of 5000 timesteps 

(1 picosecond) was averaged together and recorded. The length of this period was 

chosen based on the autocorrelation of the force acting on the asperities. It was found 

that the force data required up to 5000 timesteps (lps) for 95% confidence that the 

datapoints were no longer correlated. Based on this, the data used in the analysis 

presented in this work was time averaged into 5000 timestep blocks. 

Additionally, for all the simulations presented in this work, the coordinates of 

the atoms in each simulation were recorded every 5000 timesteps to be used for 

visualization and wear analysis. In Chapter 3 and Chapter 5, the simulations used 

a minimum of 2 million timesteps to ensure that equilibration was reached and an 

additional 2 million timesteps of sampling after reaching equilibrium. For simulations 

with larger lubricant layers, the equilibrium and sampling time was increased to ensure 

statistically significant results ( up to 4 million timesteps for equilibration and 6 million 

timesteps for data collection). 

For the unsteady simulations in Chapter 4, the simulations were generally around 

3 to 5 million timesteps long, with the total length of the simulation depending on 

when catastrophic material failure occurred in the bulk material. 

2.3.3 Reax Force Field 

ReaxFF is a high fidelity reactive potential that allows us to perform simulations 

that capture the dissociation and recombination processes that occur during wear and 

scuffing, including tribochemical reactions between the solid surfaces, the passivation 

layers, and the lubricants , on a significantly larger scale than would be possible using 

ab-initio quantum-mechanical calculations. 

ReaxFF was created to bridge the gap between ab-initio techniques like QMD 

and MD simulations using empirical force fields. While QMD methods are highly 
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accurate and theoretically capable of simulating any chemical system, their prohibitive 

computational cost means that they are typically limited to a small number of atoms. 

Unlike traditional force fields which require chemical bonds to be explicitly defined, 

ReaxFF is able to simulate chemical reactions because it allows for the breaking and 

formation of chemical bonds throughout the MD simulation [40, 46]. ReaxFF is able 

to allow for this by using the concept of bond order (BO) , a continuous function 

that represents the number of bonds according to molecular orbital theory, instead 

of predefined chemical bonds between atoms. One of the benefits of this approach 

is that it makes ReaxFF a very general potential model that is in theory capable of 

accurately simulating a wide range of materials, including carbon based compounds, 

metals, and hydrocarbons. 

More specifically, ReaxFF uses a description of the bond order as well as terms 

which describe the polarizable charge in the system to model both the reactive and 

the nonreactive interactions between systems of atoms in the simulation. The bond 

order (BO) between two atoms ( i, j) can be written as an explicit function of the 

distance between those atoms rij as follows 

B0ii = B00 + BO0 + BO";/ 

[ ( r··)Pbo2] [ (r ·· )Pbo4] [ (r··)Pbo6] = exp Pbol rg + exp Pbo3 rg + exp Pbo5 rg: 
(2.1) 

where B00 is the number of er bonds between atoms i and j, B00 is the number of 

1r bonds between atoms i and j, and B001r is the number of 1r1r bonds between atoms 

i and j. These BO terms depend on rij and the equilibrium bond length for a bond 

of a given type ( rg, ro, and ro7r, respectively); Pbol through Pbo6 are empirical fitting 

parameters defined in the potential model. The BO calculated according to the above 

expression is then corrected by removing the contribution of any unrealistically weak 

bonds. 

The BO formulation allows the simulation to track which atoms are bonded and 

apply an energy penalty for any atoms that have an unrealistic number of bonds based 

on their type (see discussion of equation 2.2 below). Another important feature of 
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the BO is that it is a continuous function. This means that even as the bond between 

two atoms transitions between the a, 1r, and 1r1r orbitals, ReaxFF is able to generate 

a differentiable potential energy surface. This is critical for being able to calculate 

the interatomic forces between two atoms as these transitions occur. 

Within ReaxFF, the potential energy of the system can be represented by the 

following equation: 

where the total system energy is comprised of nine different components. Ebond is the 

sum of the energy from all of the covalent bonds which have formed between all the 

atoms in the system. Eover is an energy penalty which is used to discourage atoms 

from forming too many bonds with other atoms, i.e. being overcoordinated. Similarly, 

Eunder is an energy penalty on atoms which are undercoordinated. Eangle is the energy 

contribution from changing the angle between three bonded atoms, or 3-body terms, 

and Etors is the energy from changing the dihedral angle associated with a bonded 

group of four atoms. ELP is the energy resulting from lone pair electrons, and EHbond 

is the energy from any hydrogen bonds occurring in the system. Additionally, there 

are two types of long range sources of potential energy that affect every atom in the 

system, van Der Waals forces and Coulomb electrostatic interactions. However, it 

is important to note that in ReaxFF these interactions are shielded in cases where 

atoms are very close to each other. 

The potential energy resulting from the van der Waals in the system are included 

in Ev DW . ReaxFF models this potential energy using the Morse Potential: 

(2.3) 

where rij is the current separation between atoms i and j, r 0 is the equilibrium 

separation, D0 is the depth of the energy well, and a is the width of the energy well. 

The potential energy resulting from electrostatics (Ecoulomb) is calculated from 
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Coulomb's Law and is given by 

L 1 qiqj 
Ecoulomb = -4--

7rEo Tij 
(2.4) 

where rij is the current separation between atoms i and j, Eo is the permittivity of free 

space, and qi is the charge of atom i. Additionally, ReaxFF updates the electrostatic 

charges on each atom every timestep using a geometry dependent charge equilibration 

(QEq) [55, 56, 57]. This method works by minimizing the electrostatic energy in the 

system by adjusting the partial charges on each of the individual atoms, based on the 

surrounding atoms and any interactions with them. 

Each of these energy terms has numerous parameters that need to be defined for 

a given ReaxFF model in order for it to be able to model the bonded and non-bonded 

interactions of a particular material accurately. In this work we make use of two 

different ReaxFF models depending on the conditions being simulated. Generally 

we make use of the C/ H/ O/ Fe/ S/ Cr model from the combustion branch of ReaxFF 

models [40, 46, 54]. This model is specialized in modeling carbon based materials, 

hydrocarbons, and their oxidization. The model is also capable of simulating iron 

surfaces, as well as wusite (FeO) and hematite (Fe2O3 ). 

Additionally, we make use of a second ReaxFF potential model for Fe/ C/ H/ O 

ReaxFF model created by Zou, van Duin, and Sorescu [47]. This model is based 

on the aqueous branch of ReaxFF models, which specializes in accurately simulating 

liquid water, and was built upon and incorporates the features of many earlier ReaxFF 

models [40, 46, 52, 53, 54] . It was designed to be able to accurately simulate iron, 

iron carbide, and common types of iron oxide bulk material and surfaces in contact 

with water. While this model was not specifically designed to simulate carbon based 

materials; however, it still retains the core features of the original ReaxFF formulation 

and the later base aqueous model for ReaxFF which allow for it to model diamond and 

graphene lattices. To verify that this potential could in fact accurately simulate the 

tribological properties of DLC surfaces we ran additional simulations comparing the 

friction properties of DLC surfaces when modeled with both ReaxFF models. From 
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our results we found that the friction force between DLC surfaces for each model 

were within 7% and within the margin of error for our simulations. While this model 

was not specifically designed to simulate carbon based materials, our test simulations 

showed that the friction results for DLC surfaces were within the margin of error 

when comparing the two potentials. As a result, we believe that the accuracy of this 

model is sufficient (with either DLC or steel surfaces) to be used in simulations where 

the focus is on the the behavior of liquid water in Chapter 5. 

2.3.4 Modeling Counterfaces in Molecular Dynamics 
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Figure 2-4: The final sp3 percentage of the DLC is controlled by the initial percentage 
of atoms removed from the diamond lattice (porosity). A 95% confidence interval is 
indicated in gray. 

In order to create a realistic model of DLC counterfaces we started with a bulk 

simulation of carbon atoms in diamond lattice. A fraction of the atoms from this 
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lattice was randomly removed to reduce the density of the material. The material 

was then annealed by heating to 4000K for 2ns to allow the porous diamond lattice 

to melt. The material was then quenched by quickly cooling the carbon atoms from 

4000K to 350K over 9ns ( approximately the time for light to travel 3 meters). This 

was done to prevent the carbon atoms from forming larger crystal structures and 

instead turn the material into an amorphous solid. The fraction of sp3 bonds in the 

resulting material is quantified using the ReaxFF bond order calculation [46]. 

This process is repeated several times to generate a relation between the initial 

porosity created in the diamond lattice and the final sp3 percentage after quenching. 

The resulting data is shown in figure 2-4. This relation allows us to consistently 

generate new bulk DLC models with the desired ratio of sp2 to sp3 hybridized bonds. 

Unless mentioned otherwise, DLC counterfaces used in this thesis featured 68% sp3 

bonded carbon atoms. 

In addition to generating sample models of DLC, we also developed steel coun

terfaces for performing comparisons between the two materials. The steel material 

model used in this work was created starting from an iron body centered cubic (bee) 

lattice. Carbon atoms were then randomly added until a 0.1 percent of carbon atoms 

by weight was reached. The material was then melted and cooled following a similar 

process to the bulk DLC. After cooling, the steel returned to a bee lattice structure. 

The combination of a bee lattice and the amount of carbon present indicates that the 

steel model has formed a mixture of ferrite and a small number of cementite (iron 

carbide) molecules. These cementite molecules are dispersed throughout the bulk 

steel. 

After producing a bulk volume of each material, upper and lower counterfaces were 

cut from this bulk. As described in section 2.3.2, we use two different counterface 

geometries in this work. To create the flat counterfaces (similar to Figure 2-2) used in 

Chapter 3 and Chapter 5, the bulk material was cut into a simple rectangular shape 

and initially measure 100 angstroms by 40 angstroms by 25 angstroms in the x, y, and 

z directions respectively. For the geometry featuring an asperity ( shown in Figure 

2-3), the lower counterface has a simple rectangular shape and initially measures 100 
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angstroms by 40 angstroms by 23 angstroms in the x, y, and z directions, while the 

upper counterface is cut into a sinusoidal shape that models the tip of an asperity, and 

has maximum initial dimensions of 100 angstroms by 40 angstroms by 27 angstroms. 

While surfaces being simulated are quite large and computationally expensive 

for a MD simulation using a reactive potential model, the overall dimensions of the 

simulations are still small in real terms. For example, the grains of DLC resulting from 

chemical vapor deposition techniques range from the order of hundreds to thousands 

of angstroms depending on the technique used to manufacture the DLC [48, 49] . The 

counterfaces in these simulations can be thought of as segments of individual grains 

of either DLC or Steel. 

Pristine counterfaces are very reactive and quickly form passivation layers when 

exposed to any environment . The passivation layer composition is primarily deter

mined by the environment. For example, DLC placed in a hydrocarbon environment 

will eventually develop a hydrogen passivation layer [36, 37, 51]. To simulate this 

effect we modeled different passivation layers for each type of counterface. This was 

done by exposing the DLC surfaces to unbonded atoms that would be found in the 

test conditions. These test conditions varied according to the ambient conditions 

being simulated. 

