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Polytetrafluoroethylene (PTFE) is a polymer that has been widely exploited commercially 

as a result of its low friction, ‘non-stick’ properties. The polymer has found usage as ‘non-stick,’ 

chemically resistant coatings for bearings, valves, rollers and pipe linings with applications in 

industries ranging from food and chemical processing to construction, automotive and aerospace. 

The major drawback of PTFE in low friction applications involves its excessive wear rate. For 

decades, scientists and engineers have sought to improve the polymer’s wear resistance while 

maintaining its low sliding friction by reinforcing the polymer matrix with a host of filler 

materials ranging from fibril to particulate.  

In this study, a different approach is taken in which the atomic scale phenomena between 

two crystalline PTFE surfaces in sliding contact are examined. The goal is to obtain atomic-level 

insights into PTFE’s low friction and high wear rate to aid in the designing of effective polymer 

based tribological composites for extreme condition applications. To accomplish this, several 

tribological conditions were varied. These included sliding direction of the two polymer surfaces 

with respect to their chain alignment, sliding velocity, degree of crystalline phase rigidity, 
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interfacial contact pressure, sample temperature and the presence of fluorocarbon fluids between 

the two crystalline PTFE surfaces. 

From these studies, it was found that crystalline PTFE-PTFE sliding demonstrates friction 

anisotropy. Low friction and molecular wear was observed when sliding in the direction of the 

chain alignment with high friction and wear behavior dominating when sliding in a direction 

perpendicular to the chain alignment. For the range of cross-link density (average linear density 

of 6.2 to 11.1 Å) and sliding rate (5 m/s to 20 m/s) explored, a significant change in friction 

behavior or wear mechanisms was not observed. Under conditions of increased normal load or 

low temperature however, the frictional force increased linearly. Additionally, the inclusion of 

fluorocarbon molecular fluids at the sliding interface between the two crystalline PTFE surfaces 

resulted in a significant decrease in both the friction and wear of the surfaces. 
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CHAPTER 1 
INTRODUCTION 

1.1 Tribology 

Defined simply, tribology is the science and technology of solid, interacting surfaces in 

relative motion1 The scientific aspect is often the direct concern of researchers at universities and 

national laboratories while the technological perspective, involving more of a finished product or 

system implemented for a specific task, is often the focus of design engineers in the field. In this 

work, the scientific aspect is highlighted from a materials standpoint without strong emphasis 

placed on the technological aspect as it relates to system design for a specific application. Before 

delving into the material aspects of tribology however, it is necessary to establish why tribology 

is an important subject. The answer may be found in the fact that we live in a mechanical world. 

Much of the work performed in today’s industrialized countries is done by motorized machinery. 

These machines appear in the form of a host of automotive vehicles such as heavy trucks, large 

construction machinery and expensive vehicles for space exploration. The manufacturing plants 

used to build these machines are equally complex mechanical entities. The interaction of surfaces 

for a high number of moving parts in these mechanical systems plays a significant role in their 

operational efficiency. Scientific studies by various researchers both in the United States and 

United Kingdom have estimated the economic impact of tribology to be in the range of billions 

of dollars. For example, for the year 1974, Jost2 estimated that the United States could save 

between $12 and $16 billion per year by investing in tribology research and utilizing the insights 

gained to both improve efficiency and increase material usage lifetime. Subsequent estimates for 

the year 1977 were even higher, to the tune of $40 billion per year.3,4 Rabinowicz’s5 calculations 

also predicted the tribological, economic impact to be in the billion dollar range with friction and 

wear accounting for approximately 10 and 100 billion dollars, respectively. These studies were 
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conducted over three decades ago. Since then, the world has grown substantially from a 

technological standpoint with the advent of information technology. The relentless 

miniaturization of integrated circuits to build more powerful computers and other small 

sophisticated electronic devices have given more relevance to surface interactions and associated 

phenomena such as stiction. Undoubtedly, the importance of tribolgy has likewise grown 

enormously. Given the high cost of wear in tribology, the phenomena is often addressed through 

the use of a lubricating materials such as solid film, semi-solid grease or fluids such as oils and 

gases  

1.2 Lubrication in Tribology 

When two material surfaces in contact move with respect to each other, there is always an 

opposing force to this movement. This resistance or opposing force is referred to as friction. The 

friction force may be broken up into two components: an adhesive component and a deformation 

component.6 The adhesive component is a result of the fact that the surfaces are in contact. 

Atoms at a surface, as opposed to those within the bulk of a material, are under-coordinated and 

thus, are not in their thermodynamically favorable energy state. This causes interactions that 

foster proper coordination between the atoms of the surfaces in contact. The higher the relative 

surface energies, the stronger the surface interaction will be. This interaction accounts for 

adhesion.  

The deformation component of friction stems from the fact that surfaces, from the nano- to 

the macro-scale, are not flat. Most surfaces are composed of a large number of rough, jagged 

peaks (i.e. asperities) and valleys. When two surfaces are pressed together, the contact pressure 

at the interface is supported by these ‘mountain top’ asperity peaks (see Figure 1-1-A). The 

number of asperity peaks in contact dynamically changes with increasing contact pressure (e.g. 

some peaks plastically deform and become part of large peaks that, in turn, may support more of 
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the pressure). From the deformation perspective, a lubricant placed between the two material 

surfaces functions by providing a relatively low shear strength interface for sliding while 

ensuring that the asperity peaks of the two surfaces do not physically interact with each other 

(see Figure 1-1-B). From an adhesive perspective, the lubricant lowers the surface interface 

energy by pacifying, to some extent, the need to achieve proper coordination of the surface 

atoms. 

1.3 Solid vs Grease vs Liquid vs Gas Lubrication (overview) 

The four basic categories of lubricants are oils, greases, dry lubricants and gases.7 Oils and 

gases are a form of fluid lubrication where oils refer to liquid lubricants and gases refer to any 

gas that does not attack or decompose the bearings on which it is used. Greases are basically oils 

with an added thickening agent that renders them as semi-solids while dry lubricants take on the 

properties of a solid as paint-like coatings, loose powders, and bulk solids. Both their advantages 

and disadvantages stem from the basic properties suggested by the form that each takes. For 

example, oils, owing to their fluid nature, may be used for cooling and can be easily fed into a 

bearing via pumping or periodically dripping and simply drained when they are no longer usable. 

Greases are not as easily fed into a bearing compared to oils and they provide almost no cooling; 

yet, they will not migrate away from bearings into surrounding surfaces or volatilize as easily as 

oils would.7 Similarly, dry or solid lubrication may support a substantially higher load compared 

to gas lubrication; however, since solid lubricants do not flow, they offer significantly less 

potential cooling of the bearings and cannot accommodate velocities that are as high as gases. In 

addition to these advantages and disadvantages, there are added considerations of lubricant cost, 

the complexity associated with administering the lubricant, and also the compatibility of the 

lubricant with the material system in question.  
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In general, for bearings where high contact pressure is the main requirement, a solid 

lubricant would be the first choice, followed by greases, oils and finally gases. This ordering of 

the lubricant classes for high contact pressure applications represents one of decreasing viscosity. 

For a case where high bearing speed is the main criteria, the reverse order, beginning with a gas 

would be appropriate. Additional consideration for gas bearings including the need for precise 

control of the surface finish (the requirement is usually one of very high smoothness), clean gas 

supply and rather complex system design.7 With regard to the four lubricant classes, thermal and 

chemical stability, compatibility with bearing materials, maintenance of lubricant in bearings, 

toxicity, environmental effects, availability and price are additional factors to be considered 

when making a choice for improving tribological performance.  

1.4 Polytetrafluoroethylene (PTFE)  

1.4.1 General Properties and Applications 

PTFE is a semicrystalline, fluoropolymer consisting of tetrafluoroethylene –(C2F6)n– mers; 

it has a melting temperature of ~ 327̊C. 8 The polymer is widely used in engineering applications 

for its low friction,9 relatively high temperature stability, chemical resistance,10 and dielectric 

properties.11 PTFE is often the top polymer choice for handling aggressive acids (e.g. HF, 

H2SO4) at high temperatures (e.g. 280-450˚C).12 PTFE’s superior engineering properties 

compared to other common polymers (e.g. polyethylene, polystyrene or polypropylene) is due to 

a combination of its strong C-F bond energy which is among the highest known (~ 481 kJ/mol) 

and low inter-chain attractive forces, which, conversely, is among the lowest at ~ 3 kJ/mol. As a 

result of the mutual repulsion of its fluorine atoms, PTFE’s chain conformation takes on a helical 

nature in three of its four well characterized phases13 where the fluorine atoms twist and are 

staggered around the carbon molecular backbone.14 This arrangement shields the carbon-based 

core from attack; hence, the polymer’s high chemical resistance. The mutual fluorine-fluorine 
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repulsion simultaneously accounts for the low inter-chain attractive force. In conjunction with its 

smooth molecular profile, the rod-like polymer chains are to able to easily slide past each other, 

thus, enabling PTFE’s low friction. Unfortunately, though, this property accounts for its high 

wear rate as well.15 Owing to its strong covalent bonding, PTFE acts an electrical insulator. The 

polymer’s low dielectric strength is a direct result of its highly symmetrical chains conformation 

where its electrical dipoles (i.e. the polar C-F bonds) balance each other.12 The polymer’s 

outstanding electrical properties could be compromised however by the presence of voids and 

micro-cracks in its structure that may arise during processing.  

Given its array of unique physical, chemical and electrical properties, PTFE finds usage in 

a wide range of engineering applications. PTFE finds usage in the automotive industry and in the 

area of office equipment due to its low friction, and for its mechanical and chemical resistance. It 

is used as seals and rings in automotive power steering and transmissions and in air conditioning. 

It is used as rollers for office equipment and as coverings for food processing equipment.10 PTFE 

coated bearings pins and other bearing parts may be used in aircraft and aerospace vehicle 

control systems and office machines. PTFE is also used in sliding bearings or bearing pads for 

support systems such as bridges and buildings to accommodate thermal and seismic movement 

without damage to the structures they support. Additionally, bearing pads made with PTFE fibers 

are used in packaging machinery and pulp and paper processing equipment. Valves, pumps and 

other components can be lined with or made from PTFE through isostatic molding. Unlined 

valves fabricated from stainless steel and other metals will often have PTFE components, for 

instance, seats, packings and diaphragms. In addition to providing chemical resistance, PTFE in 

seats and packings provide conformability to mating surfaces for good sealing and low friction 

for ease of operation.10 The main disadvantages of PTFE are its high sensitivity to ionizing 
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radiation and its tendency to creep (i.e. to experience cold flow). With regard to sliding 

applications, the unfilled polymer matrix exhibits a high wear rate. 

1.4.2 Synthesis, Polymerization and Fabrication 

PTFE is made from the polymerization of the tetrafluoroethylene (TFE) mer (C2F4) which 

is a colorless, odorless, tasteless, nontoxic gas that boils at -76.3˚C and freezes at -142.5˚C.10 

Works referring to commercially relevant techniques,16-18 in the preparation of TFE, mention 

CaF2, hydrofluoric acid and chloroform as starting ingredients. The polymerization of TFE to 

form fluoropolymers such as PTFE is often carried out through a process of free radical 

polymerization.19 Typical initiators used at high temperatures are bisulfite or persulfate. PTFE 

homopolymers polymerize linearly without any detectable branches, contrary to the situation for 

polyethylene (PE).  

Owing to its symmetric structure and the mutual, inter and intra chain repulsion of its 

fluorine atoms, PTFE exhibits low surface energy. Thus, the PTFE chains interact minimally 

with each other. In order to ensure good mechanical properties in the presence of van der Waals 

interactions between the polymer chains, very high molecular weights (i.e. degree of 

polymerizations of 106-107) are required where the long chains have an increased probability of 

becoming entangled in the melt state. An undesirable effect of such high molecular weights is 

PTFE’s extremely high melt viscosity of ~ 10 GPa (i.e. 1011 poise) at 380̊ C . This viscosity is 

millions of times too high to allow for melt processing via extrusion or injection molding 

techniques.10 The fact that the polymer does not flow upon melting creates additional challenges 

from the standpoint of voids (giving rise to mechanical and permeability issues) that are not 

easily closed within parts made of PTFE. Addressing this problem requires a reduction in the 

polymer’s viscosity without significant increases in re-crystallization. The solution has been to 

polymerize small amounts of a co-monomer with TFE to disrupt PTFE’s crystalline structure.20-
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23 This polymerization process is done through two techniques: suspension and dispersion. The 

suspension technique10 employs little or no dispersion agent in conjunction with vigorous 

agitation of the polymer at elevated temperature and pressure. This yields a granular polymer 

which may be processed as a molding powder. In the dispersion technique,10 a high purity 

aqueous medium (to minimize retardation effects on the radical polymerization process) is often 

used to produce dispersion and fine powder PTFE products. The approach is different from that 

of the suspension technique in that ample dispersing agent is combined with mild agitation at 

elevated temperature and pressure. 

 In its granular, dispersion and fine powder forms, different fabrication techniques are used 

to make a variety of PTFE products. The properties of the desired finish part often dictate the 

starting form of the polymer used for fabrication. Granular PTFE is often used to make relatively 

simple shapes and objects that do not require extensive machining to produce fine details. The 

techniques used include some form of molding (e.g. compression, isostatic or automatic) or ram 

extrusion.10 PTFE dispersions are aqueous, milky mixtures comprised of small particles (< 0.25 

µm) of resin suspended in water. These dispersions are characterized by high fluidity and are 

amenable to fluid coating techniques. Thus, applications are primarily coatings and films for 

stadium roofs, conveyor belts, bearings, automobile gaskets and many other parts. Fine powders 

are usually paste extruded to commercial form parts such as rods, tape, tubing, electrical 

insulation and other profiles. Paste extrusion is a technique adapted from ceramic processing 

where PTFE powder is blended with a hydrocarbon lubricant (i.e. paste) which serves as an 

extrusion aid. It may then be formed into a cylindrical preform at relatively low pressure (e.g. 1-

8 MPa) and transferred to the barrel of a ram extruder for shaping.10 The extrudate may be dried 

in an oven prior to sintering to remove the hydrocarbon lubricant.  
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1.4.3 Structure  

The actual manner in which semi-crystalline polymers, such as PTFE, deform in response 

to stress is currently not completely understood. The reason lies in the fact that details of the 

polymer structure are still being debated. The general accepted model of a semi-crystalline 

polymer is one consisting of two distinct phases: a crystalline phase and an amorphous phase. In 

the crystalline phase, the chains loop back on themselves with each loop being approximately 

100 carbon atoms long.19 The folded chain pattern extends in three dimensions to produce thin 

plates or lamellae. These lamellae or crystals take on different forms (e.g. spherulitic shapes) and 

orientations. The amorphous transition zones are assumed to reside between the thin plates.  

1.4.3.1 Characterization 

The characterization of polymers involves the use of many different techniques and 

depends on the property of interest. A common property, average molecular weight, is measured 

in different ways; hence, the three common averages: the number average molecular weight 

(Mn), the weight average molecular weight (Mw) and the viscosity average molecular weight 

(Mv). For relatively low molecular weights (e.g. Mn < 25,000 g/mol), special end-groups (e.g. 

hydroxyl or carboxyl) left at one or both ends of the polymer chains after synthesis may be 

titrated or analyzed instrumentally using infrared methods to obtain Mn measurements.24 A 

second method used for the determination of Mn involves osmotic pressure experiments and 

solution thermodynamics theory which has a practical limit of approximately 500,000 g/mol.24,25 

The principle method used for determining Mw is light scattering. For the bulk state, small-angle 

neutron scattering is becoming more widely used and X-ray scattering is sometimes utilized.24 

Gel permeation or size exclusion chromatography may be used to determine either Mn or Mw 

while intrinsic viscosity measurements may be used to determine Mv.24 
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In conjunction, a variety of spectroscopy techniques may be employed to identify and 

obtain distribution information regarding major polymer components while highlighting 

fundamental features of the polymer’s vibrational motions.26 Infrared spectra are obtained by 

passing infrared radiation through a polymer sample and recording the wavelength of the 

absorption peaks. These peaks, which are caused by the absorption of the electromagnetic 

radiation, are correlated to specific molecular motion of different species, such as C-F bond 

stretching.24 Raman scattering works similarly in that the net result is an increase or decrease in a 

specific molecular motion. In addition, X-ray and electron diffraction methods may be used to 

identify repeat units in crystalline polymers, inter- and intra-molecular spacings, chain 

conformation and configurations, and so forth.24 Ultraviolet and visible light spectroscopy may 

be used to determine sequence lengths and obtain information regarding conformational and 

spatial order while electron spectroscopy may be applied for microstructure analysis at the 

polymer surface. Yet another method is found in nuclear magnetic resonance (NMR) where the 

magnetic field of atomic nuclei is manipulated to obtain information about its environment. 

NMR may be used to obtain information such as steric configuration, chemical functionality, 

structural, geometric, substitutional isomerism, and so forth.24 

1.4.3.2 Proposed deformation mechanisms 

There are different theories regarding deformation processes experienced by semi-

crystalline polymers. A typical stress-strain diagram for a semi-crystalline polymer features 

Hookean elastic type behavior at small deformations with irreversible deformation occurring 

beyond the yield point, where the curve transitions into a plateau region characteristic of a 

‘necking’ process before rising again right before fracture.27 It is often suggested that this 

behavior is related to the complex process of slip between lamellar planes of the crystal and 

unfolding of the polymer chains.25 In their studies of PTFE in tension, Rae and Brown28 
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identified two mechanisms. Above -196˚C, the amorphous regions were assumed to orient along 

with simultaneous slip of the thin plates within the crystalline regions. In addition to the slip of 

the thin plates, the crystalline regions themselves also tend to orient by rotation so that the long 

slip axis of the constituent thin plates become parallel to the pulling direction. At even higher 

strains, the crystals were observed to bow or kink (i.e. the long slip axes of the thin plates were 

no longer parallel to the pulling direction).  

For PTFE compression behavior, Rae and Dattelbaum13 observed that for a strain rate of 

10-2 s-1 at a temperature of -198˚C, the gassy amorphous domains of PTFE were stronger and 

allowed greater ductility than the crystalline regions. This conclusion was drawn as a result of 

stress-strain curves for low and high crystallinity PTFE showing significantly different behavior, 

with the high crystallinity sample experiencing breakage with less than 40% true strain while the 

low crystallinity sample withstood 50% true strain and did not break. Additionally, based on the 

intersection of the initial tangent modulus and a straight line fit to the stress-strain curves at 10 

and 20% strain at temperatures of 50, 24 and 0̊C to determin e a strength parameter, Rae and 

Dattelbaum13 suggested that at around room temperature, the stress required to deform PTFE 

changes at the same rate in the crystalline and amorphous domains.  

1.4.4 Proposed Theories of Wear  

PTFE is an exceptional polymer in that it exhibits a low coefficient of friction under a 

variety of conditions. Compared to other polymeric systems, however, the unfilled polymer 

shows a very high wear rate under most sliding conditions. In general, the wear coefficient of 

PTFE in sliding contact against a hard surface is often two orders of magnitude higher than a 

ceramic-ceramic material pair and at least one order of magnitude higher than a ceramic-metal 

pair.15 Compared to other polymers, the results are also unfavorable. According to Bhushan,15 

unfilled PTFE has a wear coefficient of approximately 4000 x 10-7 mm3/(Nm) under dry sliding 
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conditions against steel. Comparatively, the wear coefficient of acetal, polyamide, polycarbonate 

and polyimide are 9.5, 38.0, 480 and 30.0 10-7mm3/(Nm), respectively. Consequently, many 

researchers have sought to understand the mechanisms by which PTFE so readily wears.  

