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ABSTRACT 

 

 

The friction and wear properties of bilayer graphene on silicon substrate with diamond 

atomic force microscope tip were investigated using molecular dynamic simulation with 

three independent variables of tip velocity, temperature, and normal load. Based on isolated 

experimental results, it is determined that graphene friction is velocity, temperature, and 

normal load dependent. Velocity and normal load increase lead to positive friction 

correlations while temperature increase leads to negative friction correlations, thus leaving 

the mechanism to be determined. Combined studies reveal similar results, with each 

variable maintaining its isolated effect in chorus with the other utilized. Upon obtaining 

the contact area from these experiments it is evident that velocity and temperature change 

do not hold direct bearing on the contact area, rather that it is the normal load and size of 

the sliding surfaces that can fluctuate both contact area and friction in tandem. Hence, the 

mechanism with respect to velocity and temperature dependence of graphene friction is 

determined to be variation in interatomic potentials associated with interatomic 

interactions. Varying the contact area can increase or decrease the quantity of atoms in 

contact, therefore also having an impact on graphene friction. 
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1 – Introduction and Background  

 

 

1.1 – Graphene Overview  

 

Graphene, or single atom thick layers of 𝑠𝑝2-hybridized carbon atoms arranged in a 

hexagonal lattice, has been shown to have a variety of advantageous properties. These include high 

thermal conductivity as well as advantageous mechanical and electrical applications [1]. 

Graphene’s prospect as a lubricant is also something that has been studied, and its friction as well 

as wear properties have been tested in various environments [2]. Graphene, along with many other 

2-dimensional materials, has been the subject of research since 2004 [1], and now has thousands 

of related publications with countless application areas.  

Shown in Table 1, graphene has excellent bulk material properties, including a Young’s 

modulus roughly ten times as large as steel, tensile strength 100 times that of tungsten, and around 

1000 times that of steel. Graphene also presents with a remarkably low density, making it an 

extremely light weight material, lighter than aluminum which is around 2.7 𝑔/𝑐𝑚3 [3]. This set 

of properties makes graphene ideal for use as a lubricant or coating, an application in which it is 

exposed to high stresses, extreme temperatures, and often great variation in surface velocity.  

 

Property Value Unit 

Young’s Modulus 1 𝑇𝑃𝑎 

Tensile Strength 130 𝐺𝑃𝑎 

Density ~1.6 – 2.1 𝑔/𝑐𝑚3 

Surface Area 2,629 𝑚2/𝑔 

Thermal Conductivity ~5,000 𝑊/𝑚𝐾 

 

Table 1 – Property list for graphene [4]. 
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1.2 – Molecular Dynamic Simulation 

 

Molecular dynamic simulation or MD simulation is a method of computer simulation in 

which the movements of atoms and molecules are analyzed. MD simulation uses simple 

kinematics to break down a complex system of atoms into point masses, allowing for their behavior 

over time to be easily modeled. The behavior of the atoms in the simulation can be used to 

understand certain quantitative and qualitative characteristics of the system at hand such as internal 

energy, intermolecular forces, crystalline structure, and much more. MD simulations are often 

complex in nature and require high levels of computing power to execute simulations in a timely 

fashion, making it essential to use some kind of high-level computing cluster.  

MD simulation programs use different potential models to dictate intermolecular 

interactions. This study utilizes a few different potential models to dictate system behavior. Among 

these are Lennard-Jones potential model, and adaptive intermolecular reactive bond order 

(AIREBO) potential. The Lennard-Jones potential model expresses that atoms generally 

experience weak van der Waals attraction and have either positive potential or no potential energy 

from the atomic radius to infinity, and strong repulsion with negative potential energy at distances 

less than the atomic radius due to the overlapping of electron clouds [5]. The main importance of 

LJ potential is that it is a great model of pairwise intermolecular potentials at distances greater than 

a given atomic radius but begins to behave erratically upon two atoms entering each other’s radii. 

This brings about the need for different variations of LJ potential models. Among these are LJ 

potential with a set cutoff point, or “LJ/Cut”, and LJ potential models suitable with long range 

corrections typically used for modeling simulations with water [5],[6]. The AIREBO potential 

model differs from the LJ potential model primarily because it is a many-bodied potential used to 

model interactions between many different atoms both bonded and un-bonded in a system, making 

it capable of modeling both intermolecular and intramolecular interactions in a system [7],[8]. 

AIREBO excels primarily at modeling covalently bonded atomic systems in the context of MD 

simulation and is hence utilized to covalently bond the required groups in the input simulation file. 

AIREBO potential is thus primarily utilized for the study of hydrocarbons and related 

hydrocarbon-based systems, of which is the primary element of focus in this study.  

The MD simulation used for this study uses all three of these potentials in tandem with one 

another to model interactions between different parts of the system. These specific use cases and 
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interactions will be discussed in the methods section of this thesis. The use of MD simulation in 

this context allows for a multitude of tests to be run simultaneously on a large computing cluster. 

This gives the ability to test experimental parameters for later use in physical experimentation, and 

rapidly establish several data points to understand system behavior. MD simulation also opens the 

door for the boundaries of testing to be pushed, with parameters such as velocity and temperature 

that may exceed what is possible in real world testing with given cost and time constraints.  

 

1.3 – Atomic Force Microscopy  

 

 Atomic force microscopy (AFM) is a high-resolution version of scanning probe 

microscopy that can produce both morphology and force curves of a given nanoscale material 

surface, both of which essentially provide the user a topographical map of the measured interface. 

An AFM is used in this study as a basis for tests done using molecular dynamic simulation as well 

as physical experiments done to confirm findings from MD simulation in further work.  

 AFM and scanning probe microscopy have a few different modes of operation, all of which 

can be used to provide different data points relating to the surface properties of a given sample. 

The AFM has two modes of contact: tapping mode, and non-contact mode. In tapping mode, the 

cantilever is vibrated at or near resonance, causing it to meet the surface periodically [10]. The 

main goal of tapping mode is to negate any friction forces that would arise while scanning a 

sample, hence it was not used study. The main mode of importance in this study is contact mode 

in which the tip of the AFM is dragged over the surface of the sample. As the tip traverses the 

sample face, it moves up and down, flexing the attached cantilever beam much like the suspension 

on a car goes over bumps in the road. A laser reflects off the end of the cantilever nearest to the 

tip onto a photodetector. Contact mode can produce both morphological and friction force curves 

of the material surface, making it the ideal mode for use in this study. Figure 1 shows contact 

mode and the forces exerted during operation.  

 The main force being measured as a part of this study will be the lateral force of friction 

presented in the x axis, that is the force that opposes the path of travel of the AFM. This friction 

force at the nanoscale is heavily dependent on the atomic level topography of the material over 

which the tip is dragged, including properties like the internal energy and lattice structure of the 
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system, and experimental parameters such as AFM tip velocity, and the normal force between the 

tip and the sample as well as the surrounding environmental temperature.  