To model the passivation layer that would be created on the surface of the DLC 

when exposed to hydrocarbons, we simulated pristine DLC counterfaces exposed to 

an excess of unbonded hydrogen atoms for 20ps until all of the hydrogen had bonded 

to the surfaces or formed hydrogen gas. This resulted in a thin layer of hydrogen 

atoms bonded to the DLC surface. Excess H2 molecules between the surfaces were 

removed to facilitate placing the much larger hydrocarbon molecules in the simulation 

for testing. An identical process was followed using oxygen atoms in order to generate 

models of DLC counterfaces passivated with oxygen. 

In order to model the passivation layer for DLC when exposed to water, the 

pristine DLC counterfaces were exposed to an excess of unbonded hydrogen and 

oxygen atoms (in a 2:1 ratio). The simulation was then run for 20ps until all of 

the unbonded atoms had reacted with the surfaces or each other. This resulted 
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in a passivation layer that had a thickness of approximately 3 angstroms and was 

composed of hydrogen, oxygen, and hydroxyl groups. 

For the steel counterfaces, the passivation layers were generated in a similar fash

ion. When exposed to an excess oxygen atoms, the oxygen reacted with the iron atoms 

to form a passivation layer of iron oxide. This resulted in a passivation layer with a 

thickness of 10 angstroms on each surface, which is significantly thinner than the typ

ical iron oxide layer that is on the order of several hundreds of angstroms thick [50]. 

Unfortunately, simulating passivation layers of this thickness is not computationally 

feasible. On the other hand, the layer simulated here is sufficiently thick to prevent 

the underlying unoxidized steel from having a direct effect on the interactions being 

studied at the contact point and is therefore sufficiently realistic for the purposes of 

this work. When generating the passivation layer that would form when exposed to 

water the surface was instead exposed to a mixture of hydrogen and oxygen atoms. 

The oxygen and a smaller quantity of hydrogen atoms reacted with the iron atoms 

to form a passivation layer that was primarily iron oxide and of approximately the 

same thickness. 

To model the passivation layer that would form on the steel surface when exposed 

to hydrocarbons in an oxygen-free environment, we simulated the pristine steel coun

terface exposed to an excess of unbonded hydrogen atoms for 20ps. This resulted 

in a monolayer of hydrogen which was approximately 2 angstroms thick. Excess H2 

molecules between the surfaces were removed to facilitate placing the much larger 

hydrocarbon molecules in the simulation for testing. 
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Chapter 3 

Dry Sliding Friction 

3.1 Introduction 

The tribological properties of DLC can be influenced by a number of factors. One of 

the important factors in determining the physical properties of a given DLC sample 

is the percentage of sp3-bonded carbon atoms. As discussed in section 2.2, increasing 

the percentage of sp3 bonded carbon in the DLC increases the material hardness, 

making it generally more diamond like, while reducing the sp3 percentage makes the 

DLC more graphite like. However, there are other environmental factors that can 

dramatically change the friction properties of the material. 

By changing the type of elements present in the environment around a DLC 

surface, we can change the makeup of the passivation layer that forms on new or 

freshly worn DLC surfaces. In this thesis we are primarily interested in three different 

types of passivation layers. The first is a hydrogen passivation layer that forms when 

the surface is exposed to a hydrogen rich environment, such as when lubricated with 

alkanes or other hydrocarbons. The second is a plain oxidized surface that occurs 

when a surface is exposed to dry air. The third is a mixture of these two cases which 

occurs when DLC is exposed to water, and will be looked at in detail in Chapters 4 

and 5. As discussed in Section 2.1, an important cause of friction when observing the 

mechanics on the nanoscopic scale is adhesion between the two surfaces [16]. 

In this chapter, we will be verifying that these simulations can accurately model 
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the friction forces between two counterfaces in dry sliding contact. Additionally, we 

will study the effect of the sp3 percentage and composition of the passivation layer 

on the friction force , adhesion between the surfaces, and the coefficient of friction . 

Furthermore, we will also be studying how the DLC sp3 percentage and the makeup of 

the passivation layer interact to affect the tribological properties of the counterfaces. 

3.2 Methods 

Our setup follows the general setup described for flat counterfaces in section 2.3.4. 

We now discuss elements of this setup that are specific to the present simulations. 

In order to generate relative motion, the control surface of the upper counterface is 

held in a fixed position, while the control surface of the lower counterface is translated 

at a constant velocity of 25 m/ s in the x direction. Additionally, a constant normal 

force is applied to the lower counterface's control surface to bring the two surfaces 

into dry sliding contact. 

3.2.1 Measuring the COF 

As explained in section 2.1, one particular challenge associated with simulating fric

tion at the nanoscale is that for the systems amenable to simulation, adhesion forces 

between the counterfaces become of the same order of magnitude or larger than the 

external normal forces applied to the system. These forces arise from van der Waals 

interactions. Under normal circumstances these attractive and repulsive surface forces 

are negligible because real world surfaces are not atomically smooth. However, when 

simulating these surfaces at the nanoscale their average separation at contact can be 

on the order of a single angstrom. 

To demonstrate this we can approximate these surfaces as two semi-infinite flat 

plates. The macroscopic van der Waals attraction between the two plates is given by: 

CA 
Fvvw = 61rd3 
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where C is the Hamaker constant for the two materials, A is the surface area, and 

d is the distance separating the two plates [58]. This force can become very large as 

the distance between the two surfaces decreases towards zero. 

Additionally, it is also possible for there to be other long range forces that impact 

the adhesion between surfaces. More specifically, charged particles in the passivation 

layers can exert electrostatic forces. This force is likely to be repulsive, because of 

the similar makeup of passivation layers formed in a given environment. Considering 

two charged particles, one on either surface, the electrostatic repulsion between them 

is given by 
Q2 

F Elecrostatic = 4 2 
1rE0r 

(3.2) 

where Q1 and Q2 are the charges of each particle, Eo is the vacuum permittivity, and 

r is the distance between the particles. Calculating the total repulsive force between 

the two surfaces requires integrating over all particle pairs. However, the resulting 

electrostatic forces from these calculations can change significantly as those charged 

particles move in time. Due to this complexity, we calculate the contribution of these 

adhesive and repulsive forces using a different approach, namely by writing 

Ffriction = µ (Fapplied + Fadhesion) (3.3) 

where Ffriction is the friction force, Fapplied is the normal force being applied to the 

control surface, and µ is the coefficient of friction. Here, Fadhesion is the combined 

adhesive force made up of the van der Waals and electrostatic forces. For example, 

attraction between the two surfaces is indicated by a positive value for Fadhesion and 

a negative value indicates repulsion between the surfaces. Additionally, we define 

FNetNormalLoad = Fapplied + Fadhesion, which is the net load in the normal direction 

at the interface. It is also important to note that a FNetNormalLoad of less than zero 

indicates that the repulsion between the surfaces is strong enough to prevent the 

surfaces from making contact, which will result in approximately zero friction . 

In order to measure the COF for a given combination of surfaces using equation 

3.3, the friction force needs to be calculated at several different applied pressures. 
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Then the resulting friction force and applied load data can be fit to equation 3.3, in 

order to calculate both the adhesive force and the coefficient of friction. 

3.3 Results 

We performed simulations with DLC, steel, or mixed counterfaces with either a hy

drogen passivation layer or an oxygen passivation layer. The counterfaces were placed 

into dry sliding contact and the resulting forces on the control surfaces were measured. 

Below we discuss the results for each combination of surfaces with both types of pas

sivation layer. DLC simulations were run at a variety of sp3 percentages to determine 

the effect on friction between the surfaces. 

16 

14 I 45% sp3 

I 64% Scp3 

12 I 74%Sip 3 

I 90%sp3 

10 z 
.s 8 

Cl!) 
0 
.L. 
0 

6 u. 
C 
0 

.;; 4 u 

.L 
u. 

2 

0 

-2 

-4 
0 10 20 30 40 50 60 

Net No rmaill Load [nN]I 

Figure 3-1: Friction force measured from upper control surface versus net normal load 
at the interface, for two DLC surfaces passivated with hydrogen. Results shown for 
a range of sp3 percentages. 
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3.3.1 DLC - Hydrogen Passivation 

The simulation results for two DLC counterfaces with hydrogen passivation layers 

in sliding contact are shown in figures 3-1. The friction data was recorded for four 

different DLC samples with a range of sp3 percentages. The friction force for each set 

of DLC counterfaces was measured with three different normal forces applied to the 

bottom surfaces. As expected, the measured friction force increases linearly as the 

applied load in the normal direction is increased. As the sp3 percentage was changed, 

we found there to be a slight variation in the adhesion force. The values for Fadhesion 

where found to vary between each of the surface pairs and were in the range of ±5 

nN. 

From the linear fits shown in Figure 3-1, we can determine that an sp3 percentage 

of 45% resulted in a COF of 0.17 ± 0.02. When the sp3 percentage was increased to 

64% and 74%, there was not a significant change in the COF. From fitting the data we 

were able to calculate a COF of 0.14±0.02 and 0.16±0.01 respectively. However, when 

testing with an sp3 percentage of 90% the COF was determined to be significantly 

higher, at 0.25±0.03. This trend indicates that more graphite like DLC surfaces with 

lower sp3 percentages can result in low COF values, when passivated with hydrogen. 

Similarly, the COF will increase when the DLC has a high sp3 percentage and is 

more diamond like. This reduced COF at low sp3 percentage is likely due to the DLC 

surface being softer and more amorphous, which allows for the hydrogen atoms in the 

passivation layer to have more flexibility and move out of each other"i£js way during 

sliding contact. 

The values obtained for the COF of two hydrogen-passivated DLC surfaces in 

dry sliding contact are in general agreement with the experimental values found in 

the literature, which range from 0.10 to 0.25 [60, 59]. However, in many of these 

sources, there is ambiguity in the exact sp3 percentage of the DLC, which makes 

direct comparisons difficult. 

45 



16 

14 I 4Solo Sip3 

I 64% siP3 

12 I 74% sp3 

! 90% s,p3 

10 z 
.s 8 
(1) 
u .... 
0 

6 u.. 
i::: 
0 
~ 4 u 
· ;;:::: 
u. 

2 

0 

-2 

4 
0 10 20 30 40 50 60 

Net Normal Load [niNJ 

Figure 3-2: Friction force measured from upper control surface versus net normal load 
at the interface, for two DLC surfaces passivated with oxygen. Results shown for a 
range of sp3 percentages. 