Since the early 1960s,29,30 scientists have sought to elucidate the nature of PTFE’s low 

friction properties. Their efforts have results in the hypothesis that PTFE friction is governed 

largely by molecular scale, as opposed to asperity scale, interactions. Since then, a number of 

publications have surfaced in the literature to support this early hypothesis.31-35 Over the last 20 

years in particular, many studies have been geared specifically towards understanding the atomic 

or molecular origins of friction.36-39 Researchers have presented both computational36 40,41 and 

experimental42-44 evidence of frictional anisotropy in a variety of polymeric systems and in the 

case of PTFE, have attributed such phenomena to its smooth molecular profile.33 With regard to 

PTFE wear however, a number of hypotheses have also been put forth in the tribology literature. 

These hypotheses may be roughly placed into three main categories: i) the prevention of the 

large scale destruction of PTFE’s banded structure; ii) the fostering of adhesion of PTFE 

composite transfer films to the counterface material; iii) preferential support of the load imposed 

on the matrix. Associated with these hypotheses are a host of fillers, both particulate and fibril 

that have been successfully used, to varying degrees, to reduce the sliding wear and/or frictional 

coefficient of PTFE systems. 

Bunn et al.45 proposed a banded structure of PTFE consisting of fine parallel striations that 

run perpendicular to the band length. Speerschneider and Li46 improved on this model by 

suggesting that the banded PTFE structure consists of two phases with crystalline striations or 

platelets separated from one another by a viscous, amorphous phase. From this model, Tanaka et 

al.31 proposed that easy slipping of crystalline slices leads to the destruction of PTFE’s banded 
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structure without any melting of the sliding surfaces and that a film of about 300 Å in thickness 

is produced on the counterface material. In contrast to the assertions of Makinson and Tabor,29 

Tanaka et al.31 found no evidence for the existence of bands in material transferred to the 

counterface material and proposed the occurrence of crystalline intra band slipping as opposed to 

slippage via the amorphous regions to explain the development of PTFE transfer film. The very 

high wear rate of PTFE was attributed to the easy detachment of these films from the 

counterface. Their results further showed that the wear of PTFE is apparently affected by the 

width of these band structures. Based on the results of electron microscopy and differential 

thermal analysis, Kar and Bahadur47 suggested that the crystalline lamellae interspersed with the 

amorphous phase and contributed to inter-lamellar shear. Gong et al.48 reasoned that the 

incorporation of fillers into a PTFE matrix would reduce wear by retarding large scale 

destruction of PTFE’s banded structure. A somewhat related idea was proposed by Blanchet and 

Kennedy32 who asserted that fillers reduce wear in PTFE by interrupting subsurface deformation 

and crack propagation which would otherwise lead to large wear sheets several microns in 

thickness. 

Second, it is often proposed in the literature that the wear behavior of PTFE has much to 

do with the adhesion of the PTFE and PTFE copolymer transfer films to the counterface 

material. Based on their experiments on PTFE sliding on abraded counterfaces, Bahadur and 

Tabor49 suggested that unfilled PTFE wears as fragmented sheets that are approximately 3 

microns in thickness. The sheets mechanically lock into the rough surface in discrete locations so 

that they appear as loose films on the wear track. Filled PTFE, however, wears as particles that 

easily lock into the crevices of asperities which allowed for the development of a coherent film 

on the mated steel surfaces. The bond between the transfer film and the steel counterface was 
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deemed to be mechanical in nature. Brainard and Buckley50 found that the bonding of PTFE 

transfer films on clean, active metal counterfaces was stronger than van der Waals forces and 

may be of a chemical type. Cadman and Gossedge51 who conducted studies involving the 

rubbing of PTFE on metal under ultrahigh vacuum also suggested a physical or chemical 

interaction between PTFE and the metal counterface and later concluded from observation of 

metallic fluorides at the metal-polymer interface that bonding at the interface is through chemical 

means. Correspondingly, Wheeler52 observed metal fluorides on both clean and oxidized metal 

surfaces after sliding of PTFE, but concluded that it is difficult to completely marry the notion of 

chemical interaction to PTFE film-metal interactions since fluorine is monovalent. Gong et 

al.48,53,54 also agreed that the binding between the first PTFE transferred film and active metal 

surfaces is not of a van der Waals nature but rather of a chemical nature via the fluorine atoms. 

In spite of this chemical bonding, the wear rates of PTFE rubbing against different metallic 

counterfaces (i.e. active and inert) were nearly the same. This phenomenon was explained by 

Gong et al.55 on the basis of poor adhesion between the second, third, etc. layers of the transfer 

film which allows for a low shear strength sliding interface compared to the stronger bonded 

interface between the metal and the first layer of the transfer film.  

A third hypothesis generally presented in the literature involves fillers preferentially 

supporting the load during compressing and sliding of the PTFE composite. From his 

experiments on the dry sliding of carbon fiber-reinforced PTFE, Lancaster56 found that fibers are 

exposed at the sliding surface and thus, support part of the applied load. Additionally, the fibers 

smooth the surface of the counterface, thereby reducing the localized stresses at the asperity 

contacts. Likewise, Arkles et al.57 emphasized the necessity of exposing the filler, which bears 

most of the load, thus protecting the PTFE matrix from wear contact to the sliding surface. Gong 
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et al.58 also supported the previous hypotheses that the load-supporting action of fillers may be 

the main mechanism in reducing wear of PTFE based composites, although the presence of the 

filler may change the mechanism of formation of wear debris.  

1.5 Motivations and Objectives  

In the previous sections, many important engineering properties of PTFE have been 

discussed. Exploitation of these properties has led to widespread usage in a variety of 

applications and industries. With regard to tribology, the major drawback of PTFE is its 

excessive wear. For demanding applications requiring extreme conditions (i.e. large temperature 

ranges, high sliding rate, high contact pressures, long service life, etc.), improvement of PTFE’s 

wear behavior is needed while maintaining its low friction response. Section 1.4.4 discussed 

various approaches from the literature that have tried to address this need.  

In work discussed here, a different approach is taken in which the atomic scale phenomena 

between two PTFE crystalline surfaces in sliding contact are examined. The idea is to obtain 

molecular insights into PTFE’s low friction and high wear rate by examining the process of 

crystalline displacement using atomic-level simulation. To accomplish this, several tribological 

conditions were varied. A few questions to be answered are: (i) Is crystalline PTFE-PTFE sliding 

behavior representative of the tribological behavior of the overall semi-crystalline bulk polymer? 

(ii) What are the dominant microscopic mechanisms associated with the destruction of PTFE 

surfaces (i.e. PTFE transfer films)? (iii) Are these mechanisms affected by the mechanical 

rigidity of the crystalline phase or by temperature, sliding velocity and contact pressure? (iv) 

Will a molecular, fluorocarbon fluid at the interface between the two crystalline surfaces 

significantly alter the tribological behavior of the polymer surfaces? If so, how and by what 

mechanisms is the behavior altered? 
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Figure 1-1.  Schematic of a contact point of two rough surfaces (a) and the separation of these 
contact points or asperity peaks by a fluid (b). 
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CHAPTER 2 
SIMULATION METHODOLOGY 

2.1 Molecular Dynamics Simulation Overview 

Molecular Dynamics (MD) simulation is a numerical technique used to determine the 

equilibrium and transport properties of a classical many-body system.59 The system being 

simulated is classical from the standpoint that its particles (e.g. atoms, molecules …) are treated 

as obeying the laws of classical mechanics. In MD simulation, Newton’s second law of motion is 

solved as atoms interact among themselves via an inter-atomic potential. The relation is as 

follows:  
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ii
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−== 2
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      (2-1)  

where Fi is the force vector, mi is the mass and ri the position vector of atom i; t is time and E is 

the potential energy of atom i. The technique is a very useful one for a wide range of materials. 

Quantum effects are usually neglected and are considered only when dealing with the 

translational or rotational motions of light atoms or molecules (e.g. He, H2, D2) or vibration 

motion with a frequency ν such that hν > kbT.59  

An MD program is made up of three major essential components or sections coupled with 

auxiliary methods or techniques used to achieve a variety of simulation or ‘experimental’ 

conditions. The flow of a simple MD program may read as follows: initialize the simulation at 

time equals zero, then while time is less than the maximum desired simulation time, evaluate the 

forces on all the particles in the system, advance the position of the particles with time based on 

the forces acting on them, increment the simulation time counter and sample averages for 

properties of importance (see Figure 2-1). The three indispensible components, which may be 

deduced from the previous description, are: 1) initialization, 2) determining of the forces and 3) 
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advancement of the system with time. The initialization step requires the definition of a material 

system. This is often given in the form of a mathematical structure file that relates the type, 

starting position, velocities and accelerations of the particles in the material system to be 

explored. For proper initialization of the simulation program, additional information may be 

specified. These include but are not limited to length of time to simulate, how often to advance 

the system with time (i.e. size of the time step), parameters for potentials energy expressing 

being used and setting options for the thermostat or barostat method being used.  

Another important component of MD simulation is evaluation of the forces which is 

accomplished via the manipulation of a material specific inter-atomic potential. This portion is 

arguably the heart and soul of the simulation program as it deals directly with the degree of 

accuracy to which the material system can be described. An interatomic potential that does not 

describe the essential physical and chemical phenomenon of the material system under 

investigation will give nonsensical simulation properties. Thus, simulation results are only as 

good as the inter-atomic potential used to capture the science of the material system. The inter-

atomic potentials used in this work are discussed in Section 2.2. 

In conjunction, an accurate and efficient method for advancing the position of the particles 

in the system with time is necessary to achieve correct, thermodynamic equilibrium properties. 

The integration method used in this work is the predictor-corrector algorithm. It is described in 

detail in Section 2.3. There are a number of factors to consider in choosing an integration 

algorithm.60 The algorithm should be fast and require minimal amounts of memory. It should 

allow for the use of a reasonably ‘long’ time step. This would allow for faster computing of 

material averages over relatively larger times. It should replicate the classical trajectory of the 
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system particles as closely as possible while satisfying known conservation laws for energy and 

momentum. Additionally, it should be time-reversible and relatively simple to program.  

2.2 Calculation of Inter-atomic Forces 

2.2.1 Reactive Empirical Bond Order (REBO) Potential 

A carbon-hydrogen-fluorine (C-H-F) many-body empirical potential,61 based on Brenner’s 

second-generation reactive empirical bond-order (REBO)62 potential for hydrocarbons was used 

for all simulations in this study. The C-H version of the REBO potential developed by Brenner 

was based on the Abell-Tersoff bond-order potential which has been used to explore cluster-

surface impacts, chemical vapor deposition of diamond films and surface collisions.63-66 To 

develop the potential used for the simulations in this work, two-body parameters for carbon-

fluorine (C-F) and fluorine-fluorine (F-F) interactions was used from a version of the Brenner 

potential customized by Grave et al.67,68 with H-F interactions obtained from semi-empirical 

AM1 calculations.68-70 The total binding energy for the atomic potential is given by  

( ) ( ) ( )[ ]∑∑
>

+−=
i ij

ijvdwijAijijRijb rVrVbrVrE )(     (2-2) 

VR(rij) and VA(rij) are pair-wise additive interactions that represent respectively inter-atomic 

repulsion and attraction due to electron-electron and nuclear-nuclear repulsion and electron-

nuclear attractions. The functions rely strictly on distance between pairs of nearest-neighbor 

atoms i and j which is noted by the term rij. The term bij signifies a bond-order term to account 

for many-body interactions between atoms i and j and thus, incorporates nearest neighbors and 

angular interactions. The Vvdw(rij) term denotes the van der Waals long range interactions and are 

used to describe the dispersion forces within the polymeric system. The Vvdw(rij) term was 

implemented using a Lennard-Jones potential and is discussed in detail in Section 2.2.2. The 
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functions employed for the repulsive and attractive interactions are identical to those developed 

by Brenner et al.62 The terms take the following forms: 
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A, B, Q, α and β denote two-body parameters and were adopted from the previous versions of 

the REBO potential.62,68 A detailed listing of all the parameters used for the C-H-F version of 

REBO used herein is given in the publication by Jang and Sinnott.61 The function fc(ri j) limits the 

range of the covalent interactions. This ensures that only nearest neighbor interactions are 

considered. The bond-order function is given by: 

[ ] ππσπσ
ijjiijij bbbb ++= −−

2
1      (2-5) 

The terms πσ −
ijb and πσ −

jib  respectively represent the local coordination and bond angles of atom i 

and j. The term π
ijb is used to describe radical character, influence of dihedral angles on C-C 

double bonds and also conjugated systems.62 Its form is given by 

DH
ij

RC
ijijb ∏+∏=π       (2-6) 

where RC
ij∏ describes whether the bond between atoms i and j is part of a conjugated system or is 

radical in character while DH
ij∏ is for dihedral angles in C-C double bonds.62 Additional detailed 

functional expressions, parameter values etc. are noted in the references given herein. 
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2.2.2 Lennard Jones (LJ) 12-6 Potential 

The Leonard-Jones potential60 was used in this work to describe the long range van der 

Waals interactions in the fluorocarbon system. Of the various forms of the potential, the 12-6 

form was for the work in this dissertation. The form is given by  
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where )( ijvdw rV represents the cohesive energy with rij being the distance between atoms i and j. 

The parameters ε and σ represent respectively the depth of the potential well and the distance at 

which the potential energy function is zero (0). The term 1/r12 denotes the short-ranged repulsive 

interaction between atoms according to the Pauli Exclusion Principle which asserts that strong 

electron cloud overlap results in an abrupt increase in energy. Conversely, the term 1/r6 

corresponds to the relatively long-ranged attractive interaction due to van der Waals dipole-

dipole interaction. The Lorentz-Berthelot combination rule was to calculate the parameters ε and 

σ for the interaction of different atoms types. For example, given that the parameters ε and σ of 

the same atoms type may be given by εaa and σaa, ε and σ parameters for atoms X and Y are 

given by  

σxy = ½ (σxx + σyy)     (2-8) 

εxy = (εxx * εyy)1/2     (2-9)       

Parameters σCC , σFF , εCC and εFF used for the simulation described herein are given in Table 2-

1. 

2.3 Integration Method 

The finite difference approach is a standard method used with atomic level simulations to 

advance the system with time. One of the assumptions of the finite difference approach is that if 
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the atomic positions, velocities and other dynamic system information at time t are known, these 

values may be determined at time t + ∆t with a good level of accuracy. For the simulations 

described herein, a third order Nordsieck-Gear predictor corrector59,60 algorithm was used. The 

predictor corrector algorithm works as follows. Given the dynamics of the system at time t and 

assuming a continuous classical trajectory of the particles (e.g. atoms), an estimate of the 

positions, velocities, accelerations etc. at time t + δt may be predicted using a Taylor expansion 

about time t: 
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   (2-10) 

pr , pv , pa  and pb


are respectively the predicted (hence the subscript p) position, velocity, 

acceleration and third derivative of the position of a particle (e.g. atom) in the system. Equation 

2-10 represents a truncated form of the Taylor expansion, after the 3rd derivative. Greater 

accuracy in the determination of atomic trajectories may be achieved by using higher order nth 

derivatives or by using a smaller time step, δt. The aforementioned truncations, in addition to the 

finite representation of numerical digits within computer systems introduce errors which are 

compounded for long simulation times. Given that no integration algorithm can provide an exact 

solution, a compromise must be made to achieve a reasonable balance between accurate 

prediction of atomic trajectories and computational speed.  

The prediction system dynamics are now to be corrected, as the name of the algorithm 

suggests. This is predicted by evaluating the forces and hence the accelerations (i.e. a, = fi/mi). 
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This yields the corrected accelerations, ( )ttac ∆+
  at time t + ∆t. The correct accelerations are 

then compared with the predicted accelerations from equations (2-10) to estimate the size of the 

error in the prediction step: 

( ) ( ) ( )ttattatta pc ∆+−∆+=∆+
      (2-11) 

The size of the error given in equations (2-11) is then used with the predicted positions, 

velocities and other derivatives of position (see equation 2-10) to obtain a more accurate 

approximation of these values. The new or “corrected” values are given by equation (2-12). 
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These corrected values are in turn used to predict the next n derivations for the following 

iteration for the advancement of the system with time. This corrector step may be iterated to 

obtain even newer ‘corrected’ accelerations from the ‘correct’ positions of equations (2-12). This 

results in a further refining of the positions, velocities and other time derivatives with respect to 

the atomic positions. The evaluation of the accelerations and hence the forces are the most time 

consuming portion of molecular dynamics simulations; thus, usually one or two corrector steps 

are implemented. 

2.4 Thermostat Method 

In order to control the temperature of a system, a thermostat is typically applied. In this 

study, a Langevin thermostat was employed where the thermostated atoms obeyed Langevin’s 

equations of motion71,72 (see equation 2-13) instead of Newton’s second law: 



 

36 

( ) 'frfvam ++⋅−=⋅
 ξ         (2-13) 

where m, a , v  are respectively the particle’s mass, acceleration and velocity. ξ , ( )rf  and 'f  

are the frictional constant, conservative force and the random force respectively. ξ  is a fixed 

positive value. The negative sign is used since friction acts against sliding. Thus, the terms -ξ v  

on the right hand side of equation (2-13) maybe referred to as a ‘frictional force’ as it removes 

excess energy from the system and consequently serves to decrease the temperature. The 

conservative force is obtained from the inter-atomic potential. The random force is dependent on 

the required system temperature and the time step δt used for advancing the system with time. It 

is randomly obtained from a Gaussian distribution and adds kinetic energy to an atom. As a 

result, the system’s temperature is maintained by balancing the ‘frictional force’ and the random 

force. 

2.5 Periodic Boundary Conditions  

Atomic level simulations, including molecular dynamics, attempt to provide useful 

information about macroscopic properties of materials systems. Due to current limitations in 

computer speed and memory/storage capacity, the number of atomic interactions considered 

range from a couple of hundred to a few million. This number is very far from the 

thermodynamic limit. Additionally, for a three-dimensional system with free boundaries 

consisting of N number of atoms, the fraction of all molecules located at the surface is 

proportional to N1/3. Hence, for a simple cubic crystal consisting of 1000 atoms, approximately 

49% of the atoms are located at the surface. For a 106 atoms system, this number drops only to 

6%.59 Consequently, to obtain more accurate macroscopic behavior, periodic boundaries which 

allow for an N-atom system to be surrounded by an infinite bulk of similar atoms were employed 

(see Figure 2-2). 
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In Figure 2-2, the highlighted simulation box with four (4) particles is replicated in space 

to construct an infinite lattice. As the system evolves, particles move within the system (noted by 

the highlighted cell). The particles in the other cells, representing the periodic image of the 

highlighted cell, move in exactly the same way. Thus, if a particle were to migrate out of the 

highlighted cell through a particular edge (e.g. particle 1 leave via the top edge), one of its 

periodic images would enter the highlighted cell in the same manner through an opposite edge 

(e.g. particle 1 enters via the bottom edge). In this fashion, the number of particles in the 

highlighted cell (i.e. the system) is conserved.  