  

 

Figure 1 – General schematic showing the operating mode of an atomic force microscope. 

 

 

1.4 – Graphene Frictional Behavior  

 

Graphene and its frictional behavior under applied loads, varying AFM tip speed, and 

temperature are of great interest because of the material properties mentioned in Table 1. Graphene 

has a high Young’s modulus, thermal conductivity, and surface area, leading to an interest in its 

use in repeated wear applications as a potential coating or lubricant [11]. Thus, the question is 

raised of how graphene behaves when independent variables such as temperature, applied force, 

and tip velocity, are varied in both isolated and combined fashion, like the conditions that it would 

be exposed to as a lubricant in a real-world application.  

Because graphene is a two-dimensional material, it is utilized in layers. Each layer is one 

atom thick, and the properties exhibited by a graphene sheet are largely dependent on the number 

of layers present. In previous studies, it has been shown that as the number of layers of graphene 

increases, the friction decreases in most cases [11], [12]. This has been confirmed by both 

molecular dynamic simulation and physical experimentation with an AFM. The underlying 

substrate roughness is also a big factor in the friction exhibited by a graphene sample as it is 

extremely difficult to isolate a graphene sheet and conduct an AFM scan on it without some kind 
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of underlying substrate. Ye et al. determined that a substrate with a large roughness relative to the 

others tested (.4 nm) was found to experience a decrease in friction by a factor of two when 

increasing the number of graphene layers from one to three [12]. Conversely, a substrate with a 

roughness as low as .1 nm or even an atomically smooth substrate experiences an increase in 

friction by a factor of ~1.5 when increasing the number of layers from one to three. This concludes 

that when graphene lays over top of a rough substrate, it almost acts as a blanket, filling in any 

roughness present, causing a net decrease in frictional force exerted by the sample. Almeida et al. 

confirms this correlation, with AFM experiments testing graphene layer counts to four under the 

same substrate roughness and finding that there is a negative linear correlation between friction 

force and layer count [11]. A higher roughness substrate will need two to four layers of graphene 

to see a decrease in friction, while a low roughness substrate or one that is atomically smooth 

would be better off with no graphene or a layer count below two. In the case of the simulations 

done in this paper, layer counts are always set to two.  

The velocity of the surfaces being observed is another key factor when considering friction. 

Friction force tends to increase with velocity in the case of graphene samples in AFM experiments 

[11]. This correlation also adheres to the previously discussed relationship between layer count 

and friction, with a given velocity seeing a decrease in friction with increasing layers. Topological 

defects such as Stone-Wales defects, single vacancy defects, multi-vacancy defects, and line 

defects [13]. Stone-Wales defects occur because of the rotation of a single pair of carbon atoms in 

the lattice, rendering adjacent pairs of pentagonal and heptagonal carbon rings [14]. Single and 

multi-vacancy defects can both result in the formation of shapes that differ from the usual 

hexagonal lattice structure [14]. Line defects come about when graphene begins to form in 

different orientations during chemical vapor decomposition, which is a form of graphene synthesis. 

These differing orientations can stack on top of each other, eventually forming a line as different 

crystallographic orientations form in different locations and chain together [14]. Finally, out of 

plane carbon atoms can cause atoms to stack on top of the existing one atom thick sheet, resulting 

in a graphene sheet thickness greater than one atom [14]. All these defects can cause graphene 

sheets to behave in a way that differs from what is otherwise considered typical. It is important to 

know that for both previously discussed relationships, the assumption is made that there are no 

defects in the graphene sheets utilized. Although outside of the scope of this paper, graphene can 
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present with many defects, most of which increase the friction when they are present in AFM 

experimentation, causing the sample to differ from expected behavior.  

This brings up the question of how graphene will behave with fluctuations in temperature 

as temperature tends to go up with velocity when two surfaces are sliding past each other. When 

any given solid atomic lattice experiences an increase in thermal energy, the atoms vibrate at a 

higher rate, causing a lower yield strength, higher incidence of atomic defects, and a system that 

overall does not behave as it would under room temperature conditions or 300 Kelvin. Graphene 

is no exception to this, which raises the question of how temperature impacts the frictional behavior 

of graphene. This relationship is not quite as cut and dry as those discussed previously, with some 

studies concluding varying results, and others drawing some kind of correlation whether it be 

positive or negative [15]. One study draws the conclusion that at varying normal force levels, 

unsupported graphene experiences an increase in friction force due to a thermally induced dynamic 

rippling, resulting in the tip to not only interact with the graphene sheet below, but also the 

thermally excited ripples in front [16]. This thermally induced dynamic rippling diminishes in 

supported graphene but is still present to a certain degree. This causes the friction force to decrease 

because of ripples not being as prevalent, causing the correlations to be opposite for supported and 

unsupported graphene. Regardless of what the relationship is, increasing the energy of a graphene 

sample can potentially result in atoms entering a more excited state, leading to thermally induced 

dynamic rippling, causing them to obstruct the movement of the AFM tip, increasing the existing 

friction force [17].  

Increasing the normal force between two sliding surfaces, as expected, increases the 

friction between these two surfaces as the normal force and friction force are correlated to each 

other. This relationship does not quite behave as expected however, as a material like silicon has 

a much higher slope on a normal force vs friction curve than graphene does, indicating that 

graphene is somewhat unique [18]. Other studies show that graphene’s frictional characteristics in 

this context are heavily dependent on substrate [16]. Particularly, graphene experiences increasing 

friction under elastic, rigid, and no substrate, with each group experiencing a transition from a low, 

linearly increasing friction force regime, to a high friction force regime nearly three times higher. 

This indicates strongly that friction force in the context of increasing normal force depends heavily 

on substrate and does not behave in linear fashion across all possible applied normal force values.  
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Exerting a force on a given area of graphene that results in a pressure exceeding the yield 

strength of 1.3 TPa can cause the graphene to wear or yield under the force of the tip [19]. This 

yielding can cause the now compromised graphene layers to buckle as the tip continues to move 

laterally across the sheet. The point at which this wear occurs may vary with temperature, tip 

velocity, and normal force.  

 

1.5 – Contact Mechanics  

 

Contact mechanics in a general sense govern the deformation of two contacting bodies. It 

is a widely studied and publicized field with many different theories governing a variety of contact 

scenarios. Hertzian contact mechanics deal with forces applied between curved surfaces where the 

contact area is significantly smaller than the object applying force. This results in exceptionally 

large stress concentrations, leading to a need for governing equations differing from typical stress 

calculations [20]. When conducting AFM experimentation, specifically in the instance of utilizing 

MD simulation, Hertzian contact mechanics must be brought into play as it is safe to assume that 

the contact area is infinitesimal, causing a potentially massive stress to be exerted on the sample.  

 The governing equation for Hertzian contact radius dictates that the applied force and 

radius are related by (equation 1) [20],[21].  