3.3.2 DLC - Oxygen Passivation 

The simulation results for two DLC counterfaces with oxygen passivation layers in 

sliding contact are shown in figures 3-2. The friction data was recorded for four 

different DLC samples with a range of sp3 percentages. The friction force for each 

set of DLC counterfaces was measured with three different normal forces applied to 

the bottom surfaces. As expected, the measured friction force increased linearly as 

the applied load in the normal direction was increased. The values for Fadhesion where 

found to vary between each of the surface pairs and ranged from -2 nN to -9 nN, 

which indicates a repulsive force in between the two surfaces. 

From the linear fits shown in Figure 3-1, we can determine that an sp3 percentage 

of 45% resulted in a COF of 0.29 ± 0.03. When the sp3 percentage was increased 
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Figure 3-3: Comparison of the passivation layer and structure of 45% sp3 DLC (left) 
and 90% sp3 DLC (right) surfaces passivated with oxygen. The control surface is 
shown in pink, the temperature control layer is shown in dark blue, the bulk DLC is 
shown in cyan, and the oxygen atoms are shown in red. 

to 64% and 74%, we were able to calculate a COF of 0.31 ± 0.02 and 0.27 ± 0.01 

respectively. However, when testing with an sp3 percentage of 90% the COF was 

determined to be significantly lower, at 0.07 ± 0.03. This trend is the reverse of what 

was observed with hydrogen passivated DLC. In the present case, having a harder and 

more diamond like DLC allowed for a lower COF than was obtained with lower sp3 

percentages. From the simulations, this appeared to result from the increased rigidity 

of the passivation layer, preventing the charged oxygen atoms from deflecting away 

from each other, and resulted in higher levels ofrepulsion between the oxygen atoms. 

This keeps the surfaces from making as close a contact and reduces the amount of 

interaction between the surfaces. The relative softness of the lower sp3 percentage 

DLCs and their passivation layers can be observed from their structures shown in 

figure 3-3, where there are more and longer chains of double bonded carbon atoms 

terminated by oxygen in the 45% sp3 surface compared to the 90% sp3 surface. 

The values obtained for the COF of two oxygen-passivated DLC surfaces in dry 

sliding contact agree with the experimental values found for the COF in the literature, 

which ranged from 0.15 to 0.37 [60, 14]. However, in many of these sources, there is 

ambiguity in the exact sp3 percentage of the DLC, which makes direct comparisons 

difficult . 
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Figure 3-4: Friction force measured from upper control surface versus net normal 
load at the interface, for two steel surfaces passivated with hydrogen in dry sliding 
contact. 
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Figure 3-5: Friction force measured from upper control surface versus net normal load 
at the interface, for two steel surfaces passivated with oxygen in dry sliding contact . 
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3.3.3 Steel-Steel Contact 

Simulations were also run for two different sets of steel counterfaces for comparison. 

One set was passivated with hydrogen atoms and the other set was passivated with 

oxygen atoms. As with the previous simulations, these sets of passivated steel coun

terfaces were simulated in dry sliding friction , with a range of applied normal forces to 

the lower surface. Once again we observe from the results in Figures 3-4 and 3-5 that 

there is a linear increase in the friction force as the applied normal load increases. 

However, unlike in the case of the DLC-DLC or the DLC-Steel simulations of dry 

sliding contact, the amount of adhesion between the surfaces is much greater than 

when one or both of the surfaces are passivated DLC. Additionally, during these sim

ulations the hydrogen and oxygen passivated steel surfaces were able to form chemical 

bonds with the opposing counterface, which contributed to the high friction forces 

observed at all applied normal forces. In the case of hydrogen passivated steel, the fit 

resulted in an estimated adhesion force between the surfaces of 1100 ± 50nN. With 

oxygen passivated steel the adhesion force was found to be 810 ± 24nN. 

Even though the adhesion between the two steel surfaces is very large, the actual 

COF for each case is still within the expected range of values for steel surfaces in dry 

sliding contact [73] . The COF for the hydrogen passivated steel was determined to 

be 0.13 ± 0.01, while the COF for oxidized steel was found to be 0.20 ± 0.01. 

3.3.4 DLC - Steel Contact 

Additional simulations were run using a combination of a steel counterface with a 

DLC counterface, the latter having an sp3 percentage of 90%. In order to compare 

these results to the most common experiments of dry sliding friction between DLC 

and steel surfaces, the two combinations of passivation layers chosen were oxidized 

steel in dry sliding contact with hydrogen passivated DLC (Figure 3-6) and oxidized 

steel in dry sliding contact with oxidized DLC (Figure 3-7). As in the other dry fiction 

simulations discussed in this chapter, there is a linear relation between the amount of 

friction measured and the applied normal load. When simulating the contact between 
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oxidized DLC and oxidized steel, the adhesion between the surfaces was negligible and 

the COF was found to be 0.15±.06. Experimental values for the COF in the literature 

for this combination range from 0.14 to 0.20 [60] . 

The simulation of oxidized steel in dry sliding contact with hydrogenated DLC is 

intended to model a hydrogentated DLC surface in dry sliding contact with a steel 

plate that has formed an iron oxide layer due to being exposed to oxygen in the 

air. From Figure 3-7 we can determine that there is negligible adhesion between the 

surfaces, and using a linear fit a COF of 0.38 ± 0.04 was obtained. Unfortunately 

this a fair bit higher than the values for hydrogenated DLC in sliding contact with 

steel surfaces found in the literature, which can be as low as 0.10 [61, 14]. However, 

there are some caveats about how strongly the simulation models what is happening 

in the laboratory experiments. For instance, DLC will invariably adsorb a thin layer 

of water when it is placed in atmospheric conditions ( assuming the relative humidity 

is greater than zero). This will be explored in much greater detail in Chapter 5. 

3.4 Discussion 

In this chapter we have generated a large number of model DLC and steel counterfaces, 

and used MD simulations of these models to study how these surfaces interact in dry 

sliding friction at atomistic length scales. We accounted for the additional adhesion 

forces between surfaces by measuring the friction force at several different applied 

loads and then fitting the resulting friction data to the formula in equation 3.3. This 

allowed us to estimate not only the COF, but also the amount of adhesive force 

between the two surfaces. 

Using this analysis we are able to obtain a number of new insights. First, the 

passivation layer on the surface of the counterfaces is very important for determining 

the tribological properties of the material. In addition to being responsible for pre

venting DLC surfaces from chemically bonding/ welding to the opposing counterface, 

the passivation layer can have a dramatic impact on the strength of adhesion forces 

between the two surfaces. This can result in very large differences in the resulting 
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friction force, even if the COF is unchanged. 

The second is that changing the bulk sp3 percentage of the DLC can have a 

dramatic impact on the tribological properties of the DLC. However, this impact is 

dependent on how the bulk change in material properties affects the passivation layer. 

As we saw in Section 3.3.2, decreasing sp3 percentage of Hydrogen passivated DLC 

resulted in a smaller COF. This was a result of the decreased rigidity of the DLC's 

passivation layer allowing the hydrogen atoms to slip past each other more easily. 

However, decreasing the sp3 percentage of the oxygen passivated DLC in Section 

3.3.2 ended up resulting in a higher COF. Reducing the rigidity of the charged oxygen 

atoms the oxidized passivation layers allowed for the surfaces to come closer together 

and allowed for more interaction between the surfaces. 

Finally, we were able to show that these dry sliding friction simulations were able 

to reproduce accurate COF values for self mated DLC surfaces and self mated steel 

surfaces in dry sliding contact. In general we found that ( excluding sp3 percentages 

above 80%) hydrogen passivated DLC had the smallest COF, while oxygen passivated 

DLC had a friction coefficient much closer to that of steel surfaces. Unfortunately, the 

dry sliding friction model currently being used was unable to accurately reproduce 

the experimentally determined COF values that occur with steel surfaces in contact 

with hydrogenated DLC when exposed to air. This is likely because the model dry 

friction model does not take into account the humidity that is naturally present in 

ambient conditions, which can provide a source of water molecules for lubrication. 
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Chapter 4 

Thin Film Lubrication and Wear 

4.1 Introduction 

In this chapter, we use MD simulations of a model asperity and a flat counterface in 

relative motion, initially separated by a thin layer of lubricant in order to investigate 

the origins of the enhanced resistance to scuffing wear associated with DLC coated 

surfaces [69, 70, 71]. We performed these simulations in the presence of model lubri

cants such as water, n-eicosane, and 9-octyl-eicosane, and observed how the presence 

of thin films of these model lubricants modified both the friction and wear properties 

of both the bulk materials and the passivation layers that formed when those surfaces 

were exposed to the lubricants. More specifically, by measuring both the material 

stress at the point of contact as well as estimating the wear rate of the counterfaces, 

we are able to quantify the extent to which the lubricants and the passivation layer 

they induce on the DLC surfaces protect the counterfaces from scuffing and wear 

damage. By comparing and contrasting our observations to the behavior of steel 

counterfaces under the same conditions, we gain molecular insight into what makes 

DLC an effective coating for reducing friction and wear. 
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4.2 Methods 

4.2.1 Simulation Setup 

Our setup follows the general setup described for the "sinusoidal" counterfaces in 

section 2.3.4. We now discuss elements of this setup that are specific to the present 

simulations. 

We performed MD simulations of two counterfaces in relative motion, initially 

separated by a thin layer of lubricant. The relative motion includes a tangential com

ponent (25 m/ s) and a small normal component (2.5 m/ s); the latter serves to reduce 

the gap height, squeezing out the lubricant film, until material failure is observed. 

Using the "sinusoidal" counterface geometry allows for easier identification of dis

placed (worn) atoms while also helping to reduce the number of lubricant molecules 

trapped between the counterfaces as the gap decreases in size. Additionally a large 

vent is introduced in the upper counterface to allow excess fluid to escape during the 

simulation and prevent the pressure from reaching extreme values. 

The temperature control layer was set to maintain a temperature of 350K. This is 

sufficient to maintain a temperature between 350K and 400K in the region adjacent to 

the tip of the model asperity for the duration of the simulations. The only exception 

to this is during the final part of the DLC simulations where as a result of the 

extreme pressures the DLC counterfaces break down catastrophically, causing the 

temperatures to exceed 1000K. 

In order to track the wear in the system, we estimate the number of displaced 

atoms throughout the duration of the simulation. The displacement is defined with 

respect to each atom's expected position based on its position at the beginning of the 

simulation and the velocity of the counterface on which it belongs. An atomic dis

placement of more than two unit cells (7.1 angstroms total for DLC and 5.7 angstroms 

total for steel) is considered to be beyond the nominal value resulting from elastic 

deformation and is used as the threshold for signaling permanent deformation in the 

form of plastic deformation/ wear. 

