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Abstract

Polytetrafluoroethylene (PTFE) has a low coefficient of friction but also a high wear rate. 

Numerous studies investigating the possibility of reducing wear and the mechanisms of 

deformation have been conducted using experimental and computational studies. In this paper 

the deformation and mechanical failure of single chains, and bulk PTFE are investigated using 

molecular dynamics (MD). Due to the length scale limitations of the model that MD simulations 

can investigate, a coarse-grained model is developed and PTFE particles of varying densities are 

generated to investigate the mechanical properties at the microscale. The coarse-grained potential 

parameters and coarse-grained model of PTFE are derived from first principle based ReaxFF 

forcefield simulations and are then used to investigate the microscale mechanical properties of 

PTFE. The MD study indicate that temperature has a pronounced effect on the maximum 

strength of a single chain, the elastic modulus is dependent on chain length, and chains shorter 

than 100 Å have an increase in maximum strength. During indentation and scratch the frictional 

coefficient of bulk PTFE is dependent on the direction of the scratch on the PTFE substrate. The 

coarse-grained PTFE simulations show that indentation force is dependent on the density of 

PTFE, and the smoother the surface roughness of the particle the lower the coefficient of friction. 

The coarse-grained model that connects the atomic and macroscales of PTFE will lead to direct 

comparison with experimental PTFE thin films.
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1 Introduction

Polytetrafluoroethylene (PTFE) is used in various fields as sealant material1, applications in 

biological implants2, and protective surface films and coatings.3,4 PTFE has excellent thermal 

and chemical properties and exhibits hydrophobic behavior.5 However, since its discovery in 

19386 PTFE has been of great interest for its particularly low coefficient of friction.7-9 Atomic 

force microscopy reveals that PTFE, once heated, coalesces into a fiber-like cohesive coating.10 

The pulling of the macroscale PTFE orients the fibers in the pulling direction. When tested, the 

coefficient of friction depends on the direction of the oriented PTFE fibers.11

Despite its unique and useful properties, PTFE has the disadvantage of low wear resistance and 

loading capacity.9,12,13 The longevity of PTFE can be improved by increasing crystallinity, or 

adding filler particles into the polymer matrix.14 To improve wear rate, micrometer sized filler 

particles were introduced into the polymer which increased wear rate by one to two orders of 

magnitude.12,13,15-18 The fillers were also able to increase crystallinity and ultimate strength of the 

PTFE sample.19 Nanometer sized particles were also investigated and proven to be effective at 

reducing wear rate.20,21 Copper nanoparticle fillers with a polydopamine coating were found to 

decrease wear rate even further without increasing the coefficient of friction.10,22,23 PTFE 

particles on the microscale have approximately a spherical shape, but when heated to 372 Co, 

they form a needle shape.10 Why the shape changes during heating is unknown and investigating 

the properties of the shapes of PTFE particles will illuminate failure mechanisms within thin film 

PTFE.

Investigations involving thin film PTFE and imbedded alumina nanoparticles led to the 

discovery of the formation of an ultralow wear thin film deposited on a counterface.24 This 

deposition occurs within the first cycle of sliding on a substrate and creates a robust tribofilm on 

both sliding surfaces3,25,26 which protects and increases wear rate to hundreds of thousands of 

rubbing cycles.4 While some believe the counter-surface effect is purely mechanical27, others 

have proposed the effects are more structural28,29, or even chemical.4 Ultralow wear PTFE 

composites show exceptional promise for materials of the future.20,26,30

Molecular dynamics simulations have been performed in multiple studies to investigate the 

effects of filler particles, surface topology, and durability and wear on PTFE at the nanoscale. 

Studies involving the investigation of the wetting behavior of PTFE31, the effects of sliding 
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orientation of polyethylene32, and the effects of temperature of friction and wear are a few 

relevant studies conducted using molecular dynamics.33 Herbold et al. investigated the effects of 

metallic particles in a PTFE-W-Al composite, they suggested that the filler particles create force 

chains which help distribute and support any load on the PTFE matrix, increasing its wear 

resistance and load capacity.34 

Multiscale models can be used to increase the length scale under investigation from nanometers 

to micrometers. Multiscale methods involving PTFE have been studied before to investigate 

various properties of perfluorosulfonic acid (PFSA) membranes, which consist of PTFE 

backbone and a perfluorinated ether side chain but never has a coarse-grained model of pure 

PTFE been investigated for its mechanical properties.35-37 The concept of creating a coarse-

grained model has been used to investigate the self-folding mechanics of carbon nanotubes38, 

mechanics of twisting carbon nanotube yarns39, and the aforementioned study investigating 

PFSA membranes.36

Recent experimental studies show a continuing promise for PTFE as a thin film, particularly with 

the use of a polydopamine substrate or alumina particles.10,22,23,25 Molecular dynamics 

simulations have been used to investigate the rubbing of PTFE on a metallic substrate as well as 

PTFE - PTFE interactions.4,33 Further improving our understanding of deformation mechanisms 

on the nanoscale and how those mechanisms affect the microscale particles will allow the design 

of more durable thin films. In this work, molecular dynamics simulations are used to study 

solvated, and unsolvated individual PTFE chain response to tensile stress under different 

temperatures. Indentation and scratch tests are performed on bulk PTFE using MD, and a coarse-

grained model of PTFE is developed which increases the length scale of feasible models from 

nanometers to micrometers. Indentation and scratch tests are then performed on the coarse-

grained models that mimic PTFE particles at the macroscale to compare deformation 

mechanisms between the coarse-grained microscale PTFE and the atomic scale models.
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2 Methods 

We develop atomistic scale models of individual PTFE chains to study the effect of length and 

temperature on the chain strength. To study the frictional properties of PTFE particles of varying 

shape, we develop a coarse-grained model from the atomistic model.