𝑟𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = (
3𝐹

8
∗

1 − 𝑣1
2

𝐸1
+

1 − 𝑣2
2

𝐸2

1
𝑑1

+
1

𝑑2

)

1
3

 (1) 

Where 𝐹 is the force applied, 𝑣 is Poisson’s ratio, 𝐸 is the Young’s modulus, and 𝑑 is the radius 

of surface. In the case of the AFM, the radius of the graphene face is assumed to be infinite because 

it is a flat surface. This leads to the second equation, which dictates the maximum stress of a given 

surface as a function of the radius and applied force (equation 2) [21].  

 

𝑝𝑚𝑎𝑥 =
3𝐹

2𝜋𝑟𝑐𝑜𝑛𝑡𝑎𝑐𝑡
2  (2) 

 

This equation allows for the maximum stress concentration at a given force to be 

determined. The main goal of using these equations is to understand what normal force 
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might cause graphene wear by comparing the value for this maximum stress concentration 

to the value cited as the yield stress of graphene in Table 1.  

 Two things that Hertz contact theory fails to consider are surface adhesion energy, 

and large normal loads. The JKR, or Johnson-Kendall-Roberts model, factors in short range 

adhesive contact behavior, while the DMT, or Derjaguin, Muller and Toporov model, governs 

long range adhesive interactions. These models are governed by equations 3 and 4 respectively. 

 

𝑟𝑐𝑜𝑛𝑡𝑎𝑐𝑡
3 =

3𝑅𝑒𝑓

4𝐸
[𝐹𝑛

𝐽𝐾𝑅 + 6𝛾𝜋𝑅𝑒𝑓 + √𝐹𝑛
𝐽𝐾𝑅12𝛾𝜋𝑅𝑒𝑓𝑓 + (6𝛾𝜋𝑅𝑒𝑓𝑓)

2
] (3) 

 

𝑟𝑐𝑜𝑛𝑡𝑎𝑐𝑡
3 =

3𝑅

4𝐸
(𝐹 + 4𝛾𝜋𝑅) (4) 

 

Where 𝑅𝑒𝑓 and R denote the effective radius and contact distance respectively, E denotes 

Young’s modulus, and 𝐹𝑛
𝐽𝐾𝑅 and F denote the normal component of JKR force and normal 

load respectively. 𝛾 is also used to denote the adhesion energy between the two surfaces. 

Equations 3 and 4, while they are derived from the Hertz contact radius equation, do factor 

in adhesion in the form of the adhesion energy term. This allows for short- and long-range 

interactions, as well as increased normal load interactions to be accurately modeled. 

Idealistically, a combination of these two sufficiently reproduce the LJ potential curve, 

effectively governing most non-covalent interactions in a given atomic system. 

 There remains a question as to if a given sample temperature, or velocity can also 

influence the contact radius. Increases in temperature result in a net reduction of mechanical 

strength properties and an increase in plastic properties of a material [22]. This indicates 

that there may be an increase in the Hertzian contact radius with increasing temperature 

since Hertz contact radius and Young’s modulus are inversely related (equation 1). The end 

goal of observing the Hertzian contact radius in this case is to understand if it has a 

relationship with the friction exerted at a given velocity. If this is the case, then Hertzian 

contact radius fluctuations can provide a strong indication as to graphene’s friction and wear 

behavior. 
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1.6 – Problem Statement  

 

The central idea of this research is to conduct a comprehensive factorially designed 

experiment that tests the friction behavior of graphene in relation to fluctuating independent 

variables. The independent variables of temperature, AFM tip velocity, and normal load will be 

used to determine if there is a root cause for friction increase such as a fluctuating contact area 

between graphene interface and silicon tip or if the fluctuating friction can be attributed to changes 

in interatomic potential. The findings from this study serve to discern what graphene’s limiting 

factors are with regards to its broader application as a coating or lubricant, and if one or more of 

these external variables can be utilized to control this. 

 

 

2 – Methods  

 

2.1 – Physical Experimentation  

 

Atomic force microscopy, as it has been previously discussed in section 1.2, is used twofold 

in this research. Primarily, the AFM is used as a model for the MD simulation configuration 

utilized. The real-world AFM will be used on the other hand to conduct verification experiments 

for the MD simulations conducted. The development of graphene samples in this context is 

rudimentary and is focused mainly on loosely replicating the results from the MD simulation work 

done thus far. Further work will likely delve further into physical experimentation as a tool and 

maybe even a source of data collection and simulation validation, but for now, it remains a 

guideline for simulation parameters.  

 

 

2.2 – Simulation Design  

 

All MD simulations discussed this research were done using Lammps and visualized in 

Ovito or VMD. Within the MD simulation, the AFM is simplified down to a bilayer graphene 

configuration sitting on top of a silicon substrate with the silicon AFM tip dragging across the top 
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surface. The simulation runs much like the actual AFM, with the tip going back and forth at varying 

velocities. This format allows for the AFM tip to be dragged over the graphene surface several 

times in one simulation run, allowing for the testing of different velocities and normal forces. This 

study involves three independent variables, rendering it necessary to use factorial experimental 

design [23]. Factorial experiments contain more than one independent variable and observe the 

interaction between these independent variables as well as the impact on the dependent variables 

involved in the study. 

  

Figure 2 – MD simulation containing the AFM tip sliding over bilayer graphene on silicon 

substrate visualized in Ovito.  

 

Figure 3 – Dimensional visualization of AFM tip experiment in Ovito.  
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 The simulation used to obtain the data discussed in this study is conducted in a 120 Å (12 

nm) by 170 Å (17 nm) box. This simulation box is comprised of a bilayer graphene configuration 

that sits on top of a silicon substrate. Friction, as previously mentioned, is measured via the AFM 

tip, which is 40 Å (4 nm) in diameter in this simulation. All these dimensional conditions are 

shown in Figure 3. Especially at the upper velocity ranges utilized, periodic boundary conditions 

must be considered, as the tip traveling outside of the simulation bounds can cause the simulation 

to be entirely unusable.  

One of the governing principles of Lammps is the concept of atom types. Within each input 

file, a given atom will be created and assigned a type, this can be any real whole number, such as 

“type 1” for example. From here, atom types are grouped together into variable names. For the 

input file used in this simulation, these groups are virtual, high_f, and high_m seen in Figure 2. 

The high_f and high_m groups, also known as the high force and high mass groups, make up the 

two components of the tip, namely the component that contacts the graphene surface, high mass, 

and the group that downward forces are applied to, high force. Velocity fixes in the simulation are 

applied not to the tip itself, but to the virtual group, which is connected to the high force, and high 

mass, groups in the simulation file by way of a spring with a set stiffness constant. The reason for 

this is that all friction forces exerted by the graphene interface are translated from the tip to the 

virtual group, where the output variable is tied to, via the spring coupling, which exerts an equal 

and opposite force. For temperature variations in the simulation, a constant temperature in Kelvin 

is applied to the high mass and bilayer graphene groups as these are the two surfaces that interact 

during the simulation.  