It is also important to note that these stress measurements in this chapter also 
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include any pre-stress in the material. For the passivated DLC surfaces, the initial 

normal stress (zz component) was 2.0 GPa, while the initial shear stress (xz compo

nent) was 0.21 GPa when passivated with hydrogen atoms. When passivated with a 

2:1 ratio of hydrogen and oxygen atoms, the initial normal stress was 1.5 GPa and the 

shear stress was -1.2 GPa. For the steel counterfaces, we measured an initial normal 

stress of 1.8 GPa and shear stress of 0.09 GPa when passivated with hydrogen atoms, 

while when passivated with a 2: 1 ratio of hydrogen and oxygen atoms the normal 

stress was 0.5 GPa and the shear stress was -0.03 GPa. We note that although these 

quantities are quite large in absolute terms, they are small compared to the stresses to 

which the materials are subjected to during the course of the simulations performed 

in this chapter. 

In order to account for this effect, we first measure this internal stress at the 

contact point for each passivated surface before contact. In all results presented 

below, the contact point pressure refers to the corrected pressure from which the 

internal normal stress has been subtracted. Additionally, a similar adjustment has 

been applied to the shear stress when used to estimate the applied shear force at the 

contact point (such as when calculating the COF). 

4.2.2 Model Lubricants 

We consider three model lubricants, namely, water, n-Eicosane, and 9-octyl-eicosane. 

These were chosen due to their relatively simple molecular structure, which at the 

same time is quite varied in terms of types of atoms, molecular weight , polarity, and 

shape. 

While water is not a commonly chosen as a lubricant in a mechanical system, it is 

important to consider when studying friction. This is because DLC, steel, and many 

other materials have the ability to adsorb water molecules from the surrounding 

air [62, 63]. The thickness of this layer depends on the relative humidity of the 

surrounding environment, but this layer of water can be several angstroms thick [64]. 

n-Eicosane was chosen because it is more similar to a traditional lubricant. It is 

nonpolar, with higher molecular weight, and is more viscous than water. In principle, 
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this means that it should require more force to squeeze out from between the two 

counterfaces and is thus expected to provide better wear protection [ 66]. Since n

eicosane is a hydrocarbon, hydrogen-based passivation layers were used on the surface 

of the DLC and steel counterfaces for this lubricant. 

The final model lubricant tested is 9-octyl-eicosane. It is a branched alkane that is 

larger and has a higher molecular weight than n-eicosane, in principle making it even 

more difficult to squeeze out from between the counterfaces and thus, in principle, 

the most protective of the three lubricants. This lubricant was tested using the same 

hydrogen based passivation layer as n-eicosane. 

4.2.3 Disjoining Pressure 

An important factor to consider during these simulations is the strength of the adhe

sion between the lubricant molecules and each of the counterfaces. This is because 

in addition to the strong Van der Waals attraction between two surfaces, there is 

also a strong attraction between the individual lubricant molecules and the surfaces. 

This presents itself as a disjoining pressure, the difference between the pressure in a 

region adjacent to a surface and the pressure in the bulk phase. The van der Waals 

contribution to the disjoining pressure for a liquid on a flat surface in contact with a 

cylinder can be approximated by [65]: 

CL 
IIvdw = - 16(55/2 (4.1) 

where C is the Hamaker constant between the two counterfaces, L is the diameter 

of the cylinder, and the lubricating layer and b is the liquid film thickness. In order 

to estimate the disjoining pressure of our lubricants we used the Hamaker constant 

values from [67, 68] and the geometric mean approximation for the combining rules . 

From this we find that when using DLC surfaces, the disjoining pressure reaches a 

maximum of approximately -250 MPa when there is one layer of water molecules 

remaining between the surfaces and -280 MPa when using n-eicosane. With steel 

surfaces we find that a maximum disjoining pressure of approximately -210 MPa for 

58 



water and -245 MPa for n-eicosane. When comparing these results to the simulation 

results in the following section, we found that these disjoining pressures to be much 

smaller than the bulk fluid pressure, which are on the order of GPa. 

4.3 Results 

Simulations with either DLC or steel counterfaces were run with each of the three 

lubricants, namely, water, n-eicosane, and 9-octyl-eicosane. The number of worn 

atoms was tracked as a function of time, allowing for comparisons to the contact 

point pressure, shear stress, and the surface separation. Below we discuss the results 

for the three lubricants. The separation measure shown in the figures below is the 

nominal separation between the surfaces, based on the locations of the position control 

layers, and does not account for the deformation of the counterfaces. 

4.3.1 Water 

The simulation results for two steel counterfaces, two DLC counterfaces, and one steel 

and one DLC counterface in sliding contact using water as a lubricant are shown in 

figures 4-1 , 4-2, and 4-3. As we can observe in figure 4-1, the pressure at the contact 

point generally increases over the course of the simulation. If we define wear as 

occurring when the rate of displaced atoms exceeds 1 Atom per picosecond, then 

according to figure 4-2, this threshold is exceeded at a separation of~ 2.3 angstroms 

for steel counterfaces (point A), a separation of~ -2.4 angstroms for DLC counterfaces 

(point C), and a separation of~ 3.2 angstroms for mixed surfaces (point E). 

From figure 4-1 we can determine that for steel counterfaces the contact point 

pressure increased from 5.8 GPa at the baseline to 12 GPa at point A, while for DLC 

counterfaces the contact point pressure increased from 38 GPa (baseline) to 66 GPa 

at point C. With mixed counterfaces the pressure increased from a baseline of 5.3 

GPa to 12.9 GPa at point E. The baseline value here accounts for the surface tension 

effects in the lubricant and adhesion between the lubricant molecules and the surfaces 

which is different in each simulation; in this work, it has been taken to be the pressure 
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Figure 4-1: Contact point pressure versus gap height (negative heights correspond 
to compression of the counterface materials) when using water as a lubricant . DLC 
results are shown in blue, steel in green, and mixed surfaces in red. Points of interest 
A through G are discussed in the text. 

value at a separation of 8 angstroms. 

As can be seen in figure 4-4 the steel counterfaces begin to experienced bonding at 

the interface, which began when the gap between the tip of the asperity and the lower 

counterface became sufficiently small for chemical bonds to begin forming between the 

two surfaces. This chemical bonding is likely contributing to the mechanical failure of 

the passivation layer by increasing the amount of friction between the counterfaces. 

From the figures we can determine that once the steel counterfaces reach the wear 

threshold at point B, the pressure exhibits a sudden drop even as the wear rate 

continues to increase. This pressure drop between points A and G, indicates that 

the contact point pressure is not directly responsible for the onset of wear. Instead, 

from figure 4-5, we can observe that the wear is a result of the two surfaces bonding 
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Figure 4-2: Rate at which atoms are becoming displaced versus gap height (negative 
heights correspond to compression of the counterface materials), when using water as 
a lubricant . DLC results are shown in blue and steel in green, and mixed surfaces in 
red. Points of interest A through G are discussed in the text. 

together and then being sheared. As shown in figure 4-3, the shear stress during 

this section of the simulation is fairly consistent around a value of 4 GPa, with a 

maximum shear stress of 5 GPa at point B. This is fairly close to the ideal shear 

strength of iron for slip along a< 1 1 0 > plane of 7.8 GPa found by Clatterbuck [72] . 

Reducing the number of atoms in the detection region, that is, restricting the atoms 

that contribute to this average value to those closest to the contact point yields a 

value of 7.0 GPa for the shear stress, suggesting that the failure mechanism is indeed 

related to the shear stress and that the slightly lower values obtained here are due 

to finite size of the averaging region. Following the onset of wear in steel both the 

wear rate and contact point pressure continue to increase until a maximum wear rate 

of 21 Atoms/ ps is reached at a pressure of 17 GPa (although the pressure does first 
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Figure 4-3: Shear stress at contact point versus gap height (negative heights corre
spond to compression of the counterface materials), when using water as a lubricant . 
DLC results are shown in blue and steel in green, and mixed surfaces in red. Points 
of interest A through G are discussed in the text. 

decrease before monotonically increasing after point G). This point of maximum wear 

coincides with the catastrophic failure of the material. 

Comparatively, the DLC counterfaces did not experience significant wear until 

much higher pressures were applied. Unlike the case of steel counterfaces, the DLC 

passivation layers were not reactive with each other even under high pressures, which 

significantly reduces the tendency to form chemical bonds. From figure 4-2, atom 

displacement starts at a contact point pressure of 66 GPa at point C, from which 

the displaced atom rate increases steadily from the threshold of 1 Atom/ ps to 18 

Atoms/ ps by the end of the simulation when the pressure exceeds 130 GPa at point 

D. However, we cannot directly characterize these displaced atoms as worn material 

in the traditional sense. This is because not all of these displaced atoms at high 
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Figure 4-4: Wear behavior of steel counterfaces when lubricated with water at point 
A. The oxygen atoms making up the lubricant are shown in red and the hydrogen 
atoms are shown in white . 

Figure 4-5: Wear behavior of steel counterfaces when lubricated with water at point 
B. The oxygen atoms making up the lubricant are shown in red and the hydrogen 
atoms are shown in white. 
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Figure 4-6: Wear behavior of DLC counterfaces when lubricated with water at point 
C. The oxygen atoms making up the lubricant are shown in red and the hydrogen 
atoms are shown in white . 

Figure 4-7: Wear behavior of DLC counterfaces when lubricated with water at point 
D. The oxygen atoms making up the lubricant are shown in red and the hydrogen 
atoms are shown in white . 
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Figure 4-8: Wear behavior of mixed counterfaces when lubricated with water at point 
E . The oxygen atoms making up the lubricant are shown in red and the hydrogen 
atoms are shown in white. 

pressures can be attributed to plastic deformation, which can be seen in figure 4-6. 

For pressures greater than ~100 GPa, the atomic structure of the DLC compresses in 

the normal direction sufficiently for significant numbers of atoms to meet the criteria 

for being displaced (having moved more than two unit cells), while the material can 

still regain its original configuration if the pressure is reduced. Significant plastic 

deformation and catastrophic wear in the DLC counterfaces does not occur until 

the pressure at the contact point reaches ~135 GPa at point D, at which point the 

extreme forces are enough to overcome the bonds between carbon atoms in the DLC, 

as shown in figure 4-7. 

Additionally, the lack of chemical bonding between the DLC counterfaces resulted 

in relatively small amounts of friction, leading to a relatively low amount of shear 

stress at the contact point; the latter ranged from 2 GPa to 6 GPa as the contact 

point pressure increased from 73 GPa to 135 GPa. This leads to an estimated COF 

value in the range of 0.03 to 0.06, which is comparable to experimental COF results 

for DLC sliding friction in humid air [64, 62]. 

When performing the same simulation with mixed counterfaces, the resulting pres

sure and wear data were very similar to those obtained when using steel counterfaces, 
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Figure 4-9: Wear behavior of mixed counterfaces when lubricated with water at point 
F. The oxygen atoms making up the lubricant are shown in red and the hydrogen 
atoms are shown in white. 

and the tip pressures are within the margin of error. In figures 4-1 and 4-2, we can 

determine that wear begins occurring at 13 GPa at point E, before the pressure lev

els off and the wear rate reaches a maximum of 7.6 Atoms/ ps at point F. The wear 

rate and pressure then drop off as the material in contact is worn away. The major 

differences between the results with mixed counterfaces compared to with steel coun

terfaces can be observed in figure 4-8 and 4-9. From these images we can see that all 

of the wear is concentrated in the upper steel surface, due to the steel surface being 

scraped away by the harder DLC counterface. Additionally, we can see from 4-3 that 

the shear rate after wear begins is noticeably smaller in the case of mixed surfaces. 