2.1 Atomistic Modeling

Molecular dynamics method is used to simulate tensile tests on single chain PTFE (figure 1A). 

The chain lengths investigated range from approximately 3 Å to 1000 Å, and only chains longer 

than 25 Å are studied further due to their stabilized elastic modulus during preliminary testing. 

100 Å long chains (figure 1B) are stacked parallel in a square lattice to create a bulk PTFE 

(figure 1C). Nanoindentation and scratch tests are performed on the bulk PTFE model to study 

the effect that chain orientation has on the resistance to scratch. All MD simulations are 

performed using the ReaxFF40 force field due to the near quantum mechanical level accuracy41 

and it is especially suited to model fluorinated graphene. The ReaxFF force field is also capable 

of performing the chemical reactions between PTFE and water molecules. All simulations are 

performed using Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)42 and 

visualized in Visual Molecular Dynamics (VMD).43
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Figure 1 (A) A Single Chain of PTFE comprising of a backbone of carbon atoms bonded to 
fluorine atoms. (B) Selection of a single PTFE chain used to develop (C) the bulk PTFE model. 
Each chain was 107.7 Å long after equilibration, placed parallel to the Z axis and approximately 
5 Å apart to create the bulk PTFE model.

Understanding atomic scale single chain PTFE and its reaction to stress and strain, temperature, 

and water will provide insight to nanoscale deformation mechanisms. Measuring the tensile 

strength of PTFE chains will provide an explanation of failure mechanisms at the nanoscale. 

Tensile tests are performed on single PTFE chains of varying length, temperature, and water 

content. Chain lengths (figure 1A) vary from  = 25, 50, 100, 200, 600 and 1000 Å, where each 𝑙

chain contains 20, 40, 80, 160, 450, and 755 carbon atoms respectively. Chains are tested at 300 

K in 57.5 wt% water and in vacuum. A chain length of 100 Å is chosen to test the effects of 

temperature and chemical environment. Temperature variation ranged from 300 K to 600 K 

incremented by 50 K. 
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In each tensile test simulation, PTFE chains are minimized for 2 ps. To prevent the chain from 

curling, the carbon atoms at either end of the chain are prevented from moving in the Y and Z 

direction, restricting their movement parallel to the chain orientation. After equilibration, one 

end carbon atom is held fixed, while the other is stretched until 20% strain is achieved. This 

process is carried out for all chain lengths and will determine the tensile strength of individual 

chain lengths.

To create the bulk PTFE model, chains are oriented in a square lattice, parallel to the Z axis 

(figure 1B). The PTFE block dimensions are 99 x 55 x 108 Å (figure 1C) after equilibration. The 

X and Z dimensions are periodic, and the bottom two layers of PTFE chains (10 Å) are held 

fixed after equilibration is finished, the rest of the atoms are free to move in any dimension while 

the indentation and scratch tests are performed. To investigate how the chain orientation affects 

the coefficient of friction, a spherical indenter with radius of 25 Å is indented 10 Å into the 

surface of the PTFE sample, then scratched at angles 0, 45, and 90 degrees measured from the Z 

axis, for scratch length of 10 Å. 

2.2 Coarse-grained Modeling

Experimental observations show PTFE forms different sized and shaped particles during the 

annealing process.10 By developing a coarse-grained force field and model, larger length scales 

can be achieved than would be possible simply using molecular dynamics. Spanning larger 

simulation length scale allows for the investigation of micrometer-sized particles as seen in 

experimental work and how different shapes of these particles change the coefficient of friction. 

To develop the coarse-grained force field, multiple PTFE chains are configured to generate a 

bundle with dimensions 28.18 x 17.75 x 17.41 Å (figure 2A, 2B). Bundle dimensions are chosen 

to include the twist in PTFE chains (that is inherent to PTFE chain longer than 25 Å) and also 

considering the ReaxFF force field, which is computationally expensive using molecular 

dynamics. In this study, PTFE chains are placed in an ideal crystalline alignment. Each bundle is 

equilibrated at 300 K to allow the bundle to reach a minimum energy and orientation. The 

relaxed coarse-grained fibers are visually similar to experimentally observed microscale fibers.44-

46 An amorphous phase can lead to change in our coarse-grained parameters especially bending 

test parameters listed in table 1.
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 Molecular dynamics is used to perform mechanical tests in order to calculate coarse-grained 

parameters from fitted energy curves. Three tests are run using the PTFE bundle model, a tensile 

test, three-point bending test and equilibrium distance test. Each simulation is performed using 

the ReaxFF force field. The purpose of the tests is to approximate the 1088 atoms in the bundle 

as three coarse-grained beads (figure 2C, 2D), to increase length scale capabilities by allowing 

multiple beads to create a fiber (figure 2E). A coarse-grained potential is developed to describe 

the bond and angle interactions between the three beads, and the interactions of multiple fibers 

via van der Waals forces. Multiple PTFE beads are used to create a PTFE fiber (figure 2E). 

Multiple fibers coalesce to form a micrometer sized particle (figure 2F) after equilibration at 300 

K.

