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A composite coating of polytetrafluoroethylene and epoxy shows 1000x 

improvements, when compared to its constituents, in wear resistance and reduced friction 

coefficient under testing on a pin-on-disk tribometer.  This coating is made by 

impregnating an expanded PTFE film with epoxy, which provides three unique functions: 

(1) the epoxy compartmentalizes the PTFE nodes, which is believed to reduce the wear of 

the PTFE, (2) the epoxy increases the mechanical properties such as elastic modulus and 

hardness, and (3) the epoxy provides a ready interface to bond the films onto a wide 

variety of substrates easily and securely.  To find an optimal makeup of the composite 

coatings several series of tribological experiments were conducted varying the PTFE 

density, coating thicknesses and epoxy weight percent.  This study reports on the 

tribological results of these experiments.  Skived PTFE films had wear rates on the order 

of K=10-3 mm3/(Nm) and friction coefficients around μ=0.2.  The composite coatings had 
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wear rates ranging from K=10-3 mm3/(Nm) to 10-8 mm3/(Nm) and friction coefficients 

ranging from μ=0.1-0.16.  The neat epoxy films showed significant scatter in the 

tribological measurements with wear-rates on the order of K=10-4 mm3/(Nm) and friction 

coefficients around μ=0.40.  Nano-indentation mapping of the coatings and the transfer 

films suggests that the enhanced tribological behavior of these composites is believed to 

stem from the coatings’ ability to draw thin PTFE transfer films into the contact from the 

nodes of PTFE, which act like reservoirs. 

Solid lubricating coatings comprise a large segment of tribological materials and 

under a spherical contact the coating/substrate interface experiences cyclic shear stress in 

the presence of wear, which can lead to delamination of the coatings from the substrate 

and premature failure.  Using stress results from a finite element simulation of the static 

contact and experimental wear results; a numerical analysis of the coupled failure modes 

was completed.  This analysis provides a procedure for life predictions for a solid 

lubricating coating susceptible to fatigue failures in concentrated circular contacts based 

on thickness of the coating.  The results of the modeling offer insight to designers on 

considerations in extending the lives of coatings subject to cyclic stresses.  The 

experimental data for cycles to failure versus coating thickness fall closely to the fit for 

the cumulative damage model.  This result also shows that the coatings experience failure 

caused mostly by fatigue at the interface, which greatly decreases their expected life 

when compared to only experiencing wear. 
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CHAPTER 1 
INTRODUCTION 

This work reports on the tribological properties and life predictions of a solid 

lubricating PTFE and epoxy composite that utilizes expanded PTFE coatings as the 

scaffolding and epoxy as reinforcement.  This chapter discusses the background and 

review of literature for solid lubricating polymer composites consisting of the two 

constituents, PTFE and epoxy.  A review of literature of the delamination of coatings is 

also discussed in this chapter. 

Polytetrafluoroethylene (PTFE)  

There is great enthusiasm for wear-resistant, inert, environmentally insensitive, low 

friction, polymeric tribological coatings.  Polytetrafluoroethylene is an exceptional low 

friction polymeric material that is used in many bearing applications as a solid lubricant.  

Unfortunately, PTFE suffers from poor wear resistance, and is thus the subject of many 

tribological research projects in the area of composites [1].  Such research often 

incorporates hard filler particles into the PTFE matrix such as glass fibers [2], copper [3], 

ceramics [4,5], carbon fibers [6], chopped carbon fibers [7] and nano particles [8, 9] in an 

effort to enhance the wear resistance.  Other research groups incorporate fillers that may 

act as additional solid lubricants such as bronze [10, 11], graphite [3], carbon nanotubes 

[12], molybdenum and tungsten disulfide [13], lead [14-16], and boric-oxide [17] to 

improve wear resistance while retaining low friction coefficients.  PTFE is also 

frequently used as filler in polymeric materials that have good mechanical properties but 

poor tribological properties, such as polyoxymethylene [18, 19], epoxy [20], 
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polyetheretherketone [21], and polyimide [22].  Figure 1-1 shows an overview of weight 

percent versus wear rate of PTFE filled composites.  The general trend of this data is that 

unfilled PTFE has very poor wear resistance in the 10-3 mm3/Nm range and with 1-30 

weight percent filler up to a three orders of magnitude improvement in the wear rate is 

observed.  In most of the given examples wear rates reach 10-4-10-5 mm3/Nm with 1-

2wt% filler and do not decrease drastically with the addition of larger weight percents of 

particles. 

 

Figure 1-1.   Wear rate (mm3/Nm) versus weight percent for various PTFE matrix 
composites. 

Expanded Polytetrafluoroethylene (ePTFE) 

More specifically, the coatings in this work consist of expanded PTFE (ePTFE) as 

the matrix material which has unique properties when compared to fully dense skived 

PTFE.  Expanded PTFE is porous with nodes of dense PTFE being interconnected to 

other nodes through a network of PTFE fibrils.  Expanded PTFE films can have a wide 

range of engineered node shapes and spacing, with porosities ranging from 5 to 90 

percent.  Additionally this node and fibril structure of expanded PTFE films provides 

increased strength to weight ratio and creep resistance as compared to fully dense PTFE 

films ( 2,200ρ =  grams/mm3).  Expanded PTFE has previously been used in such 
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applications as: breathable fabric, implantable medical devices, electronic cables and wire 

coatings, and gasket and filtration devices.  To the author’s knowledge, this is the first 

use of ePTFE in a tribological application.  A scanning electron micrograph of an ePTFE 

film is shown Figure 1-3. 

 

Figure 1-2.   Scanning electron micrograph of an ePTFE film.  The light regions are 
PTFE with the nodes being the more dense regions and the fibrils are the 
strands connecting the dense nodes. 

Epoxy 

Recently, there have appeared publications looking at the tribological worthiness of 

nanocomposites made with epoxies, which in their neat form are a notoriously poor 

tribological performers.  Silica [23], alumina [24], and silicon nitride [25] nano particles 

have all been incorporated into epoxies with most additions improving both the 

coefficient of friction and wear resistance.  There is also work that has incorporated 

fluorinated polyaryletherketone into epoxy to create a polymer/epoxy blend that, in the 

main, shows roughly 20% reductions in friction coefficient [26].  Recently, nanoscale 
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fillers such as, TiO2 [27], TiO2 blends with PTFE and graphite [28], and SiO2 [29] have 

also been added to epoxy to increase wear resistance and lower friction coefficient in 

epoxy matrix composites.  Chang et al. used nano-TiO2, PTFE, short carbon fiber, and 

graphite as fillers in an epoxy matrix, and was able to decrease the friction coefficient to 

μ=0.35 and decrease the wear rate 10x with 10 volume percent nano-TiO2 [27].  Shi et al. 

saw a decrease in friction coefficient, from μ=0.58 to μ=0.35, and 10x decrease in wear 

resistance with the addition of up to 2.0 volume percent of nanoscale Al2O3 to epoxy 

[24], and Wetzel et al. saw a 2x decrease in wear resistance with the addition of small 

volume percents of nano- Al2O3 [30].  Shi et al. also saw decreases in friction coefficient, 

from μ=0.7 to μ=0.32 with the addition of 2.25 volume percent of nano-Si3N4 [25].  

Figure 1-2 shows the effect of the addition of fillers into an epoxy matrix.  A decrease in 

wear rate is also observed in the epoxy matrix composites although not as significant as 

for the PTFE matrix composites.  The wear rates for the neat epoxy as shown below are 

in the low 10-4 mm3/Nm and high 10-5 mm3/Nm range and with the addition of up to 30 

volume percent filler there is up to one order of magnitude improvement in wear rate. 