As previously discussed in the introduction, the MD simulation utilizes a few different 

potential models to dictate inter and intramolecular interactions, namely being LJ potential and 

AIREBO potential. Looking at Figure 2, the different groups are shown, with the tip being made 

up the high force, and high mass groups. The diamond tip is coupled or held together by the 

AIREBO potential model due to its previously discussed effectiveness at modeling covalent bonds 

[8]. The bilayer graphene atoms and silicon substrate atoms are also coupled using AIREBO 

potentials for the same reasons. Interactions between the tip and graphene interface as well as the 

graphene interface and underlying silicon substrate are governed by the LJ potential model because 

of its pertinence in dealing with atomic collisions and cutoff radii [5]. In this case, a cutoff radius 
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is set for these pairwise interactions between atoms across groups, allowing for accurate models 

of friction and wear to be produced.  

 

   

 

Figure 4 – Free body force diagram of the AFM tip used in AFM simulation. 

 

Temperature, velocity, and normal force ranges were selected based on a few different 

factors. Temperature was selected to vary between 300 Kelvin and 500 Kelvin in increments of 50 

degrees. Doing so allows for an understanding of graphene behavior under a range from room 

temperature all the way up to extremes found in harsh operating conditions. Velocity was also 

varied on a wide range for this study, with values ranging from .01 Angstroms per picosecond (1 

m/s) to 1.6 Angstroms per picosecond (160 m/s). This velocity variation is rather large and is 

intended on replicating real world conditions that would not at all be attainable on a normal AFM. 

The normal force varies in the simulation from .05 eV/A to 1.0 eV/A which is .08 nN to 1.6 nN 

per atom in the high force group, making the actual force variation range from ~92.1 nN to ~1842.5 

nN given that the force on each atom needs to be multiplied by the total number of atoms in the 

group. With how small the contact area is between the sample and AFM tip, the high range of 

1842.5 nN far exceeds the elastic modulus of graphene (1.0 TPa). Each study done on MD 

simulation-based graphene friction and wear involves slightly different parameters from normal 

force to tip radii. The radius of the AFM tip directly indicates how much applied force will be 

needed to generate graphene wear due to the previously discussed inverse relationship between 
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pressure and area. Contact area is also going to fluctuate in this context, meaning that there may 

be a relationship between contact area and normal load. The full configuration of changing 

independent variables is summarized in Table 2. Another important parameter to discuss is the 

Gaussian velocity distribution of the atoms in the graphene sheet groups. This parameter is 

represented by a five-digit number in the input code which is used to create a Gaussian distribution 

of particle velocities. This, like the other parameters discussed above, must be changed for a 

different simulation result. If two simulations are submitted with exactly matching input codes 

including Gaussian distribution numbers, they will provide the exact same result every time they 

are run. Likewise, if two input codes are submitted with all parameters being the same, except their 

respective Gaussian distributions, they will provide different results. 

 

Variable Range Unit 

Velocity 2-120 𝑚/𝑠 

Temperature 300-500 𝐾 

Normal Force ~10-1200 𝑛𝑁 

 

Table 2-Summary of independent variable fluctuations for data collection in Lammps. 

  

 When conducting a friction test in MD simulation, varying force curves are produced, 

creating the need to find some kind of steady state friction value for the entire simulation run. As 

previously specified, simulation runs involved in this study often tested 3 different velocity values 

in one simulation run, providing each an ample amount of time steps to reach a steady state. Within 

each of these runs, force curves are generated depicting an initial spike as initial static friction is 

broken and the tip oscillates, dissipating kinetic energy in the process. An example of the force 

curve for a given data set is shown in Figure 5. For the values presented in the figure, an average 

of the entire region is taken, including both the initial response and the steady state.  

In addition to the peaks and troughs seen in Figure 5, there is also a jagged, saw-tooth 

fluctuation of friction. This fluctuation occurs due to stick-slip friction, a phenomenon that has 

been observed to occur in a variety of materials when using atomic force microscopy [24]. Stick 

slip friction can occur where kinetic friction is lower than static friction, with a heavy dependence 

on scanning speed [25]. In the results from this study, stick slip provides great fluctuation in 
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friction force measurements, which is why average friction is calculated over the absolute values 

of the whole data set.  

 

 

Figure 5 – Friction force curve depicting a generalized saw-tooth pattern that is characteristic of 

stick-slip friction governed by fluctuating exposure to inter-atomic potentials.  

 

2.3 – Contact Area Calculation  

 

 The tertiary component of this study is calculating the contact area of various simulation 

outputs to understand if there is a relationship between contact area and mean friction force. As 

such, a MATLAB code was developed to calculate this value, as each dump file is thousands of 

lines long. The developed code takes the dump file and parses the atoms in the simulation off by 

type as discussed in the simulation design section. The user specifies which atom types are 

synonymous with the graphene sheet and tip groups. In this case, the tip type is 2, and the graphene 

interface is type 3. The code then uses loops to go through the entire dump file and determine on 

a consistent basis when atoms from each group are in contact. The positions of these atoms are 

stored, and the difference in positions between the two outermost atoms are stored as a variable 

for each time step to obtain an array with contact radius between the tip and the interface for the 

entire simulation as shown in Figure 6. An average of this array is calculated at the end, giving an 

average contact area for the entire simulation. In post data processing, this radius is used to 

calculate the average contact area for each simulation run.  
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Figure 6 – Scatter plot showing the contact atoms for a given timestep of a Lammps dump file, the 

difference between the two outermost atoms is the contact diameter.  

 

3 – Results 

 

3.1 – Velocity Dependent Friction 

 

In the world of tribology, especially when considering friction and wear mechanics, 

velocity is of utmost importance. Velocity often dictates key factors that govern lubricant 

performance such as wear rate and friction-based heat generation. Increasing and decreasing 

velocity often has ramifications on the performance of a lubricant, and moving from one significant 

velocity regime to another may result in an entirely different lubricant needing to be used. Velocity 

dependence becomes important when studying graphene’s friction performance as it is a key 

determinant of how it might behave in the context of lubrication. 

The initial simulation-set tests graphene’s friction levels at varying AFM tip velocities, 

providing a clear understanding as to performance on both a low-end tip velocity, and the upper 

extremes of what may be seen in high velocity lubricant applications. In prior work, velocity has 

been shown to have a positive correlation with friction on a logarithmic basis [11],[26]. Results 

from this research shown in Figure 7 show a clear positive correlation between friction coefficient 

and tip velocity, with constant normal force and temperature of 300 Kelvin, which corroborates 

these studies to a certain degree. This correlation varies between linear and non-linear, leaving 
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questions as to what behavior is in different regions of the graph. The key difference between this 

data and data previously presented is the velocity range tested. Previous works only covered 

velocity ranges of 1-32 μm/s [26], and -1 to 5 μm/s [11]. These two ranges cover primarily tip 

velocities that might be seen in a real-world experimentation on an actual AFM, whereas velocity 

values selected for this study would be outlandish to test in real world application due to the 

maximum AFM tip speed being 1-2 microns per second before scanning resolution breaks down 

[27]. Both studies were done on physical AFMs as well, whereas the discussed results are 

developed from MD simulation. Regardless of these key differences, the main idea persists that 

beyond the low-end velocity range presented in previous research, the positive correlation between 

tip velocity and mean friction persists with small variations throughout.  