This is likely due to very few chemical bonds forming between the iron atoms in the 

upper steel counterface and the passivated DLC, even after wear begins damaging 

the passivation layer on the steel counterface. 

4.3.2 n-Eicosane 

The simulation results for two steel counterfaces, two DLC counterfaces, and one 

steel and one DLC counterface in sliding contact using n-eicosane as a lubricant are 

shown in figures 4-10, 4-11, and 4-12. These figures show that the steel counterfaces 

were better protected by n-eicosane than water. The separation distance at which 
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Figure 4-10: Contact point pressure versus gap height ( negative heights correspond to 
compression of the counterfaces) when using n-eicosane as a lubricant. DLC results 
are shown in blue, steel in green, and mixed surfaces in red. Points of interest A 
through F are discussed in the text. 

the rate of displaced atoms exceeds 1 atom per picosecond is 1.8 angstroms for steel 

counterfaces. This corresponds to an increase in pressure from 17 GPa at the baseline 

separation of 8 angstroms to 25 GPa when the wear rate first exceeds the threshold 

at point A. This means that an increase of 8 GPa was required before wear began, 

compared to the increase of 6.2 GPa when water was used as the lubricant. In the DLC 

simulation, wear began when the separation reached -2.5 angstroms. The pressure 

at the contact point rose from 38 GPa at the baseline to 68 GPa when wear began 

at point C. This is an increase of 30 GPa, which is slightly higher compared to the 

28 GPa increase that was observed when using water as the lubricant. With mixed 

counterfaces the pressure increased from a baseline of 12 GPa to 24 GPa at point E, 

which corresponds to an increase in pressure of 12 GPa before wear was able to begin. 
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Figure 4-11 : Rate at which atoms are becoming displaced versus gap height ( neg
ative heights correspond to compression of the counterface materials), when using 
n-eicosane as a lubricant . DLC results are shown in blue, steel in green, and mixed 
surfaces in red. Points of interest A t hrough F are discussed in the text . 

This is larger t han t he 7.3 GPa increase in pressure required for wear to begin when 

simulating mixed surfaces lubricated with water. For each set of surfaces, the use of 

n-eicosane provided greater wear protection from scuffing and wear by increasing t he 

amount of normal force needed to cause t he init ial onset of wear . 

While t he iron atoms in t he steel counterfaces eventually began forming bonds 

between t he two surfaces once t he pressure at t he contact point reached 25 GPa at 

point A, the shear stress at the contact point was just 3.0 GPa; using a reduced 

detection region size causes the shear stress measurement to increase only slight ly to 

4.5 GPa, making failure due to t he shear stress unlikely. Observing figure 4-13, we 

can see t he formation of bonds across t he counterfaces is a result of t he last layer 

of n-eicosane being squeezed out, bringing the passivation layers into close contact . 
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Figure 4-12: Shear stress at contact point versus gap height (negative heights cor
respond to compression of the counterface materials), when using n-eicosane as a 
lubricant. DLC results are shown in blue, steel in green, and mixed surfaces in red. 
Points of interest A through F are discussed in the text. 

However, the majority of the wear is due to the bee lattice beginning to deform 

under the high compressive load, which rises to exceed the strength of the lattice and 

result in the counterfaces quickly reaching catastrophic failure and a maximum wear 

rate of 9.8 Atoms/ps at point B (shown in figure 4-14). The maximum wear rate 

observed when lubricating with n-eicosane is roughly the same as the corresponding 

simulation with water lubrication. However, the required pressure rise to cause this 

wear increased significantly with n-eicosane as the lubricant. This points to the 

larger n-eicosane molecule distributing the load over a greater surface area compared 

to water. 

The results from the simulations using DLC counterfaces show very similar results 

to those observed when using water as the lubricant. As shown in figure 4-15 even 
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Figure 4-13: Wear behavior of steel counterfaces when lubricated with n-eicosane at 
point A. The carbon atoms making up the lubricant are shown in dark blue and the 
hydrogen atoms are shown in white. 

Figure 4-14: Wear behavior of steel counterfaces when lubricated with n-eicosane at 
point B. The carbon atoms making up the lubricant are shown in dark blue and the 
hydrogen atoms are shown in white. 
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Figure 4-15: Wear behavior of DLC counterfaces when lubricated with n-eicosane at 
point C. The carbon atoms making up the lubricant are shown in dark blue and the 
hydrogen atoms are shown in white. 

Figure 4-16: Wear behavior of DLC counterfaces when lubricated with n-eicosane at 
point D. The carbon atoms making up the lubricant are shown in dark blue and the 
hydrogen atoms are shown in white. 
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Figure 4-17: Wear behavior of mixed counterfaces when lubricated with n-eicosane 
at point C. The carbon atoms making up the lubricant are shown in dark blue and 
the hydrogen atoms are shown in white. 

when the lubricant has been squeezed out from between the counterfaces, the passi

vation layers once again prevent any chemical bonding from occurring. The number 

of displaced atoms begins to increase as the tip pressure approaches ~100 GPa and 

is primarily due to the high pressure causing elastic deformation of the counterfaces 

(as seen in figure 4-16) . This results in a displaced atom rate that increases to more 

than 7.6 Atoms/ ps by the end of the simulation (see figure 4-11). Large scale plastic 

deformation in the DLC counterfaces reached its peak when the contact point pres

sure reached 97 GPa at point D, at which point the extreme forces are enough to 

overcome the bonds between carbon atoms in the DLC. As before, the low friction 

between the counterfaces results in very low shear stress at the contact point. The 

shear stress was found to be 3 GPa and 5 GPa for contact point pressures of 68 GPa 

and 97 GPa. This corresponds to a range of COF from 0.03 to 0.07, which is similar 

to the dry sliding friction for hydrogen passivated DLC [59] . 

When performing the same simulation with mixed counterfaces, the resulting pres

sure and wear data were in between those obtained for the DLC and the steel simula

tions. We can see from figure 4-17 that the wear in this case is due to a combination 

of the softer steel surface being scraped away by the harder DLC surface and the 

high pressure of the lubricant. In figures 4-10 and 4-11, we observe that wear begins 
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Figure 4-18: Wear behavior of mixed counterfaces when lubricated with n-eicosane 
at point D. The carbon atoms making up the lubricant are shown in dark blue and 
the hydrogen atoms are shown in white. 

occurring at 24 GPa at point E, a smaller increase over the baseline than with steel. 

However, unlike with the steel, the wear rate continues to increase until it reaches a 

wear rate of 9 Atoms/ ps. Unlike what we observed with the water lubricated mixed 

surfaces, from figure 4-12 we can determine that the shear rate for steel and mixed 

surfaces are nearly identical. This is a result of the hydrogen passivation layer of 

the DLC not being able to completely prevent bonding with the iron atoms from the 

upper counterface, once the onset of wear damages the steel counterfaces passivation 

layer. This limited bonding between the surfaces can be observed in figure 4-18. 

4.3.3 9-0ctyl-Eicosane 

The simulation results for two steel counterfaces, two DLC counterfaces, and one steel 

and one DLC counterface in sliding contact using 9-octyl-eicosane as a lubricant are 

shown in figures 4-19, 4-20, and 4-21. These figures show that 9-octyl-eicosane offers 

the same or slightly better protection from the onset of wear than n-eicosane for all 

three combinations of counterfaces. The separation distance at which the rate of 

displaced atoms exceeds 1 atom per picosecond is 1.4 angstroms for steel counterfaces 

(point A). This corresponds to an increase in pressure from 11 G Pa at the 8 angstrom 

separation baseline to 21 GPa when the wear exceeds the threshold of 1 atom/ ps at 

point A. The observed pressure rise of 10 GPa is a small increase compared to the 
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Figure 4-19: Contact point pressure versus gap height (negative heights correspond 
to compression of the counterfaces) when using 9-octyl-eicosane as a lubricant. DLC 
results are shown in blue, steel in green, and mixed surfaces in red. Points of interest 
A through D are discussed in the text. 

rise in contact point pressure required for wear to begin with n-eicosane. In the DLC 

simulation, wear began when the separation reached -2.9 angstroms. This required a 

pressure rise at the contact point from 37 GPa at the baseline to 70 GPa when wear 

began at point C. This increase of 33 GPa is a small improvement in preventing wear 

over using n-eicosane or water as the lubricant . With mixed counterfaces the pressure 

increased from a baseline of 13 GPa to 25 GPa at point E. This corresponds to an 

increase in pressure of 12 GPa before the onset of wear, the same as we observed 

when using n-eicosane as the lubricant. 

With 9-octyl-eicosane as the lubricant, the iron atoms in the steel counterfaces 

eventually began forming bonds between the surfaces once the pressure at the contact 

point reached 21 GPa at point A, which can be observed in figure 4-22. This corre-
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Figure 4-20: Rate at which atoms are becoming displaced versus gap height (negative 
heights correspond to compression of the counterfaces), when using 9-octyl-eicosane 
as a lubricant . DLC results are shown in blue, steel in green, and mixed surfaces in 
red. Points of interest A through D are discussed in the text. 

sponds to the point at which the final layer of 9-octyl-eicosane molecules is squeezed 

out, bringing the counterfaces into close contact. The material begins to fail catas

trophically once the contact point pressure reaches its peak at 24 GPa, and bonding 

begins to occur between the two steel surfaces. From this point onwards the wear rate 

continues to increase until it peaks at 31 Atoms/ ps when the steel counterfaces fail 

catastrophically at point B due to the high normal load and high fluid pressure, which 

causes the distortions in the BCC lattice seen in figure 4-23. Once bonding begins to 

occur between the surfaces, we observe a fairly consistent shear stress between 2 GPa 

and 3 GPa. 

The DLC counterfaces show very similar wear behavior to that observed when 

using the other two model lubricants. From figure 4-24, we can observe that even once 
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Figure 4-21: Shear stress at contact point versus gap height (negative heights corre
spond to compression of the counterface materials) , when using 9-octyl-eicosane as a 
lubricant. DLC results are shown in blue, steel in green, and mixed surfaces in red. 
Points of interest A through F are discussed in the text. 

the lubricant has been squeezed out from between the surfaces, the passivation layers 

once again prevent any chemical bonding from occurring. The number of displaced 

atoms begins to increase for pressures above 70 GPa (point C), again primarily due 

to elastic deformation of the counterfaces at these high pressures. This results in 

a displaced atom rate that steadily increases to 15 Atoms/ps at point D. This also 

corresponded to reaching an interface pressure of 104 GPa, at which point the applied 

forces were enough to overcome the bonds between the carbon atoms (seen figure 4-

25). As before, the low friction between the counterfaces results in very low shear 

stress at the contact point, relative to the amount of normal stress being applied. 