2.6 Benefits of Atomic-level Simulation  

The true power of MD simulation can be realized when the technique is used to 

complement findings from experiment and/or theory. MD allows for the specification of and the 

tracking of the time dependent position of every atom in a given material system. This feature 

provides the capability to directly manipulate the microstructure and corresponding chemistry for 

a given material system. As a result, features that are inextricably intertwined during the 

performing of an experiment may be isolated. For example, for the tribological simulation of a 

semi-crystalline polymer, a system consisting of a 100% crystalline phase may be specified to 

determine its friction and wear contribution to the overall semi-crystalline polymer while 

potential mechanisms for the amorphous phases are isolated. A similar approach may be applied 

to polycrystalline ceramics or metals where the effect of dislocations may be separated to 

highlight that of grain boundaries and vice versa. Such control over a system’s microstructure 

may also help to quickly clarify trends. For instance, the thermal conductivity of a given material 

may be affected when it is doped with atoms of a given element. To clarify the source of the 

effect of the dopant atom, a systematic test of characteristically similar dopant atoms may be 

easily specific to determine any potential radii, valance, or mass effects. In addition to these 
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capabilities, MD provides to ability to clarify atomic-level process and mechanisms which are 

often difficult, if not impossible to capture during experiments. 

In addition, atomic-level simulation results may be compared directly with theory. Given a 

particular scientific problem, exact models may be constructed. From these models, approximate 

theories may be devised, from which, in turn, theoretical predictions may be made. Simulation 

results on the exact models may be compared to theoretical predictions from the exact models in 

order to identify any potential faulty assumption in either the theoretical predictions or 

approximate theories.  

In this work, atomic-level simulations are used to provide insights into areas that may be 

problematic for experimental approaches to capture. Specifically, the tribological properties of 

PTFE are address with emphasis placed on the atomic-level processes associated with the 

polymer’s high wear rate. The effects of the amorphous phase of this semi-crystalline polymer 

are isolated by simulating a 100% crystalline structure. 
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Figure 2-1.  Flow chart of the major components of a simple MD program. 
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Figure 2-2.  Schematic representation of a four particle system employing periodic boundary 
conditions. 

 

 

 

Table 2-1.  Lennard-Jones parameters used carbon and fluorine atoms utilized for the simulations 
described in this work. 

Atom σ(Å) ε/kb 

          C           3.35           51.2 
          F           2.81           62.4 
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CHAPTER 3 
FOUNDATIONAL APPROACHES TO SYSTEM SPECIFICATION, SIMULATION 

CONDITIONS AND DATA ANALYSIS  

3.1 Building of Crystalline PTFE Surfaces  

The process of building crystalline PTFE surfaces for the simulations described in this 

work may be described as an endeavor characterized by an equal mixture of artistry and science. 

As mentioned in Section 1.4.1, there are four well-characterized solid phases of PTFE.13,73 

Construction of the crystalline PTFE surfaces started with building of a hexagonally packed, 

high pressure, non-helical phase. The model system simulated in this work was a fully crystalline 

PTFE phase with no amorphous regions. Figure 3-1 illustrates the system setup. Each PTFE 

surface contains seven layers of chains for a total thickness of 4.0 nm and a sliding surface area 

of 4.5 nm x 4.5 nm. The PTFE chains in the bottom layer of the bottom surface were held fixed, 

while the PTFE chains in the top layer of the top surface moved as a rigid unit to compress and 

slide the top surface against the bottom surface. Sliding was carried out in the direction along the 

chain alignment and perpendicular to the chain alignment in both surfaces (i.e. parallel and 

perpendicular sliding respectively). A combination of parallel and perpendicular sliding (i.e. the 

violin configuration) was also explored (see Figure 3-1). Each surface is divided into a 

thermostat region for administering of the system’s temperature and an active region in which 

atoms evolve without constraint under the influence of dynamic system forces. Given current 

limitations in the number of atoms that may be reasonably simulated using MD simulations, two 

approximations were made. First, periodic boundary conditions (see Section 2.5) were used to 

simulation an infinite sliding interface between the two crystalline PTFE surfaces. Second, 

fluorocarbon cross-links were introduced between chains in the hexagonal structure to simulate 

the rigidity and mechanical integrity of the polymer’s crystalline phase.  
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The second approximation proved to be more difficult to implement. Cross-linking was 

accomplished by utilizing two to three linked branches of -(CF2)- units to form a fluorocarbon 

branch between the polymer chains to establish rigidity, stability and inter-chain load transfer 

pathways. The carbon atoms in the PTFE chain to which the fluorocarbon branch was to be 

attached was unsaturated in that one of its fluorine atoms (on the side of the chain to which the 

cross-link were to be attached) was removed. Thus, upon attachment of the cross-link, the chain 

carbon atom in question became saturated with a coordination number of four (i.e. by two PTFE 

matrix carbon atoms within the linear chain, one carbon atom from the adjoining cross-link and 

one fluorine atom on the side of the chain opposite to that of the cross-link).  

Two to three linked -(CF2)- units were chosen for forming cross-link braches due to the 

proximity of their total length to that of the equilibrium distance between adjacent PTFE chains. 

The fluorocarbon branch, when considered as part of a polymer chain segment normally, 

maintains an average C-C-C dihedral bond angle of ~ 116˚ with a total end-to-end carbon 

distance of ~ 2.62 Å. This consideration, when combined with the equilibrium spacing of the 

PTFE chains, did not make for an exact fit of the rotated fluorocarbon branch within the PTFE 

chain structure to act as an unstrained cross-link. The problem stems from the fact that given the 

equilibrium constraints (see Figure 3-2), the bond length between the end carbon atom of the 

cross-linking branch and that of the unsaturated PTFE matrix chain carbon were either too long 

or too short (i.e. longer or shorter than the C-C bond length of 1.54 Å). Additionally, the C-C-C 

dihedral bond angles were significantly different from the equilibrium value. Utilizing these 

constraints led to structures that, once relaxed in an MD simulation, contained a significant 

number of carbon atoms with defects with respects to both over and under coordination due to 

cross-link breakage resulting from excessive strain. In some case, high energy configurations in 
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which fluorine atoms were too close to each other became dislodged from their respective carbon 

atoms during the simulations. 

Ultimately, a modified approach was taken in which the fluorocarbon cross-link branch 

was slightly altered to fit between the hexagonally packed PTFE chains with minimal strain on 

the overall structure. This was achieved by introducing small strains in each of the cross-link 

branch atomic bonds (i.e. C-C and C-F) and also by arbitrarily orienting the C-F bonds in space 

to maximize distance between fluorine atoms on neighboring carbon atoms, especially those 

from carbon atoms within the linear chain of PTFE matrix. The C-C-C dihedral bond angle 

between the cross-link branch and the PTFE matrix polymer chain were also modified slightly 

from their equilibrium values. These concessions were made in order to ensure that cross-links 

remain bonded to the PTFE hexagonal matrix during simulation. These modifications were 

explored by hand in the Chemcraft visualization program prior to testing with our in-house MD 

simulation code. For the results to be discussed in Section 3.3, two different types of cross-linked 

approaches from a construction standpoint were explored. In the modified, cross-linked 

approach, much effort was taken to reduce the strain on the cross-links to ensure proper 

coordination using the Chemcraft visualization program as previously described. In the 

unmodified cross-linked approach, the cross-links were built without careful attention paid to the 

induced strain on the equilibrium structure spacing. 

3.2 Approaches to Cross-link Distribution 

For the crystalline PTFE surfaces simulated in the work, two general approaches to cross-

link distribution were implemented. The first may be classified as a symmetrical approach while 

the second was more random or nonsymmetrical in nature. In both approaches, the system size 

was the same; thus, the periodic chain length over which the cross-links were distributed was 

~45 Å. Four different cross-link branches were built to establish linkage between a given chain 
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and the four surrounding, neighboring chains in the hexagonal lattice (see Figures 3-1-A and 3-

2). Two cross-link branches of each type (i.e of the four types) were placed at arbitrary sites 

along each chain molecular axis. Thus, each chain had eight branches attached to its molecular 

axis. This arrangement was replicated in the three-dimensioned space; hence, the notion of a 

symmetrical cross-linked structure as the cross-links were placed at symmetrically identical 

lattice or chain positions in space. 

For the nonsymmetrical cross-linked structure, a particular target linear cross-linked 

density was chosen prior to building the structure. Every other carbon atom along the PTFE 

matrix molecular chain axis was deemed to be a potential cross-link site. A random number 

generator with a uniform probability distribution was then used to determine if a given site was 

to be cross-linked based on the chosen linear cross-linking density (e.g. 10% coverage of 

potential cross-link sites along a given chain backbone). In this manner, random distribution of 

the cross-links within the PTFE surfaces was achieved as the cross-links placements yielded a 

structure which was nonsymmetrical.  

3.3 Effect of Cross-link Morphology and Density on Crystalline PTFE-PTFE sliding 

Since the structural integrity of the polymer surface was provided for by cross-link 

branches, the rigidity of the crystalline surfaces and hence, their tribological properties will, of 

course, depend on the density and distribution of cross-links. However, even for a given nominal 

cross-link density, it is important to assess how the microscopic details of the cross-linking affect 

the frictional behavior. We have therefore generated two different cross-linked structures, each 

with a density of 8 cross-links per ~ 4.5 nm of chain length. In the unmodified, symmetrically 

cross-linked structure, the cross-links were introduced without any attention to the strains that 

they produce in the system. Consequently, after compression and equilibration of this structure, 

we find that 85% of the atoms in the system are four-fold coordinated (assumed to be sp3 
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hybridized), 13% three-fold coordinated (assumed to be sp2 hybridized), and 2% two-fold 

coordinated (assumed to be sp hybridized). In the modified, symmetrically cross-linked structure, 

considerable care was taken to cross-link in a manner that reduces the strain in the system. For 

this structure, after compression and equilibration, there were 78% sp3
 hybridized, 22% sp2

 

hybridized and 0.08% sp hybridized carbon atoms in the system. This difference between the 

hybridizations of the two systems is actually quite large because only ∼25% of the carbon atoms 

is in the cross-links. Figure 3-3 compares the friction coefficient for perpendicular and parallel 

sliding configuration for the two different cross-link branch morphologies. Reassuringly, the 

frictional coefficients predicted by the simulations are very similar, indicating that the variations 

in microscopic details of the cross-linking explored here do not significantly affect tribological 

behavior. 

Using an approach similar to that taken for making the modified, nonsymmetrical cross-

linked structures, the sensitivity of aligned PTFE-PTFE sliding to crosslink density was 

explored. Two different linear cross-link densities, where there is between 6.8 and 11.2 Å on 

average, between cross-links were considered. The frictional response, as a function of normal 

load was probed at 300K. Figure 3-4 illustrates the friction behavior for the two modified, 

nonsymmetrical cross-link structures, in addition to that for the unmodified, symmetric cross-

link structure with cross-link spacings of ~ 6.2 Å on average between cross-links. The graph 

shows that for the perpendicular sliding configuration (Figure 3-4-A), the behavior of the PTFE 

systems are almost identical for the two modified, nonsymmetrical cross-link implantation with 

average spacings of 6.8 and 11.2 Å. By contrast, the friction response for the PTFE system with 

the unmodified, symmetrical cross-link implementation (with average linear intercross-link 

spacing of 6.2 Å) was more varied and followed a more stair step pattern, as opposed one of 
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steady, monotonic friction increase with increasing normal load. Correspondingly, the latter 

experienced a greater degree of interfacial molecular rearrangement (confirmed visually through 

molecular movies) than the modified, nonsymmetrical cross-linked system. The more severe 

wear behavior of the unmodified, symmetrical cross-link system may be due to the non-

uniformity of stress distribution through the system which may have led to more systematic and 

catastrophic failures. The amount of energy required to deform and rearrange the interfacial 

chains resulted in a higher frictional forces for normal loads greater than 10 nN; thus, a higher 

friction coefficient was observed.  

For the parallel sliding configuration, minimal wear and relatively low frictional forces 

were observed for all three cross-link densities. Given the minimal amount of molecular 

rearrangement at the sliding interface, it is not surprising that the unmodified, symmetrical cross-

linked and the modified, nonsymmetrical cross-linked systems (6.2 and 6.8 Å on average 

between cross-links, respectively) displayed almost identical behavior. At first glance, it may be 

somewhat surprising that modified, nonsymmetrical cross-linked system showed superior 

friction behavior than the more highly cross-linked ones. Careful inspection of Figure 3-4-B 

reveals that for loads less than approximately 10 nN, the relatively low cross-linked PTFE 

system (i.e average of 11.2 Å between cross-links) shows frictional responses that mirror that of 

the more densely cross-linked systems. For normal loads greater than ~ 10 nN, the less cross-

linked structure clearly outperforms the more highly cross-linked ones. This behavior may have 

much to do with the relative stiffness of the systems with the idea being that the polymer chains 

for the more highly cross-linked systems experience greater restrictions. This is in contrast to a 

similar PTFE system with a lesser degree of cross-linking. In the latter case, interfacial chains 

are less restricted and thus may be able to more effectively undergo relaxation in response to 
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normal and shear forces; hence, the more favorable frictional response at the higher normal loads 

explored for the less densely cross-link PTFE system. Such interplay involving spacing between 

the cross-link and natural backbone relaxation processes has been noted in other polymeric 

systems.74 Nonetheless, beneath a critical crosslink density and high enough normal load, a 

lightly cross-linked crystalline polymer surface, as those previously described for these 

simulations, would sustain catastrophic levels of damage under sliding conditions as the structure 

may not have the strength to support loading as a cohesive solid.  

3.4 Effect of Sliding Velocity on Crystalline PTFE-PTFE Sliding 

Experimental sliding rates in tribology generally range from millimeters per second to 

about ten meters per second (in, for example, computer hard drives).75 MD simulation models 

full atomistic motion, including atomic vibrations that occur on femtosecond timescales, and 

involve the step-wise solution of Newton’s equation of motion; it is therefore only 

computationally possible to usefully simulate sliding rates at the high end of this range. 

Numerous comparisons of experimental data to MD simulation results, however, indicate that 

important physical insights can be obtained from simulations that enhance understanding of the 

experimental results even if the sliding rates are significantly faster than experimental values. 

Although it has been noted that the friction coefficient of self-mated PTFE increases with sliding 

rates spanning four orders of magnitude,76 a considerably narrower range is considered here. The 

main objective is to establish that the simulation rates accessible to simulation (>5 m/s) yield 

reliable information on the tribological behavior of this crystalline PTFE system. A second 

objective is to identify the fastest sliding rate that will give physically reasonable results thereby 

maximizing the computational efficiency of the simulations. The focus in this section then is on 

two aspects of the effects of sliding rate: its effect on the temperature of the system and on the 

compressive and frictional forces, or friction coefficient. 



 

48 

To examine the effect of sliding rate on the frictional behavior of the crystalline PTFE 

surfaces, two scenarios are considered: (i) a sliding direction that is perpendicular to the direction 

of chain orientation in both the top and bottom surfaces (‘perpendicular sliding,’ Figure 3-1-B), 

and (ii) the sliding direction is parallel to the direction of chain orientation in both the top and 

bottom surfaces (‘parallel sliding,’ Figure 3-1-D). In these sliding velocity studies, the 

unmodified, symmetrical PTFE surfaces were used (see Sections 3-1 and 3-2). The corrugation 

of the chains leads to large energy barriers to sliding in the perpendicular configuration; this is 

very disruptive to the materials structure. For parallel sliding the chains can slide without any 

significant local structural rearrangements. The focus of this section is not on the physical 

interpretation of the results, but simply on establishing the effect of simulation conditions on the 

results.  

The frictional work generates a substantial heat flux that must be rapidly dissipated in 

order to prevent excessive temperatures in the contact (e.g. for 100MPa pressure, µ=0.1, and 

v=10 m/s the heat flux is order 100 MW/m2).15 Since the heat flux is stationary from the point of 

view of the simulation, the dissipation mechanisms require that this energy is removed from the 

interior of the surface through the thermostated regions. If this heat transfer is too slow, then a 

substantial temperature rise can take place at the interface, leading to morphological changes 

within the polymer surface, changes in the friction coefficient, and anomalous changes in the 

wear rate at the sliding surfaces. In simulation, we can expect to observe similar undesirable 

effects if excess heat generated at the surface is not adequately transported to the thermostated 

regions and dissipated. It is therefore important to establish that the system temperature is 

maintained despite the energy added by friction and wear at the interface.  



 

49 

Figure 3-5 illustrates the average temperature in the simulation as a function of sliding 

distance for sliding rates in the range of 5-100 m/s. For both parallel and perpendicular sliding, 

the temperature remains very close to the target of 300 K for sliding rates ranging from 5 m/s to 

20 m/s. However, at higher sliding rates of 50 m/s (for perpendicular sliding) and 100 m/s (for 

both parallel and perpendicular sliding) there is substantial system heating, with the extent of 

heating increasing as the sliding rate increases. This heating of the system arises from a 

combination of two effects. First, the heat itself must be transported from the sliding surfaces as 

lattice vibrations mediated by both the van der Waals interactions between the chains and the 

cross-links; there is a limit as to how much heat can be conducted through the relatively low 

density of cross-links in this system. Second, the thermostat itself has a limited ability to regulate 

the temperature of the system and can be overloaded if too much heat arrives too rapidly. Our 

conclusion is thus that for this polymer morphology and thermostat, the sliding rate should be 20 

m/s or less.  

Having established that there is no excessive heating for rates up to 20 m/s, it is also 

important to establish the range of sliding rates over which the frictional behavior is unchanged. 

In particular, for computational efficiency, we would like to establish the maximum viable 

sliding rates. Figure 3-6 illustrates the normal and tangential or frictional forces associated with 

the perpendicular and parallel configurations at sliding rates of 10 and 20 m/s averaged over 0.01 

ns intervals: these fixed time averages correspond to different sliding distances depending on the 

rate.  

In analogy with the usual Amonton macroscopic definition, the microscopic coefficient of 

friction, µ, is defined as the ratio of the change in the frictional force to the normal force: µ = 

FF/FN. For both parallel and perpendicular sliding, the normal force is consistently higher than 
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the frictional force, thus giving coefficients of friction that are less than unity. Furthermore, 

although the values of the normal forces for both the perpendicular and parallel sliding 

configurations are initially identical (approximately 5 nN), the normal force for the perpendicular 

sliding fluctuates while that for parallel sliding remains fairly constant after an initial gradual 

drop. This differing behavior arises because in the perpendicular sliding configuration, the 

normal force is larger when the interfacial chains from the top PTFE surface are directly on top 

of the interfacial chains in the bottom PTFE surface, and somewhat smaller when the chains 

from the top PTFE surface fit into the inter-chain grooves of the bottom surface. In the case of 

the parallel configuration the chains from the top PTFE surface remain in the inter-chain grooves 

of the bottom surface throughout sliding; hence, there are weaker fluctuations in the normal force 

with sliding distance. Similar force curves are obtained at sliding rates of 5 and 15 m/s.  

Figure 3-7 illustrates the evolution of the friction coefficient (µ) with sliding distance at the 

slowest and fasted sliding rates investigated: 5 m/s and 20 m/s. Here µ is determined from the 

sliding distance averaged forces shown in Figure 3-6; using this ratio of the averages, rather than 

the ratio of the instantaneous forces, significantly reduces the noise in the calculated values. 

Although there are small variations among the data sets at all four sliding rates (data for 10 m/s 

and 15 m/s are not shown for the sake of clarity), the overall trends are remarkably similar at all 

four sliding rates, which suggest that the microscopic processes are also similar.  

To establish that the microscopic behavior is indeed similar at different sliding rates, we 

examine the evolution of the structure of the films in detail; Figure 3-8 shows three snapshots 

from perpendicular sliding simulations. Each is an edge-on view of the system in which the top 

layer of the top surface is sliding to the left at a fixed rate. To clarify the atomic-level processes 

that are occurring, only three initially vertical slices of atoms are visualized. The positions of the 
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same atoms in their initial positions are shown in panel a, and are shown after 10 nm of sliding at 

5 m/s and 20 m/s in panels b and c, respectively. While there are clearly some microscopic 

differences between the two systems, the general level of damage (e.g., number of small 

polymeric fragments) and the roughness of the tribological surface are similar. The results and 

analyses in this section establish that simulations with sliding rates ranging from 5 m/s to 20 m/s 

yield physically reasonable results with no apparent simulation artifacts.  