 

Figure 1-3.   Wear rate (mm3/Nm) versus volume percent for various epoxy matrix 
composites. 
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Delamination of Coatings 

Coatings comprise a large segment of tribological materials.  The tribological 

properties of coatings are typically tested on pin-on-disk tribometers.  Often, engineers 

are concerned with the life and/or abrasive wear resistance of a coating.  These machines 

have the ability to accumulate large numbers of sliding cycles quickly with high 

precision, high rpm spindles, and they have the ability to generate high contact stresses 

with light loads from a spherical pin.  An efficient test protocol is often employed to find 

the wear rate and coating life with one test.  The coating is tested until failure occurs, and 

wear volume is calculated using coating thickness and pin geometry.  This is a robust 

method for both assuming wear is the only mechanism of material removal.  However, 

under a ball contact the coating/substrate interface is usually the weak link and the cyclic 

shear stress at the interface can lead to delamination. 

The delamination theory of wear, which was described in detail by Nam Suh, can 

be applied to cyclic fatigue and crack growth problems for metals and polymers alike 

[31].  According to Suh, delamination wear occurs in five steps.  Briefly, the five steps 

are as follows: 1) when two sliding surfaces come into contact, asperities on the softer 

surface are deformed and the contact becomes an asperity-plane contact and each point 

on the softer surface experiences cyclic loading, 2) the asperities of the harder surface 

induce plastic shear deformation which accumulates under cyclic loading, 3) subsurface 

deformation continues and cracks begin to nucleate at some depth under the surface, 4) 

further cyclic loading causes cracks to extend, propagate, and join with other neighboring 

cracks, and 5) these cracks shear to the surface and wear debris will delaminate from the 

bulk material [32]. 
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The delamination theory can also be applied to coatings in a pin-on-disk 

experiment.  The coatings experience a cyclic shear stress at some distance under the 

contact which leads to crack propagation and delamination.  This depth of this shear 

stress and crack nucleation is defined by the material properties and the contact geometry 

of the system in a concentrated circular contact.  This fatigue induced delamination 

process proves to drastically shorten the expected life of the coatings, because in this 

configuration the depth of crack nucleation and propagation typically falls close to the 

interface between the coating and the substrate.  Because of this the coatings tend to 

prematurely fail by crack coalescence and delamination close to the bonded interface as 

opposed to only wearing through to the substrate. 
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CHAPTER 2 
MATERIALS DESCRIPTION 

The composite created in this study is an expanded PTFE and epoxy coating.  This 

composite, which is processed as a thin coating, can then be relatively easily bonded to 

various substrates via the epoxy filler.  Unlike most of the other PTFE composites, 

bearing components can be coated with the composite coating as opposed to being 

machined from a compression molded composite billet.  The expanded PTFE and epoxy 

network work synergistically creating a low friction and high wear resistance composite.  

This chapter describes the composites’ material parameters, characteristics, and 

variability. 

Composite Description 

The composite coatings had a wide range of tunability in thickness, density of the 

ePTFE film (0.304-0.904 g/cm3), and weight percents of epoxy (19-53%).  The thickness 

of the coating refers to the uncompressed or post compression thickness of the ePTFE 

film with the epoxy combined, i.e. the composite coating.  The density of the ePTFE film 

refers to the film prior to the addition of epoxy; it includes the dense PTFE nodes, fibrils 

and air in-between.  The epoxy weight percent is the amount of epoxy filler added to the 

ePTFE film.  When referring to the ePTFE without epoxy the term film will be used and 

when referring to the ePTFE filled with epoxy, the term composite coating will be used. 

The expanded PTFE films were combined with an uncrosslinked epoxy and were 

then cured under pressure onto a carbon steel circular disk that had an average roughness 

of Ra=2.0μm.  The weight percentages did not change under consolidation and curing, 
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and porosity was not observed.  All of the variations and properties of the coating are best 

described in a cartoon of the composite coatings shown in Figure 2-1.   

 

Figure 2-1.   3-D pictorial of the ePTFE and epoxy composite coating with labeled 
characteristics and parameters. 

Figure 2-1 shows a pictorial of the composite coating bonded to a steel substrate.  

The substrate is shown in gray, the PTFE phase is shown in white and the epoxy phase in 

yellow.  Several parameters and characteristics of the composite are labeled on the 

cartoon.  Starting on the left side of the cartoon and continuing clockwise around each 

characteristic will be described in detail.  The characteristic epoxy width describes the 

length of epoxy between neighboring nodes of PTFE.  This is important because the 

epoxy is the high friction phase, as well as the reinforcing region of the composite.  If this 

characteristic epoxy width is too large, high friction and poor wear resistance will occur 

and if it is too small there may not be enough epoxy to provide proper reinforcement of 

the PTFE.  The next characteristic is the PTFE running film.  These very thin films are 
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drawn out of the PTFE nodes under sliding and will span some distance past the node 

partially covering the epoxy regions.  These films are believed to be the main factor in 

the low friction and high wear resistance result.  The next two characteristics are the 

PTFE node width and spacing.  These are important because the PTFE nodes act as 

reservoirs for the lubricating phase of the material.  If the PTFE nodes are too small or far 

apart, then there will not be enough of the low friction phase to adequately span the entire 

epoxy region.  The coating thickness and elastic modulus are also critical parameters of 

the coatings.  The dependence on the thickness of the coatings will be described in further 

detail in the following chapters.  The expanded portion of the cartoon shows a view of the 

interface between the epoxy and PTFE nodes, which increases the wear resistance by 

retarding crack propagation.  The interconnecting PTFE fibrils are also in integral to this 

process.  The subsurface cracks are due to the shear stresses caused under sliding and 

will vary in depth based on contact geometry.  This is where cracks initiate and coalesce 

causing wear or delamination.  The last characteristic is the surface area fraction of 

PTFE at the interface (not labeled).  Because these coatings are bonded to the substrate 

via the epoxy, if the PTFE surface area is too large there will be a poor bond at the 

interface which causes premature failure and delamination. 

Scanning electron microscopy (SEM) images of representative resulting coatings 

are shown in Figure 2-2.  The SEM images are top views of two coatings with different 

PTFE node density and different weight percents of epoxy.  These coatings were 

approximately 200μm in thickness with initial densities of 400ρ =  grams/mm3 (low 

density) and 950ρ =  grams/mm3 (high density), which corresponds to a PTFE volume 

fraction of 0.18 and 0.43, respectively, and resulted in a PTFE weight percent of 70% for 
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the high density coating and 50% for the low density coating.  The PTFE nodes are 

represented by the light gray regions and the epoxy is represented by the dark gray 

regions.  The PTFE fibrils interconnect the nodes, and run though and across the epoxy 

regions.  The SEM also shows a predominant nodal orientation which is believed to have 

an effect of the tribological properties of the coating. 

 

Figure 2-2.   Scanning electron microscopy images of the top view of the PTFE (light 
gray) and epoxy (dark gray) composites.  The predominant nodal direction 
of the PTFE is indicated by the white open arrowheads 

Composite Variability 

As stated previously, the composite thickness, density of the ePTFE film, and 

weight percent of epoxy can be altered allowing for the coatings to be tuned for a specific 

applications.  The following figure (Figure 2-3) shows scanning electron microscopy of 

top views of twelve coatings prepared for this study with varying thicknesses and density 

of the PTFE film.  The epoxy weight percent was 33% for each of the twelve coatings.  