Figure 2 (A) PTFE bundle comprising of parallel PTFE chains. (B) Side view of the PTFE 
bundle. (C) A silhouette (purple) of figure 2B where three yellow beads are placed showing the 
scale between molecular dynamics and the coarse-grained beads. (D) Close view of three coarse-
grained beads separated by distance  and forming angle , parameters obtained from molecular r, 𝜃
dynamics bundle simulations. (E) A selection of a PTFE fiber from the coarse-grained model 
showing the three distinct PTFE Beads. (F) A PTFE particle measuring 0.1 µm across.

Page 7 of 32 Physical Chemistry Chemical Physics



8

The coarse-grained parameters that describe bonding are derived from the energies of the MD 

simulation of a bundle under tensile stress. During the simulation, the end carbon atoms are held 

fixed in the Y and Z dimensions to restrict movement of the chain. The fixed carbon atoms are 

then pulled at a strain rate of 0.05 ps-1 until 13% strain. The length and energy of the bundle was 

recorded for parameter extraction. The strain, and energy of the simulation was plotted and an 

energy curve was fit to equation 1.

 (1)𝐸 = 𝐾𝑇(𝑟 ― 𝑟0)2

The variable  is the length of the bundle,  is the equilibrium length,  is the tensile energy 𝑟 𝑟0 𝐾𝑇

constant and  is the energy of the system. The necessary parameters for describing the bonding 𝐸

parameters of the coarse-grained beads are equilibrium length ( ) and tensile energy constant (𝑟0

). Because three beads are placed in the coarse-grained model to represent the bundle, one 𝐾𝑇

bead at each end and one in the middle, the values used in the potential file for the equilibrium 

bead length ( ) is 13.60 Å. The energy constant is then set to 481.07 Kcal/mol-Å2, to ensure a 𝑟0

correct correlation between the molecular dynamics and coarse-grained simulations.

 

Figure 3 (A) Plot of MD bundle data (blue dots) and the energy fit (red line) used to create 
coarse-grained model parameters. The energy fit curve is fit to equation 1 and the parameters  𝑟0
and  are calculated. (B) Images of PTFE bundle at equilibrium length l  (i) and 𝐾𝑇 = 27.1876 Å
at 11% strain l (ii).+Δ𝑙 = 30.40 Å 
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A three-point bend test is used to describe the dihedral angles between coarse-grained beads. The 

end carbon atoms are held fixed in all dimensions, the center carbon atoms were also fixed and 

displaced in the Y dimension at a strain rate of 0.05 ps-1. The angle of the bundle and the energy 

are measured and plotted, and an energy curve is fit to equation 2.

 (2)𝐸 = 𝐾𝐵(𝜃 ― 𝜃0)2

The bending energy constant ( ) and the equilibrium bend angle (  are used in the coarse-𝐾𝐵 𝜃0)

grained potential, while the energy (E) and the bend angle ( ) of the bundle are measured during 𝜃

the simulation. 

Figure 4 (A) Plot of MD Bundle data (blue) during bending test and the energy fit (red) used to 
create coarse-grained model parameters. (B) Images of PTFE bundle before and during the 
bending test.

The van der Waals interactions in the coarse-grained model are determined by the attractive or 

repulsive forces from the MD simulations. The equilibrium test uses two separate completely 

fixed bundles parallel to one another, which are brought closer together as the simulation 

progresses. The distance and energy of the system is measured and plotted, and an energy curve 

is fit to the potential energy of the two bundles using the Lennard-Jones 12:6 curve (equation 3).

 (3)𝐸 = 4𝜖[(𝜎
𝑟)12

― (𝜎
𝑟)6]

The energy well depth at equilibrium ( ), and the distance parameter ( ) are calculated via the 𝜖 𝜎

curve fit. The distance between PTFE bundles (r) and the energy (E) of the bundle are measured 
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during the simulation. The parameters necessary to model the coarse-grained force field are the 

energy well depth at equilibrium ( ), and the distance parameter ( ).𝜖 𝜎

Figure 5 (A) Plot comparing two molecular dynamics equilibrium distance data points to the 
Lennard Jones curve. Images show the bundle at distances of 23.1 Å (B) and 35 Å (C).

The parameters gathered from the equilibrium distance test are those that create the best Lennard 

Jones fit to the data. The energy cutoff distance  was chosen to be 45.65 Å, when the energy 𝑟𝑐𝑢𝑡

of two interacting bundles was zero. The values for the energy well depth, and the zero-crossing 

distance were chosen to ensure the equilibrium distance and the equilibrium energy matched the 

bundle simulation. Due to the thermal fluctuations in the data used to fit the Lennard Jones 

curve, the coarse-grained force field may cause variation in the forces predicted.  By conducting 

parametric studies, we have quantified the variation in forces to be up to 5 nN. The necessary 

parameters to model PTFE are summarized in table 1.
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Table 1. List of Coarse-grained Parameters 

Simulation Parameter Description Value Units

Energy Parameter ( )𝐾𝑇 481.07
𝐾𝑐𝑎𝑙

𝑚𝑜𝑙 Å2

Tensile Test
Equilibrium Bond Distance (

)𝑟0
13.60 Å

Energy Parameter ( )𝐾𝐵 1330.82
𝐾𝑐𝑎𝑙

𝑚𝑜𝑙 𝑟𝑎𝑑2
Three Point Bend Test

Equilibrium Angle ( )𝜃0 177.31 Degrees

Energy Well Depth ( )𝜖 30.60
Kcal
mol

Zero-crossing Distance ( )σ 23 Å
Equilibrium Distance 

Test

Energy Cutoff ( )𝑟𝑐𝑢𝑡 50 Å

Table 1 The list of parameters extracted from the molecular dynamics simulations on PTFE 
bundles. Three tests are performed: tensile, three point bend, and equilibrium distance tests. 
These parameters are used to define the bonding, angle, and van der Waals forces between PTFE 
beads in the coarse-grained potential.