Also shown in Figure 7 is the friction coefficient for each specified mean friction. It is 

important to note that these values are rather low in comparison to real world friction 

coefficients obtained from physical experimentation [28]. Studies by Penkov et al. found 

friction coefficients as low as .02 and as high as .6 for graphene samples of varying contact 

pressures, substrates, and synthesis methods. While the calculated coefficient of friction is 

around half of what is seen in this study, it must be discussed that this MD simulation format 

leaves out a lot of environmental factors such as the surrounding air molecules that may 

contain hydrocarbons which can adhere to the sample, moisture which can change how the 

AFM tip interacts with the sample, and also the fact that the presented graphene sample is 

devoid of any atomic scale errors previously touched upon. All these factors not being 

present lower the friction coefficient of the sample.  

Other prior work has delved further into high end velocity regimes like the results from 

this study. One paper tested a velocity range from 0 to 256 m/s on different configurations of 

graphene interfaces with the intention of understanding energy dissipation related to graphene 

friction. The study finds that the friction force increases with increasing velocity, but upon 

reaching a certain value, decreases with increasing velocity [29]. This threshold value was around 

128 m/s, suggesting that further work might be conducted to expand the current data set to fully 

understand the scope of behavior for graphene velocity in the configuration created for this 

research. The study then goes on to suggest that friction present in any moving case of graphene 

may be due to phonon dissipation, or a quantized normal vibration of the crystal lattice structure 

of a given material. Major differences between this study and the research being covered in this 
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paper are that the materials and shapes at play are very different. Instead of using an AFM modeled 

tip made of diamond on a graphene interface, the study uses a graphene sheet sliding over a 

graphene interface. Another data set obtained via MD simulation tests graphene sheets sliding 

across a substrate at extremely high speeds to observe what the paper refers to as “ballistic 

nanofriction” [30]. This data set sees a varying friction leading up to 600 m/s that drops past this 

threshold. Key differences of the experimental format are that the graphene was dragged across a 

graphene substrate, and in many cases, a rotational angle was induced on this sheet to observe the 

effects of misalignment, potentially achieving super lubricity. 

Based on the results presented, whether the increasing friction is dependent on contact area 

fluctuations, it is evident that graphene friction increases with velocity in most part due to increases 

in atomic interactions between tip atoms and graphene sheet atoms [11]. Thus, as the tip traverses 

the graphene surface, interaction potentials form and break due to the previously touched upon LJ 

potential model. As velocity increases, the rate of these interactions goes up, resulting in an 

increase in friction force.  

 

 

Figure 7 – Friction force and friction coefficient varying at increasing velocity with constant 

temperature of 300 K and normal load of 177 nN.  

 

3.2 – Temperature Dependent Friction 

 

Another important aspect that influences the frictional properties of 2-D materials and 

graphene is the amount of thermal energy present in the system. Incidences of atomic interactions 

and lattice defects may occur spontaneously at varying rates depending on thermal energy. Higher 
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thermal energy leads to higher incidence rates of these defects, leading to a degree of disorder 

present at increasing temperatures in crystalline solids [31]. For standard bulk materials with 

corrugated surface morphologies, this leads to a decrease in friction due to the increased activation 

of the thermally activated hopping process [32]. For 2D materials like graphene, increase in 

thermal energy does the exact opposite. As previously discussed, temperature rise in 2D materials 

leads to an increase in thermally induced dynamic rippling, which causes friction to increase with 

temperature [32]. Supported 2D materials adhere to their substrate, causing them to behave more 

like standard bulk materials. To fully understand material behavior in this light, the temperature of 

the bilayer graphene configuration in this research varied from 300 to 500 Kelvin, with velocity 

remaining constant.  

The previously discussed principles for 2D materials derived from previous studies hold 

true for data collected in the utilized simulation format. Figure 8 shows a consistent decrease in 

friction as temperature increases. Friction coefficient in this respect fluctuates in the same way, 

decreasing in proportionality with the mean friction value. Previous works have shown similar 

decreases across the board for relatively low normal load [33]. As previously touched upon in the 

velocity section, interaction potentials are entirely to blame for decreasing friction here. As 

temperature is driven up, friction tends to go down under normal testing conditions and normal 

loads that do not induce structural change in the graphene interface [34]. This decrease is due to 

the weakening of interatomic potentials which drive friction fluctuations in this context.  

The effect discussed for the applied load of 177 nN completely flips when normal load is 

increased to 885 nN. As expected, the data depicts a higher average friction than that which was 

present at 188 nN but differs in correlation. Where the lower normal load values saw a decrease in 

friction with increasing temperature, the high load in Figure 9 sees a steady increase followed by 

a jump as the temperature increases to 500 Kelvin. This sharp increase can likely be attributed to 

the onset of wear due to the increased load combined with high temperature. In prior research, it 

has been proven that the Young’s modulus of graphene varies greatly with temperature [35]. As 

temperature increases, the Young’s modulus decreases, and the shear modulus remains virtually 

constant. This holds true in the current research, as evidenced by the massive increase in friction 

spurred by ripping and eventual wear, with graphene physically blocking the movement of the 

AFM tip because of thermally induced dynamic rippling seen in Figure 10.  
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 Further work in temperature dependence seeks to vary the force and temperature over 

specified ranges to establish a threshold yielding point for each temperature at this configuration, 

like the established range of Young’s modulus at varying temperature in previous work [22]. This 

effect, paired with decreases in interatomic potentials and forces between the carbon atoms of the 

graphene sheet causes the normal load wear point of the graphene specified to decrease as 

temperature increases. This effect will be delved into further in the following sections as the 

relationship between contact area and graphene wear is observed.   

 

 

 

Figure 8 – Friction force and friction coefficient at increasing temperature with constant applied 

tip velocity of 1 m/s and normal load of 177 nN.  
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Figure 9 – Friction force at increasing temperature with constant applied tip velocity of 50 m/s 

for a normal load of 885 nN.  

 

Figure 10 – Ovito visualization of graphene wear seen at 500 K and 885 nN at 50 m/s.  

 

3.3 – Normal Load Dependent Friction 

 

The normal force, or applied load, of bilayer graphene in this study varied from ~10 nN to 

almost 1000 nN to establish a broad spectrum of behavior for graphene’s friction characteristics at 

constant temperature and velocity. This covers a fairly low range of load application that has been 
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studied relatively extensively in previous works and loads that may approach or surpass the yield 

point for graphene, leading to a shift from friction to wear. Wear behavior will be covered in further 

work, with friction being the main focal point of this thesis.  