The coatings are numbered from 1-12 in order of ascending coating thickness.  The 

uncompressed coating thickness ranges from 85−510μm which corresponds to 30-

360 μm compressed coating thickness.  Table 2-1 lists the density and thickness 
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(uncompressed and compressed) for each of the twelve coatings.  These twelve coatings 

were used to determine the effects of the total amount of PTFE available on the friction 

and wear properties. 

 

Figure 2-3. Scanning electron microscopy images of the top view  

Table 2-1. Density, and uncompressed and compressed coating thickness of each of the 
twelve coatings shown in Figure 2-3. 
Sample ρ(g/cm3) ti(μm) tf(μm) 

1 0.41 75 32 
2 0.688 85 64 
3 0.304 150 36 
4 0.336 160 43 
5 0.394 175 64 
6 0.467 180 73 
7 0.572 185 76 
8 0.765 195 137 
9 0.427 455 191 
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Table 2-1.  Continued. 
Sample ρ(g/cm3) ti(μm) tf(μm) 

10 0.495 455 203 

11 0.625 465 254 
12 0.904 510 343 

 

A subset of these coatings was used in order to test the effect of variations in 

weight percent of epoxy of the tribological properties. Two ePTFE films were chosen 

with different densities.  For each density of ePTFE film, the only assumed variation in 

the composite coating was epoxy weight percent.  The purpose of this set of experiments 

was to determine the effects of epoxy weight percent of the tribological properties of the 

coating.  By setting the initial film thickness, node spacing, and node width constant, i.e. 

keeping the density ePTFE film the same; the amount of PTFE available is therefore also 

constant.  With PTFE availability constant only variations in the affects of the 

compliance due to the amount of epoxy in the system should be observed.  The same 

density ePTFE films as Sample 2 (ρPTFE=0.688g/cm3) and Sample 7 (ρPTFE=0.572g/cm3), 

shown in Figure 2-3, were used to create composites of different epoxy weight percents.  

For the 0.688g/cm3, three coatings were made with varying loadings of 20, 33, 53 weight 

percent epoxy.  The loading for the 0.572g/cm3 density film were 19, 35, and 47 weight 

percent epoxy.  Table 2-2 summarizes the variations (weight percent, density, 

uncompressed and compressed coating thickness) of the coatings used in the varying of 

epoxy weight percent study. 

Table 2-2.  Weight percent, density, and uncompressed and compressed coating thickness 
of samples used in varying of epoxy weight percent study. 

sample wt% ρ(g/cm3) ti(μm) tf(μm) 
20.3 0.688 85 48 
53 0.688 85 90 2 
33 0.688 85 52 
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Table 2-2.  Continued  
sample wt% ρ(g/cm3) ti(μm) tf(μm) 

19.5 0.572 185 75 
35 0.572 185 88 7 
47 0.572 185 136 
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CHAPTER 3 
EXPERIMENTAL APPARATUSES 

Tribology is the study of interacting surfaces in relative motion.  The friction 

coefficient and wear rate are two of the measures of the tribological performance of a 

system that aim to explore the fundamentals of tribological systems.  A tribological 

system is composed of three basic elements, (1) the structure-the types of materials in 

contact, the contact geometry and the filler particle dispersion, (2) the operating 

conditions-the gross motion, loads, stress, and duration, (3) the environment and surface 

conditions-the surface chemical environment, topography, and ambient temperature.   

The friction coefficient, μ, is defined as the ratio of the normal force to the 

frictional force (μ=Ff/Fn) when two bodies are in relative motion.  The wear rate is 

defined as the volume of material removed for some energy input to a system.  There are 

four basic modes of wear: adhesive, abrasive, surface fatigue, and tribochemical. 

This chapter discusses the experimental apparatuses used to characterize the 

tribological properties of the expanded PTFE and epoxy coatings used in this study. 

Tribological Testing Apparatuses 

Tribological properties of materials are characterized on a variety of machines 

(tribometers) with a wide range of techniques.  In tribology, it would be ideal to create a 

friction and wear test that exactly mimics the geometries, loads, and kinematics of the full 

scale application.  It is impractical to construct an apparatus for every application to meet 

the ideal criteria of such applications.  Typical machines used to test the friction, wear, 

and other tribological characterization include: linear reciprocating pin-on-flat, rotating 
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pin-on-disk, block-on-ring, simple thrust washer, simple bushing and crossed cylinder 

tribometers.  Primarily for this study the pin-on-disk and linear reciprocating tribometers 

were used in characterizing friction coefficient, wear rates, and the life of the coatings.  A 

scanning white light interferometer was used post test to examine wear tracks and a nano-

indenter was utilized to determine wear track constituents and transfer film thicknesses. 

Pin on Disk Tribometer 

As stated previously, the tribological properties of coatings are typically tested on 

pin-on-disk tribometers.  These machines have the ability to accumulate large numbers of 

sliding cycles quickly with high precision, high speed spindles, and they have the ability 

to generate high contact stresses with light loads from a spherical pin.  The ePTFE and 

epoxy coatings in this study have a specific nodal orientation in which the lubricious 

phase dominates, shown in Figure 2-2.  Using a rotating pin-on-disk tribometer, all 

possible orientations of the coating can be tested and averaged at the same time in order 

to gain insight about the differences in tribological properties for all nodal directions. 

Figure 3-1 shows a schematic of the pin-on-disk tribometer used in this study, 

along with its features and experimental capabilities.  The tribometer uses dead weight 

normal loading which is applied directly above the contact region.  Friction forces are 

recorded through a load cell that is located behind a low-friction gimbal.  Concentric 

circular wear tracks are positioned on the disk surface using a micrometer and stage.  

Wear tracks diameters can range from 0-35 mm.  The stage also has vertical adjustment 

and houses the load cell, moment arm, and pin assembly.  The moment arm is held in a 

low friction gimbal with Y-axis and Z-axis rotations and has a counter weight at the end 

for balance.  The tribometer also consists of a high speed spindle which is capable of 

30,000 rpm.  The sample is directly mounted to the high speed spindle and can be up to 
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50mm in diameter.  The top of the sample holder has a precision machined flat edge and 

when the top is compressed onto the sample, which sits atop a wave spring, the sample 

lays flush with this precision edge creating a nearly perfect level surface.  This method of 

sample mounting is used to reduce vibrations which can lead to misleading friction 

coefficient data.  The pin is typically a sphere of radius 2.4-3.175 mm.  The tribometer is 

equipped with a linear variable displacement transducer, LVDT, (not shown) which 

measures in situ changes in wear depth.  The friction force and LVDT data are recorded 

every second through a data acquisition system and a personal computer. 

 

 

Figure 3-1. Schematic of pin on disk tribometer. 

Linear Reciprocating Tribometer 

The linear reciprocating pin-on-disk tribometer is commonly used in testing 

tribological properties of bulk polymers and polymer composites at slower speeds and 

lower contact pressures than the rotating pin-on-disk tribometer.  The contact region is a 
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prescribed area with a flat on flat contact.  This creates a situation where the contact area 

is not changing throughout a test.  In this study the linear reciprocating tribometer was 

used to create a transfer film on a flat counterface as opposed to a spherical pin.  This 

allows for better characterization of the transfer film, because it is larger and planar as 

compared to the spherical pin.  The linear reciprocating tribometer also allows for 

prescribed orientations of the coating to be tested to gain information on the differences 

in tribological properties separately as opposed to averaging the orientation affects like 

with the rotating pin on disk tribometer.   