3.5 Least Squares Fitting for Calculating Friction Coefficients and Adhesive Forces  

The approach to analysis for frictional data reported in Chapters 5 and 6 are explained in 

this section. The data analyzed using the approach described here were taken from simulations 

consisting of 24 to 36 nm of sliding, carried out at 10 m/s with a 0.2 fs time steps. Data points 

were taken every 1000 steps (equivalent to 200 fs of time and 2 pm of sliding); which yields 

approximately 12,000 to 18,000 instantaneous values for the frictional and normal force pairs. 

Here, a concise explanation is given to describe the process used to reduce this large data set to 

scientifically and statistically meaningful results. First, this large number of data points was 

reduced using boxcar averaging of 100 data points corresponding to 0.2 nm of simulated sliding. 

This distance was chosen as it is comparable to the spatial resolution of microscopic tribological 

experiments. For the ith boxcar, the average force is fi and its standard deviation is σi. The 

standard deviation of the mean, σi/√n, from these 100-point data sets was also determined.  

These 0.2 nm-averaged forces and σ were then used for the calculation of the average 

forces. The quantification of the forces were calculated using a weighted average:77 
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where wi = 1/σi
2. The uncertainty in the weighted average force was then calculated in the 

standard way as: 

 σbest = (∑
=

N
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wi)-1/2      (3-2) 

The process defined above is not unique, in that different choices of the size of the boxcars 

would yield slightly different final results (see Table 3-1). The non-uniqueness of the analysis 

notwithstanding, we justify the particular choice of the size of the boxcars as being 

representative of the spatial resolution achievable in atomic force microscopy experiments.  

The first 2.4 nm of sliding was omitted from the calculation of all averages so as to 

exclude the initial elastic response of the two polymer systems to shear stress. For many 

tribological situations, the friction coefficient µ is defined as µ =  ff / fn where ff is the frictional 

or lateral force and fn is the normal force. In this work, simulations were carried out such that the 

different frictional forces were determined for a number of different normal loads; similar 

normal loads were used for perpendicular and parallel sliding. The related uncertainties for each 

ff and fn were calculated as described above.  

A Monte Carlo method was used to determine the friction coefficient from the force data. 

In particular, for each of the (ff, σf) and (fn, σn) pairs, approximately 2,000 statistical justifiable 

possible friction and normal forces were generated in Microsoft Excel using a one-dimensional 
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random walk where the (n+1)th value for ff is determined from the nth value according to ff (n+1) 

= ff (n) + α σf, where α is a random number between -0.5 and 5. This process leads to a 

statistically normal distribution in ff as is illustrated in Figure 3-9. A least-squares fit was then 

calculated for each set of the new data (ff(n) and fn(n) and their uncertainties) generated. The 

average slope of these least square fits were taking as our best approximation of the friction 

coefficient. The standard deviation of the mean was taken as the uncertainty in the measurement.  

Figure 3-10 illustrates a few examples of the least square fits calculated from the generated 

data. Calculation of friction coefficients in this manner also allows for the determination of the 

adhesive contribution to sliding friction which may be approximated as the value of the x-

intercept of the least squares fits. As in the case of the coefficient of friction, the average of the 

x-intercepts of the least square fits and the corresponding standard deviations of the mean were 

taken as the best approximation of the adhesive force and uncertainty respectively.  

This approach to determining the friction coefficient and adhesive forces yields results that 

are almost identical to that obtained from the original, unreduced data set for ff and fn. Averages 

for ff and fn for the original data set were computed by taking the arithmetic mean of the data 

sets. The uncertainty for each mean is given as the standard deviation of the mean. Table 3-2 

gives numerical values for friction coefficient and adhesive force based on reduced and 

unreduced force averages. The numerical values obtained were identical except for the adhesive 

force for the parallel sliding configuration. The difference in the adhesive force for the parallel 

sliding configuration is accounted for by the fact that the y-intercepts of the least square fits are 

between 1 and 0. As a result, small variations in this value leads to what appears to be significant 

changes in the x-intercepts which corresponds to the adhesive force. The uncertainties in µ and 
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fa, determined from the standard deviation of the mean and the propagation of uncertainties,77 are 

not shown since the values are significantly smaller than the calculated averages. 

3.6 Summary 

The approach taken in the building of crystalline PTFE surfaces for MD simulation was 

described. Fluorocarbon cross-link branches were employed within the PTFE surfaces to 

simulate the rigidity and mechanical integrity of the crystalline polymer phase. The effect of two 

different cross-link morphologies, along with random and non-random cross-link distribution in 

the context of sliding configuration, was explored. Results showed similar tribological trends for 

both cross-link morphologies. With regard to cross-link distributions, the random cross-link 

distribution showed more favorable tribological responses from both a friction and wear 

standpoint, especially for the perpendicular sliding configuration. Additionally, the effect of 

cross-link density was considered. The results showed that for the perpendicular sliding 

configuration, the friction response for PTFE surfaces with averages spacing of 6.8 and 11.2 Å 

between cross-links were essentially identical. For the parallel sliding configuration, the PTFE 

surfaces with an average of 11.2 Å between cross-links demonstrated lower friction. In addition, 

the effect of sliding rate on the tribological performance of crystalline self-mated PTFE was 

investigated. It was found that significant frictional heating occurred for sliding rates in excess of 

20 m/s for both sliding configurations while the overall tribological behavior remain fairly 

consistent for sliding rates in the range of 5-20 m/s. Finally, the approach used for calculating 

average forces, friction coefficient and adhesive forces was explained. 

The foundational results obtain from this study are related to the studies of Chapters 4, 5 

and 6 as follows. A sliding velocity of 10 m/s was chosen for all remaining studies. For the study 

in Chapter 4 on sliding orientation and also for the effect of normal load and temperature in 

Chapter 5, the symmetrical, unmodified PTFE cross-link surfaces were employed to maintain 
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strict consistency and continuity with the PTFE samples that were already in used at the 

beginning of those studies. For the work in Chapter 6 on the effect of fluorocarbon molecular 

fluids at the sliding interface between the two crystalline surfaces, the nonsymmetrical, modified 

cross-link PTFE surfaces at a linear cross-link density of 11.2 Å were utilized.  
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Figure 3-1.  (a) Simulation cell of two aligned, cross-linked PTFE surfaces. Each surface is ~ 4.0 

nm think with rigid, thermostat and active regions of approximately 0.6, 1.2 and 2.2 
nm thickness, respectively. The system is periodic along the x and z directions. 
Schematic views of the x-z plane at the sliding interface for (b) perpendicular, (c) 
violin and (d) parallel sliding are shown. The dark colored polymer chains are at the 
interface of the top PTFE surface, while the lightly colored chains are at the interface 
of the bottom PTFE surface. 
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Figure 3-2.  Schematic of the PTFE surface chain arrangement. The figure highlights the 
physical barriers to smooth sliding for the three sliding configurations considered. 
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Figure 3-3.  Comparison of the Amonton friction coefficient (i.e µ = ff/fn) for perpendicular (a) 
and parallel (b) sliding at 300K with sliding velocity of 10 m/s for two different 
polymer cross-link morphologies. 

 

 

Figure 3-4.  Illustration of the friction response with respect to normal load for perpendicular (a) 
and parallel (b) sliding at different cross-link densities and distribution. The open 
symbols represent unmodified, symmetrical cross-link implementations whereas the 
fill symbols denote modified, nonsymmetrical cross-links implementation. Sliding 
was carried out at a temperature of 300K.  
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Figure 3-5.  Evolution of temperature during sliding for different sliding rates in the 
perpendicular direction (a) and parallel sliding direction (b). The data for 5, 10, 15 
and 20m/s (bottom four curves) all show good temperature stability. Sliding rates of 
50 and 100 m/s (top two curves) show increasing levels of heating. 

 

 

 

 

Figure 3-6.  Normal (FN) and frictional (FF) forces for the perpendicular (a) and parallel sliding 
(b) configurations, respectively, at sliding rates of 10 m/s and 20 m/s.  
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Figure 3-7.  Coefficient of friction for the sliding of PTFE surfaces at 5m/s and 20m/s in the 
perpendicular (a) and parallel (b) configurations, respectively. The results for 10 m/s 
and 15 m/s are very similar. 
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Figure 3-8.  Edge on view for perpendicular sliding. Panel (a) shows the initial configuration 
with only three vertical stripes of atoms shown. After 10 nm of sliding at 5 m/s (b) 
and 20 m/s (c) of sliding, the surface has roughened to approximately the same 
degree. 
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Figure 3-9.  Graph of the normal distribution for the frictional force data generated using the 
Monte Carlo method. The y-axis shows the fraction value of the generated data that 
were within a given frictional force value. 

 

 

Figure 3-10.  Illustration of the series of Monte Carlo least-squares fitting carried on the 
simulation data. The averages of these fits were used in determining the coefficient of 
friction and adhesive force for the data sets involving several normal loads. 
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Table 3-1.  Effect of different boxcar size averaging on Ff and Fn values. 

 

Table 3-2.  Friction coefficient based on reduced and unreduced force averages 
 Perpendicular 

Reduced 
Perpendicular 
unreduced 

Parallel 
reduced 

Parallel 
unreduced 

µ 0.28 0.28  0.09 0.09 

Fa 12.0 12.0  2.8 8.1  
 
 

 

 

  

size of boxcar 
average 

1 
(original data) 

10 50 100 500 1000 

distance (nm) 0.002 0.02 0.1 0.2 1 2 
Fn 13.8 ± 0.06 9.6 ± 0.1 11.7 ± 0.4 11.6 ± 0.6 11.8 ± 1.3 11.8 ± 1.9 
Ff  1.6 ± 0.02 (6± 6) x 10-5 0.4 ± 0.04 1.6 ± 0.3 1.7 ± 0.3 1.8 ± 0.4 
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CHAPTER 4 
EFFECT OF SLIDING ORIENTATION 

In their efforts to clarify the atomic/molecular origins of friction, scientists have found 

experimental evidence of frictional anisotropy for a variety of polymeric tribological systems. 

For example, Liley et al.43 investigated the frictional response of a lipid monolayer on mica in 

the wearless regime using lateral force microscopy. The lipid monolayer consisted of condensed 

domains with long-range orientational order. The domains not only displayed non-negligible 

friction asymmetries but also strong frictional anisotropies. The molecular tilt causing this 

frictional response was less than 15̊ , thus demonstrating that even small molecular tilts can 

contribute significantly to friction. Similarly, Carpick et al.78 reported frictional anisotropy in 

their study of polydiacetylene monolayer films where maximum friction was observed when 

sliding occurred in a direction that was perpendicular to the oriented polymer backbone. This 

anisotropic behavior was attributed to inherent anisotropy in the film stiffness. Of special 

significance is molecular dynamics simulation and its manipulation by a number of studies to 

clarify potential atomic level processes associated with the way in which the inherent structural 

anisotropy of polymeric systems can lead to corresponding anisotropies in the tribological 

behavior, or, inversely, the way in which tribology can induce structural anisotropy in polymeric 

systems. In one such study, Harrison and co-workers36 predicted low friction coefficients for 

self-assembled, n-alkane chains when sliding occurs in the direction of chain tilt; in contrast, 

when sliding occurs in the direction opposing chain tilt, they determined that friction forces 

would be high until the chains reorient and tilt in the direction of sliding. This is consistent with 

the findings of Liley et al.,43 mentioned above. In a second study, Landman et al.40 used MD 

simulations to examine the sliding of two gold surfaces with linear hydrocarbon chain molecules 

trapped between them. The forces generated by the sliding caused the hydrocarbon molecules to 
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align and form layers. A third related MD study has predicted significant changes in the 

frictional properties of carbon nanotubes that were aligned in the horizontal and vertical 

directions, with the horizontal nanotubes showing a substantially lower friction coefficient due to 

their ability to compress in response to applied loads.79 These predictions are in excellent 

agreement with experimental results for aligned nanotube films.44  

Although there is considerable evidence in the literature that molecular-scale interactions 

may dominate the observed macroscale friction response of polytetrafluoroethylene PTFE 

tribosystems,29,31-35,80 there have been few or no molecular-scale investigations of PTFE to 

substantiate this hypothesis. In studies of friction for various thermoplastics, Pooley and Tabor 

concluded that the smooth molecular profile of PTFE is responsible for its low friction 

coefficients;33 further, results from McLaren and Tabor suggest that adhesion processes were 

dominated by molecular-scale interactions rather than by asperity-scale interactions.30 

Discussions on the intrinsic lubricity of PTFE have proposed that the disruption of van der Waals 

interactions between adjacent PTFE molecules are responsible for the friction forces.81 Here, we 

present the results of crystalline PTFE-PTFE sliding in three distinct sliding configurations: 

sliding perpendicular to the chain alignment in both surfaces (i.e. perpendicular sliding), sliding 

parallel to chain alignment in both surfaces (i.e. parallel sliding) and simultaneous sliding both 

perpendicular and parallel to the bottom and top PTFE surfaces respectively (i.e. violin sliding). 

The atomic level mechanisms responsible for the distinct frictional responses associated with 

each of these sliding configurations are discussed. 

4.1 Perpendicular vs. Parallel 

The simulations showed sliding behaviors that were both qualitatively and quantitatively 

different for the perpendicular and parallel sliding configuration. Figure 4-1 shows the normal 

and tangential (i.e frictional) forces (relative to the sliding direction of the top PTFE surface), 
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along with the computed Amonton friction coefficients after 40 nm of sliding for both sliding 

configurations. These simulations were initiated from the same structure under normal load of 

approximately 5 nN. During sliding, the interfacial chains of both configurations experienced 

structural changes, the more pronounced of which occurred for the perpendicular case. Here, the 

normal force increased from 5 nN to a median value of 9nN. Correspondingly, the frictional or 

tangential forces achieved a median value of 5.7 nN and appear to be closely coupled to the 

normal force. Spatial frequency analysis of the force data gives a value of 4.5 nm for the periodic 

contact, which is consistent with the size of the simulation cell in the sliding direction. For the 

parallel configuration, additional relaxation of the structure occurred such that the normal load 

decayed from 5nN to a median value of 2.3nN. Interestingly, the associated frictional force 

across the interface maintained a steady median value of 0.8nN.  

A series of interfacial images of the top 25 chains from the bottom PTFE surface are 

shown in Figure 4-2. The fluctuating behavior of the normal and tangential or frictional forces 

for the perpendicular sliding configuration is confirmed by the corresponding images which 

show that the aligned structural integrity becomes progressively less well defined after 2, 5, 10 

and 40 nm of sliding. Particularly, the highlighted chains that constituted the topmost part of the 

interface for the bottom PTFE surface mixed into the bulk. This mixing and deformation is 

dilatant, resulting in an increased normal force. Additionally, in the views of the carbon atoms 

along the backbones of the topmost interfacial chains of the bottom PTFE surface, which are 

labeled 1-5, chain scission is visible. Moreover, one of the broken chains aligns with the sliding 

direction. Figure 4-3 also confirms that there is gross motion of the chains during sliding in the 

perpendicular configuration. As Figure 4-3 shows, this rate of motion sharply decreases after 

about ~ 20 nm of sliding; this abrupt decrease occurs at the time that portions of the chains begin 
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to realign in the sliding direction. This gross structural reorganization is characteristic of 

microscopic wear, which might be expected to be accelerated by the explicit inclusion of 

electrostatic interactions. We anticipate that further sliding would lead to further chain scissions, 

further chain alignments and further wear. 

In the stark contrast to the perpendicular case, the parallel sliding configuration retains 

the aligned structure of the PTFE over the forty (40) nm of sliding (see Figure 4-2). As Figure 4-

3 shows, the chains in the parallel configuration move by a maximum of ~2.5% (~ 1 nm over 40 

nm) of the sliding distance, indicative of almost complete interfacial slip. Spatial periodicity 

analyses of these histograms give strong periodic content at 0.21, 0.16, and 0.11 nm, which is 

close to the lattice spacing along the PTFE backbone (~0.13 nm carbon-carbon bond length 

along the sliding direction). The peak widths do not appreciably change during the simulation, 

which is also consistent with interfacial slip. These results are all consistent with parallel sliding 

friction being dominated by van der Waals interactions, and it is not expected that the explicit 

inclusion of electrostatic interactions would significantly alter this behavior.  

4.2 Violin (Combination of Perpendicular and Parallel) 

In the violin sliding configuration (see Figure 3-1-C), the top PTFE surface was rotated 90̊ 

from the starting configuration for the perpendicular and parallel cases, resulting in a 

perpendicular alignment of the chains in the top and bottom surface within the plane of the 

sliding interface. The resulting configuration is one where sliding is rougher than that for the 

parallel configuration but initially smoother than the perpendicular case. Figure 3-2 captures the 

potential surface topography to be traversed by three differently sliding configurations. From 

Figure 3-2-A, it is clear to see that upon compression, the top and bottom PTFE surface would 

interpenetrate by a fraction of an Å. For the violin configuration, this distance would be a little 

less than 0.82 Å based on trigonometric analysis. From the actual simulations described herein 
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for various loads at a temperature of ~ 300K, the numbers range from 0-0.5 Å and 2.43-2.72 Å 

for violin and perpendicular/parallel configurations, respectively. For the high friction, high wear 

sliding configurations (i.e. perpendicular and violin), these range values represent a significant 

physical barrier to sliding. The effective barrier is even greater for the perpendicular case where 

the chains in both surface are aligned, thus maximizing the real area of contact. The parallel 

sliding configuration is different compared to the other two configurations even though the top 

and bottom surface interpenetration depth remains fairly constant during sliding and is 

comparable to that for the starting perpendicular configuration. This is because the 

interpenetration depth of the two PTFE surfaces is not physically overcome during parallel 

sliding. Instead, the physically roughness for the parallel sliding configuration is governed 

mostly by the length of the C-F bonds which easily rotate and whose equilibrium value is ~ 1.34 

Å. 

The simulation results at comparable normal loads with regard to the frictional forces for 

the sliding configurations confirm the reasoning from the previous paragraph. Figure 4-4 

compares the frictional forces for PTFE-PTFE sliding at 300K as a function of distance at 

comparable normal loads. The results show that the frictional response for the violin sliding 

configuration is indeed intermediate with respect to that for the perpendicular and parallel cases 

with a steady increase for increased sliding distance. The steady increase in frictional force with 

sliding distance may have to do with the force required to deform and rearrange the sliding 

interface.  

4.3 Microscopic Processes of Friction and Wear  

Our simulations manifested a series of microscopic processes that foster surface damage 

which eventually led to high friction. The processes ranged from the bowing and bunching 

together of adjacent chains to the rolling of chains on top of and around each other, in a manner 
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similar to that by which fibril strands of rope are rolled together in a clockwise or 

counterclockwise fashion. More severe wear processes involved chain scission and the 

reorientation and translation of molecular debris and chain fragments in the direction of sliding. 

The occurrence, extent and sequencing of these events were highly dependent on the complex 

interplay of sliding orientation and load transferability. In this section, the mechanisms 

underlying the tribological behavior are dissected and their origins are identified. The discussion 

which follows in this section pertains mostly to the high wear sliding configurations (i.e. 

perpendicular and violin). The parallel sliding configuration, which showed minimal wear, is 

treated separately.  