In accordance with previous studies, the friction observed at varying normal load on the 

low end in this research fluctuates somewhat while maintaining a positive trend with increasing 

load [36]. Previously, it was understood that friction goes up and down at certain normal load 

values, in the context of this study, that is also the case on the low end as confirmed by Figure 11. 

In the range of ~100 to ~200 nN of load as well as ~400 to ~550 nN of load, the friction first 

increases, then decreases in the next step, before increasing again at a much higher rate. Surpassing 

600 nN, friction maintains constant increase in linear fashion.  

Also in Figure 11 are the comparison values for friction coefficient. Different from the 

previously discussed values that varied according to changes in temperature and velocity, there are 

now two variables in the friction equation that are fluctuating: normal force, and friction. 

Fluctuations in friction were mostly proportional with friction coefficient, however, there were 

some key differences at low end normal loads in the data set. At high friction force and low normal 

load, the friction coefficient was significantly larger due to the friction force being large and the 

normal load being so small, meaning that when the normal load is divided from the friction force, 

it results in a much higher friction coefficient that is close to values calculated by Penkov et al. 

which were right around .02 on the low end for a load of ~30 nN [28]. This highlights again how 

the experiments which obtained much higher friction coefficients differed from the experiments 

presented in the study. The primary relationship that is revealed from the force relationship shown 

is that friction coefficient starts out rather large and then decreases substantially with increasing 

normal load as the number being divided from mean friction gets larger and larger. This continues 

according to the graph until the normal load reaches around 600 nN when it levels out and 

continues to fluctuate in proportionality with friction force. The spike at the end, as discussed, is 

due to wear and the crumpling of graphene sheets as the tip generates wear.  

Another occurrence seen in this data run is the wear on the graphene-tip interface. This 

wear is characterized most evidently by a leap in the friction values occurring as normal load 

approaches 1000 nN. This behavior occurs due to the graphene beginning to experience load 

induced dynamic rippling caused by bond breakage and subsequent wear. This rippling effect is 

not noticeable right before the onset of wear when the applied load is 958 nN seen in Figure 12a 
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and becomes noticeable when the normal load exceeds 1000 nN in Figure 12b. The visual of the 

ripple effect as the normal load surpasses 1000 nN is characterized by a jump in friction from less 

than 10 nN to almost 35 nN as the graphene begins to pile up onto the AFM tip.  

 This high normal load application and friction behavior is characteristic of results from a 

previous study done using an AFM tip that is 10 nm in radius versus the 2 nm one utilized in this 

work [37]. It is important to note the difference in radius because the referenced study is able to 

apply far more normal load due to its larger contact radius and therefore larger stress concentrated 

area. Proportionally speaking, this work and the previously mentioned results experience the same 

leap once wear and carbon bond breakage begin to occur, validating the current simulation format.  

One major factor to point out in the context of this experiment is that these graphene sheets 

are supported by a substrate. Previous studies dealing with both supported and non-supported 

graphene have concluded suspended graphene to have a decreasing friction with increasing normal 

load and supported graphene to have a positive relationship in this aspect. Substrate presence, 

stiffness, and material can all substantially impact the friction behavior and wear point of a given 

graphene sample. This is all touched upon in the previous introduction section, but it is important 

to note as outside data is often synthesized under slightly different conditions. 

 

Figure 11 – Normal force dependence of graphene friction force and friction coefficient at 

constant temperature of 300 K and constant applied tip velocity of 50 m/s. 
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Figure 12 – Ovito renderings for applied loadings of ~958 nN (a) and ~1013 nN (b). 

 

 

3.4 – Combined Variable Dependence  

 

As previously touched upon, one of the main goals of the work done thus far was to 

combine independent variables to conduct factorially designed experimentation and obtain not 

only a robust data set with results from all three variables, but also individual data sets for each. 

This is the larger benefit of factorial design as it relates to this study. While it may be time 

consuming and computationally intensive, creating a larger matrix of values to test is the most 

effective approach for developing complex relationships between the three independent variables 

desired.  

 Prior studies conducted to observe velocity and temperature in combined fashion have 

drawn the conclusion that the two have a compounding effect when looking at friction, with 

increasing velocity seeing a decreasing friction at increasing temperatures in every velocity regime 

[38]. The study being referenced was done using a physical AFM, so velocity ranges remained on 

the micron per second basis and temperatures did not exceed 150 Celsius, or about 420 Kelvin. In 

addition, the study focused on two different kinds of graphene samples, one irradiated and one non 

irradiated. For the sake of this discussion, only the results of the non-irradiated study will be 

included as radiation application to graphene is outside of the scope of this research. Regardless 
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of these clear differences, the study is still comparable because of methods and independent 

variable selection. Results for the non-radiation exposed sample indicated a steady positive 

relationship between velocity and friction, with each velocity being tested at increasing 

temperatures. Like results displayed in Figure 13, each velocity range was tested at increasing 

temperature values, resulting in scatter plot showing 3 different data sets. The data shown from 

the study corroborates the data collected here as they show similar trends with regards to the fact 

that there is a clear discrepancy between temperatures, and each temperature line increases from 

left to right on the graph.  

 One major issue with the data set used is that there is a clear discrepancy present once 

velocity values of all three temperature ranges pass 60 m/s shown again in Figure 13. Leading up 

to this point, the three increased steadily and showed a somewhat consistent spacing from 

temperature to temperature. Past this point, the lines become crossed, and it is unclear what kind 

of correlation exists as there are sharp increases and decreases prior to reaching 90 m/s. The 

possible solutions to this problem likely fall into the category of re-doing simulations with slightly 

adjusted parameters such as scanning distance, Gaussian distribution of particle velocities, and 

maybe even adding more data points for both temperature and velocity in this region to fully grasp 

exactly what is happening. Unless any of the parameters are changed, or the Gaussian distribution 

number is fluctuated, two identical input files will produce the exact same result every time they 

are run. Changing the Gaussian distribution number is a great way to fluctuate results across two 

simulations with the same temperature, velocity, and normal load, especially if one of those 

simulations produces numerical data that is outside of expected behavior. For the current set of 

data, the solution provided is to break down a smaller velocity range of 1 to 50 m/s so a clearer 

sense of correlation can be discerned. Figure 14 shows this data visualization, with each bar graph 

column holding different velocity values and the three different temperature variations. This visual 

provides a clear correlation within each velocity value and shows that an increase in temperature 

results in a decrease in mean friction force. As of right now with the prior studies in question, none 

that have been found include a combination of data at high velocity and temperature variation. As 

previously discussed, low end velocities in the order of micron per second have been studied with 

varying temperature, as have high end velocities with no temperature variation, but high-end 

velocity combined with large temperature variation in the over 300 Kelvin range is somewhat 

unique to this research.  
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 For the combined study between applied normal load and temperature, results were 

previously discussed in section 3.3, but an additional graph is provided in Figure 15 to add further 

context. For this graph, results from 500 Kelvin were excluded due to the presence of graphene 

wear outputting a friction value that far exceeded the other data in the set. This graph gives a much 

clearer picture of the difference in mean friction not only at varying temperatures, but also at 

varying normal forces. One major issue with the current state of the combined temperature and 

normal load data is the lack of normal force values tested that lead up to wear. In data from other 

works, normal load and temperature were varied based on 0 to 300 Kelvin and 0 to 2 GPa [39]. 