A three-bead model is generated to test the coarse-grained parameters against the bundle 

simulations. Tensile, three point bend, and equilibrium distance tests are performed using the 

new coarse-grained model and potential. Results from the coarse-grained simulations recreate the 

MD simulation energies in the coarse-grained potential.

Using the coarse-grained equilibrium distances, PTFE beads are placed into 10,000 PTFE fibers. 

To create the model, 500 Å long fibers are positioned and oriented randomly. The model was set 

to equilibrate at 300 K for 15.6 ns. The PTFE fibers coalesce into a porous interwoven mesh 

which gradually condense to a particle. 

The resultant nanoparticle with an approximate spherical shape is referred here as the porous 

nanoparticle (Porous) (figure 6A&B). A flattened particle (figure 6C&D) with lower porosity 

(Flat) was also generated using LAMMPS which is half the original height of the porous 

nanoparticle. Finally, a high density needle shaped (Needle) particle (figure 6E&F) was also 
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generated with a similar length to width ratio (3.26) as fibers found in experimental works (2.6-

3.77).10 The radial distribution of atoms in each model is measured and indicates that the models 

are indeed different sizes and shapes of the same material with different densities (figure 6F). 

Various shapes of PTFE particles are observed in experimental literature and our particles were 

modeled after the shape and size of these particles.10,47 In our studies the porous model replicates 

the particles observed in experiments at room temperatures before annealing. We compress the 

porous model to different densities to generate the flat and needle particle models. The density of 

the porous, flat, and needle model are 0.7376, 0.8420 and 1.0120 g/cm3 respectively which are 

similar to the density of PTFE powder ranging from 0.5 to 2.0 g/cm3.47 

Fibers of equilibrated coarse-grained models were measured ~ 10 nm in diameter. AFM images 

from experimental studies show PTFE fibers ranging from 400 nm to 10 nm in diameter and 

forming an entangled web-like structure, which is also observed in the equilibrated coarse-

grained particles.46,48 Although bundle simulations use an ideal structure of PTFE to approximate 

the coarse-grained parameters, the coarse-grained particles contain a similar density and shape to 

particles observed experimentally.10,47

Indentation is performed at the same location for all particles. A purely repulsive spherical 

LAMMPS indenter with a diameter of 50 nm is used to indent each nanoparticle. The indentation 

speed was held constant at 5 m/s for each indenter, and an indentation depth of 10 nm was 

studied.
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Figure 6 (A) The porous particle (Porous) is generated by equilibrating random PTFE fibers for 
15.6 nanoseconds. (B) Side view of porous particle. (C) The flattened particle (Flat) is generated 
by indenting the porous particle in the Y dimension until the particle is half the original size. (D) 
Side view of flattened particle. (E) We generate the needle particle (Needle) by varying the 
density of the PTFE fibers. (F) Side view of needle particle. (G) Radial distribution function 
showing that each particle contains the proper peaks where PTFE coarse-grained beads rest, but 
each has a difference in density.
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3 Results and Discussion

3.1 Single Chain PTFE Simulations

Molecular dynamics simulations on single PTFE chains study how the initial chain length affects 

the maximum tensile stress before the chain fails. The chains are studied in vacuum and in a 

water environment, at 300 K. Results from the length studies shows the chains shorter than 100 

Å withstand a slightly higher stress than the others, for this reason the 100 Å long chain was 

selected for the temperature study. The pulling velocity is investigated and found to have a 

negligible effect on the mechanical properties of atomistic PTFE chains.

3.1.1 Elastic Modulus

To explore the effects of chain length on elastic modulus, and also to compare results with 

previous studies, the length of chains investigated ranged from 3 Å to 1000 Å. Values for elastic 

modulus of PTFE have been reported at 160 GPa using force field calculations and 221 and 247 

GPa using DFT.49-51 In order to compare our MD model results to density functional theory 

(DFT) calculations. We use the smallest chain of PTFE to recreate the simulation conditions of 

DFT; the elastic modulus at 1 K is calculated to be 248.1 GPA agreeing with previously reported 

data. We observed an increase in the elastic modulus of the PTFE chains as the chain length 

increases at 300 K (figure 7A). Using the linear elastic region (from 0 to 2.5 % strain) of the 

stress strain curve (see figure 8A and B), the elastic modulus is calculated to be 525 GPa for the 

100 Å chain at 300 K in vacuum and 524.8 GPa in water. 
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Figure 7 (A) Graph of elastic modulus vs chain length of PTFE at 300 K. The dotted line 
separates small chains (< 25 Å) from longer chains (≥ 25 Å). Once the chain length reaches 25 
Å, a twist in the backbone of the chain is observed at equilibrium. When under tensile load, the 
chain stretches by unraveling the twist, any chain that does not have a twist has a significantly 
lower elastic modulus. (B) 21.3 Å long chain at equilibrium showing straight chain without a 
dihedral twist. (C) 25 Å long chain at equilibrium showing a single dihedral twist. (D) Close up 
view of the twist in the 25 Å long chain.

PTFE is known to have a torsion angle of approximately 162.5 degrees.52,53 At equilibrium, the 

carbon backbone of PTFE gradually rotates under the torsion angle, however, we observe at a 

length of 21.3 Å (with 20 carbon atoms) a twist occurring in the chain. Chains with more than 20 

carbon atoms all are observed to have at least one twist at equilibrium. During the tensile test 

dihedral angles slowly unravel, bond angles increase, and bond lengths stretch. Failure ultimately 

occurs when the bond between carbon atoms stretches too far. Chains with a twist are observed 

to have an extra phase where the twist is unraveled before bond lengths or bond angles increase. 