4.3.1 Bowing and Bunching Together of Chains  

For the perpendicular sliding configuration at relatively low normal loads (i.e., less than 10 

nN), surface chains in the bottom PTFE surface bowed as a result of the shear forces imposed by 

the movement of the top PTFE surface. No other significant movements of the interfacial 

polymer chains for the bottom PTFE surface were observed. This is later shown by the 

quantification of their displacements in Chapter 5 on the effects of normal load and temperature. 

In particular, the lower the normal load, the smaller the displacement of the chains on the surface 

of the bottom PTFE surface. As the load was increased beyond approximately 10 nN, breakage 

of cross-links between the PTFE chains at the interface and adjacent sub-interfacial layer of 

chains occurred. This was evidenced by the subsequent bunching together of the bottom surface 

interfacial chains to form a regular continuous layer without the normal PTFE lattice spacing. 

Figure 4-5 captures this phenomenon. In moving from the position in Figure 4-5-B to Figure 4-5-

C, the top PTFE surface was slid ~ 4.5 nm at 300 K. During this interval, chain #s 1, 4 and 5 

were displaced between 3.5 and 4.5 nm, such that they effectively bunched together while still 

maintaining their initial alignment. At lower temperatures, this behavior was even more marked, 



 

70 

with all five chains on the bottom surface bunching together as will be discussed in Chapter 5. 

This process began after only a few nanometers of sliding; the chains were displaced at different 

rates, causing bunching and concomitant gaps to appear between adjacent chains in the group. 

These gaps yielded space into which other chains were able to bow. For some chains, these 

points of bowing facilitated the partial roll up of the chains along their molecular axes (i.e., 

perpendicular to the sliding direction of the top PTFE surface) in response to the constant rate of 

displacement of the top PTFE surface. This process of polymer chain roll up along the molecular 

axes often occurred without scission of the chain into separate fragments. This process is 

highlighted in panels c and d of Figure 4-5 by the behavior of chains #2 and 3 which, under 

conditions of high contact pressure, bow almost immediately in response to shear stress.  

The violin sliding configuration, by comparison, demonstrated similar behavior to the 

perpendicular case at low normal forces (i.e., less than 10 nN) in that the chains remain relatively 

unresponsive to the shear stress. There were two exceptions which occurred at relatively low 

temperatures, however, in which bowing of one chain was observed after prolonged sliding (100 

K at Fn ~ 3.7 nN and 25 K at Fn ~ 3.6 nN). As the normal force was increased, bowing of the 

bottom surface interfacial chains increased somewhat, albeit not before having experienced 

significant sliding of the top PTFE surface. In general, the chains bowed to a lesser extend in 

comparison to the perpendicular sliding case (see Figure 4-6-E). Interestingly however, at 

relatively high temperature and normal load (e.g., 300 K and ~ 35 nN) even before significant 

shear stress was imposed (i.e., less than 0.02 nm of violin sliding), the chains appeared somewhat 

strained as they were bowed in multiple points along their axes.  

4.3.2 Chain Entanglement  

Due to the extensive bowing of the polymer chains at random sites along the molecular 

backbone, a process was initiated between adjacent chains where a severely bowed segment of 
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one chain intertwined to a limited degree with a segment of a neighboring chain. As the 

temperature was lowered to 25 K, a few of the chains showed a tendency to break under the 

tensile component of the shear force imparted by the moving top PTFE surface. Most of the 

entanglement experienced by these chains segments, however, was brought on by their motion 

(i.e., reorientation and/or displacement of fragments in the sliding direction of the top PTFE 

surface). This process was especially prevalent for the perpendicular sliding configuration, in 

which displacement led to the bunching of aligned chains, as described in Section 4.3.1. The 

bunching initiated the entanglement process by providing the opportunity for chains to slide and 

roll over each other. This resulted in the interlocking of the zigzag –(C-C-C)- molecular axes of 

the chains (see Figure 4-5-F and 4-6-F). Initially, this process occurred while the chains’ 

molecular axes remained largely unbroken. Regardless of mechanism of its initiation, the 

resulting entanglement led to severe strain as different segments of the polymer chains were 

displaced at different rates; thus, causing additional bowing. In some cases, this resulted in 

immediate chain scission and reorientation of chain segments. The segments of the polymer 

chains’ molecular axes that became intertwined, whether from severe bowing or displacement, 

occurred at both cross-linked and uncross-linked sites. Thus, the location of the onset of chain 

entanglement appears to be random, with the specific atomic mechanisms involved incorporating 

the effect of load transferability (both normal and shear) through the structure.  

4.3.3 Chain Scission  

For the perpendicular sliding configuration, a few chain scission events occurred at cross-

linked locations along a chains -(C-C-C)- molecular backbone due to the effects of normal load. 

The majority, however, occurred at random locations along the chain molecular axis and resulted 

from extensive bowing, displacement and reorientation of chain segments due to shear forces. 

Figure 4-5-B, taken after 0.98 nm of sliding by the top surface, captures the breakage of chain #3 



 

72 

precisely at a carbon atom where the chain was cross-linked to an adjacent chain. The actual 

breakage, however, occurred almost instantaneously, after 0.52 nm of sliding. Chain #5 in Figure 

4-5-C showed evidence of partial breakage as carbon atoms from its molecular backbone were 

left in the wake of its displacement in the sliding direction of the top PTFE surface. Chain #2 

which was displaced in the direction of sliding of the top PTFE surface, significantly bowed at 

multiple points along its molecular axis and eventually reoriented along the direction of sliding 

of the top PTFE surface (see Figure 4-5-E). The reorientation process led directly to the breakage 

of chain #s 4 and 5 while also further widening the scission gap between the fragments for chain 

#1. Chain scission for the perpendicular sliding geometry, similar to that of entanglement as 

described in Section 4.3.2, occurred randomly along the chains’ molecular axes. It appears that 

the complex interplay of the processes of chain bowing, breakage of cross-links and chain 

displacement contributed to the randomness in stress distribution throughout the interface and the 

system. This, in turn, influenced the dynamics of the chains breakage process.  

Chain scission, in the violin sliding configuration, resulted from the sawing effect of 

perpendicularly reoriented chains or broken chain segments being dragged across another chain’s 

molecular axis. Figure 4-6 illustrates that on several occasions, chain scission was initiated 

precisely in the region of the molecular axes in which both the aligned chains from the top and 

bottom PTFE surfaces intersect perpendicularly. The sawing motion experienced by these 

perpendicularly oriented chains caused scission to occur in chains for both surfaces. Figure 4-6-

A depicts the initial stages of sliding, after 1.32 nm. Interfacial chains for the bottom surface are 

oriented vertically and are labeled 1-5 while those in the top surface are horizontally oriented and 

are labeled 6-10. After almost 10 nm of sliding, the first onset of scission is shown in Figure 4-6-

B in chain #2 after it has been displacement in the sliding direction of the top PTFE surface next 
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to chain #1. Breakage was initiated at the point where chains #2 and 7 intersect perpendicularly. 

Figure 4-6-C highlights this scission to a greater extent while also illustrating additional similar 

cases. Figure 4-6-D shows the evolution of these broken chain links. The breakage of these 

chains allow for significant movement and reorganization of the interfacial structure as shown in 

Figures 4-6-E and 4-6-F respectively. As may be ascertained from the sequence of images, 

neither the chains cross-link sites nor extensive initial bowing of the chains played a significant 

role in bringing about chain breakage.  

4.3.4 Chain and Chain-Segment Reorientation  

Chain or segment reorientation was usually (but not in all cases) the last event that led to 

significant molecular wear. In some rare instances, small segments of chains were reoriented in 

the sliding direction without being severed from the main chain molecular axis. In general, 

segments of chains, after having broken off, translated and reoriented in the sliding direction of 

the top PTFE surface. The reorientation of chains and their segments did not lead to lower 

friction but instead served to further damage and disrupt the regular ordering of the interfacial 

chains as illustrated in Figure 4-5-F.  

4.4 Summary 

Simulations results of crystalline PTFE-PTFE sliding were reported. Three different 

sliding configurations were explored: 1) sliding perpendicular to the chain orientation in both 

PTFE mating surfaces (i.e. perpendicular sliding), 2) sliding parallel to the chain orientation in 

both PTFE surfaces (i.e. parallel sliding) and 3) simultaneous sliding both perpendicular to the 

chain orientation in one surface and parallel with respect to the other (i.e. violin sliding). The 

quantitative results showed that perpendicular sliding demonstrated the highest frictional forces, 

friction coefficient and associated interfacial wear while the parallel sliding configuration 

correspondingly showed the lowest values. The frictional force, friction coefficient and 
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associated molecular wear for the violin sliding configuration were intermediate with respect to 

the perpendicular and parallel configurations. The frictional forces and molecular wear for the 

violin configuration however showed a gradual tendency to increase steadily with sliding 

distance.  

Additionally, microscopic processes associated with behaviors were described in detail. 

Four major microscopic processes were observed: 1) the bowing and bunching together of the 

polymer chains, 2) the entanglement of polymer chains, 3) the scission of the chains and 4) the 

reorientation of polymer chains and the severed fragments. The bowing of the polymer chains 

occurred with the cross-links sites playing the role of ‘anchor points’ for bowing. The bunching 

together of the interfacial chains resulted from their displacement due to the breaking of shared 

cross-links with chains from the sub-surface. This resulted in the disruption of the equilibrium 

spacing of the aligned chains, thus allowing for the mechanical entanglement of their C-F bonds 

and also intertwining of the -C-C- molecular axes. Chain scission resulted from extensive 

bowing of the polymer chains and also occurred at the junctions with the perpendicularly aligned 

interfacial chains for the top and bottom PTFE surfaces meet in the violin sliding configuration. 

Scission occurred at these junctions due to the sawing effect the chains experience at these 

contact points during sliding. Reorientation of chains and chain fragments in the direction of 

sliding of the top PTFE surface also occurred. It was rare that an entire chain experience 

reorientation. The majority of the species experiencing this process usually had already 

undergone scission due to the reorienting force. Furthermore, the microscopic processes 

described were associated with the relatively high friction, high wear sliding configurations (i.e. 

perpendicular and violin). 
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The results from this study may be used as a foundational part of efforts geared towards 

tailoring the crystalline microstructure of polymeric solid lubricant surfaces, specifically PTFE 

for applications requiring long wear lifetimes. Such an undertaking may prove to be mostly 

beneficial for applications involving unidirectional sliding where sliding may be design to occur 

along the chain alignment. Findings from this study may also be useful as part of efforts for the 

intelligent incorporation of reinforcing filler material into the PTFE matrix from that standpoint 

microscopic wear process to be prevented or inhibited during sliding.  
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Figure 4-1.  The simulations are initially compressed to a load of 5nN before sliding is 

commenced. Friction coefficients were computed from the corresponding normal and 
frictional force. For parallel sliding, the average normal force decayed with sliding 
distance due to compressive stress relaxation whereas the frictional or tangential force 
remained steady. For perpendicular sliding, the average normal force increased due to 
dilation of the system with sliding; the lateral forces for this configuration were 
comparatively higher and less stable. 
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Figure 4-2.  A sequence of molecular snapshots of the upper 25 PTFE chains from the bottom 

stationary PTFE surface. The five surface chains are highlighted with blue (carbon) 
and orange (fluorine) atoms. The structure and alignment of these chains appear to 
maintain during sliding for the parallel configuration whereas the perpendicular 
sliding configuration produces gross chain motions and mixing within the highlighted 
region. The snapshots are taken at approximately 2, 5, 10 and 40 nm of sliding. The 
top view of the carbon atoms for the five surface chains are shown at the same times 
for perpendicular sliding. Chain scission and realignment is apparent in the 40 nm 
view.  
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Figure 4-3.  A histogram of the displacements along the sliding direction for the carbon atoms in 

the surface PTFE chains highlighted in Figure 4-2. The carbon atoms in the parallel 
configuration move very little (~2%) during the 40 nm of simulation sliding; the 
distribution suggests that the chains are moving in a discrete fashion. In contrast, the 
perpendicular configuration has substantial chain motion over the first 10 nm of 
sliding (moving over 3 nm on average during the first 10 nm of sliding). The sliding 
distance, means and standard deviations of the parallel and perpendicular are 
tabulated and plotted in the inset.  
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Figure 4-4.  Comparison of frictional response for the three sliding configuration for comparable 

normal loads at 300K. 

 
 
 
 
 
 
 
 
 



 

80 

 
 
Figure 4-5.  Illustration of the various microscopic molecular processes at work in the sliding of 

crystalline PTFE surfaces during perpendicular sliding. The interfacial chains for the 
bottom PTFE surface are shown. Snapshots were taken from simulation carried out at 
300K and an average normal load of 25nN. In panel a, the initial configuration for the 
interfacial, bottom surface chains is shown. The top surface chains, not shown, move 
at an average rate of 10 m/s in the –x direction. 
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Figure 4-6.  Molecular snapshots at select stages of the various microscopic processes for the 

violin sliding configuration taken at 25K at an average normal load of ~ 32nN.  Panel 
a shows the early stage of sliding with the vertically orientated chains labeled 1-5 and 
the horizontal ones, 6-10. Panels b and c show that chain scission was initiated mainly 
in regions where the interfacial chains of the top and bottom PTFE surfaces 
intersected perpendicularly. Panel d captures the propagation of the chain scission 
process and the direct results which may be described as severe chain bowing and 
entanglement (panels e and f respectively). 

 



 

82 

CHAPTER 5 
EFFECT OF TEMERATURE 

Polytetrafluoroethylene (PTFE), due to its low friction coefficient, relatively high 

temperature stability and chemical resistance is widely used either as a solid lubricant or as a key 

component in composite solid lubricants for dry sliding applications. Recently, it has been 

proposed that the friction behavior of solid lubricants such as PTFE, graphite and molybdenum 

disulphide (MoS2) is thermally activated. McCook et al.81 reported on the temperature effects of 

PTFE and PTFE composites in pin-on-disk tribometry experiments. Their findings, which also 

incorporated appropriate data from the literature, showed a monotonic increase in friction with 

decreasing surface temperature down to 173 K. The data set was modeled to an adjusted 

Arrhenius equation which yielded an activation energy of 3.7 kJ/mol (0.038 eV), suggesting the 

breaking of van der Waals bonds as the key mechanism to the observed frictional behavior. 

Burris et al.82 whose experimental approach was fundamentally different from that of McCook et 

al.,81 reported similar results for PTFE under macroscopic pin-on-disk testing over the 

temperature range 200-400 K and calculated an activation energy of 5 kJ/mol. Results, on the 

length scales ranging from macro to nanometers have been reported for other system in which 

friction increased exponentially with decreasing surface temperature.83-85  

For polymer-polymer contacts, the main mechanisms of friction and wear involve either 

adhesion, deformation (i.e. elastic or plastic) or both.6 Consequently, normal load or contact 

pressure plays a significant role on a polymer’s tribological performance. As in the case 

involving the effect of temperature, scientists have sought to understand the effects of normal 

load on PTFE and its composites during sliding under various conditions. For example, in their 

friction studies carried out on pin-on-disc wear test rigs at room temperature under dry 

conditions, Unal et al.86 found that for pure PTFE and its composites, the friction coefficient 
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decreased with increasing normal load. Taking into account the visco-elastic nature of polymers, 

the variation of the friction coefficient in their study was modeled using the equation87 µ = kN(n-

1) where µ is the coefficient of friction, N is the load and k and n are constants with the value of n 

being 2/3 < n < 1. Accordingly, the friction coefficient decreases with increasing load up to the 

limit load values of the polymer where friction and wear will increase due to the critical surface 

energy of the polymer. Conversely however, the specific wear rate of pure PTFE increased with 

increasing normal load. This behavior was in stark contrast to the PTFE composites. 

Similar results were reported by Jia et al.88 in their tribological study of polymer-polymer 

sliding also carried out under dry conditions. Their findings revealed that all polymer-polymer 

sliding combinations tested (including PTFE-PTFE) showed a decrease in friction coefficient 

with increasing applied load for dry sliding conditions. Under the same conditions though, the 

wear of PTFE increased slightly with increasing load. Other studies on PTFE composites have 

revealed similar trends. Unal et al.89 macroscopic pin-on-disc sliding wear tests, however, 

showed somewhat different results. For several thermoplastic polymers and polymer composites 

(including PTFE + 17% glass fiber reinforcement and PTFE + 25% bronze) sliding against a 

15% glass fiber reinforced unsaturated polyester polymer, the friction coefficient and wear rate 

were not significantly affected by normal load. Herein, the effect of normal load on the friction 

coefficient is also examined, although outside of the context of adhesion based on the 

unmodified Amonton definition of friction coefficient. 

5.1 Frictional Response 

Figure 5-1 shows the dependence of the friction force on normal force at a number of 

different temperatures for the perpendicular (Figure 5-1-A), violin (Figure 5-1-B) and parallel 

(Figure 5-1-C) sliding configurations. The error bars on the normal load and frictional forces 
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were determined using the previously outlined protocol (see Section 3-5). We observed a number 

of general trends in these results. First, for all three sliding configurations, and at all 

temperatures, there was an almost linear dependence of the frictional force on the normal force. 

This was a strong indication of the internal consistency of the simulation results, and allowed a 

reliable estimate of the friction coefficient to be extracted from the slope. Second, for any fixed 

normal force, the frictional force increased as the temperature decreased; however, the 

temperature dependence did appear to significantly weaken below 100 K. Third, for the same 

normal force the frictional force for parallel sliding was less than for the violin case which, in 

turn, was less than for the perpendicular case. As previously discussed in detail in Section 4-3, 

significant structural damage occurred especially for the high friction sliding configurations. This 

led to gross rearrangements of the structure at the sliding interface. The perpendicular sliding 

configuration showed a dependence on temperature with friction forces ranging from 2.1 to 10.7 

nN at 300 K, and from 13.2 to 26.6 nN at 25 K. The friction coefficient for the perpendicular 

sliding configuration was consistently higher than that for the violin and parallel cases and was 

accompanied by significantly more molecular wear. As a result, the temperature dependence was 

not as strong or as uniformly changing: there was relatively little difference between the 

frictional forces at 75 K and 100 K, or between those at 150 K and 200 K (Figure 5-1-A). As we 

shall see, this weaker temperature dependence is due to the higher friction and greater associated 

structural damage. Unlike the perpendicular sliding configuration, the frictional force in the 

violin sliding configuration showed strong temperature dependence, with the friction increasing 

with decreasing temperature. Over a comparable range of normal loads, the frictional forces for 

the violin sliding configuration were higher than those for the parallel sliding configuration and 

ranged from 1.7 to 10.4 nN at 300 K, and from 6.9 to 21.0nN at 25 K. In the parallel sliding 
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configuration, the simulations also showed a clear trend of increasing frictional forces with 

decreasing temperature (Figure 5-1-C). Over the range of normal loads considered, the frictional 

forces ranged from 1.3 to 3.3 nN at 300 K and from 7.2 to 10.3 nN at 25 K.  

For all three sliding configurations, the aforementioned respective range of the frictional 

forces measured at various loads (see Table 5-1) widened with a decrease of temperature from 

300K to 25K. At both temperature extremes, the range or the difference between the highest and 

lowest recorded frictional force was largest for the violin sliding configuration, followed very 

closely by that for perpendicular configuration while the parallel configuration was significantly 

lower at approximately one-quarter of the value of the previous two. Of all the frictional forces 

measured, those for the perpendicular sliding configuration were the highest.  