Pressure distribution was significantly more uniform in this study because the model used was a 

graphene sheet sliding over another graphene sheet, leading to much less potential for wear and 

most likely the negating of things like rippling and dimpling which lead to huge increases in 

friction for an AFM formatted experiment such as this one. Comparably, the applied pressure of 0 

to 2 GPa only renders around 657 nN of applied force for the contact area utilized in the study, 

making it a much lower normal load application when considering the contact area for this research 

is significantly smaller. Results from this work detail that increasing normal load and temperature 

in this range results in a decreasing friction value. This corroborates data obtained for the 177 nN 

normal load shown in Figure 15 but does not corroborate the 885 nN range. This is most likely 

due again to how close 885 nN is the wear point of the graphene configuration, as depicted by the 

massive jump in friction at 500 Kelvin in section 3.3.  

 

 

Figure 13 – Friction force measured at varying temperatures and tip velocities with a normal load 

of 18.42 nN.  
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Figure 14 – Friction force at varying tip velocities and temperatures for a velocity range of 1 to 

50 m/s, normal load is set to 18.42 nN.  

 

 

 

Figure 15 – Friction force at varying temperature and applied normal load with constant applied 

tip velocity of 50 m/s. 
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3.5 – Contact Area Dependence 

  

 As previously discussed, it has been hypothesized that some kind of relationship exists 

between contact area and mean friction force exerted by a given sample of graphene. As previously 

discussed, contact radius is obtained by taking the difference between the two outermost contact 

atoms between the tip and the sample via the dump file output by Lammps as shown in the methods 

section. This radius value is then used to calculate contact areas at different normal loads, 

temperatures, and velocities, providing a clear idea of whether fluctuations in friction can be 

definitively pinned to changes in contact area.  

 Observing contact area and its relationship with friction, it is important to evaluate past 

work as a metric of performance for the newly developed data. Contact area is something of utmost 

importance in tribology due to the impact it has on the overall friction between surfaces. A study 

conducted by Zhang et al. delves into the frictional behavior of an annular graphene sheet sliding 

on a graphene substrate [40]. The study tests the friction and contact area behavior at varying 

normal loads, like this study, and concludes not only that friction increases with increasing contact 

area, but also that applied load is heavily dependent on this effect [40]. Hence, at the specified 

low-end applied loads from this work, the friction would increase rather slowly, while at the 

specified high-end loads used that were almost four times the former, the friction would not only 

start higher at a lower contact area, but it would jump to rapidly increasing at a given contact area. 

It is important to note that, different from the data being covered in this work, the experimental 

configuration in the study being discussed was done not only using different geometry, but also in 

some cases using a non-rigid substrate, that is the substrate had a stiffness allowing it to move in 

the z-direction. This is a consideration that may allow for considerable differences when measuring 

contact area, especially when posed against a rigid substrate.  

 When evaluating friction varying at both normal load and temperature, another study 

conducted by Smolyanitsky et al. observed thermally induced dynamic rippling and its impacts on 

graphene friction [41]. This study was conducted experimentally very similar to the format of this 

research, with MD simulations being done of monolayer, free-standing graphene sheets under 

varying load and temperature parameters. The study concluded that fluctuations in friction due to 

increasing temperature were not attributable to interactions between tip and surface atoms 

increasing, but rather because of thermally induced dynamic surface roughness behavior. That is, 
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at increased temperatures, the friction exerted by graphene does not increase or decrease, but 

instead fluctuates due to dynamic ripples intrinsically present in graphene [41].  

 Like the previously discussed work by Zhang et al., the data obtained when evaluating both 

the friction and the contact area at varying applied loads concludes roughly the same idea. Shown 

in Figure 16a, as well as Figure 16b, and Figure 16c, the friction and contact area curves narrowly 

match each other in fluctuation. Figure 16c does not as closely match in fluctuation between 

contact area and friction, this may indicate that at this temperature the principle of normal 

load increasing contact area breaks down, indicating a different mechanism may be causing 

friction increase such as previously described interatomic energy potentials. One important 

note for these graphs is the difference in X axis scaling. For all tests done using normal load, 

data points for friction at wear were excluded to not bog down the data visualization. This is 

why, for 500 Kelvin, only 3 data points are included because wear occurred once the normal 

load surpassed ~700 nN. Figure 16d compares these values previously discussed and shows 

that varying temperature does not necessarily cause a change in contact area. This concludes 

that not only is the contact area heavily dependent on normal load, but also that leading up to wear, 

it is safe to assume that the contact area is going to be proportional to the normal load being applied.  

 When comparing the normal loads that lead to wear and the corresponding contact areas at 

increasing temperatures, another important observation can be made. Figure 15 shows clearly that 

as the temperature increases, not only does the normal load required to obtain wear decrease, but 

the associated contact area does the same. This elaborates on the previously made assertion that 

contact radius and temperature have no relationship at all, and instead suggests that temperature 

dictates the contact radius at which wear can occur. A lower temperature can increase the contact 

radius that is required to see graphene wear, while a higher temperature reduces the contact radius 

needed.  

 As previously discussed in the work conducted by Smolyanitsky et al., the relationship 

shown between friction, temperature, and normal load is not straight forward, and is attributed to 

a variety of variable changes including experimental parameters such as AFM tip size, boundary 

conditions, and sample size. The results shown in Figure 17 display the wear points of each 

temperature and normal load regime tested. In this case, at a wide range of increasing temperatures, 

the observed normal load that was required to sustain graphene wear decreased as tempearature 

increased. As suggested by Smolyanitsky et al., decrease in normal load wear point at increased 
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temperatures is most evidently due to the decreasing of inter-atomic bond potentials weakening at 

increased temperature. This rippling, while not noticed distinctly in this work, can be simplified 

down to the initial velocity distributions adopted by atoms via the Gaussian velocity distribution 

in the input file. Because graphene is a 2D material, surface roughness becomes an independent 

variable instead of remaining static like it does in 3D materials.   

 Figure 18 delves into another velocity-based study in which contact area and friction 

fluctuations are compared to one another at changing temperature and velocity. As previously 

discussed, contact area does not have any discernible correlation with friction or temperature 

changes. This is shown not only by Figure 18a through Figure 18c, but also by Figure 18d, which 

extensively drives home the point that contact area does not fluctuate with velocity or temperature 

change in any significant way. As previously touched upon by Almeida et al., nanoscale friction 

is dependent on temperature and normal load as well as the mechanical properties of the system 

[11]. These two properties affect the rate at which atoms on the tip will experience intermolecular 

interactions with the graphene atoms. Increasing velocity increases the rate of these interactions, 

causing friction to go up. This corroborates previously discussed temperature dependence of 

graphene friction in section 3.4 where it was deduced that increases in temperature cause a decrease 

in friction for a given velocity value prior to wear. The reason for this being that the increase in 

temperature reduces the strength of intermolecular forces, ultimately reducing their impact and 

reducing molecular friction.   