The shear stress was found to be 3 GPa and 9 GPa for interface pressures of 70 GPa 

and 104 GPa. This corresponds to a range of COF from 0.04 to 0.09, which is in the 
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Figure 4-22: Wear behavior of steel counterfaces when lubricated with 9-octyl
eicosane at point A. The carbon atoms making up the lubricant are shown in dark 
blue and the hydrogen atoms are shown in white. 

Figure 4-23: Wear behavior of steel counterfaces when lubricated with 9-octyl
eicosane at point B. The carbon atoms making up the lubricant are shown in dark 
blue and the hydrogen atoms are shown in white. 
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Figure 4-24: Wear behavior of mixed counterfaces when lubricated with 9-octyl
eicosane at point C. The carbon atoms making up the lubricant are shown in dark 
blue and the hydrogen atoms are shown in white. 

Figure 4-25: Wear behavior of mixed counterfaces when lubricated with 9-octyl
eicosane at point D. The carbon atoms making up the lubricant are shown in dark 
blue and the hydrogen atoms are shown in white. 
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Figure 4-26: Wear behavior of mixed counterfaces when lubricated with 9-octyl
eicosane at point C. The carbon atoms making up the lubricant are shown in dark 
blue and the hydrogen atoms are shown in white. 

range we would expect for the dry sliding COF for DLC with a hydrogen passivation 

layer [59]. 

When simulating mixed counterfaces lubricated with 9-octyl-eicosane, we once 

again observe very similar results to the simulations using n-eicosane as the lubricant. 

Figure 4-26 indicates that the wear in this case is due to a combination of the softer 

steel surface being scraped away by the harder DLC surface and the high pressure 

of the lubricant. As before, the resulting pressure and wear data were in between 

those obtained for the DLC and the steel simulations. In figures 4-19 and 4-11, the 

measurements indicate that wear begins occurring at 25 GPa at point E, at which 

point the pressure stops increasing as separation continues to decrease. After the 

onset of wear, the wear rate steadily increase until it reaches a peak of 7.5 Atoms/ ps. 

Similar to the previous section, we can determine from figure 4-21 that the amount 

of shear in the steel and mixed cases are very similar, with the shear in the mixed 

counterfaces being slightly smaller. As before, this is likely a result of the hydrogen 

passivation layer of the DLC not being able to completely prevent bonding with the 

iron atoms from the upper counterface after the onset of wear, as seen in figure 4-27. 
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Figure 4-27: Wear behavior of mixed counterfaces when lubricated with 9-octyl
eicosane at point D. The carbon atoms making up the lubricant are shown in dark 
blue and the hydrogen atoms are shown in white. 

4.4 Discussion 

From these computational experiments, steel surfaces experienced large amounts of 

friction and wear due to several reasons. First , the passivation layers that formed on 

the steel countersurfaces were able to chemically react with each other. This bonding 

resulted in high friction forces which contributed to high shear stresses at the contact 

point. In the case of water as a lubricant, the counterfaces failed due to this shear 

stress. The friction and wear performance of steel was greatly improved by using 

more realistic lubricants like n-eicosane and 9-octyl-eicosane. These lubricants did 

not react with the steel passivation layers and increased the pressure needed to bring 

the surfaces close enough to begin bonding. We also saw that as the size of the 

molecular weight of the lubricant molecule increased, wear, measured via the rate of 

displaced atoms, decreased significantly. 

In contrast, DLC has a number of properties that conspire to produce significantly 

more favorable behavior, namely, considerably lower wear and low friction. The first 

component that contributes to these properties is the passivation layer that forms 

when the DLC is exposed to the environment . This layer protects the DLC from any 

further chemical reactions with the environment. Additionally, unlike the passivation 

layers that form on steel counterfaces, due to the very strong bonds between carbon 

and the passivation elements ( 0 or H), the DLC passivation layers prevent the surface 
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from creating chemical bonds to the counterface. In other words, the energy barrier for 

damaging the passivation layer is high. The passivation layer could only be damaged 

if it came into contact with carbon atoms with dangling bonds, i.e., an unpassivated 

DLC surface. However, due to the high reactivity of unpassivated DLC, this is unlikely 

outside of a vacuum. 

Another contributor to the DLC performance is its high material strength. The 

large number of strong sp3 bonds, especially in ta-C, makes it very difficult for the 

carbon atoms to detach from the structure. This protects high sp3 DLC from damage 

by the very high contact point pressure. In simulations with lower sp3 a-C, high 

pressures have been shown to lead to conversion of sp2 bonds to sp3 bonds [31]. 

Additionally DLC's amorphous structure means that the strength of the material is 

not effected by the plane on which stress is applied. 

When simulating the combination of a steel and a DLC surface, we generally saw 

contact point pressure and wear rate results that were close to what we would expect 

for two steel surfaces. However, the results obtained for the shear stress were not as 

clear cut. When lubricated with a hydrocarbon based lubricant the shear stress was 

nearly identical to that of two steel surfaces, but the shear stress was noticeably lower 

when using water as a lubricant. This was because the passivation layer that forms 

on DLC when exposed to water was able to prevent iron atoms from bonding to the 

DLC surface even after the model iron asperity had begun experiencing wear. The 

passivation layer preventing bonding from occurring is likely a major contributing 

factor to DLC's resistance to scuffing wear. 

While adding lubricants to softer counterfaces, like the model steel counterfaces, 

can result in reduced wear at a given pressure, the protective effects of using a lubri

cant with DLC are not as readily apparent. However, in theory they could provide 

some benefits, like providing a way to affect the composition of the passivation layer 

and reducing the peak pressures encountered at the contact point due to their larger 

size. 

We observe that water, n-eicosane, and 9-octyl-eicosane affect the friction and wear 

experienced by the counterfaces in two different ways. First, each of these lubricants 
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has different fluid properties ( e.g. viscosity), which play a dominant role in friction 

before the surfaces come into contact. Here, due to the very small thickness of the fluid 

layer, the adhesion between a molecules of a given lubricant type and a particular type 

of surface is also important, as this controls how much pressure is needed to squeeze 

out the fluid molecules and bring the surfaces into contact [66]. Larger lubricant 

molecules also tend to distribute the load over larger areas, thus reducing peak loads. 

Second, hydrocarbons like n-eicosane and 9-octyl-eicosane provide only a source of 

hydrogen for creating a passivation layer, while water provides a source of hydrogen 

and oxygen. This results in the formation of different types passivation layers, which 

play a significant role in the friction and wear between the surfaces after they make 

contact. While both of these types of environment result in a very stable passivation 

layer for the DLC counterfaces, the passivation layer created on the steel surface 

was not as effective at preventing bonding, particularly when comprised of hydrogen 

(resulting from exposure to hydrocarbons). Instead, when using steel counterfaces, 

the hydrocarbon lubricants were able to reduce wear significantly entirely through 

their fluid properties. 
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Chapter 5 

Couette Flow 

5 .1 Introduction 

In this chapter, we use MD simulations to study in more detail the transition from 

lubricated to dry friction . The manner in which this transition takes place is of 

great fundamental importance and many open questions still remain. In particular, 

although the two limiting processes, namely nanoconfined flow or solid-solid friction , 

have received enormous attention individually, the transition from the former , a rate 

dependent process, to the latter, a rate-independent process, has yet to be fully 

understood. 

In the interest of simplicity, the discussion below refers to the simplest geometry, 

namely, planar shear of two atomically flat solid surfaces. The MD simulations for 

this work will also be performed in this geometry. 

Recent work on this topic has proposed [7 4] that this transition takes place across 

three distinct regimes of behavior. For sufficiently large surface separations, friction 

(resistance to motion of the solid surfaces) is purely hydrodynamic; in the geometry 

considered here this corresponds to traditional Couette flow. As the surface separation 

becomes smaller, the layer of lubricant becomes too thin to act as a bulk fluid; this 

new regime, in which the effect of the fluid-solid interfaces becomes important is 

referred to as interfacial. Finally, as the surface separation becomes so small that no 

lubricant exists in liquid form between the solid surfaces, the surfaces slide past each 
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other via slip; for this reason, this regime is referred to as the slip regime. 

The authors of [7 4] constructed the following model for describing the frictional 

force required to sustain the shearing action: 

1 AU0 1 1 1 
-=-=-+ +-
/ Ff /slip linter facial /bulk 

(5.1) 

In the above, A is the solid surface area, U0 is the velocity of the moving counterface, 

and Ff is the friction force acting on each counterface. 

This relation effectively assumes that the three mechanisms may be combined as 

a network of resistances in parallel. Although the rationale for this composition is not 

provided in [7 4], it is understood that this arrangement leads to the correct behavior 

in the limiting case where each mechanism is primarily active in a well-defined regime. 

Expression 5.1 was found to be in very good agreement with in-house MD simu

lation results for a system comprised of water and two polar decanol CH3 (CH2 ) 9OH 

bilayers [74]. These molecules were modeled using the SPC/ E force field , which rep

resents groups of atoms using Van der Waals interaction cites and electrostatic point 

charges. These Couette flow simulations were performed at a pressure of 1 MPa and 

a temperature of 300K. The counterfaces in these computational experiments were 

translated in the x direction a constant velocity which was varied between 10 x 10-4 

m/ s to 0.5 m/ s for dry friction and between 0.05 m/ s and 5 m/ s for lubricated fric

tion. The constant velocities used were increased with increasing fluid heights, which 

allowed the authors to optimize their simulations to reduce the computational cost . 

However, this also required taking great care when setting up each individual simu

lation to select velocities within the linear friction regime. 

Here we note that in this validation by Schlaich et al [7 4], each of the terms ,slip, 

iinterfacial , ibulk was expressed in an ad-hoc form that included adjustable constants 

with channel-height dependence. In addition to providing ample flexibility for fit

ting the MD results, that functional form also ensured that each mechanism became 

quickly negligible beyond the range of channel heights in which it was "active". In 

addition to the ad hoc functional dependence of the three terms on the channel height, 
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overall eight fitting parameters were used. 

In this work, we would like to use the insights gained from the MD simulations of 

Schlaich et al., as well as our simulations to propose a much simpler, rational model 

that can explain our results using fewer fitted parameters. Although we believe that 

there is much valuable insight in the "decomposition" used in [74], here we find that 

a much simpler model with a much smaller number of adjustable constants describes 

our MD simulation results quite well. The difference may perhaps be due to the 

different fluid-solid system considered here, which leads to slightly different behavior. 

More research is needed to clarify these questions. 

5.2 Methods 

5.2.1 Simulation Setup 

Our setup follows the general setup described for flat counterfaces in section 2.3.4. 

We now discuss elements of this setup that are specific to the present simulations. 