The tribometer shown schematically in Figure 3-2 creates a reciprocating sliding 

contact between the two surfaces of interest. This tribometer is located inside a soft-

walled clean room with conditioned air that has a relative humidity between 25-50%. A 

four-shaft pneumatic thruster creates the loading conditions of the contact using a 61.2 

mm bore pneumatic cylinder. The cylinder is nominally protected from transverse loads 

by four 12 mm diameter steel rods. An electro-pneumatic pressure regulator controls the 

force produced by the thruster. The pneumatic pressure output is controlled using a 

variable voltage input in combination with an active control loop within the electro-

pneumatic system. A linear positioning table is used to create the reciprocating motion 

between the stationary pin and counterface. The positioning system is composed of a 

table, ball screw, and stepper motor. Sliding speeds up to 152 mm per second are 

possible. The force created by the thruster and friction force generated by the contact is 

monitored using a six-channel force transducer. This load cell, which is mounted under 

the thruster, monitors forces created in the X, Y and Z-axes as well as the moments about 

these axes and reacts all the forces and moments on the pin. The transducer output 
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voltages are recorded using a data acquisition system (500 Hz sampling rate) and 

personal computer.  This tribometer and an uncertainty analysis of the friction coefficient 

and wear rate are discussed in detail by Schmitz et al. [34, 35].  

 

Figure 3-2.  Schematic of linear reciprocating pin on disk tribometer. 

Tribological Characterization Apparatuses 

The reduction in wear rate and friction coefficient occurs only when the balance 

between the rate at which lubricant is being provided to the surface versus the rate at 

which lubricant is being ejected from the contact is favorable.  The balance between the 

lubricant supply/removal and the lubricous nature of the fillers are strongly affected by, 

volume fraction of filler, normal load, sliding speed, relative humidity, and environment.  

This balance is largely related to the formation of a transfer film on the counterface 

material.  In order to achieve the best balance, a thin, uniform layer of the lubricous filler 

should cover the interface.  Transfer layers in the wear track and on the counterface can 

be analyzed using a variety of techniques including atomic force microscopy, scanning 
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white light interferometry (SWLI), Raman spectroscopy, Fourier transform infrared 

spectroscopy (FTIR), and nano-indentation.  This study uses scanning whiter light 

interferometry and nano-indentation techniques to analyze the post test properties of the 

composites and the resulting transfer films in the wear track and on the counterface. 

Scanning White Light Interferometer (SWLI) 

White light interferometry is based on detecting the coherence peak created when 

two polychromatic wave interfere.  Using white light the surface on the sample is brought 

into focus.  The white light travels through a series of lenses that collect and make the 

light parallel.  Once the white light is made parallel, it is divided using a beam splitter in 

which a portion of the light is directed towards the sample and the other portion is 

directed to a reference surface.  The beams that are reflected are then recombined 

forming an interferogram which is projected onto the CCD camera and analyzed by 

software. 

The intensity of the fringes is Gaussian and at a maximum at the focal plane.  The 

system is translated vertically along the optical axis bringing peaks and valleys into the 

focal plane.  The heights of features relative to each other are determined based on the 

intervals of the intensity frames.  The most probable intensity can be solved for each 

point and a map of the intensity of every point relative to each other can be created.  This 

map is representative of the sample surface showing differences in height along the 

surface.  The desired magnification is set by choosing a Mirau or Michelson type 

interferometer.  Michelson interferometers typically have a range of 2-5x magnification 

where as a Mirau interferometer would be used for higher magnification from 10-100x.  

Figure 3-3 shows a schematic of a typical vertical scanning white light interferometer. 
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Figure 3-3. Schematic of a vertical scanning white light interferometer. 

For this study the SWLI was used to determine the profile of the wear track 

following the experimental testing to gain information about the worn volume.  Figure 3-

4 shows a typical scan created using a SWLI.  The bottom picture shows a 3-D 

representation of a wear track.  A 2-D slice is taken through this data normal to the 

direction of sliding and from this data the wear track width and wear track depth can be 

determined.  The 2-D data can also be analyzed on a PC to determine the total cross-

sectional area.  This area is then used to determine the worn volume and therefore the 

wear rate. 
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Figure 3-4.   Typical scan of a wear track section and a 2-D slice taken through the wear 
track. 

Nano-Indentation Apparatus 

The nano-indenter was used in this study to determine the mechanical properties of 

the coatings pre- and post-experiment.  Using this apparatus, the reduced elastic modulus 

and hardness can be determined for the coatings.  Mapping of small regions of the 

composite was also completed to show the compartmentalized nature of the material.  

Another use for the nano-indenter in this study is measuring transfer film thicknesses on 

the counterface. 

A schematic of the nano-indenter lateral transducer assembly and piezo group is 

shown in Figure 3-5 and described below.  Loads and displacements are measured using 

a capacitive transducer.  The capacitive transducer assembly contains two parallel fixed 

plates with a parallel center plate supported by springs.  An indenter tip is mounted to the 

center plate.  To apply a load, a DC potential is applied between the lower plate and the 

center plate.  An electrostatic attraction displaces the center plate towards the bottom 
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plate.  Based on the spring constant of the support springs, the voltage can be calibrated 

to a force.  For displacement measurements, an AC signal is applied between the center 

plate and top plate, and an AC signal of equal magnitude 180º out of phase is applied to 

the lower plate and the center plate.  When the center plate is equidistant from the top and 

bottom plates, the net signal is zero.  When the center plate is displaced a voltage is 

recorded and calibrated to a distance.  A similar transducer is mounted to provide lateral 

displacements.   

 

Figure 3-5.  Capacitive transducer assembly schematic 

The capacitive transducer assembly is mounted to a three axis piezo tube scanner 

similar to those found in atomic force microscopes (AFM).  The piezo tube scanner 

allows for precise tip placement and can be used in conjunction with the transducer as a 

scanning probe microscope.  Using the tube scanner to raster the indenter tip in contact 

with a surface, the transducer can collect z displacements and produce an AFM-like 

image.  The tube scanner is mounted to a z-axis stepper motor which provides coarse 

translations for tip approach.  An optical CCD microscope is also attached to the z-axis 
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stepper motor.  The optical microscope allows for accurate sample location and test 

placement.  The sample stage is attached to x-y stepper motors for translation.  All 

systems are computer controlled.  The equipment frame also contains an active vibration 

isolation device.   The working components of the nano-indenter are enclosed in a 

thermal-acoustical isolation chamber with provisions for environmental control. 

 

Figure 3-6.  Enlarged view of nano-indenter components. 
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CHAPTER 4 
EXPERIMENTAL RESULTS 

To find an optimal makeup of the composite coatings several series of tribological 

test matrices were created varying specific parameters and characteristics of the 

composite.  This chapter reports on the tribological results from each of these matrices.  

The matrices include: (1) initial high and low density composites, shown in Figure 2-2, 

versus the composite constituents, PTFE and epoxy, (2) variations of thickness and 

density of the ePTFE film, and (3) variations in epoxy weight percent.  This chapter also 

includes nano-mechanical testing of the transfer film on the counterface and in the wear 

track. 

PTFE and Epoxy Composite Coatings 

The initial set of experiments was created to test the generic tribological properties 

of a new ePTFE and epoxy coating versus its constituents, ePTFE and epoxy; and 

hypothesize on the wear and friction mechanisms in a networked coating.  Nano-

mechanical testing was also completed on the coatings inside and outside the wear track 

to determine the changes in coating properties before and after sliding. 