 Another rather interesting study by Liu et al. studies friction behavior of AFM tips on 

sliding interfaces at varying velocities and manually varied contact areas for both MD simulation 

and physical experiments. The results found here assert that friction again increases 

logarithmically with velocity, and when contact radius is directly fluctuated by increasing the AFM 

tip radius from 1 nm to 2.2 nm along with increasing the tip mass consequentially, there was a 

resulting increase in friction that paralleled fluctuations seen in physical experiments [42]. This 

corroborates the points asserted by data collected for this study which concludes that contact area 

and friction fluctuate in tandem with one another, but, that friction changes do not directly result 

in a changing contact area. This is shown primarily in Figure 16 where the mean friction and 

contact area fluctuate directly with one another as normal load is increased. In Figure 18, the 

contact area is not intentionally changed by applying an increasing normal load, the friction and 

contact area do not increase in tandem with one another. This study again asserts the idea that 
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friction generated by changes in velocity is not because velocity changes fluctuate the contact area, 

but instead because of atomic potential changes as atoms enter and exit energy minima and maxima 

in each lattice, corroborating findings not only from literature review, but also from data collected 

regarding the changes in friction versus the changes in contact area at increasing velocity shown 

in Figure 18d, where the contact area does not fluctuate with increasing velocity for any 

temperature. The friction measured in the work of Liu et al. is governed primarily by equation 5:  

 

1

𝛽𝑘𝐵𝑇
(𝐹𝐶 − 𝐹𝐿)

3
2 = ln (

𝑣0

𝑣
) −

1

2
ln (1 −

𝐹𝐿

𝐹𝐶
) (5) 

 

Where 𝐹𝐶 and 𝐹𝐿 are the mean static friction force at simulation temperature T and 0 Kelvin 

respectively, and 𝛽 is a parameter related to lateral friction at low speeds. Additionally, 𝑣0 is a 

characteristic speed given by a separate equation, 𝑣 denotes the AFM tip speed, and 𝑘𝑏 is 

Boltzmann’s constant. This governing equation dictates not only the inclusion of temperature, 

normal load, and velocity into the friction calculation for an AFM system, but it also entirely leaves 

out the contact area, indicating that it may be entirely irrelevant to the friction fluctuations seen 

here. Liu suggests that were the contact area manually increased using larger normal load or 

manually increasing the tip radius in the simulation, it would cause friction to compound and 

generate matching fluctuations. Key differences between the study by Liu et al. and the data 

collected for this research are primarily related to the materials used in experimentation, with Liu 

utilizing a gold interface and a silica tip versus the graphene interface and diamond tip utilized in 

the models of this research. Outside of this, the experimental format for both physical and 

simulated data is entirely the same, as are the governing principles of interatomic interactions 

shown.  

 For yet another work done much earlier by Yoon et al., data collected in physical AFM 

experiments with intentionally increasing tip radii and normal loads depicts that not only do larger 

tip radii have a higher friction force at no normal load where purely adhesive forces and tip weight 

are at play, but they also increase at a higher rate than lower tip radii [43]. This again, corroborates 

the conclusion of the research in this thesis, which is that independent variables such as velocity 

and temperature have little to no influence on contact radius between AFM tip and graphene 
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interface unless paired with increases in normal load or direct changes in tip radii. This principle 

maintains until the onset of wear and dimple formation when behavior entirely changes.  

 In short, based on the data presented, the independent variable that plays most into 

fluctuations in contact area for this study format is normal load. It is determined that contact area 

does not fluctuate directly with changes in temperature or velocity. Changes in friction at varying 

temperature and velocity are determined to be attributable to variations in intermolecular forces 

and mechanical properties of the system. Phenomena such as dynamic rippling, dimple formation, 

and wear can all have influence on the friction being observed as well. The lasting idea based on 

data collected by other research as well as the data collected here is that friction and contact area 

are directly correlated with one another in the context of AFM experimentation and more 

specifically graphene interfaces by way of the normal load exerted and the size of the sliding 

surface, not the speed or temperature.  

 

 

Figure 16 – Mean friction compared to the contact area at a) 300 Kelvin, b) 400 Kelvin, and c) 

500 Kelvin, figure 14 d) is a comparison of the contact area across all temperatures and normal 

loads prior to wear. 
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Figure 17 – Wear points at each temperature and normal load with red x marks denoting wear 

points.    

 

 

Figure 18 – Mean friction compared to the contact area at a) 300 Kelvin, b) 400 Kelvin, and c) 

500 Kelvin, figure 16 d) is a comparison of the contact area across all temperatures and tip 

velocities, all tests were done at a normal load of 177 nN.  
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4 –  Conclusions 

 

 The research discussed above delves into the mechanisms of graphene friction for the 

independent variables of AFM tip velocity, sample temperature, and normal load. It is initially 

proposed that graphene friction is caused directly by fluctuations in contact area for all independent 

variables discussed. Initially, studies are done individually to determine the bilayer graphene 

friction dependence on velocity, temperature, and normal load. What is concluded is that velocity 

and normal load have direct discernible positive correlations with graphene friction while 

temperature has a negative correlation. It is evident that all these occurrences are caused by varying 

intermolecular interactions, specifically, changing interatomic potentials governed by the kinetic 

energy, or temperature of the system. The question is posed as to whether the mechanism of these 

increasing or decreasing instances of interaction can be attributed to changing contact area via any 

one of the independent variables specified or if they function in tandem with one another. 

Combined variable study confirms the anticipated results and wear is initialized in the system, with 

the first noticeable wear point occurring as temperatures reach 500 Kelvin with a ~800 nN normal 

load. Velocity and temperature combined studies confirm that at every velocity value temperature 

increases still decrease friction values.  

 When obtaining measurements for contact area, it becomes clear the mechanisms behind 

the previously described friction fluctuations can be attributed in some cases to changing contact 

area, and in others is due to varying interatomic potentials. The verdict on contact area is that it 

directly impacts friction. That is, changing the area of contact between two bodies, graphene or 

not, increases the number of inter-atomic interactions occurring, hence increasing the friction. The 

mechanisms of this increasing this are speculated to be velocity, temperature, or normal load at 

the advent of this study. It is now clear that fluctuations in contact area can be produced by either 

increasing the normal load or increasing the size of the surfaces in contact. Changes in friction 

with velocity and temperature can both hence be attributed to changing interatomic potentials 

previously discussed. It is important to note that if the contact area were fluctuated by normal load 

or otherwise, it would thereby increase the number of atoms interacting with each other in the 

sliding interface of the system, likely increasing friction in all instances of differing velocities and 

temperatures.  
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