We performed MD simulations of two flat DLC or steel counterfaces in relative 

motion, separated by a model lubricant. The height of the lubricant was controlled 

by changing the number of lubricant molecules between the two surfaces. A constant 

normal force was applied in the vertical direction on the lower counterface to set 

an external pressure of 500 MPa. The lower counterface was also translated at a 

constant velocity in the horizontal direction (25 m/ s) while the upper counterface was 

held stationary. The temperature control layer was set to maintain a temperature of 

350K. The resulting friction force was measured from the control surface of the fixed 

(upper) counterface. 

In order to control the amount of fluid separation in each of the simulations, the 

simulations are initialized with a different number of lubricant molecules trapped be

tween the two counterfaces. During the initialization these loosely placed molecules 

are compressed down from a vapor and excess kinetic energy is periodically removed 

to allow the lubricant molecules to condense into a fluid . Additionally, the coordinates 
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of the lubricant molecules are tracked throughout the simulation in order to gener

ate velocity profiles and density profiles of the lubricant in order to study lubricant 

interaction with the passivated surfaces. 

5.2.2 Model Lubricants 

The results for this chapter are split into two parts. In the first part, section 5.3.1, 

we will be looking at DLC and steel counterfaces separated by water. The small 

molecular size and relatively low viscosity of water makes it easier to observe all the 

nanoconfined flow regimes, as well as compare these results to those obtained in the 

literature. In order to simulate water as accurately as possible in these simulations, 

we will be making use of the Aqueous ReaxFF potential. 

In the second part , section 5.3.2, we study the wall shear / friction results of hydro

gen passivated DLC surfaces separated by a range of alkanes (n-decane, n-eicosane, 

and 9-octyl-eicosane) and its dependence on the size of the lubricant molecule. Due 

to the incompatibility between the Aqueous ReaxFF with hydrocarbons, for the Cou

ette flow simulations lubricated with alkanes, we will be relying on the combustion 

branch ReaxFF model used in the previous chapters. 

5.3 Results 

In this section we discuss our results. 

5.3.1 Water 

The friction results for the MD simulations of water for DLC and steel counterfaces are 

shown in figure 5-1. Simulations were run with fluid heights up to approximately 50 

angstroms, before the computational cost of obtaining additional data points became 

too large to continue with our current computational resources. However, our current 

resources are sufficient to observe the beginning of the transition from interfacial 

flow to bulk-like flow and thus we were able to observe all three regimes. From the 
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Figure 5-1: Inverse of friction force versus fluid height when using water as a lubricant. 
The results for DLC surfaces are shown in blue and the results for steel surfaces are 
shown in red. 

figure we can observe that the DLC counterfaces are associated with a lower friction 

force at every fluid height simulated compared to the steel counterfaces. However, 

it is also important to note that, as expected, the difference in the friction forces 

diminishes as the fluid height increases and bulk-like flow becomes the dominant 

source of friction . Additionally, we can observe that the transition from sliding friction 

to interfacial friction occurs at approximately 5 angstroms with DLC counterfaces, but 

this transition is delayed noticeably when steel counterfaces are used. Conversely, we 

do not observe as significant a difference between the two surface types when looking 

at the transition to bulk-like flow, which begins at around 50 angstroms. 
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Figure 5-2: Selection of velocity profiles for water between two DLC surfaces . Top) 
12 angstroms of fluid height . Middle) 32 angst roms of fluid height . Bottom) 56 
angstroms of fluid height. The solid lines indicate the height of each passivated 
surface, and t he dotted lines indicate the x velocity of each counterface. 
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Velocity and Density Profiles 

In order to obtain a better understanding of the source of the differences between the 

DLC and steel simulations, we study the velocity profiles within the water, as shown 

in figures 5-2 and 5-3. Figure 5-2 shows three velocity profiles for three increas

ing heights of water (1200 water molecues/ 12 Angtsoms, 3600 water molecues/ 32 

angstroms, and 5800 water molecules/ 56 angstroms) separating DLC counterfaces. 

From this data we can observe that the water molecules near each passivation layer 

are moving at the same velocity as the counterface they are adjacent to, even for 

relatively small fluid heights. This indicates that there is a strong adhesion between 

the water molecules and the passivation layer that forms on DLC when it is passi

vated in water. Additionally, we can also determine that there is some thickness of 

lubricant near each interface that is relatively immobile with respect to the nearby 

solid. From the figure we can observe that the thickness of this interfacial layer that is 

influenced by the proximity to the passivated surface appears to grow with increasing 

fluid height. 

The resulting velocity profiles for 1200 water molecules (12 angstroms) , 3600 water 

molecules (27 angstroms), and 6000 water molecules (49 angstroms) when paired 

with steel counterfaces are shown in figure 5-3. We similarly observe that there is an 

extended interfacial layer that keeps water atoms near each surface at approximately 

the same velocity as the wall. However, unlike the DLC case, this interfacial layer 

is much thicker and is a result of the formation of iron-oxyhydroxide at the interface 

between the steel counterfaces and the water. This disperses iron atoms into the 

water and results in a much more gradual transition from solid to liquid. As with the 

DLC simulations, this interfacial layer appears to grow with the total fluid height at 

least up until bulk-like flow begins to take over at fluid heights over 56 angstroms. 

Additional insight is obtained by looking at the density profiles of the water lubri

cating layers as a function of the distance between the counterfaces. Density profiles 

for DLC and steel counterfaces separated by 3600 water molecules are shown in figures 

5-4 and 5-5, respectively. From these two figures we can get an even clearer picture of 
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Figure 5-4: Density profile results for water 350K water at 500 MPa between two 
DLC surfaces. 

the structure of these interfacial layers. For DLC surfaces we observe that as the dis

tance from the surface increases, the density of the water remains significantly lower 

than expected up until approximately 10 angstroms from each of the counterfaces. 

However, in the case of steel counterfaces, the data indicates that the bulk density 

of the fluid is not reached until 20 angstroms from either of the steel counterfaces. 

The stepped transition in the density of water molecules observed in figure 5-5 is due 

to the formation of iron-oxyhydroxide at the surface, which allows iron atoms to mix 

into the lubricating layer near the interface. 

It is also important to note that even far from these interfacial layers, the bulk 

density of water is found to be 992 kg/ m3 for DLC counterfaces and 999 kg/ m3 

for steel counterfaces, due to the molecular potential model being used. This is 

about 10% less than the expected bulk density of water under these conditions (1120 
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Figure 5-5: Density profile results for water 350K water at 500 MPa between two 
steel surfaces. 

kg/ m3 ), but is expected to have a significant impact on the water viscosity, due to the 

strong relation between the density of fluids and their viscosity [76]. Similarly, the 

atomic scale non-uniformity of the density observed in the results may also impact 

the viscosity of the water in the simulations. 

5.3.2 Alkanes 

Additional simulations were run using hydrogen passivated DLC counterfaces with a 

selection of hydrocarbon lubricants (n-Decane, n-Eicosane, 9-0ctyl-Eicosane). The 

friction force was measured for lubricant layers of various heights and the results are 

shown in figure 5-6. As with the Couette flow simulations lubricated with water, the 

computational cost of running ever larger simulations prevented us from being able to 

simulate lubricant layers larger than 100 to 200 angstroms in height. Unfortunately, 
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Figure 5-6: Inverse of friction force versus fluid height for hydrogen passivated 
DLC counterfaces lubricated with n-Decane (Black) , n-Eicosane (Magenta) , 9-0ctyl
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in the alkane case, the transition to interfacial flow occurs at larger channel heights, 

which occurs due to two related reasons. The first and most obvious is that physically 

the molecules in the interfacial layer are just significantly larger. The second is that 

larger molecules generally have higher viscosities [77, 78] ; as shown in section 5.3.3 

higher viscosities will cause the transition to interfacial flow to occur at larger gap 

heights As a result , we were unable to simulate all of the expected flow regimes; as 

figure 5-6 shows, we were able to measure the slip friction and the beginning of the 

transition to the interfacial regime. 

From the data in figure 5-6, we can determine that 9-octyl-eicosane generally 

had the highest friction , followed by n-eicosane, and then n-decane. In other words, 

the larger the molecule size the higher the resulting friction force . However, this is 
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not just a result of the higher viscosity increasing the amount of shear stress in the 

system. Given that the Couette flow data is primarily in the slip regime and the start 

of the interfacial regime, the increase in size of the interfacial layer is more likely to 

have a significant effect on the friction force than the viscosity itself. In other words, 

delaying the onset of interfacial flow results in an extended slip friction regime and 

will increase the friction force for a given channel height. 

5.3.3 A rational model for the friction 

In this section we propose an expression for describing wall shear in our nanoconfined 

Couette flow simulations. The proposed expression is a modified form of relation 

5.1 proposed by [7 4]. The modifications are in part due to our preference for a 

model which is simpler and does not use many adjustable (fitting) constants, but also 

because the physics of the system used in this work appears to be slightly different 

than those investigated in [7 4]. This expression superposes a slip term with a bulk 

Couette term that has a reduced channel width due to the interfacial layers observed 

in the preceding simulations. As the width of these interfacial layers was found to be 

dependent on the gap height (see figures 5-2 and 5-3), the amount by which the gap 

width is reduced is dependent on the gap width itself. Mathematically, the above can 

be written in the following form 

1 
-i;-- = C1 + C2 (L - 2H(L)) 
I'wall 

(5.2) 

where 

(5.3) 

and 

(5.4) 

Here, C1 represents the inverse of the slip friction term, while C2 is the standard 

bulk Couette flow coefficient that incorporates the surface area (A), the viscosity of 

the lubricant (µ) and the translational velocity of the moving counterface (U0 ). The 
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height of the interface layer H(L), which is a function of the separation between the 

two counterfaces L, is described by the form 

( 
1 1 )-l/3 

H(L) = (L/2)3 + H~ (5.5) 

which was shown in the work of Schlaich et al. to capture this phenomenon quite 

well. Here H00 is the maximum thickness of the interfacial layer, which would occur 

during bulk Couette flow. In other words, the model has three unknown parameters 

(C1 , C2 , and H00 ) that can be determined by fitting simulation results. 

Applying this model to the results from section 5.3.1, results in good agreement 

as shown in figure 5-7. This fitting process provides more than numerical values for 

the unknown coefficients. It also provides insight into the manner in which DLC 

and steel counterfaces interact with water and how that affects the behavior of the 

lubricant. When fitting the data generated using DLC counterfaces, H00 was found 

to be approximately 5.3 angstroms. This agrees with the previous estimates of the 

maximum thickness of the interfacial layer based on the velocity and density profiles in 

section 5.3.1, and indicates that water lubricated DLC surfaces results in a relatively 

thin interfacial layer. Additionally, we can use the value of C2 to estimate the viscosity 

of water; the fit shown in the figure results in the value 0.33 mPa s. 