Once the twist has straightened, the dihedrals, bond angle, and bond lengths increase 

simultaneously just as observed in the chains without the twist. This explains the variation of 

modulus values.

3.1.2 The Effects of Initial Chain Length on Maximum Stress

When hydrated, the initial stress of the chain increases, as well as the maximum stress the chain 

can withstand. In every simulation, the chain with water surpasses the strength of the chain 
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without water. Nanoscale tensile tests in vacuum (figure 8A) show only a small change in 

maximum stress as chain length increases. Chain lengths investigated range from 25 Å to 1000 

Å. The 25 and 50 Å chain lengths both in water and vacuum exhibit a slightly larger maximum 

stress than the longer chains. The increase in strength is due to the decreased initial stress in the 

shorter PTFE chains prior to the tensile test. To prevent the curling of the chains during 

equilibration, the ends of the chain are prevented from moving in any direction except the 

direction parallel to the chain orientation (X direction), leaving the chain in a state of stress 

visualized in figure 8C, and graphically by the non-zero stress at zero strain in figure 8A. The 

residual stress in the chains increase as the length of the chain increases, resulting in lower 

maximum stress values for the longer chains. 

Figure 8 (A) Stress strain plot for PTFE in vacuum and (B) in water. (C) PTFE 100 Å long after 
equilibration and (D) after break. (E) PTFE 100 Å long in water environment after equilibration 
and (F) after break.
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The maximum stress for longer chains decreases as the length of the chain increases, but appears 

to plateau at a length of 100 Å. A similar phenomenon was observed in polyyne carbyne where 

the smaller length chains were also reported to have a higher strength.54,55 The dependency the 

maximum strength of the chain has on length can be explained by the high axial strain energy for 

shorter chains, as well as the increase in probability that longer chains will break due to the 

increased number of bonds.

3.1.3 The Effect of Water and Vacuum Environments on Maximum Stress 

The addition of water to the PTFE chains increases the maximum tensile stress before the chain 

breaks (figure 9A). The models which have been hydrated can withstand 4-8% more stress than 

their vacuum counterparts. Interestingly, the shorter chain lengths appear to benefit less from the 

water than the longer chain lengths. There was no covalent bonding, healing, or altering of the 

PTFE chain physical attributes during the simulations.

Water has been observed to increase the maximum strength of polyyne, but through a very 

different  mechanism.55 In PTFE, water is able to prevent the chain from excessive movement in 

the Y or Z directions. The chain with water, being hindered in two dimensions, is able to 

withstand a greater stress because the shape of the chain is more unified in the direction of the 

tensile load. An illustration of a chain under tensile load with water can be seen in figure 9B, the 

stabilizing effects are apparent when compared to the chain without water. While in both 

illustrations the calculated engineering strain is the same, the actual length between individual 

carbon bonds is greater in the chain without water, and therefore has a larger stress. This increase 

in bond distance is what ultimately causes the chain to fail.
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Figure 9 (A) Initial PTFE chain length vs maximum tensile stress before chain breaks, showing 
that the maximum tensile stress experienced by PTFE chains can be increased by adding water to 
stabilize the chain. It is observed that the maximum tensile stress is decreased as the length of the 
chain increases, but this effect diminishes as the chain length increases. (B) An illustration of a 
single PTFE chain under tensile stress with water. The water acts as a stabilizer and prevents 
redundant movements. Illustration of a PTFE chain without the water stabilizing effect. (C) 
Initial length of PTFE chain vs strain at break. The strain at break decreases as the length of the 
chain increases, but again plateaus similar to the max tensile stress. (D) Temperature of chain vs 
the maximum tensile stress. As temperature increases, we observe that the maximum stress of the 
PTFE chains decreases.

3.1.4 The Effect of Temperature Variation

We study the effect of temperature on PTFE chain by varying the temperature from 300 K to 600 

K incrementing by 50 K and performing a tensile test.  The temperature of the PTFE chain 

drastically affects the strength of the polymer (figure 9D). The maximum stress before the chain 

breaks has a negative correlation with the temperature of the chain. With the increase in kinetic 
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energy of the atoms, it becomes easier to break the bonds of the chain. Similar results have been 

recorded on macroscale PTFE in tension, the higher the temperature, the lower the yield stress.56 

During a scratch test on PTFE film, chains are observed to break and radicals are formed. With 

the increase in rubbing cycles, more chains are broken and radicals are formed.23 It has been 

observed that higher temperatures cause a decrease in the coefficient of friction as well as a 

reduction in the adhesive forces between PTFE chains.33 High temperatures that occur during 

rubbing of a PTFE film can be attributed with the failure of the film, and the increase of radicals.

3.1.5 Single Chain Study Summary

The shorter PTFE chains are observed to have up to 9% higher ultimate stress which decreases as 

the length of the chain increases. This decrease in strength is due to the high axial strain energy 

for longer chains, and the increased probability of a broken bond as the chains get longer. Water 

stabilizes the chains by limiting movement to the strain direction. PTFE chains exhibit lower 

strength as temperature raises from 300 K to 600 K. The calculated Young’s Modulus for a 100 

Å long PTFE chain at 300 K in vacuum is 525 GPa.

3.2 Nanoscale Indentation and Scratch Simulations

In order to predict the frictional properties, a bulk PTFE model is indented 10 Å by an indenter 

with a radius of 25 Å. After indentation, scratch tests are performed at three different scratch 

angles: 0 degrees, 45 degrees, and 90 degrees parallel to the chain orientation (Z axis). 