The slopes of the respective data sets shown in Figure 5-1 were taken as an approximation 

of the friction coefficients for each temperature.90 The temperature dependence of the friction 

coefficient is shown in Figure 5-2-A. The friction coefficient for the perpendicular sliding 

configuration were relatively high even at high temperatures, and remained fairly unchanged as 

the temperature was decreased, a result of the significant molecular wear seen over the entire 

temperature range. Sliding in the perpendicular configuration required the polymer chains to 

continuously move between a somewhat interdigitated geometry to one that is not. In every 

sliding case carried out for the perpendicular configuration, the original interfacial corrugations 

were destroyed. Thus, it was reasoned that the high friction may be largely accounted for by the 

resistive forces required to rearrange and extensively alter the molecular chain arrangement at 

the sliding interface. Under such conditions where the interfacial chains were essentially plowing 

each other, the contribution of the forces from atomic positional fluctuations were dwarfed by 
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comparison; hence, the apparently temperature insensitivity of the friction coefficient for the 

perpendicular sliding configuration.  

The violin sliding configuration, by contrast however, showed a more complex dependence 

of the friction coefficient with temperature. Above 200K the interfacial sliding occurred with 

minimal amount of damage to the structure of the chain alignment. There was a dramatic 

increase in the friction coefficient with decreasing temperature from 200 to 100 K. As the 

temperature was lowered below 100K, the friction coefficient, like that for the perpendicular 

case, became essentially temperature independent. These changes seemed to be correlated to a 

marked decrease in the rate of atomic positional fluctuations during sliding at the interface. 

Visual inspection of our atomic movies of the crystalline PTFE-PTFE sliding interface provided 

unmistakable, qualitative evidence of this, primarily for the fluorine atoms. Above 200 K, the 

interfacial chain atomic positions fluctuated more vigorously with sliding than at lower 

temperatures. Such behaviors based on temperature have been noted in studies of fluorocarbon, 

monolayer coatings, accompanied by a change in adhesion energy hysteresis per unit area.91 

Prolonged sliding under such conditions led to chain scission, which eventually led to the large-

scale destruction of the crystalline chain structure. These structural damages, in turn, resulted in 

relatively high friction coefficients, on a level comparable to that which was observed for the 

perpendicular sliding configuration.  

The parallel sliding configuration showed a steady increase in friction coefficient with 

decreasing temperature with a very small drop in friction at 75 K. The sliding interface remained 

intact with the exception of one case where one chain rolled up in the sliding direction. This is in 

stark contrast to the perpendicular and violin cases. Hence, we hypothesize that the temperature 
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dependence of the friction coefficient in this case may be almost exclusively accounted for by 

changes in the rate of positional atomic fluctuations at the sliding interface.  

5.2 Adhesive Component of Temperature Dependent Friction 

The frictional forces for the various loads (see Figure 5-1) did not intercept the load axis at 

zero force upon extrapolation. Instead, an extrapolation of a linear fit would cross the y-axis at a 

value greater than zero. This value, within the assumption of a linear model for the friction 

behavior, corresponds to the offset C, based on a modified definition of Amonton’s law for 

friction coefficient, f = µN + C where N is the total load across the interface (i.e. N = Next + Nint, 

where Next is the externally applied load and Nint is the surface adhesion).90 The value of this C 

offset represents the residual friction force at zero applied external load. A portion of this offset 

value contributes to the adhesive load across the interface. The larger the C offset, the stronger 

the adhesion usually is for sliding situations exhibiting minimal or very low wear.  

The frictional force (Ff) may be thought to consist of an adhesive component (Fad) and a 

deformation component F(def) (i.e. Ff = Fad + Fdef).6 Thus, the likelihood of adhesion dominated 

friction is more likely as the real area of contact increases or is maintained at a relatively high 

value. For deformation controlled friction, surfaces in general, may experience extensive 

damage; thus resulting in the formation and evolution of sharp asperity peaks. The initial PTFE 

interface topography for the perpendicular configuration was identical to that for the parallel 

configuration. Sliding perpendicular to the chain orientations however resulted in behavior 

characteristic of deformation dominated friction (see Figure 4-5) although the interfacial contact 

area remained constant throughout.  

As Figure 5-2-B shows, the value of the C offset increases with decreasing temperature; 

thus, suggesting that adhesion makes a more significant contribution to friction at the lower 
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temperatures. This trend was observed for all three sliding configuration with the parallel and 

perpendicular configuration demonstrating the highest C offsets at 300K and 25 K respectively. 

In the parallel sliding configuration, the chains remained in their interdigitated geometry. This 

allowed for maximum contact area between the interfacial chains of the top and bottom PTFE 

surface. As the temperature was lowered, molecular rearrangement at the interface became more 

pronounced for the perpendicular and especially the violin sliding configuration, thus leading to 

rough sliding.  

The calculated adhesive force (see Figure 5-2-C), taken as the average value of the x-

intercept for the series of least-squares fits for the data in Figure 5-1, confirmed what was 

suggested from the interpretation of the C offset values. The method used here to calculate the 

adhesive force is different from the experimental approach.84,91 In experiment, an Atomic Force 

Microscopy may be used to measure friction due to sliding while simultaneously increasing the 

normal load after the completion of predetermined number of scans. The average frictional and 

normal load pairs obtained upon completion of a given number of scans at a particular normal 

load corresponds roughly to the procedure conducted to generate the simulation data shown in 

Figure 5-1. Upon achieving a desired number of Ff, Fn pairs at increasing higher normal loads, 

the normal load is then consistently reduced with the reverse process being carried out. As the 

applied normal force approaches zero, a residual frictional force is observed if adhesion occurred 

between the two surfaces. The continual backing out of the probe tip eventually leads to its 

breaking away from the counterface material. The force required to separate the probe tip and the 

counterface material is referred to experimentally as the pull-out or adhesive force (Fad) and is 

noted by the magnitude of the distance on the x-axis between zero and where the frictional force 

finally decays to zero. A schematic representation of this force is shown in Figure 5-3. 
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As Figure 5-2-C illustrates, the calculated adhesive force for the parallel sliding 

configuration is consistently and significantly higher than that for the perpendicular and violin 

configuration. This result is consistent with the reasoning given previously; that is, intimate 

sliding contact of the two PTFE surface for the perpendicular and violin is more intermittent 

compared to the parallel case. This reasoning is consistent with the notion of a slightly smaller 

real area of interfacial contact for the perpendicular and violin configurations; hence, their 

smaller adhesive force compared to the parallel configuration even though the PTFE surface 

were maintained in continuous sliding contact. The results show that the high friction, high wear 

configurations demonstrated less adhesion while the low friction configuration consistently 

showed higher adhesion. This is consistent with what is known about the relatively low shear 

strength of and high wear rate of PTFE.10  

The adhesion force for the perpendicular sliding configuration was consistently the lowest 

of the three for the temperatures 300-75 K. At 25 K however, the calculated adhesive force 

appear to increase to a level, almost comparable to that for the parallel configuration. It may be 

that there’s significant uncertainty in this particular adhesion value considering the substantial 

amount of molecular wear and resulting rough sliding experienced at the interface for this 

temperature. To test this hypothesis, a fictitious data point was added to the 25 K perpendicular 

sliding data at approximately 5 nN. A least squares fit was then plotted to the altered data set. 

The results gave a friction coefficient of ~ 0.64 and an adhesive force of ~ 7.1 nN (see Figure 5-

4). These values continue the trends observed for all three sliding configurations between 300 K 

and 75 K in that the friction coefficient gap between the perpendicular and the violin 

configuration was lessened while the adhesive force for the perpendicular configuration 

remained slightly beneath that of the violin configuration. This analysis shows the source of the 
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error in determining the adhesive force for 25 K perpendicular sliding data set and highlights the 

difficulty of obtaining very low normal loads for the perpendicular sliding configuration as the 

polymer chains became extremely rigid at 25 K. Regardless, the trend of increasing adhesive 

force with decreasing temperature for the various sliding configurations fits accepted 

models.81,82,84 

5.3 Influence of Normal Load on Amonton Friction 

Figure 5-5 illustrates the relationship between friction coefficient and normal load with the 

friction coefficient being defined using the Amonton’s relationship µ = Ff / Fn.
92

 At 300 K, the 

friction coefficient for the violin and parallel sliding configuration remains fairly constant with 

normal load. For the perpendicular case, the friction coefficient showed more variability, 

probably owing to the higher degree of associated molecular wear. At ~ 10 nN, the friction 

coefficient dropped to a level more comparable to that of the violin and parallel configurations. 

As the temperature was decreased, the friction coefficient experienced an overall increase for the 

three sliding configuration considered. The violin configuration showed interesting behavior in 

that the friction coefficient may be viewed as being segregated into two regimes: one of 

relatively low friction coefficient at temperatures 150 K, 200 K and 300 K; the other relatively 

high friction coefficient for temperatures of 25 K, 75 K and 100 K. This particular observation 

for the violin configuration, taken from a strictly Amonton’s perspective, is in agreement with 

the modified Amonton approach illustrated in Figures 5-1-B and 5-2-A where there was a 

significant increase in friction coefficient for the violin configuration with temperature change 

from 150 K to 100 K. With respect to normal load, there was a significant increase in friction 

coefficient for temperatures lower than 300 K. In some cases, especially for the violin 
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configuration, the friction coefficient showed an exponential rise at the lower normal loads. The 

results are in good agreement with experimental studies.86,88,89  

5.4 Interfacial Wear  

Figure 5-6 captures the relationship between interfacial chain displacement and normal 

load. Chain displacement in the direction of sliding of the top PTFE surface was calculated for 

carbon atoms in the bottom PTFE surface at the interface (see Figures 4-2, 4-5 & 4-6 for 

illustrations of these carbon atoms). The illustration relates that chain displacement, a form of 

molecular wear, increases with higher normal load for the perpendicular and violin sliding 

configuration. For the perpendicular sliding configuration, there was almost no chain 

displacement at low normal loads. As the normal load approached ~ 10 nN, however, significant 

displacement occurred due to the breakage of cross-links between the PTFE chains at the 

interface and adjacent sub-interfacial layer of chains. The displacements of these interfacial 

chains were temperature independent with the mean remaining within the range of roughly 5-8 

nm at relatively high normal loads.  

Chain displacement for the violin configuration also showed significant increases at high 

normal load; however, the transition was not as pronounced in comparison to the perpendicular 

case. The increase in displacement with increasing load was a steadier, more gradual process and 

while there was not a clear overall temperature dependence, the displacements obtained for the 

three (3) lower temperatures were noticeably larger than those of the three (3) higher ones. 

Again, this correlates to what was described previous in regards to the friction behavior 

illustrated in Figures 5-1-B and 5-2-A.; a segregation of molecular scale wear behavior into two 

temperature regimes (one of high wear at relatively low temperatures and one of low wear at 

relatively high temperatures). 
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5.5 Summary 

Crystalline PTFE-PTFE sliding showed a significant increase in friction as a function of 

both temperature and normal load for the three sliding configurations considered. The friction 

values were highest for the perpendicular sliding configuration, intermediate for the violin 

configuration and lowest for the parallel sliding configuration. The friction coefficient, 

calculated from the average of a series of least squares fits to the ff,fn pairs at various loads for 

the different temperatures, showed a clear temperature dependence for the violin and parallel 

configurations. A sharp increase in the friction coefficient was observed for the violin sliding 

configuration between 100 and 150 K. At temperatures lower than 100 K, the friction coefficient 

of the violin sliding configuration was comparable to that of the perpendicular configuration. The 

parallel sliding configuration showed a slow, graduate increasing in friction coefficient with 

decreasing temperature and remained comparably low. The friction coefficient for the 

perpendicular sliding configuration was largely athermal and did not change significantly with 

temperature. 

The adhesive force between the two crystalline PTFE surfaces increased with decreasing 

temperature with the parallel sliding configuration consistently showing the highest value, 

followed by intermediate values for the violin configuration and lowest, the perpendicular 

configuration. The gap in values between the parallel configuration and the other two 

configurations was substantial and increased with decreasing temperature. The gap between the 

values for the violin and perpendicular configurations was comparatively much smaller and 

significantly narrowed with decreasing temperature. The results show that the relatively high 

friction, high wear sliding configurations (i.e. perpendicular and violin) demonstrated relatively 

low adhesion while the low friction, low wear sliding configuration (i.e parallel) showed 
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comparably high adhesive forces. It follows logically that friction for crystalline PTFE-PTFE 

sliding is not adhesion dominated. 

Consistent with the findings of many polymer, tribological studies (introduction to current 

chapter), a decrease in friction coefficient (using the basic Amonton definition without regard to 

adhesion) with increasing normal load was observed. This behavior was most pronounced for the 

violin and parallel sliding configurations. The perpendicular configuration showed less of a clear 

dependence on normal load except in a few cases at extremely low normal loads. In the three 

sliding configuration however, there was a clear difference or increase in friction coefficient 

from a load standpoint with a change in temperature from 300 to 25 K. 

In conjunction, with respect to interfacial wear, displacement of the polymer chains 

increase with higher normal loads. For the perpendicular configuration, a significant increase 

was observed at approximately 10 nN for the temperature range probed. A more gradual increase 

was observed for the violin configuration while the parallel configuration showed lower values 

with an even lower rate of increase with load. There was no clear temperature dependence for 

any of the sliding configuration. Overall, the perpendicular sliding configuration showed 

significantly more interfacial chain displacement than the other two configurations. Similar to 

the case with the behavior of the friction coefficient, the violin values were intermediate while 

the parallel configuration showed the lowest values. 

Finally, the thermally activated friction observed in many tribological systems (and 

probably in PTFE as well) was not observed, in this study, to the extent that is has been reported 

in the literature. The violin sliding configuration demonstrated temperature dependent friction 

behavior that appears to be the result of thermally mediated molecular wear. Its friction 

coefficient range, however, did not completely bridge the friction gap between the athermal 
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regime (i.e. perpendicular sliding configuration) and that of the thermally affected one (i.e. the 

parallel sliding configuration). There may be a variety of reasons why more convincing evidence 

was not brought forth. It may be that a wider range of sliding configurations ought to be explored 

while allowing the volume of the system to expand and contract naturally (as opposed to 

constraining the volume of the simulation box by keeping it constant) in response to the 

tribological forces. It may also be that the amorphous phase of the polymer holds the key to its 

temperature dependent behavior; the entangled polymer chains of the amorphous phase, which 

was not modeled, probably responds more readily than the crystalline regions to changes in 

temperature. While there is room for expansion on the work presented herein, a firm foundation 

has been laid from which additional mechanistic studies may be launch in pursuit of revealing 

the mysteries of PTFE’s low friction and high wear rates. 
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Figure 5-1.  Friction force (Ff) vs. Normal force (Fn) at various temperatures and normal loads 
for crystalline PTFE-PTFE sliding. Results are shown for the perpendicular (a), violin 
(b) and parallel (c) sliding configurations. 
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Figure 5-2.  (a) Depiction of the friction coefficient (µ) determined by taking the average of a 
series of least square fits to the respective temperature data points in Figure 5-1. Panel 
(b) gives the average C offset value (i.e. the residual friction at 0 applied normal load 
or the y-intercept) from the extrapolation of the aforementioned least squares fits. 
Panel (c) illustrates the adhesive forces obtained by taking the average of the x-
intercept of the extrapolation of the previously mentioned least squares fits. 
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Figure 5-3.  Schematic diagramming the experimental derivation of the pull-out or adhesive 
force. The filled symbols denote the systematic increasing of the normal force with 
sliding while the open symbols denote the subsequent decreasing of the load towards 
separation of the two surfaces. The blue line represents a linear fit of the closed 
symbols and denotes the method used to estimate the adhesive force in the 
simulations results presented. 
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Figure 5-4.  An alternative perspective of friction and wear for perpendicular sliding at low 
temperature which includes an arbitrarily chosen low friction, low normal load data 
pair not obtained from simulation. The recalculated adhesive force is ~ 7.1 nN while 
the friction coefficient is ~ 0.64. 

 

 

0 5 10 15 20 25 30 35 40 45
0
5

10
15
20
25
30
35

Ff 
(nN)

Fn (nN)

 25K perpendicular
 linear fit

y =    A        +             B  X
       4.55+/- 0.31       0.64+/-0.01

data point not simulated



 

99 

 

Figure 5-5.  Friction coefficient, without reference to adhesion, as a function of normal load at 
various temperatures for the three sliding configuration. 
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Figure 5-6.  Displacement of the bottom surface interfacial carbon atoms are measured with 
respect to their initial positions prior to sliding of the top PTFE surface. The median 
displacement values are plotted with the standard error in the mean taken as the 
uncertainty. The median was taken over a sliding distance of ~ 24 nm. 
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Table 5-1.  The lowest and highest frictional forces for the three sliding configurations explored 
at the two extreme temperatures investigated. The range between the lowest and 
highest frictional forces increased with decreasing temperature. 

   300K    25K 
Configuration Ff (low) Ff (high) difference  Ff (low) Ff (high) difference 
Perpendicular 2.1 10.7 8.6  13.2 26.6 13.4 
Violin 1.7 10.4 8.7  6.9 21.0 14.1 
Parallel 1.3 3.3 2  7.2 10.3 3.1 
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CHAPTER 6 
EFFECT OF FLUOROCARBON MOLECULES AT THE SLIDING INTERFACE  

Polymers and polymer composites have experienced high demand as solid lubricants and 

as coatings for various sliding applications.93 In many cases, the combination of polymer-

polymer sliding via the formation of transfer films is the critical factor for achieving low friction. 

For some of these polymer-polymer sliding combinations, the associated wear may be high; this 

is especially true for PTFE.94,95 Various approaches have been tried to address PTFE’s excessive 

wear (see Section 1.4.4). A less well-developed approach involves the incorporation of fluids at 

the sliding interface. As Jia and co-workers88 discovered through their investigation of polymer-

polymer sliding combinations under liquid paraffin conditions using pin-on-disc tribometry, both 

the friction coefficient and wear rate of self-mated PTFE were reduced significantly (i.e. by a 

factor of ~ 14 and ~2 respectively). Additionally, both the friction coefficient and wear rate 

remain low and fairly constant with increased sliding velocity and applied load. In a somewhat 

different tribological study, Zappone et al.96 examined the effect of nanometer roughness on the 

adhesion and friction of a rough polymer surface against a molecularly smooth mica surface 

under hydrocarbon oil conditions using the surface force apparatus. The polymer used was 

polyurethane replicas of different substrate roughness. The introduction of the hydrocarbon oil 

between the sliding surfaces resulted in a decrease in friction coefficient while eliminating the 

adhesive force. In yet another polymer-polymer sliding example, the introduction of silicone oil 

in Acrylonitrile-Butadiene-Styrene (ABS) polymer was found to lower friction values and 

required higher normal loads to cause frictional instabilities than without the oil.97 Raviv et al.98 

also found very low friction coefficients (i.e. ~ 0.003) for adsorbed layers of poly(ethylene 

oxide) in the solvent toluene sheared against a smooth, curved solid mica surface for loads up to 

100 MPa. The behavior was attributed to a combined system effect of being able to 
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accommodate relatively large loads due to osmotic repulsion between the compressed layers in 

the solvent medium and simultaneously maintaining the fluidity of the sheared interfacial zone 

within which the frictional dissipation occurred. For the work to be described in the following 

sections, the typical Stribeck behavior that is characteristic of many oil lubricated systems 

including polymer-polymer systems99 in which the friction coefficient increases with either an 

increase in oil viscosity or sliding rate and decreases with applied load was not observed as in the 

previously described study, since only a single sliding velocity was considered. 