Experimental Conditions  

Experiments were run on a rotating pin-on-disk tribometer that is located in a soft-

walled cleanroom, within a conditioned laboratory environment.  The relative humidity 

varied between 25% - 50% during these tests.  The experimental conditions are shown in 

Table 4-1.  Briefly, the matrix was a 2x2 in sliding speed (0.25 m/s & 2.5 m/s) and 

normal load (1N & 3N) with a center point (1 m/s & 2 N) that was repeated 5 times.  The 
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pin was a 2.4 mm radius low carbon steel sphere that was held stationary at the end of the 

loading arm.  A schematic of the experimental apparatus is shown in Figure 3-1.  During 

testing the normal load and sliding speed were prescribed but the wear track diameters 

and the rotating speed of the disk were varied. 

Table 4-1. Experimental test matrix (load and speed).  The wear track diameters were 
varied although tests were run the same number of revolutions.  Low carbon 
steel pins with a radius of 2.4mm were used for all tests. 

 0.25 /V m s=  2.5 /V m s=  

  
1nF N=  

  

2nF N=  

1.0 /V m s=  3nF N=  
 

  

 

 

Four different coatings were evaluated: skived PTFE (fully dense), high density 

composite, low density composite, and an unfilled epoxy.  The top views of the high and 

low density coatings used in this matrix are shown in Figure 2-2.  Because the normal 

load was controlled during this testing and each coating has a different elastic modulus 

the initial contact pressures varied from sample to sample.  Table 4-2 provides estimates 

of the peak contact pressures for each of these coatings under the 3 different loads tested.  

The calculations used a Hertzian contact analysis for all the coatings, and additionally 

used an elastic foundation model for the high and low density coatings, which were 

significantly thinner than the fully dense PTFE film and the epoxy sample.  The depth of 

maximum subsurface shear is also indicated in Table 4-2, and in all cases is less than this 

coating thickness. 
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Table 4-2.  Initial central contact pressures P  calculated using a circular Hertzian contact 
model (subscript H ).  The subsurface location of maximum shear stress 
calculated using the Hertzian contact analysis is given by δ  

 
skived PTFE 

1.3
0.40

E GPa
ν

=
=

 

high density 

2.9
0.40

E GPa
ν

=
=

 

low density 

4.0
0.40

E GPa
ν

=
=

 

epoxy 

4.6
0.40

E GPa
ν

=
=

 

1nF N=
 

43HP MPa=  

51 mδ μ=  

73HP MPa=  

39 mδ μ=  

91HP MPa=  

35 mδ μ=  

99HP MPa=  

33 mδ μ=  

2nF N=
 

54HP MPa=  

64 mδ μ=  

92HP MPa=  

49 mδ μ=  

115HP MPa=  

44 mδ μ=  

129HP MPa=  

42 mδ μ=  

3nF N=
 

62HP MPa=  

73 mδ μ=  

105HP MPa=  

56 mδ μ=  

131HP MPa=  

50 mδ μ=  

148HP MPa=  

48 mδ μ=  

 

Friction coefficient was calculated and recorded during testing through a 

computer data acquisition system.  Each second an average value of the coefficient of 

friction along the wear track was calculated and recorded.  A plot of the coefficient of 

friction versus time is shown in Figure 4-1 for the 4 different coatings evaluated. 

 

Figure 4-1. Friction coefficient traces versus time for one experiment under 2 N load and 
1 m/s sliding speed. 
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Wear tracks were examined post-test under optical microscopy and a scanning 

white-light interferometer.  Wear volumes were calculated by measuring 4 locations 

along the wear track and numerically integrating the interferometry data to obtain the 

cross-sectional area.  The average cross-sectional area was then multiplied by the 

circumference to obtain an estimate of the volume of the wear track.  Because the wear 

track geometry includes both wear and creep damage gravimetric (mass loss) analysis 

was also used as a check for the volume calculation.  Only in the case of the skived PTFE 

was creep significant and wear rate calculations used the gravimetric analysis for this 

case.  Mass loss could not be resolved due to water uptake from the epoxy in the other 

coatings, and creep was negligible.  This was also confirmed by applying a dead weight 

load of 3N on the pin sample resting against each coating at a stationary location for 8 

hours: there were no detectible indentations. 

Tribological Results 

The experimental results are given in Table 4-3.  The friction coefficients and the 

wear rates are plotted versus weight percent of epoxy in Figure 4-2.  It is readily apparent 

that these coatings do not operate via a rule-of-mixtures, as both the wear rate and friction 

coefficient are lower than either of the constituents alone.  The origin of the reduced 

friction is believed to be related to the low shear strength PTFE films being drawn out 

from nodes into a transfer film that covers the epoxy.  Because the elastic modulus of 

these films is increased by the addition of the epoxy, the contact areas are likely reduced 

as compared to the full density PTFE. 
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Figure 4-2.   Tribological results for coatings high density, low density, skived PTFE and 
epoxy coatings. (a) friction coefficient versus wt% epoxy, (b) wear rate 
versus wt.% epoxy.  The experimental conditions are shown in the inset of 
the friction coefficient graph.  The raw data is given in Table 2, the error 
bars are calculated from the standard deviation of the 5 repeat experiments 
at 2N load and 1.0 m/s sliding speed. 

Table 4-3.  Average wear rate, 6 310  /( )K x mm Nm− , and friction coefficient, μ , for 
experiments run under the various matrix conditions.  5 repeat experiments 
under the 2N load and 1 m/s sliding speed were run on each material.  The 
average values for wear rate and friction coefficient for all repeat experiments 
along with the standard deviation is given at the bottom of each chart along 
with the average number of cycles, n , for each experimental series. 

 skived PTFE  epoxy 
 0.25 /V m s=  2.5 /V m s=  0.25 /V m s=  2.5 /V m s=

1nF N=  
1,860K =  
0.21μ =  

1, 240K =  
0.25μ =  

1nF N=  120K =  
0.128μ =  

179K =  
0.664μ =  

3nF N=  769K =  
0.20μ =  

1,540K =  
0.24μ =  

3nF N=  101K =  
0.479μ =  

218K =  
0.401μ =  

988K =  108σ = ; 
0.224μ =  0.013σ =  

32,250n =  

 

246K =  356σ = ; 
0.408μ =  0.098σ =  

92,500n =  
 

 high density coating  low density caoting 
 0.25 /V m s=  2.5 /V m s=  0.25 /V m s=  2.5 /V m s=

1nF N=  1.75K =  
0.161μ =  

7.11K =  
0.167μ =  1nF N=  2.63K =  

0.137μ =  
8.73K =  

0.132μ =  

3nF N=  6.10K =  
0.163μ =  

2.30K =  
0.154μ =  3nF N=  3.76K =  

0.129μ =  
35.2K =  

0.125μ =  
5.30K =  1.61σ = ; 

0.167μ =  0.004σ =  
100,000n =  

 

4.55K =  1.76σ = ; 
0.133μ =  0.011σ =  

95,000n =  
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To examine such a hypothesis scanning electron microscopy of the wear tracks was 

performed.  Scans where the sliding direction is parallel and transverse to the direction of 

nodal orientation were taken from the same wear track and is shown in Figure 4-3.   

 
Figure 4-3. Scanning electron microscopy of the coatings.  These experiments were run 

under 2N normal load and 1 m/s sliding speed.  The upper images show the 
wear tracks through the coating where the sliding direction of the ball over the 
surface is parallel or transverse to the direction of predominant nodal 
orientation. 