3.2.1 Molecular Dynamics Indentation Results

The indentation force and the indentation depth are measured during this simulation (figure 

10A). Under the compressive load, when the indentation force reach 400 nN (figure 10i) a chain 

is then displaced from the PTFE surface by the force of the indenter (figure 10ii). As the indenter 

continues through the PTFE, the indentation force continues to rise and more chains are 

displaced from the surface (figure 10iii). 
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Figure 10 (A) Indentation Force vs Indentation Depth. Drops in the indentation force occur as 
chains are ejected from the surface of the PTFE. (i) Image of PTFE surface during indentation at 
the first peak in the force displacement plot before any chains are ejected. (ii) Image showing a 
PTFE chain protruding from the surface causing a drop in the force displacement plot. (iii) After 
10 Å of indentation, multiple chains have been ejected from their original positions and are now 
protruding from the surface.

 No chains are observed to break during indentation and the chain displacement phenomena 

occurred on both the first and second layers of PTFE. The maximum tensile stress a single chain 

of PTFE can withstand is approximately 80 GPa (figure 8A), we see the maximum force 

sustained by the bulk PTFE model is 400 nN before chains protrude from the surface of the 

PTFE. Dividing the maximum force before deformation by the approximate contact area of the 

indenter ( ), the contact pressure on the bulk PTFE is 20.37 GPa. The chains slip around the 𝜋𝑟2

indenter at the same pressure as they would break under tensile stress. Because PTFE chains 

have an intrinsically low adhesion to each other, it is easy to separate the chains during 

indentation without significant damage to the PTFE surface.8 This allows for the chains to 

separate without breaking and to deform away from the indenter.

The elastic modulus of the bulk PTFE was found by computing stress by dividing the normal 

force by the contact area of the indenter, and a strain by computing the compressive strain on the 

center of the PTFE sample. The elastic modulus during indentation is 80.23 GPa for the first 5% 

strain. Experimental studies on thin film PTFE have been conducted investigating the thickness 

effect of PTFE on the elastic modulus, showing that decreasing film size greatly increases the 

elastic modulus of the film. While no direct comparison is available, the smallest PTFE film 
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tested by Wang et al had a thickness of 48.1 nm and an elastic modulus of 12 GPa, where our 

film thickness is 5.5 nm and has an elastic modulus of 80.23 GPa.57

3.2.2 Nanoscale Scratch Test

Once an indentation depth of 10 Å is reached, a scratch test is performed on the surface for 10 Å. 

A scratch angle of 0 degrees (parallel to the chain orientation in the Z axis) shows a zipper like 

deformation during the scratch. The 0 degree scratch shows the ability of PTFE to deform 

without damaging the surface. The sections of chains in front of the indenter are displaced out of 

the indenter path, while the sections behind the indenter return to their original positions. This is 

because the PTFE chains have a relatively low adhesion force to one another. The van der Waals 

forces that attract the chains are easily separated by the indenter resulting in the parting of chains 

while the chains fall naturally back to their original positions due to the attraction forces from the 

neighboring chains. 

A scratch angle of 90 degrees (perpendicular to the chain orientation) shows major deformation 

of the chains. Pile-up occurs (figure 10iii) as the indenter moves through the surface of the 

PTFE, and the chains behind the indenter remain relatively motionless. During the scratch test, 

the sections of chain in the path of the indenter cause pile-up. While the chains are forced out of 

their initial positions, the ends of the chains cannot remain connected to the neighboring chains. 

The ends of the chains slip past the neighboring fluorine atoms causing the drop in the force 

displacement graph (figure 11A), and coefficient of friction graph (figure 11B). The large drop 

occurring around 6 Å occurs when a chain is displaced from the surface of the PTFE, seen as the 

top chain in figure 11E.
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Figure 11 (A) Indentation force vs scratch distance for scratch angles of 0, 45, and 90 degrees. 
(B) Coefficient of friction computed from scratch tests at 0, 45, and 90 degree scratch angles. (C) 
Scratch distance of 10 Å for 0 degree scratch angle showing an arrow illustrating the scratch 
path. Chains have been displaced during the indentation but the scratch does not create more 
ejected chains. The indenter acts like a zipper, opening the PTFE surface by separating the 
individual chains. (D) Scratch distance of 10 Å for 45 degree scratch angle showing an arrow 
illustrating the scratch path. The chains ejected during the indentation are deformed slightly, but 
no new chains have been ejected from the surface. (E) Scratch distance of 10 Å for the 90 degree 
scratch angle. This image shows the pile-up of debris as the indenter displaces individual chains 
from the surface.

The results for scratch angle of 45 degrees shows a mixture between the 0 and 90 degree scratch 

angles. Chains in front of the indenter path have a low resistance to indentation and will deform 

to allow the indenter to pass over them, but are eventually displaced similar to the 90 degree 

scratch. Pile-up was not observed for the length of the scratch at 45 degrees. Similar to the 90 

degree scratch, sudden decrease in the force displacement graphs are caused by the slipping of 

chains past neighboring chains. Unlike the 90 degree scratch angle, the chains are never 

displaced far enough to cause a chain to completely detach from the surface. 
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From the observations of these results, we can conclude that the polymer orientation during 

scratch is much less resistant when the chains are oriented in the same direction as the indenter 

direction. This result is supported by Barry et al who investigated sliding directions of PTFE 

sheets.33 The PTFE sheets were observed to break and some chains reoriented based off of 

sliding direction. Frictional forces reported by Barry et al range from 2.1 to 10.7 nN, well within 

the values found in this work.33

Coefficient of friction values for the 90 degree scratch average to 0.15. The 45 degree scratch 

shows values of 0.1 while the 0 degree scratch averages to 0.05. Previously reported values of 

the coefficient of friction for PTFE fall between 0.1 and 0.16 during initial sliding of PTFE.9,20 