In the work to be described, fluorocarbon molecules were placed at the sliding interface 

between two crystalline PTFE surfaces. A snapshot of the two crystalline surfaces of PTFE 

without fluid at the interface is illustrated in Figure 6-1. The effect of two different species was 

investigated: perfluorooctane (C8F18) and hexafluoroethane (C2F6). Perfluorooctane (C8F18) is a 

clear, colorless, fully-fluorinated liquid that is thermally and chemically stable, nonflammable 

and practically non-toxic. Its excellent material compatibility and high dielectric strength makes 

it a good choice for applications involving lubricant deposition, process solvents and heat 

transfer. The liquid comprises of units having an average molecular weight of ~ 438 g/mol, boils 

at 101˚C (at 1 atm) and has a pour point of -30˚C.100 

Hexafluoroethane (C2F6) is a colorless, odorless, nonflammable gas composed of the 

elements carbon and fluorine with a molecular weight of 138.02 g/mol. The gas has melting and 

boiling temperatures of -101˚C and-78.2˚C, respectively. Its density is 4.8 times that of air and 

1.23 that of water. Hexafluoroethane has a vapor pressure of 30 bar at 20̊C. The gas is used in 

the electronics industry as an etchant for many substrates in semiconductor manufacturing. With 

oxygen, it strips photoresist and is used for selective etching of silicides and oxides (e.g. silicon) 

over their metal substrates.101 With regard to material compatibility, it is purported to have a 
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slight risk of corrosion in water and causes significant lost of mass by extraction or chemical 

reactions with hydrocarbon and fluorocarbon based lubricants. It behaves satisfactorily however 

with some plastics such as PTFE, polypropylene and polyamide, metals (e.g. aluminum, brass, 

copper, carbon and stainless steel) and elastomers (e.g. chloroprene, nitrile rubber and buthyl 

rubber). 101 

Two different fluid film thicknesses were also considered: one monolayer (see Figure 6-2) 

and four monolayers (see Figure 6-3). Additional details regarding the two fluid film thicknesses 

are given in Table 6-1. The simulation fluid densities (see Table 6-2) were significantly higher 

than their experimental values due to the substantial contact pressure (hundreds of MPa) 

imparted by the compression of the two crystalline PTFE surfaces. The mean square 

displacement of carbon atoms within the fluid atoms was calculated under these high contact 

pressures during the equilibration stages of the simulation prior to the commencement of sliding. 

Calculation of the diffusion coefficient102 based on the mean square displacement gave values on 

the order of 10-6 cm2/s for the four monolayer C2F6 systems which is about one order of 

magnitude lower than that for many fluorocarbon and hydrocarbon species (e.g. C2F6) in water at 

25˚C103(see Table 6-3). The diffusion coefficient for the monolayer fluid systems for both 

species was one to two orders of magnitude smaller than the experimental values. As Section 6.1 

will reveal, the monolayer systems represent essentially boundary layer lubrication with respect 

to the PTFE surfaces. Overall, the C8F18 species showed lower simulation diffusion coefficients 

than those for C2F6. In spite of the relatively low simulation diffusion coefficients, the values are 

still orders of magnitude faster than that for solid diffusion.  

6.1 Monolayer of Molecular Fluid 

Figure 6-1 shows a snapshot of the simulation setup for the aligned, self-mated, crystalline 

PTFE setup for sliding without the fluorocarbon molecules. The carbon atoms in the top and 
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bottom surfaces are colored red and blue, respectively. For emphasis, the carbon atoms of the 

interfacial chains of the bottom PTFE surface are colored in black. As shown before in Figures 

4-2, 4-3, and 5-6, displacement of these interfacial chain atoms due to sliding of the top PTFE 

surface was used as the main metric for determining wear or damage of the system. Figure 6-2 

shows a similar snapshot with one monolayer of molecular fluid (depicted by violet carbons and 

silver fluorines) between the two crystalline PTFE surfaces. The interfacial chains previously 

mentioned were enhanced for emphasis since the behavior of these interfacial atoms are expected 

to be influenced by the presence of the molecular fluid. In this chapter, the primary emphasis will 

be on the perpendicular sliding configuration due to its associated high friction and wear; 

however, a few cases for parallel sliding will be briefly examined. 

6.1.1 Frictional Response 

Figure 6-4 compares the frictional response of the perpendicular sliding configuration with 

the three different interfacial conditions (i.e. crystalline PTFE-PTFE sliding:1. without 

fluorocarbon molecules, 2. with a monolayer of C2F6 molecules and 3. with a monolayer of C8F18 

molecules) at roughly the same normal load. For the simulations with fluorocarbon molecules, 

the number of carbon atoms was conserved for both cases (see Table 6-1). A comparison of the 

normal forces in Figure 6-4 shows a significant evolution of the normal force (from ~ 6 nN to 15 

nN) for system the without the fluid monolayer. This phenomenon is correlated to the 

corresponding frictional force in the form of a large peak between at 1-2 nm, followed by a series 

of smaller peaks. The first large peak in the frictional force incorporates the response of the 

surfaces to shear and signifies the transition from static to kinetic friction while the latter ones 

denote the run-in period to steady state friction and is characterized by the rearrangement of the 

interfacial chains. This behavior is in contrast to the systems with molecular fluid between the 

crystalline sliding PTFE surfaces where no substantial upward evolution or increase in the 
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normal forces were observed. As a result, the normal forces remained fairly constant, within a 

narrow range for the duration of sliding. Accordingly, the initial frictional response (i.e. 

transition from static to kinetic friction) was much smoother than the scenario with no molecular 

fluid; as a result, the first peak being significantly reduced. This resulted in lower friction for the 

simulations with fluorocarbon fluids at the interface. Focusing on the frictional responses for the 

simulations involving the fluorocarbon fluids, a close inspection of the forces reveal that the 

normal force (see Figure 6-4) for the C2F6 system is slightly but consistently higher than that for 

the for C8F18 system. The frictional force for the C2F6 system however remained slightly lower 

than that for the C8F18 system for approximately the first 11 nm of sliding and again for the last 4 

nm of sliding. As will be shown later as a function of normal load for the monolayer systems, the 

C2F6 case consistently showed lower frictional response than the C8F18 case.  

Also to be noted is the fairly sinusoidal, periodic undulation of the normal forces for the 

systems with molecular fluid compared with the more random, irregular form for the fluid-less 

case. This behavior is highlighted even more for the molecular fluid systems with four (4) 

monolayers where the normal loads more consistently oscillate around a constant value and also 

with larger but very consistent amplitude (range of ~ 3 nN for four (4) monolayer systems 

compared to ~ 2 nN initially and then ~ 3 nN for monolayer case). The load at the interface of 

the two crystalline PTFE surfaces is transferred through the surfaces via cross-links. The normal 

and frictional forces, as mentioned previously, are measured on the rigid moving layer (see 

Figure 3.1). The distance between the rigid moving layer and the sliding interface is shortest for 

an interfacial position directly on top of an interfacial chain of the bottom PTFE surface (see 

Figure 6-2) and longest for interfacial positions that are in between two bottom surface 

interfacial chains. Given that these simulations were carried out at constant surface displacement, 
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it is reasonable that the normal load “felt” will be somewhat higher when the interfacial chains in 

both surfaces are directly on top of each other and, correspondingly, somewhat lower when both 

surfaces interlock as illustrated in Figure 6-1. In the case of no molecular fluid, these interfacial 

corrugations were quickly destroyed during perpendicular sliding, which resulted in the 

randomness and irregularity in the evolution of the associated normal force. 

6.1.2 Wear Response 

The displacement of the interfacial atoms with respect to their initial positions for the non-

fluid PTFE system and that for the fluid case are shown in Figure 6-5. Here, we quantify the 

extensive damage for the former while showing a clear reduction in molecular wear for the latter. 

The displacement in response to sliding of the top PTFE surface was calculated for various 

interfacial components. In Figure 6-5, the black solid line represents the movement of the top 

PTFE surface which is the baseline to which the displacement of the bottom surface interfacial 

chains and the monolayer of molecular fluids were compared. The graph compares displacement 

of the bottom surface interfacial chains for the two systems (filled, solid symbols) to that for the 

corresponding fluid (open symbols). As the graph relates, the interfacial chains (solid squares) 

for the non-fluid system were displaced by a little more than five nm after approximately twenty-

six nm of sliding by the top PTFE surface. The addition of either the C2F6 or C8F18 monolayer of 

molecular fluid reduced the displacement of the interfacial chains to a value roughly half that for 

the non-fluid case for the same amount of sliding. Consequently, this reduction was accounted 

for by extensive displacement of the molecules in the monolayer of fluid. A priori, it may seem 

surprising that the fluid with the larger molecular weight (i.e. C8F18) was displaced to a larger 

extent than the fluid with the small, seemingly more mobile molecules (i.e. C2F6). The answer 

may have to do with the ability of the C2F6 molecules to roll to a much greater degree in 
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comparison to the more linear, longer C8F18 molecules. Detailed analysis in this regard will be 

covered in the next section with respect to the four monolayer systems. 

Considering that substantial interfacial displacement occurred within the fluid in order to 

reduce the friction and molecular wear, analysis was focused on this sacrificial layer. Figures 6-6 

and 6-7 show, respectively, a distribution of the C-C and C-F bond lengths of the two types of 

molecular fluids at the sliding interface both before and after sliding. The graphs show no 

significant change in the distribution of bonds within the sheared molecular fluids; however, a 

slight elongation or stretching of both types of bonds was observed for the two cases. Not 

surprisingly, the coordination of the carbon atoms (taken over a range of 1.7 to 2.0 Å) within the 

fluid layers determined before and after sliding was identical. Consequently, a more stringent 

approach and requirement to ascertaining breakage and formation of bonds both before and after 

sliding was undertaken. In this approach, each molecule was individually considered separately 

instead of calculating over the fluid as a whole. Additionally, a bond length change of 10% or 

more was arbitrarily chosen to determine breakage. The findings of this more stringent approach 

were consistent with that of the former. For the C8F18 system, 16% of the molecules had 

experienced breakage of the molecular chains (i.e. C-C bonds). The breakages occurred prior to 

sliding and thus occurred during the compression and normal force and temperature equilibration 

phases of setting up the system (see Chapter 3 on the various methods employed to achieve 

desirable initial system conditions). In addition to probing the initial and final system 

configurations, the configuration at 50% of the total sliding distance was examined with identical 

breakage statistics. The only difference in the three configurations probed at the various sliding 

distances was the increase in physical separation between the carbon atoms which had broken 

prior to sliding. In comparison, the C2F6 system was examined with the same approach 
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previously used to describe the C8F18 system. The results were different in that no breakage of C-

C bonds observed. Nonetheless, 5% of the carbon atoms constituting the C2F6 molecules were 

under coordinated due to the detachment of a fluorine atom. As in the case of the C8F18 system, 

the separation of the two detached atoms increased with sliding distance.  

6.2 Four Monolayers of Molecular Fluid 

Figure 6-3 shows an MD snapshot of the simulation setup for the 4 monolayer fluid 

systems, similar to that for the monolayer systems (Figures 6-2). In this system, there are four 

times as many carbon atoms within the fluid layer compared to the monolayer system (see Table 

6-1). The differently colors (blue, red, orange and purple) denote the carbon atoms within the 

fluid layers in order of increasing distance from the top PTFE surface (i.e. layers 4, 3, 2 and 1 

respectively). The snaphot was taken after physical and thermal equilibration of the system and 

at 0 nm of sliding by the top PTFE surface. Consistent with the behavior of a fluid, molecules 

from the different layers intermixed during equilibration. 

6.2.1 Frictional Response 

Similar to Figure 6-4, Figure 6-8 compares the frictional response of the non-fluid system 

against that of the two fluid systems, albeit this time with four times the amount of fluid between 

the two PTFE surfaces. The results show an even more dramatic response compared to that for 

the monolayer systems. The normal force for the two fluid systems are roughly the same while 

that for the non-fluid lags just beneath the former two. The frictional response for the C8F18 

system, however, was consistently beneath that of the non-fluid case with the C2F6 system 

demonstrating far superior frictional behavior of the three (i.e. frictional force, C2F6 on average ~ 

five times lower than the frictional force the C8F18 case and eight times lower than the frictional 

force for the non-fluid case). 
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6.2.2 Shearing of fluid layers 

Figure 6-9 compares the relative displacements of interfacial components resulting from 

the shear force imposed by the sliding of the top PTFE surface. For both fluid systems, the fluid 

layers closest to the moving top PTFE surface experienced the largest displacement while those 

further from the surface were progressively displaced to a lesser degree. The solid square and 

circle symbols denote the displacement of the interfacial chains for the non-fluid and fluid 

systems respectively. For both fluid systems, the interfacial chains of the bottom PTFE surface 

experienced no displacement as a result of sliding by the top PTFE surface. Basically, the fluid 

layers account for all of the molecular rearrangements due to the shear force imposed by the top 

sliding surface. It is interesting to note that fluid layer 4 (i.e. the layer closet to the moving top 

PTFE surface) was displaced to roughly the same degree as that for the monolayer described 

previously (compare Figures 6-5 & 6-9). Thus, the remaining three fluid layers accounted for 

both the reduction in friction and the amount of energy required to rearrange the interfacial 

chains that experienced displacement in the monolayer systems. The figure shows that 

surprisingly, both fluid systems experienced roughly the same degree of interfacial displacement 

for the same components (i.e. interfacial chains of the bottom PTFE surface and the respective 

fluid layers). Considering the significant difference in the measured frictional force as a function 

of load (see Figure 6-8), this was indeed striking. 

6.2.3 Reorientation of Fluid Molecules 

Given the similarities in the degree of displacement in the sliding direction for the 

interfacial components of the C8F18 and C2F6 fluid systems, additional explanations were 

required to account for their drastic difference in frictional response at roughly the same normal 

load. Figure 6-10 quantifies the degree of displacement of the fluid layers perpendicular to the 

direction of sliding for both the C8F18 and C2F6 systems. The median displacement value for each 
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layer is reported along with the associated standard deviation. The graphs paint a consistent 

picture of a wider range of displacement, perpendicular to the direction of sliding of the top 

PTFE surface for the C2F6 fluid system. This behavior was highlighted for the intermediate 

layers (i.e layers 2 and 3) where the molecules were less likely to become attached to or be 

influenced by the top or bottom PTFE surfaces. The graph suggests that C2F6 molecular fluid 

was more likely than the C8F18 fluid to spread and traverse over the entire sliding interface. This 

result is not unexpected given that the C2F6 fluid has a lower density and higher diffusion 

coefficient (see Tables 6-2 and 6-3) compared to the C8F18 fluid. 

Figure 6-11 considers the amount of rotation experienced in the plane of the sliding 

interface by molecules in the C8F18 fluid while sliding. The figure shows a top down view of the 

bottom PTFE surface onto the plane of the sliding interface. For clarification, only one C8F18 

molecule is shown; however, the four histograms give a snapshot view of the orientation of the 

four fluid layers both before and after sliding. As the figure indicates, the sliding direction is the 

x direction and the orientation angle of the molecular axis was measured with respect to the z-

axis. Thus, for the top simulation snapshot shown between the histograms for layers 1 and 2 (see 

Figure 6-11), the lone C8F18 molecules makes a shallow angle (0 – 25˚) with the z-axis. 

Similarly, the bottom simulation snapshot, taken after significant sliding of the top PTFE surface 

shows the same C8F18 molecule which is now orientated in the direction of sliding. The molecule 

forms roughly a 90˚ angle with the z-axis as is indicated by the arrow. Viewed collectively, the 

four histograms of Figure 6-11 relate that at zero nm of sliding by the top PTFE surface, the 

C8F18 molecular axis orientation is fairly random with no obvious trend. After significant sliding 

of the top PTFE surface, the orientation of the C8F18 fluid molecules within each of the layers 

become less random and more oriented along the x-axis (i.e. the sliding direction of the top 
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PTFE surface). This is evidenced by two striking features of the graphs: the sharp reduction in 

the number of molecular orientation at low angles with respect to the z-axis and the steady and 

sometimes large increases at progressively larger angles.  

Figure 6-12 attempts to further clarify the orientation behavior of the C8F18 molecules from 

the side views (i.e. along the z-axis which is parallel to PTFE chain alignment in both surface 

and also along the x-axis which is perpendicular to the chain alignment of both PTFE surfaces 

but along the sliding direction). The orientation behavior of the C8F18 molecules, when viewed 

along the z-axis, was similar to that shown previously for the top-down view (see Figure 6-11). 

This result suggests that as the top PTFE surface moves from right to left along the plane of the 

page, the majority of the C8F18 molecules tend to align horizontally or at an angle closer to being 

parallel to the x-axis. The reverse trend was observed when viewed along the sliding direction or 

x-axis in that more C8F18 molecules tend to align along relatively smaller angles due to sliding. 

This finding is consistent with the results of the top-down view (Figure 6-11) and the previous 

side-view along the z-axis. Horizontal orientation within the plane of the sliding interface implies 

that the C8F18 molecules, when viewed in the sliding direction or along the x-axis, would appear 

as a point molecule or a short line segment. Given the orientation of the former two views, it 

makes sense that the latter would demonstrate a tendency towards smaller angles. The molecular 

snapshot labeled ‘c’ captures a single molecule from both views and with the approximate 

orientation angle denoted in both histograms by the same letter. 

The various histograms depicting interfacial displacement (both perpendicular to and in the 

direction of sliding), along with those capturing the relative orientation of C8F18 molecules as a 

function of sliding distance, indicate that the molecules tend to align along a given direction and 

are dragged in that direction. The data shows little evidence to suggest significant rolling and 
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alignments characteristic of rolling motion. This hypothesis was confirmed visually by various 

molecular simulation movies highlighting the behavior of the C8F18 fluid molecules during 

sliding.  

The previous orientation analysis described for the C8F18 4-monolayer system was also 

carried out for the C2F6 4-monolayer system. The results for the top-down view (i.e. along the y-

axis) onto the plane of the sliding interface are given in Figure 6-13. Examination of the figure 

indicates that no significant changes in the alignment of the C2F6 molecules in all four fluid 

layers due to sliding. At various angles, there was a small increase in the alignment towards the 

sliding direction (i.e. x-direction) while at other, there was a small decrease. Still, at other angles, 

there was no change in the alignment due to sliding. Additionally, the significant drop-off in 

small angle alignment experienced by the C8F18 molecules (see Figure 6-11) was not observed 

for the C2F6 system. Figure 6-14 captures the orientation behavior from the two side views. 

Irrespective of the view, whether it was either along the z-axis and hence parallel to the chain 

orientation in both PTFE surface or along the sliding direction (i.e. in the sliding direction of the 

top PTFE surface which is perpendicular to the chain orientation in both surfaces), the results 

showed a random distribution of molecular alignment. The results regarding the orientation of 

the C2F6 molecule due to sliding with respect to the three orthogonal views, in addition to the 

results of Figure 6-10 which showed the relatively greater tendency of the C2F6 molecules to 

spread over the sliding interface in a direction perpendicular to that of moving top PTFE surface 

suggest that there’s likely a strong rolling component to the motion of the C2F6 molecules in 

comparison to that for the C8F18. Given their respective molecular shapes, one would expect that 

the smaller, less linear molecule (i.e. C2F6) would show a greater tendency to roll. Indeed, side-
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by-side comparison of molecular movies highlighting various C2F6 and C8F18 molecules visually 

showed a higher degree of rolling motion (in the presence of sliding motion) for the C2F6 system. 