Characterization of Wear Track 

Nano-mechanical testing was done on both the unworn surfaces and on the transfer 

films within the wear tracks using a depth sensing indentation technique on the nano-

indenter discussed previously and shown in Figure 3-3.  The hardness for such tests is 

defined as the ratio of the maximum load divided by the projected contact area (units of 

pressure).  The depth sensing technique uses a calculated area based on the depth of 

indentation, where the tip area function was generated by curve fitting a plot of residual 

projected area versus contact depth from indentions on a fused quartz standard with a 

manufacturer reported modulus of 72 GPa and Poisson’s ratio of 0.070.  For this study a 

Berkovich diamond indenter with a total included angle of 142.3º, a half angle of 65.3º, 
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and a tip radius of 100 – 200 nm was used.  Unloading force displacement curves were 

analyzed to determine reduced modulus and hardness using a method first described by 

Doerner and Nix [35] and later refined by Oliver and Pharr [36].  The programmed load 

profile is shown in Figure 4-4.  Briefly, a 400μN load is applied, then it is held for 2.5 

seconds while the depth is monitored, and then the diamond is unloaded and the 

indentation image is taken. 

 

Figure 4-4. Nanoindentation loading schematic. Left: Cartoon of the indentation process. 
Right: Indentation programmed load profile (μN) versus time (s). 

Initially indents were taken on a skived PTFE coating and a neat epoxy puck to get 

an accurate load versus depth curve for each of the coatings constituents.  For the skived 

PTFE and the epoxy samples 30 indents were performed to gather statistics about the 

parent materials.  These curves are shown in Figure 4-5.  Once it was determined that the 

constituents could be easily identified from each other, automated indentations over a 

grid of 25 x 25 points with indention spacing of 5 µm were run on original surfaces and 

inside wear tracks.  For these experiments a load of 0.5mN was applied at 0.1mN/s, held 

for 5 seconds, and then unloaded at 0.1mN/s. 
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Figure 4-5.   Load (μN) versus depth (nm) for neat epoxy and skived PTFE.  These 
curves were created on the nano-indenter and 30 indents for each material 
were completed to get statistics on the modulus and hardness of each 
constituent material. 

In Figure 4-6, maps of the hardness and modulus (from the same samples as shown in 

Figure 4-3) are given.  In these maps a projected contour plot is the floor and the 3-d 

surface map resides directly above.  The average value is given in the upper left-hand 

side of each plot.  For the indents performed on the fully dense PTFE surface and the 

epoxy surface the average values of the hardness were <H>=48 MPa with standard 

deviation of σ=29 MPa for the PTFE and <H>=205 MPa and σ=268 MPa for the epoxy.  

The average values of the reduced modulus of elasticity were <E>=1.32 GPa with 

standard deviation of σ=0.55 GPa for the PTFE and <E>=4.64 GPa and σ=2.68 GPa for 

the epoxy. 
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Figure 4-6.   Nano-indentation of 625 indents placed uniformly over a 120 μm by 120 μm 
area on the initial unworn surfaces and a region inside the wear track were 
performed on coatings that were run under 2N normal load and 1 m/s sliding 
speed.  These are the same surfaces shown in Figure 4-3. 

The plot shown in Figure 4-6 captures the compartmentalized nature of these 

original composites with the dark blue regions consistent with the hardness and modulus 

values of PTFE.  The average elastic modulus of the original coatings was 2.86GPa and 

4.03GPa for the high density and low density composites respectively.  Calculations of 

the composite elastic modulus using a linear rule-of-mixtures for the high density and 

low density composites are 2.76 and 3.47 respectively.  This agreement between the 

expected values and the measured values is remarkable considering the small size of the 

sampled region. 

Inside the wear tracks both the hardness and modulus are reduced, suggesting 

increased PTFE concentration.  Using the linear rule-of-mixtures to solve for the PTFE 

volume fraction in the wear track gives 0.93 and 0.60 for the high density and low density 

composites respectively.  This nano-mechanical testing supports the earlier hypothesis 
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that the transfer films are PTFE rich.  Further, the nodal shape, size, spacing, and volume 

fraction likely play key roles in whether or not the transfer films are either nearly pure 

PTFE overlaying the epoxy or a mixture of PTFE and epoxy. 

Transfer Film Thickness Characterization 

To further investigate the tribological properties of the composite coating, a linear 

reciprocating tribometer was used to develop a transfer film and to determine the 

tribological properties under reciprocating sliding.  This experiment allows for the 

transfer of material to occur on a flat surface as opposed to a spherical pin, which is very 

difficult to examine.  The hypothesis is that thin, uniform transfer films are a governing 

factor in low wear materials.  Using nano-mechanical testing (described previously) the 

thickness of the transfer film can be determined and support hypothesis that the thin, 

uniform transfer films create improved tribological properties. 

Experimental Conditions 

This experiment was run on a linear reciprocating tribometer that is located in a 

soft-walled cleanroom, within a conditioned laboratory environment.  The relative 

humidity varied between 25% - 50% during tests.  The experimental conditions are 

sliding speed of 50.8mm/s and normal load 800N.  The pin consisted of a composite 

ePTFE and epoxy coating bonded to a steel cylinder.  The diameter of the pin was 

12.7mm, which led to a 6MPa contact pressure.  The reciprocating stroke was 25.4mm 

and the test was run for 400,000 cycles (20km).  A schematic of the experimental 

apparatus is shown in Figure 3-2. 

Friction coefficient was calculated and recorded during testing through a computer 

data acquisition system.  Each second an average value of the coefficient of friction along 

the wear track was calculated and recorded.  The wear rate was determined by a 
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gravimetric method.  Experiments are interrupted periodically and mass loss 

measurements are converted to wear volume loss measurements as a function of the 

number of cycles of sliding.  Previously, gravimetric methods were not used due to the 

small wear track to total surface area ratio.  In the reciprocating flat on flat configuration 

the wear track was the same size as the total surface area and therefore larger mass losses 

were observed and the epoxy weight gains were considered negligible. 

Tribological Results 

Figure 4-7 shows the tribological response of the ePTFE and 46 weight percent 

epoxy coating under reciprocating sliding.  The wear rate was determined to be 2.2x10-7 

mm3/Nm and the friction coefficient was μave=0.12.  Figure 4-6a shows a plot of the 

volume loss (mm3) versus the normal load (N) multiplied by the sliding distance (m).  

Each point on the plot is an interrupted mass measurement with its corresponding 

uncertainty.  The uncertainty in normal load and sliding distance is assumed to be very 

small and is not shown on the plot.  A least squares regression is drawn through the data 

points.  The slope of this line represents the steady state wear rate (mm3/Nm).  Figure 4-

7b shows a plot of the friction coefficient versus sliding distance (km).  The friction 

coefficients starts around μ=0.08 and experiences transient behavior for the first 2km of 

the experiment.  Once the sample reaches steady state the friction coefficient is μ=0.12 

for the remainder of the experiment.  The transient behavior is attributed to the 

development of the transfer film.  Once a smooth, uniform, thin transfer film develops the 

friction coefficient reaches steady state behavior. 
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Figure 4-7.   Tribological results for an ePTFE/epoxy coating on a linear reciprocating 
tribometer.  a) Volume loss (mm3) versus the normal load (N) multiplied by 
the sliding distance (m).  The slope of the regression line is the steady state 
wear rate.  b) friction coefficient versus sliding distance (km). 