The coefficient of friction reported in this work support the values found in experimental work of 

bulk PTFE during the initial sliding of a scratch test. During scratch, experimental studies 

observe a decrease in the coefficient of friction, after the initial scratch has begun which may be 

result of chains reorienting to the scratch direction.10

3.2.3 Summary of MD Indentation and Scratch Studies

Indentation on PTFE shows some self-repairing characteristics due to the weak secondary bonds 

of PTFE chains. Chains begin to be ejected from the surface of the film at 400 nN of force. After 

10 Å of indentation, multiple chains have been ejected from the PTFE film surface. Scratching 

parallel to chain orientation shows a COF of 0.05, scratching at a 45 degree angle to the chain 

orientation shows a COF of approximately 0.1, and the 90 degree scratch angle shows a COF of 

0.15. 

3.3 Coarse-grained Model Indentation and Scratch

We preform indentation and scratch studies on coarse-grained particles (flat, needle and porous) 

to predict their frictional properties. These are the common geometries of PTFE found at the 

microscale and can affect the frictional properties of PTFE coating.

3.3.1 Indentation of Coarse-grained PTFE Particles

During indentation of the coarse-grained particles (figure 12A), the porous particle required the 

least force for the indenter to penetrate the particle. Because of the low density of the particle, 

most of the indentation depth is used to compress the fibers the indenter encounters. The porous 

particle compacts, and shears slightly in the positive Z direction, which is most likely due to the 

internal structure of the particle. The inside structure of the particle has column like supports 
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created from high density tangled fibers, oriented in random directions. The largest support near 

the indenter extends in the positive Z direction, so when it is compressed, the support causes 

shear in the entire particle in the Z direction. 

Figure 12 A) Plot of indentation distance vs indentation force showing the denser a particle is, 
the greater the force is needed to indent the same indentation depth. B) Coefficient of friction 
during the scratch in the X direction. The flat particle has a low initial coefficient of friction 
value which increases due to increasing resistance from the shearing surface. Since the surface of 
all particles is uneven, the indenter experiences increasing or decreasing frictional forces 
depending on the amount of material obstructing the indentation motion. 

The flat particle shows a much greater resistance to the indenter than the porous particle. As the 

indenter begins to penetrate the surface of the flat particle, the compression of the fibers begins 

immediately. Due to the high density, the fibers cannot compress much farther and the force 

begins to rise. Sudden drops in the force displacement graph occur when support columns or 

groups of fibers slip past other support columns or fibers. The flattened particle undergoes a 

shearing similar to the porous model, unlike the porous particle, most of the flat particle support 

columns are oriented horizontally due to the compression used to create the flat surface. The 

lower half of the particle is more porous than the top half, and is mainly responsible for the shear 

visible in the particle during the scratch.

The force measured during the indentation of the needle particle was larger in magnitude than 

the force measured on any of the other particles. The indenter contacts the particle surface on top 

of a raised segment of the particle. Drops in the force displacement plot again correspond to 
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slipping of support columns past other columns in the model (figure 2F). Because the density of 

the needle particle is slightly higher than the flat particle, the drops in force are not high, as the 

support columns have less space to slip into. 

3.3.2 Scratch Test of Coarse-grained Models

Scratch test on the porous particle had little resistance to the indenter (figure 12B), similar to the 

results from the indentation studies. As the indenter scratches the surface of the porous particle 

the indenter remains at the initial indentation depth of 100 Å. The frictional coefficient gradually 

increases throughout the simulation due to the slope of the surface topography, and continually 

shearing PTFE fibers, which is seen during the scratch test of all particles. While the normal and 

frictional forces measured during the scratch test are low, the coefficient of friction is high due to 

the large amount of resistance from the topography of the particle. The density of summits (Sds) 

of the particle is calculated by counting the peaks and dividing by the surface area of the particle 

(figure 13A), the density of summits of the porous particle is  nm-2.58  The 2.242 × 10 ―3

deviation of summit heights (Sdv) is also calculated (figure 13B) and the porous particle has a 

summit height deviation of 31.56 nm.
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Figure 13 A) Density of summits vs coefficient of friction showing the higher the density of 
summits on the particle, the lower the coefficient of friction. B) Deviation of summit heights vs 
coefficient of friction showing the lower the deviation the lower the coefficient of friction. C) 
Flat particle surface topography which has more peaks at a constant height. D) Needle particle 
surface topography showing a few peaks at varying heights. E) Porous particle showing greatest 
peak height and peak height variation.

The coefficient of friction of the flat particle steadily increases from 0.03 to 0.20 (figure 12B). 