6.3 Overall Reduction in Friction Coefficient and Wear 

Using the least-squares fitting method described in Section 3-5, quantitative values of the 

friction coefficient and adhesive force was determined for some of the data plotted in Figure 6-

15 (see Tables 6-4 and 6-5). The tables indicate a clear decrease in friction coefficient when the 

fluid layers were placed between the crystalline PTFE-PTFE sliding interfaces. The reduction 

was most dramatic when more fluid (i.e. four instead of one monolayer) was used. This is 

confirmed by the low friction value for the C8F18 4 monolayer system given in Table 6-2 and the 

relatively low slope for the C2F6 4 monolayer system shown in Figure 6-15. Also interesting to 

note is the apparent correlation between the friction coefficient of the fluid systems and the 

density of the fluid placed between the PTFE sliding surfaces with the less dense fluid showing 

lower friction values.  

A significant reduction in friction did not always correspond to a substantial decrease in 

the adhesive force as a comparison of the respective values for the C2F6 monolayer and C8F18 4 

monolayer systems would confirm. While this behavior was consistent with what has been 

reported for PTFE-PTFE sliding (see Section 5-2) where PTFE-PTFE adhesion plays a lesser 

role in the friction response compared to PTFE deformation (probably owing to the polymer’s 

low surface energy), other systems (see the literature review in the introduction of this chapter) 

in which fluids were added to interface between two sliding polymer surfaces have shown 

reductions in the adhesions of the two surfaces. The same general adhesion behavior was 

observed in three out of the four applicable cases (see Table 6-2 for two of those cases: C2F6 

monolayer and C8F18 4 monolayer) as the C2F6 4 monolayer system further confirms (value not 
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quantified but deduced from visual inspection of Figure 6-15) with the lone exception being the 

C8F18 monolayer system (i.e showing relatively high adhesion). 

The reduction in friction coefficient was also accompanied by a reduction in molecular 

wear of the PTFE surfaces as Figures 6-5 and 6-9 quantitatively demonstrated. Figure 6-16 

provides representative simulation snapshots of the PTFE top and bottom surfaces after 

approximately 21 nm of sliding for each of the fluid systems. Sliding of the top PTFE surface 

was done from right to left horizontally across the plane of the page or in the –x direction. A 

careful comparison of Figure 6-16-E and 6-16-G shows that for the monolayer systems, the 

interfacial chains of the bottom PTFE surface experienced a higher degree of displacement for 

the C2F6 fluid system compared to the C8F18 case. This may be confirmed by noticing the 

placement of the yellow carbon and the black carbon interfacial chains. In Figure 6-16-E, the 

yellow carbon chain is further along the sliding direction that in Figure 6-16-G. The black carbon 

chain in Figure 6-16-E has already crossed the periodic boundary. Quantification of the 

interfacial displacement of the interfacial chains of the same monolayer systems (see Figure 6-5) 

captures this observation as the C2F6 systems showed a slightly small degree of displacment 

between approximately 7 and 18 nm of sliding. The resulting interfacial wear of the C2F6 fluid 

system also seem to expose comparative more of the interface for the bottom PTFE surface. 

The four monolayer molecular fluid systems also showed somewhat different behaviors. 

Comparison of Figures 6-16-B and 6-16-F reveals very little change in the positions of the 

interfacial chains of the bottom PTFE surface for the C2F6 fluid system with the exception of a 

slight bow of one of the chains. In contrast, the C8F18 fluid system (see Figures 6-16-D and 6-16-

H) shows a slight shift of the interfacial chains of the bottom PTFE surface to the left or in the –x 

direction (i.e. the sliding direction of the top PTFE surface). This shift represents the initial 
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response of the bottom surface to the shear force imposed by the sliding of the top surface. The 

response was not seen for the C2F6 4 monolayer fluid system as its frictional force was 

substantially low (see the corresponding force graphs in Figure 6-8). Additional sliding showed 

chain scission for the C8F18 case (see Figure 6-17) while none was seen for the C2F6 4 monolayer 

fluid system up to ~ 24 nm of sliding. Given the extremely how friction and the associated 

smooth sliding, no wear in the form of chain scission is expect for extensive sliding at the given 

normal load. 

6.4 Summary 

Incorporation of a layer of molecular fluid between the two crystalline PTFE surfaces 

made a noticeable impact on the measured friction and wear of the surfaces. For a normal load of 

approximately 15 nN, both the C8F18 and the C2F6 monolayer of fluid reduced the friction by a 

range of 10-30%. A significant drop in the static friction was observed with the incorporation of 

the molecular fluids between the sliding surfaces. For wear, the interfacial chains of the bottom 

PTFE surface experienced a 50% reduction in displacement due to sliding when the fluorocarbon 

molecules were introduced between the surfaces. The monolayer fluid experienced a higher 

degree of displacement (more so in the C8F18 case) to compensate for this reduction. The amount 

of molecular wear was still excessive however as usage of a monolayer of fluid did not result in 

sliding conditions essentially different from that of boundary layer with respect to the PTFE 

surfaces. 

The normal force for the 4 monolayer fluid systems remained more consistent and showed 

even more defined undulation than in the monolayer cases. The frictional response of the non-

fluid system dropped substantially with sliding distance to a level almost comparable to that of 

the C8F18 fluid system at a normal load of ~ 17nN. The C2F6 system showed by far the lowest 

frictional response. Surprisingly, all interfacial components for the fluid systems were displaced 
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to roughly the same degree. Fluorocarbon molecules of the C8F18 system showed a tendency to 

oriented and align parallel to the sliding direction of the top PTFE surface. This was not the case 

for the C2F6 fluorocarbon molecules which consistent showed random alignment. The large 

difference in friction between the C2F6 and the other two cases was due to the large amount of 

rolling experienced by the C2F6 fluid molecules during sliding of the top PTFE surface. No wear 

in the form of interfacial chain rearrangement was observed for the 4 monolayer C2F6 fluid 

system. 

The C2F6 4-monolayer system, which was sled in the perpendicular configuration showed 

friction that was lower than that for the fluid-less, parallel sliding configuration. The addition of 

either a monolayer or even 4 monolayers of C8F18 molecular fluid did not result in a change in 

friction or wear for the parallel sliding configuration. Sliding in the parallel configuration for the 

C2F6 monolayer system showed friction that was equivalent to that of the C2F6 4 monolayer 

sliding in the perpendicular sliding configuration. The C2F6 4 monolayer system sliding in the 

parallel sliding configuration showed the lowest friction of all the systems considered. 

The C2F6 molecular fluid was less dense and showed diffusion coefficients higher than that 

for C8F18. More importantly, the friction and wear results overall, were more favorable for the 

C2F6 systems for the perpendicular and even parallel sliding configuration. As a result, one may 

speculate that given proper material compatibility, less viscous fluids may provide superior 

friction and wear response compared to more viscous ones when inserted at the sliding interface 

between two relatively smooth polymer surfaces (e.g. PTFE). Considering that a less viscous 

fluid would comparably carry lower loads than a more viscous one, the fluid inserted at the 

sliding interface, may be externally pressurized. Although solid and fluid lubrication represent 

two distinct categories of lubricants which usually function under competing conditions where 
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on category of lubricant is more favorable than the other, a combined approach, when applicable, 

could lead to superior performance over substantially increase service times. 
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Figure 6-1.  MD snapshot of the PTFE system without molecular fluid. The PTFE chains, 
oriented normal to the plane of the page are color separated into the top (red carbons) 
and bottom (blue carbons) surfaces with green fluorine atoms. The interfacial chains 
(with black carbons) of the bottom PTFE surface are highlighted. These interfacial 
chains will be characterized in detail to elucidate phenomena resulting from sliding.  
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Figure 6-2.  MD snapshot of the two surface PTFE system set up with a separating fluid 
monolayer. The interfacial chains of the bottom surface, noted in Figure 6-1 are 
enhanced for emphasis. The monolayer of fluid is denoted by violet carbon atoms and 
silver fluorine atoms. 
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Figure 6-3.  MD snapshot of the crystalline PTFE-PTFE system setup with four monolayers of 
molecular fluid at the interface. The interfacial chains, noted in Figure 6-1 are 
enhanced for emphasis. The colors in the fluid denote the different layers and 
represent carbon atoms. 
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Figure 6-4.  Illustration of the effect of one fluid layer of hexafuoroethane(C2F6) and 
perfluorooctane (C8F18) on crystalline PTFE-PTFE friction. 

 

  

Figure 6-5.  Illustration of the interfacial displacement of various components in response to the 
sliding of the top PTFE surface. The figure indicates that interfacial chains of the 
bottom PTFE surface (see Figure 6-1, black carbon atoms) were displaced a little 
more than 5 nm in response to ~ 25 nm of sliding by the top PTFE surface. The fluids 
C2F6 and C8F18 reduced the interfacial wear of the bottom PTFE by roughly the same 
amount at the expense of intra-fluid molecular displacement.  



 

123 
 

 

 

Figure 6-6.  Carbon-carbon bond length distribution for the one monolayer of the two fluid types 
both before and after sliding of the top PTFE surface. The graphs indicate a small 
stretching and a slight shifting of the C-C bonds to larger bond lengths due to sliding. 

 

 

 

Figure 6-7.  Carbon-fluorine bond length distribution for the one monolayer of fluid for both 
fluid types before and after sliding of the top PTFE surface. The graphs show a small 
stretching and a slight shifting of the C-F bonds to larger bond lengths due to sliding. 
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Figure 6-8.  Illustration of the effect of four fluid layers of hexafuoroethane(C2F6) and 
perfluorooctane (C8F18) on crystalline PTFE-PTFE friction. 

 

 

Figure 6-9.  Illustration of the displacement of various interfacial system components in response 
to the sliding of the top PTFE surface. The figure shows that interfacial chains of the 
bottom PTFE surface (see Figure 6-1, black carbon atoms) were displaced a little 
more than 5 nm in response to ~ 25 nm of sliding by the top PTFE surface. The fluids 
C2F6 and C8F18 reduced the interfacial wear of the bottom PTFE by roughly same 
amount at the expense of roughly the same degree of intra-fluid molecular 
displacements.  
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Figure 6-10.  Interfacial planar displacement of fluid layers perpendicular to the sliding direction 
of top PTFE surface with the1st layer being closest to the bottom PTFE surface. The 
distribution was calculated after 21.4 nm of top surface sliding. The bin size used was 
0.02 nm. For all the fluid layers, C2F6 showed a wider range and larger standard 
deviation of planar molecular displacement. 
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Figure 6-11.  Reorientation of molecular fluid molecules towards the sliding direction (i.e. x-
direction) for the perpendicular sliding of C8F18 fluid system at 300K. Bin size is 15̊. 
The snapshots represent a top down view of the sliding interface. The histograms 
indicate that the molecular fluid C8F18 prefers to align with the sliding direction. 
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Figure 6-12.  Orientation behavior of molecular fluid for C8F18 viewed along the alignment of the 
surface chains and perpendicular to the surface chains within the sliding interface. 
The histogram result is consistent with those from Figure 6-11 in that the molecules 
prefer to align in a fairly horizontal manner within the sliding interface. Rotating the 
view to along the line of the x-axis or sliding direction, the reverse trend was 
observed in that there are increases in smaller angles as a result of sliding. 

 

 

 

 

 

 

 

 

 



 

128 
 

 

 

Figure 6-13.  Quantification of the orientation order of the C2F6 molecular fluid for perpendicular 
PTFE-PTFE sliding configuration at 300K. Bin size used was 15̊. The snapshots 
represent a top down view of the sliding interface. The histograms indicate that the 
C2F6 molecular fluid did not align with the sliding direction in contrast to the C8F18 
system (see Figures 6-11 and 6-12). 
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Figure 6-14.  Quantification of the orientation order of molecular fluid C2F6 for the perpendicular 
PTFE-PTFE sliding configuration at 300K. Bin size used was 15̊. The histograms 
indicate that the molecular fluid C2F6 does not align with the sliding direction in 
contrast to that for C8F18 (see Figures 6-11 and 6-12). The combination of Figures 6-
13 and 6-14, when viewed together, supports the hypothesis that the C2F6 molecules 
roll to a greater extent than their C8F18 counterparts.   
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Figure 6-15.  Graph of Ff vs Fn for perpendicular and parallel PTFE-PTFE sliding at 300K for 
wet and dry sliding. The effect of two different fluorocarbons, C2F6 and C8F18 were 
explored.  
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Figure 6-16.  Molecular snapshots of the interfacial polymer chain of the bottom PTFE surface 
(top down view). The remainder of the bottom surface, the molecular fluid and the 
top surface are not shown. The snapshots were taken from sliding system within a 
narrow load range of 15-17 nN (see Figure 6-15). 
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Figure 6-17.  Molecular snapshots for additional sliding of the C8F18 4 monolayer fluid system 
described in Figure 6-16. 
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Table 6-1.  Breakdown of the number of molecules, carbon atoms and total number of atoms for 
the various fluid systems studied. 

 monolayer: number of 
molecules   carbons    atoms 

4 monolayers: number of 
molecules   carbons     atoms 

C2F6 120    240 960 480   960    3840 
C8F18       30       240     780     120      960    3120 

 

 

 

 

Table 6-2.  Densities of the PTFE surface with and without cross-links. The range for the 
experimental PTFE value denotes the amorphous and crystalline phase 
respectively.104 The individual fluids densities, apart from that for the PTFE surfaces 
are also given. The experimental value for the C2F6 the solid phase105 is denoted by 
the superscript a and the liquid100 experimental value for C8F18 by the superscript b.  

density 
(g/cm3) 

PTFE surface 
cross-links 

C2F6 fluid 
monolayer 

C2F6 fluid 4 
monolayers 

C8F18 fluid 
monolayer 

C8F18 fluid 4 
monolayers 

with without 
simulation 3.20 2.74 2.05 2.40 2.25 3.07 
experiment 2.00-2.302* 1.8786a 1.77b 

 

 

 

 

Table 6-3.  Diffusion coefficients for the fluorocarbon fluids used in this study. 
Experimental/calculated theoretical values, denoted by *, in water at 25˚C for 
hexafluoroethane is given. The simulation values were obtained from mean square 
displacement measures during thermal and physical equilibration of the surfaces prior 
to sliding at 300K. 

Diffusion 
Coefficient 

(cm2/s) 

C2F6 fluid 
monolayer 

C2F6 fluid 4 
monolayers 

C8F18 fluid 
monolayer 

C8F18 fluid 4 
monolayers 

simulation 1.08 x 10-7 1.28 x 10-6 4.30 x 10-8 2.14 x 10-7 
experiment/ 
calculation * 

5.47 x 10-5  
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Table 6-4.  Quantification of friction coefficient and adhesive force using least squares fitting for 
perpendicular sliding. 

Perpendicular sliding µ Fad 
No fluid 0.21 11.6 +/- 0.14 
C8F18 monolayer 0.16 16.8 +/- 0.13 
C2F6 monolayer 0.20 2.9 +/- 0.05 
C8F18 4 monolayers 0.14 8.9 +/- 0.10 
 

 

 

Table 6-5.  Quantification of friction coefficient and adhesive force using least squares fitting for 
parallel sliding. 

Parallel sliding µ Fad 

No fluid 0.06 7.09 +/- 0.14 
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CHAPTER 7 
CONCLUSIONS  

The sliding of crystalline self-mated PTFE surfaces showed friction anisotropy. Sliding 

perpendicular to the chain orientation in both surfaces revealed very high friction and molecular 

wear compared to sliding parallel to the chain alignment in both surfaces. Sliding in a 

configuration where the chain were oriented perpendicular within the plane of the sliding 

interface (i.e. sliding parallel to the chain orientation in one surface and perpendicular to the 

chain orientation in the counter-surface) yielded comparatively intermediate friction and wear 

behavior. The tendency of both the friction and wear behavior for the latter configuration (i.e. the 

violin configuration) was towards that of the perpendicular sliding configuration with increased 

sliding distance. 

As the normal load was increased, the frictional response due to sliding increased linearly 

for the three sliding configuration. There was a significant increase in interfacial molecular wear 

with increasing normal load, especially for the high wear, high friction sliding configurations 

(i.e. perpendicular and violin sliding configurations). The Amonton friction coefficient (i.e. µ = 

ff/fn) generally decreased with increasing normal load for the three sliding configurations 

explored.  

The frictional force for the three sliding configurations considered increased with 

decreasing temperature. The associated wear behavior did not show clear, systematic 

temperature dependence; however, calculated wear values over a temperature range of room 

temperature down to 25 K demonstrated a significant difference. As the temperature was 

decreased, the modified, Amonton friction coefficient (i.e. µ = ff/fn + C) remained high and 

largely unchanging with small variations for the perpendicular sliding configuration. The violin 

sliding configuration showed a sharp increase in friction coefficient to a level comparable to that 
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of the perpendicular configuration between the temperatures of 100 and 150 K. The parallel 

sliding configuration showed a small steady increase in friction coefficient with decreasing 

temperature but remain substantially lower than the perpendicular and violin configurations. 

Additionally, the adhesion of the two crystalline PTFE surfaces increase with decreasing 

temperature, with the parallel configuration being significantly higher than the perpendicular and 

violin configurations. 

The incorporation of molecular fluorocarbon fluid between the two crystalline PTFE 

surfaces resulted in a drastic reduction in both friction and wear of the surfaces for the 

perpendicular sliding configuration. The surfaces separated by a monolayer of molecular fluid 

showed lower friction for the C2F6 fluorocarbon fluid compared to the C8F18 fluid; however, the 

rate of frictional increase with increasing normal load was higher for the system incorporating 

the C2F6 fluid. Additionally, the associated wear was slightly higher for the C2F6 fluid system. 

For the systems separated by four monolayers of molecular fluid, a much large reduction in 

friction and wear of the PTFE surfaces was achieved for perpendicular sliding with the C2F6 

system demonstrating extremely low frictional forces (i.e approximately half that of the parallel 

sliding configuration without molecular fluid). The systems separated by a monolayer of fluid 

did not significantly affect the friction and wear for the parallel sliding configuration while the 

four monolayer C2F6 fluid system showed the lowest friction behavior of all with slightly lower 

friction that its perpendicular sliding counterpart. 

While the trends in friction behavior of crystalline PTFE may be identified and the 

mechanisms explained, the wear behavior, which may be viewed as involving stochastic 

processes, is more complex. To gain further insights into the tribological behavior of PTFE, with 

an emphasis on wear, enhanced models that take into account the amorphous domain of the 
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polymer structure are needed. This would allow for a richer description of the overall tribological 

behavior of PTFE with consideration given to mechanisms of the amorphous phases. Such an 

undertaking would continue to add to the foundational insights for the effective design of 

extreme conditions composite lubricants such as carbon nanotube reinforced PTFE. 

Viewed holistically, the findings of this work are significant from three different 

perspectives with regard to PTFE tribology. 1) The establishment and clarification of micro-

processes associated with PTFE’s friction anisotropic suggests that the polymer may be exploited 

in a variety of applications in such a manner as to provide low friction and to delay the onset of 

prohibitive wear by sliding along the polymer’s chain alignment. Specifically, tribological 

applications involving unidirectional sliding would benefit the most. 2) As mentioned in the 

introduction to this chapter, it has been recently proposed that PTFE exhibits thermally activated 

friction with a transition from relatively low to high friction with decreasing and relatively 

temperatures. The results for the violin sliding configuration, described in Chapter 5, show 

thermally mediated friction behavior with a significant increase from relatively intermediate to 

high between the temperatures of 100 K and 150 K. This demonstrates that the exploration of 

PTFE’s friction anisotropy with regard to different sliding configurations is the key to clarifying 

the mechanisms of its thermally activated friction. MD simulation has proven to be a unique and 

powerful technique that may be exploited in such an undertaking. 3) The combination of PTFE 

with a compatible fluid lubricant, where applicable, represents a strong, alternative approach 

(compared to filler incorporation into the polymer matrix) for sustained low friction and polymer 

wear.  
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