Transfer Film Analysis 

After the completion of the linear reciprocating experiment, the transfer film that 

developed on the steel counterface was examined with a nano-mechanical tester.  A series 

of 20 indents were taken across the transfer film that spanned from the steel, across the 

transfer film and back to the steel.  This procedure will help determine transfer film 

thickness and how uniform the transfer film is across the entire wear track.  As stated 

previously, the hypothesis is that a thin, uniform transfer film aids in favorable 

tribological properties. 

Figure 4-8 is a plot of the applied normal load (mN) versus the indentation depth 

(nm).  The left group contains indents on the steel counterface with the right group 

consisting of indents on the transfer film.  The loading curve for the steel indents is steep 

and reaches up to 150nm in depth.  Comparatively the loading curve on the transfer film 

is much less steep indicating a much more compliant material.  The indent depths reach 

up to 400 nm, indicating that the indenter indented completely through the transfer film.  
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The unload curves are characteristic of steel for both sets for curves.  The unload curves 

of the transfer film indents are representative of steel because by a depth of 300-400nm 

the indenter is through the transfer film and on the steel substrate. 

 

Figure 4-8.   The applied normal load (mN) versus the indentation depth (nm).  The left 
group is indents on the steel counter face with the right group being indents 
on the transfer film  

To determine transfer film thickness from the data in Figure 4-8, the known steel 

indents are grouped together and the unload curves of all of the curves are lined up.  The 

start of the load curve for the known steel indents is set as zero transfer film thickness.  

Each of the transfer film indents is measured off of this zero to determine the thickness of 

the transfer film at that point.  Figure 4-9 shows a plot of the transfer film thicknesses.  

The light gray, dashed curves represent that of the steel indents and the black curves are 

the indents on the transfer film.  As stated previously, the unload curves are lined up and 

the thickness of the transfer film is measured based on the initial part of the load curve.  

There is a representative histogram of the distribution of the transfer film thickness across 
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the wear track.  It is bimodal with a normal distribution about 190nm and another peak at 

140nm.  The average thickness was estimated to be around 180nm.  This process is 

subjective and thicknesses are considered to be a close estimate of the true value of the 

thickness. 

 

Figure 4-9. A plot of the transfer film thicknesses with a representative histogram of the 
distribution of the thicknesses.  The light gray, dashed curves represent that of 
the steel indents and the black curves are the indents on the transfer film. 

Figure 4-10 (top) shows a cartoon of the steel counterface, the transfer film (gray), 

and the path of the indents taken.  As stated before the indents were taken completely 

across the wear track.  Figure 4-10 (bottom) shows a representation of the transfer film 

thickness versus relative track position.  The transfer film thickness ranged from 140nm 

and to 204nm with an average thickness of 180nm.  The transfer film is relatively thin 

and very uniform which supports the hypothesis that the thin, uniform transfer film plays 

an important role in the favorable tribological properties. 
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Figure 4-10. A cartoon of the steel counterface, the transfer film (gray), and the path of 
the indents taken (top) and a representation of the transfer film thickness 
versus relative track position (bottom) 

Effects of Variations in Coating Properties on Tribological Response 

To further investigate the hypothesis that nodal size, spacing, and volume fraction 

play a role in the tribological response of these coatings, test matrices were designed to 

test the response of specifically tuned coatings.  The first was a series of twelve coatings 

that had various densities of PTFE film and different initial film thicknesses.  Scanning 

electron micrographs of these coatings are shown in Figure 2-3.  As stated previously, all 

of these coating had 33 weight percent of epoxy.  The second test matrix was to test the 

effects of a variation of weight percent epoxy.  Two ePTFE films were chosen from the 

original twelve coatings and different weight percents of epoxy were added.  The same 

density ePTFE films as 2 (ρPTFE=0.688g/cm3) and 7 (ρPTFE=0.572g/cm3) in Figure 2-3 

were used to create composites of different epoxy weight percents.  For the 0.688g/cm3, 
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three coatings were made with varying loadings of 20, 33, 53 weight percent epoxy.  The 

loading for the 0.572g/cm3 density film were 19, 35, and 47 weight percent epoxy.   

Experimental Conditions 

Experiments were run on a rotating pin-on-disk tribometer that is located in a soft-

walled cleanroom, within a conditioned laboratory environment.  The relative humidity 

varied between 25% - 50% during these tests.  The experimental conditions were a 5N 

normal load and a sliding speed of 1m/s.  The pin was a 3.175 mm radius stainless steel 

sphere that was held stationary at the end of the loading arm.  A schematic of the 

experimental apparatus is shown in Figure 3-1.  The wear track diameters were 10-20mm 

and the rotational speed was varied in order to maintain the 1m/s sliding speed.  Each 

sample was tested until failure occurred.  At coating failure, spikes occur in the friction 

coefficient data and exposed steel within the wear scar can be seen visually.   

Wear tracks were examined post-test under optical microscopy and scanning white-

light interferometry.  Wear volumes were calculated by measuring 4 locations along the 

wear track and numerically integrating the interferometry data to obtain the cross-

sectional area.  The average cross-sectional area is then multiplied by the circumference 

to obtain an estimate of the volume of the wear track.  For coatings that were run to 

failure, the thickness of the coating was determined by scanning white-light 

interferometry and the worn area was calculated from a geometrical relationship between  

the radius of the pin and the thickness of the coating and multiplied by the circumference 

of the wear track to obtain the worn volume. 
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Tribological Results 

Variations in density of ePTFE film and coating thickness  

The coatings represented in the following plots vary in density of the ePTFE film 

and the thickness of the composite coating.  They are numbered for their coating 

thickness(1-12) and correspond to the views in Figure 2-3 and the values in Table 2-1.  

The following plots are shown versus the product of the density of the ePTFE film and 

the initial uncompressed composite coating thickness.  This value represents the amount 

of PTFE available for lubrication in a given cross-section of a coating.  This value is 

important in order to search for an optimum coating variation.  The density of the ePTFE 

film sets the nodal spacing and node width which affects the characteristic length of the 

running films.  The running films, as shown previously, are integral to the synergistic 

tribological response of the coatings.  The hypothesis is that if the amount of PTFE in the 

coating is too large, the friction coefficient and wear rate will be increased due to the 

increased conformability; and if the amount of PTFE is to little, the wear rate will 

increase and the friction will increase due to insufficient coverage of the epoxy. 

Figure 4-11 shows the average friction coefficient of the coatings prior to failure 

versus the product of the ePTFE density and the uncompressed thickness.  This plot 

shows that the friction coefficient for all twelve coatings was around μ=0.13, with 

variations in the average friction coefficient from 0.11-0.16.  The standard deviation in 

friction coefficient is also plotted for each sample.  The large deviation from the average 

friction coefficient was due to the initial transient in friction coefficient.  It is noted that 

there is a slight trend of increasing friction coefficient with increasing PTFE availability. 
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Figure 4-11. The average friction coefficient of the coatings prior to failure versus the 
product of the ePTFE density and the uncompressed thickness. 

Figure 4-12 shows the wear rate (mm3/Nm) versus the product of the ePTFE 

density (g/cm3) and the uncompressed thickness (μm).  There is a strong trend of 

decreasing wear rate with increasing PTFE availability which spans five orders of 

magnitude.  The least wear resistant coating had a wear rate of 2x10-3 mm3/Nm and the 

most wear resistant coating had a wear rate of 2x10-8 mm3/Nm.  Coatings 10-12 

represented by the unfilled circles did not fail and ran in excess of 20 million cycles.  The 

results from this experimental matrix suggest that even though there is a slight increase in 

friction coefficient with PTFE availability, there are great benefits in wear resistance with 

larger amounts of PTFE. 
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Figure 4-12. Wear rate (mm3/Nm) versus the product of the ePTFE density (g/cm3) and 
the uncompressed thickness (μm).  Black circles represent coatings that 
were run to failure and white circles are coatings that did not fail.  The 
points are numbered 1-12 in order of ascending coating thickness. 