Small fluctuations in the coefficient of friction are seen at 40 Å scratch distance which are 

caused by shear deformation in the particle. Three more scratch tests were performed at 10 Å 

intervals where coefficient of friction values ranged from 0.05 to 0.2. The additional scratch tests 

provide evidence that the coefficient of friction varies depending on the surface topography. The 

density of summits for the flat particle is  nm-2 and the deviation of summit heights 9.903 × 10 ―3

is 11.17 nm. The flat particle has the highest density of summits and the lowest deviation of 

summit heights. These localized peaks help reduce friction, as less material is able to come in 

contact with the indenter during the scratch test.
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The needle particle has a high coefficient of friction similar to the porous particle.  Three 

additional scratch tests were performed at 10 Å intervals. Coefficient of friction values ranged 

from 0.35 to 0.5 during the additional scratch tests. The density of summits for the needle 

particle is nm-2 and deviation of summit height of 16.16 nm. 8.325 × 10 ―5

The coefficient of friction calculated and plotted in figure 12B is calculated by running one 

scratch down the center of the particles. To estimate an error of these values, three more tests 

were performed on the flat and needle particles, scratching horizontal to the first scratch at 

intervals of 10 Å. The average coefficient of friction for the flat, needle, and porous particles are 

0.1324, 0.4351, and 0.6392 respectively. Reported coefficient of friction values for PTFE film 

during micrometer length scratch tests range from 0.15 to 0.20 which are slightly higher than the 

coefficient of friction values for the flattened particle.59 The attributes of the particles that govern 

the coefficient of friction values are the density of summits, and the deviation of summit heights. 

As seen in figure 13A, the higher the density of summits, the lower the coefficient of friction. 

The summit deviation also plays a big role in lowering the coefficient of friction (figure 13B), as 

the deviation of summit height decreases, the coefficient of friction also decreases. 

The porous particle had the lowest summit density and highest deviation of summit height. The 

porous particle is modeled after the spherical particles seen before annealing a PTFE film. The 

porous particle takes a rather spherical shape, which allows the PTFE fibers to stay as straight as 

possible and bend the least number of times. The needle particle has a much higher density than 

the porous particle, causing the PTFE fibers to bend to fit more particles in a smaller area. The 

bending and buckling of fibers cause an increase in summit density, and a decrease in the 

deviation of summit height. The compression of the porous particle increases the density of 

summits by forcing the relatively straight PTFE fibers to form a dense straight edge on the 

surface of the flat particle. This dense edge of the flat particle is compressed to the same height 

therefore decreasing the deviation of summit heights.  

3.3.3 Summary of coarse-grained simulations

 A coarse-grained model is obtained from the results of fully atomistic molecular dynamics 

simulations which allows for the investigation of much larger length scales. Equilibration of the 

coarse-grained models show that PTFE chains would prefer to remain straight, but due to the 

sheer number and length of chains, will form an amorphous particle. Indentation on porous, flat, 
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and needle shaped particles show that the particles with higher density will require a higher force 

to indent. Scratch tests reveal that a particle with higher summit density and lower deviation of 

summit height will have a lower coefficient of friction. Coefficient of friction values of the 

coarse-grained particles fall within the values calculated during the MD simulations, and the 

coefficient of friction value for the flattened particle agrees with experimental studies.

4 Conclusions

We have investigated single PTFE chain strength and found that the length of the chain does not 

affect the strength of the PTFE chain except for very short chains. Adding water strengthens the 

PTFE chain, while the pulling rate does not affect the maximum stress of the chain. Increasing 

the temperature of the chain decreases the tensile strength of the PTFE chain. 

We also studied nanoindentation of compact PTFE on the nanoscale using molecular dynamics. 

We observed that PTFE chains slip around the indenter after 5 Å of indentation depth, which is 

equal to the depth of one layer of PTFE chains, or 400 nN of force. PTFE chains resisted scratch 

much greater when the scratch direction was perpendicular to the chain orientation resulting in 

deformation of the PTFE surface.

We generated a bundle of PTFE chains to derive the coarse-grained potential for microscale 

PTFE. Three different particle shapes were investigated, the porous, flattened, and the needle, 

modeled after experimental observations of PTFE particles. We observed that PTFE tends to 

form relatively straight fibers which gather to create a porous interwoven mesh. The maximum 

strength of PTFE particles tested using the coarse-grained force field was 60 nN before severe 

deformation occurred, approximately 6 times weaker than results of PTFE on the nanoscale 

using the ReaxFF force field.

Indentation on the porous nanoparticle using the coarse-grained model showed least resistance to 

indentation, while the flattened particle showed a greater resistance, and the needle particle 

showed the greatest resistance to indentation. Each model had slightly greater density than the 

last, suggesting the greater the density of the particle the more resistant to indentation the particle 

will be. The deformation of each of these particles was similar, showing that the deformation of 

an individual particle is based on the internal structure of the particle, not just the surface 

topography or the shape. 
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Scratch tests performed on the three micrometer sized particles show how the surface 

topography, shape, and density of a particle will affect the coefficient of friction. The value of 

the coefficient of friction is affected mainly by the density and height deviation of peaks in the 

particle.  The coefficient of friction is highest when the particle has a low density of summits, 

and a high deviation of summit height. The coefficient of friction values for the coarse-grained 

models ranged from 0.13 to 0.64 while reported values for experimental coefficient of friction 

values range from 0.1 to 0.37,8,21 and accepted numerical simulations at the nanoscale range from 

0.1 to 0.6.4,33

The generation of the coarse-grained model and potential allows for the modeling of PTFE on a 

microscale reaching length scales that have not previously been possible. The results from 

indentation and scratch tests performed on the coarse-grained PTFE model show that high 

density and even surface roughness create the PTFE particle with the lowest coefficient of 

friction. Further investigations of micrometer sized PTFE particles can illuminate phenomena 

seen in PTFE thin films, such as adhesion mechanisms, interaction with filler particles, and the 

effects of fiber length, thus paving the path for modeling of more realistic PTFE surfaces. The 

studies outlined here will enhance the possibilities of PTFE for multi-disciplinary applications.
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