Fitting the simulation data for steel counterfaces lubricated with water, we obtain 

a much larger H00 of 19 angstroms. This is consistent and in fact in good agreement 

with the visual observations of the size of the interfacial layers observed from the 

velocity and density profiles. This larger passivation layer is a result of the formation 

of iron-oxyhidroxide on the steel surface, which results in a much more gradual tran

sition from solid to liquid. Using this simplified model, we can estimate the viscosity 

of the water to be 0.38 mPA s. 

The viscosity estimates we obtained are significantly smaller than the expected 

viscosity of water at 500 MPa and 350K. However, as we noted in section 5.3.1, 

the bulk density of water was significantly lower. If we compare our estimates to 

the viscosity of water at 350K and a density of 1000 kg/ m3 , namely 0.39 mPa s 
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Figure 5-7: Inverse of friction force versus fluid height when using water as a lubricant . 
DLC results are shown in blue and steel surfaces in red. Solid lines are the result of 
fitting the model proposed here ( eq. (5.2)) to the data for each surface. 

[75], the agreement is much better. The deviation in these results is possibly due to 

the limited amount of simulations with large fluid heights and/ or the atomic scale 

variations in the density and viscosity of fluids , as well as modeling error originating 

in the interaction potential. 

Unfortunately, due to the high computational cost of running ever larger simu

lations using hydrocarbon lubricants, we were unable to simulate the interfacial or 

bulk-like regimes of nanoconfined flow for these cases. As a result , there is insufficient 

data for fitting the new model to the simulations discussed in section 5.3.2. However , 

combining the available simulation results for n-decane with the experimentally de

termined viscosity of the lubricant from the literature [79], we can use the model to 

estimate the value of H00 for these lubricants. 
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We start by evaluating equation 5.2 for H = H00 : 

1 1 0.0385H00 -=--+----
F* Fslip AµUo 

(5.6) 

Using the experimental viscosity of n-eicosane and the values for F stip, A and U0 

from the MD simulations, we can estimate H 00 by reading 1/ F* from the simulation 

data. Using our simulation results, we estimate H00 for DLC surfaces lubricated with 

n-eicosane to be approximately 45 angstroms. This indicates that simulations with 

a channel height of several hundred angstroms would be necessary to model all three 

regimes in this case. 

Additionally, we can rewrite equation 5.6 in the form 

H 00 = (26.0AµUo) (}* - Fl_ ) 
slip 

(5.7) 

which demonstrates that H00 increases proportionally with the viscosity, as previously 

mentioned in section 5.3.2. This also implies that the necessary simulation sizes 

would increase in proportion with the viscosity. Note that this proportionality to 

the viscosity assumes that the molecules are otherwise sufficiently similar and have 

effectively identical interactions with the counterfaces. 

5.4 Discussion 

In this chapter we have used MD simulations of Couette flow to study the interactions 

between thin films of various lubricants and passivated DLC or steel counterfaces. 

These interactions between the passivated surfaces and the molecules of lubricant 

become increasingly important as fluid film thickness decreases. Previous work [74] 

has suggested that three distinct regimes can be identified as the thickness of the 

lubricating layer decreases, namely bulk-like flow, interfacial flow and slip friction. 

In these computational experiments we were able to observe the transitions be

tween these different flow regimes for both DLC and steel counterfaces when using 

water as the lubricating layer. Unfortunately, the hydrocarbon lubricants tested were 
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too large and viscous to reach interfacial or bulk-like flow before the computational 

costs of running larger simulations became infeasible. We then used viscosity and 

density profiles of the lubricating layer to gain insight into the underlying mechanics 

of the origins of these flow regimes. The primary feature of these profiles was the 

existence of an interfacial layer of fluid in close proximity to each surface that had a 

density lower than the bulk density of the fluid and was also relatively immobile with 

respect to the nearest solid. These interfacial layers were found in the simulations 

using both DLC and steel counterfaces; however, some key differences exist. In the 

case of DLC surfaces the passivation layer is thin and the transition to the water 

was sharp; at the same time, the passivated surface is very hydrophilic and strongly 

attracts water molecules. In contrast, the much thicker passivation layer that formed 

in the case of steel counterfaces was a result of the formation of iron-oxyhydroxide on 

the steel surface, which resulted in a much less sharp transition from solid to liquid. 

Using this information we developed a model for the friction in nanoscale Couette 

flow that captures the transition between the three regimes mentioned above. By 

fitting this model to the data collected from the simulations in section 5.3.1, we were 

able to find that the layer of water molecules adhering to the surface have a maximum 

thickness of 5 angstroms with the DLC surfaces and a maximum thickness of 19 

angstroms with the steel surfaces. Additionally, the proposed model allowed us to 

estimate the viscosity of the water to be approximately between 0.33 and 0.38 mPa s. 

These viscosity measurements are close to the true viscosity of water at a temperature 

of 350K and density of 1000 kg/ m3 . 

Additional simulations were run using hydrogen passivated DLC counterfaces with 

n-Decane, n-Eicosane, and 9-Octyl-Eicosane as the model lubricants. The measured 

friction force at every fluid height generally increased with the molecule size of the 

lubricant being used, which is also correlated with the viscosity of each lubricant . 

This results in a larger H 00 , which means that a larger fluid height is necessary for 

the system to transition to interfacial and bulk-like flow regimes, which are associated 

with significantly reduced friction. 
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Chapter 6 

Conclusion 

6.1 Summary and conclusions 

In this thesis we have used MD simulations with a reactive force field for the pur

pose of investigating the tribological properties of DLC under dry, lubricated and 

mixed lubrication conditions. We have shown that the tribological properties of DLC 

in dry sliding friction are heavily dependent on both the structure of the DLC as 

well the passivation layer that forms under different environmental conditions. We 

investigated the role the passivation layer on the DLC counterface allows it the lat

ter to resist scuffing and wear by preventing bonding as the thin film of lubricant is 

squeezed out at the point of contact. Additionally, we developed a simplified model 

for describing the frictional force in nanoconfined Couette flow, and using that model 

investigated how the surface chemistry of DLC and its passivation layer impact the 

fluid dynamic properties of thin layers of model lubricants. 

In Chapter 3, we describe MD simulation results of dry sliding friction between 

pairs of DLC, steel, and mixed surface counterfaces. From these simulations we were 

able to determine that the passivation layer on the surface of the counterfaces is very 

important for determining the tribological properties of the material. This layer is 

particularly strong and durable in DLC, and acts to prevent passivated surfaces from 

chemically bonding/welding to the opposing counterface. Additionally, the passiva

tion layer can have a dramatic impact on the strength of adhesion forces between 
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the two surfaces. The passivation layer is crucial for limiting adhesion between the 

two counterfaces as well as preventing the surfaces from chemically bonding together. 

However, in addition to being affected by the chemical makeup of the passivation 

layer, the tribological properties of DLC can also be impacted by the bulk sp3 per

centage of the DLC. In addition to changing the hardness and strength of the bulk 

material, modifying the sp3 percentage can significantly change the properties of the 

passivation layer that forms on the surface of the DLC. 

In Chapter 4, we used MD simulations for investigating, at the atomistic level, 

friction and wear between like surface pairs of DLC and steel counterfaces in lu

bricated contact. We considered water, n-eicosane, and 9-octyl-eicosane lubricants, 

while paying particular attention to the passivation layer they induce on the sliding 

solid surfaces. These simulations provide molecular insight into the key differences 

in behavior between the two materials as the lubricant is squeezed out at the point 

of contact. Specifically, steel surfaces were found to be very susceptible to bonding, 

which causes high friction , wear and ultimately material failure; the latter can be 

either due to high stress or wear, depending on the lubricant. In contrast, DLC forms 

a very strong and chemically inert passivation layer, which, when combined with the 

DLC high strength, make it an effective coating for reducing friction and wear. 

In Chapter 5, we used MD simulations of Couette flow to study the interactions 

between thin films of various lubricants and passivated DLC or steel counterfaces. 

These interactions between the passivated surfaces and the molecules of lubricant 

become increasingly important as fluid film thickness decreases, which results in the 

three different regimes of nanoconfined flow that depend on the thickness of the lu

bricating layer. As the thickness of the layer decreases, the type of friction transitions 

from bulk-like flow, to interfacial flow, and then finally to slip friction. By studying 

the behavior of the lubricant molecules in these simulations, we were able to observe 

an interfacial layer that was relatively immobile with respect to the nearest solid. 

Using this information we developed a simplified model for the fiction in nanoscale 

Couette flow. Using this proposed model with these simulation results, we were able 

to estimate both the bulk viscosity of a lubricant and the maximum thickness of the 
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interfacial layer that would form for a given combination of lubricant and counterface. 

Overall, we can attribute the majority of DLC's excellent tribological properties to 

the passivation layers that form when it is exposed to water or hydrocarbon molecules. 

DLC's passivation layers are very effective at preventing adhesion and bonding be

tween surfaces in close contact , while also being highly durable. In fact, they are 

so effective, that DLC was found to behave nearly identically in mixed lubrication 

and wear regardless of which lubricant was used. Additionally, the compact nature of 

DLC's passivation layers results in a relatively small interfacial layer, which allows for 

lubricated DLC surfaces to approach bulk-like flow, yielding smaller friction forces, 

even at very small counterface separations. 

6.2 Outlook and Suggestions for future Work 

The work in this thesis was targeted at developing models and techniques for investi

gating the tribological properties of a system composed of a fairly common tetrahedral 

amorphous DLC surface and a selection of easy to simulate model lubricants. Fully 

understanding the tribological properties of DLC and its interactions with lubricants 

will require a study expanding to the full range of DLC variants, including those with 

low sp3 percentages, as well as those doped with light elements (B, Si, N, 0, F) , or 

alloyed with different metals (Ti, W, Cu, Cr) , in order to modify their tribological 

properties [80]. 

Similarly, a lot could be learned from observing the interaction between DLC and 

lubricants in additional detail. In particular, modeling the strength of the adhesion 

and wettability between various real-world lubricants and DLC surfaces could pro

vide additional information about the strength of the wear protection provided by 

various lubricants and how much fluid is required for bulk like flow to develop. In 

addition, real world lubricants are frequently combined with friction and wear modi

fying additives. There is little known about how these oil additives interact with DLC 

surfaces or how combining DLC and these additives might affect both the lubricated 

and unlubricated friction between counterfaces. 
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In the present thesis we did not investigate the effects of temperature. Introducing 

temperature as variable may modify some of our results and will be valuable in 

understanding how the high temperatures seen in engines affect the longevity and 

durability of DLC coatings. In particular this would involve looking at the effect of 

temperature on the DLC wear rate, what the maximum safe temperature for DLC 

coatings is depending on the desired properties, and whether various lubricants would 

moderate the effects of high temperature on DLC. 

Another interesting area of study would be the formation of DLC passivation layers 

and which passivation layer properties result in improved tribological performance. 

This would involve studying how different lubricants or environmental conditions 

impact the formation of the passivation layer and if it is possible to develop a partic

ularly advantageous passivation layer that could significantly reduce the coefficient of 

friction or wear rate. 
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