Variations in weight percent of epoxy 

To narrow down the strong contributors in wear resistance, two ePTFE films were 

chosen with different densities.  For each density of ePTFE film, the only assumed 

variation in the composite coating was epoxy loading.  By setting the initial film 

thickness, node spacing and node width constant for each set should rule out the 

dependence of the tribological properties on PTFE availability.  In the following plots, 

the open circles will represent composite coatings made with 0.688g/cm3 density ePTFE 

film and the closed circles represent coatings made with the 0.572g/cm3 density ePTFE 

film.  All the coatings used in this portion of the study were run to failure. 
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Figure 4-13 shows a plot of the average friction coefficient prior to failure versus 

epoxy weight percent.  The friction coefficient ranged from 0.11-0.14, which is consistent 

with all previous results.  There was no apparent dependence on density of the ePTFE 

film or the epoxy weight percent in this data.  The standard deviation for each test is also 

shown to describe the variability in the friction coefficient throughout a given test.  The 

large deviation from the average friction coefficient was due to the initial transient in 

friction coefficient. 

 

Figure 4-13. Friction coefficient versus epoxy weight percent.  Open circles represent 
composite coatings made with 0.688g/cm3 density ePTFE film and the 
closed circles represent coatings made with the 0.572g/cm3 density ePTFE 
film. 

The wear rate versus epoxy weight percent is shown in Figure 4-14 for each of the 

different weight percents of epoxy and densities of ePTFE coatings.  There appears to be 

a strong trend of decreasing wear rate with increasing epoxy weight percent, with the less 

dense ePTFE film having an even lower wear rate for all epoxy weight percents than the 
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more dense ePTFE film.  The wear rates range 4 orders of magnitude from 3.5x10-6 

mm3/Nm to 2x10-2 mm3/Nm for the low density 47wt% epoxy coating and the high 

density 20wt% epoxy coatings, respectively.  This result indicates that with increasing 

amounts of epoxy that the wear resistance is improving.  This results strongly contradicts 

the results from the previous study. 

 

Figure 4-14. Wear rate (mm3/Nm) versus epoxy weight percent.  Open circles represent 
composite coatings made with 0.688g/cm3 density ePTFE film and the 
closed circles represent coatings made with the 0.572g/cm3 density ePTFE 
film. 

Due to the results of the epoxy weight percent study, further investigation of the 

wear and failure factors needed to be examined.  Looking back at Figure 4-12, there was 

a strong dependence on the amount of PTFE available, but there was also a similar 

dependence on thickness.  The wear rate monotonically decreases with increase coating 

thickness.  The same is true for the various epoxy weight percent samples.  The thickness 

increases with increasing epoxy weight percent and therefore the wear rate monotonically 

decreases with increasing coating thickness.  Due to the overwhelming dependence of 
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wear rate on coating thickness and the cyclic nature of the pin-on-disk tribometer, is was 

hypothesized that the failure was due to a fatigue induced delamination of the coatings, 

due to the cycle shear stresses, in conjunction with the wear properties of the material.    

Figure 4-15 shows a log-log plot of the wear rate of all of the samples versus the 

compressed coating thickness.  Chapter 5 will show the modeling of the combined 

damage failure modes of these coatings as a function of the coating thickness. 

 

Figure 4-15. Coating thickness (μm) versus wear rate (mm3/Nm).  The open circles 
indicate coatings that did not fail under cyclic loading and the closed circles 
indicate samples that were run to failure.  Such coatings were run in excess 
on 20 million cycles. 
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C HAPTER 5 
DISSCUSSION 

This chapter presents modeling of the behavior of the ePTFE and epoxy coatings 

described in the previous chapters.  These coatings experience a fatigue–induced failure 

mode when tested on a pin-on-disk tribometer.  In coatings, the coating/substrate 

interface is usually the weak link and under a spherical contact the cyclic shear stress on 

the interface can lead to delamination at the interface.  Using finite elements and a 

numerical analysis of the coupled failure modes a procedure for life predictions in 

coatings susceptible to fatigue failures in Hertzian contacts is provided and offers insight 

to designers on considerations in extending the lives of coatings subject to cyclic stresses.  

Experimental Conditions 

Composite coatings used in this portion of the study were comprised of 

approximately 30–50 weight percent epoxy within expanded PTFE scaffolding.  As 

described previously, the epoxy filler strengthened the composite, and directly bonded it 

to the substrate, while PTFE provided low shear running films at the tribological 

interface.  Nano-indentation techniques previously discussed were used to calculate an 

average coating modulus of E = 3 GPa, with the steel having a modulus of E = 200 GPa.  

Poisson’s ratios of 0.4 and 0.3 were used for the coating and steel, respectively.  An 

experimental matrix varying the thickness of the coating from 30μm to 360μm was used 

to determine the sensitivity of the coating failure on coating thickness, as well as a 

method for estimating the stress-life, S–N, curve for the interface.   
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Rotating pin-on-disk experiments were completed with a sliding speed of v = 1m/s 

and a normal load of F = 5N.  The pin counterbody was a 3.175 mm radius stainless steel 

ball.  Each sample was tested until failure.  At coating failure, spikes occur in the friction 

coefficient data and exposed steel within the wear scar can be seen visually.  Scanning 

white light interferometry was used to measure the thickness of the coating after failure.  

Using the thickness of the coating and the radius of the pin a worn volume was 

calculated.   Then the wear rate was determined by dividing this volume by the dead 

weight normal load and the total sliding distance.  A more detailed description of the 

material and test apparatus is given in Chapter 2 and Chapter 3. 

Axisymmetric finite element analysis was used to obtain the stress state at the 

interface.  The coating was discretized by 50×10 mesh, while the substrate was by 50×20 

mesh. In order to improve the solution accuracy, smaller element size was used near the 

contact region. A surface-to-surface contact modeling technique that prevents contact 

elements and target elements from penetrating each other was employed in this model. In 

this contact–target strategy, the contact pressure was only calculated for nodes on the 

contact elements. Thus, contact elements are generated on the coating surface, while 

target elements on the ball. 

An augmented LaGrangian formulation was used to find the contact point locations 

and pressure. This technique possesses the stability of the penalty method but imposes the 

impenetrability of the Lagrange multiplier method. The contact problem becomes 

nonlinear even if the structure experiences a small deformation; thus, the structural 

equilibrium configuration is found by incrementally changing the applied load. In 
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general, six or seven Newton–Raphson iterations are required to find the converged 

configuration for each load step [37,38,39]. 

In finite element analysis, the traction stresses and worn shape are neglected; i.e., a 

ball is assumed to contact with a flat surface, thus overestimating the stresses after large 

wear losses.  A matrix varying the normal load from 1 – 7 N, elastic modulus of the 

coating from 1–7 GPa, and the thickness of the coating from 30 – 500μm is completed to 

provide more insight on the roles of each.  Contour plots of the von Mises’ stress are 

shown in detail in the Appendix.  The shear stresses at the interfaces were determined for 

coatings within the tribological experimental matrix, with an elastic modulus of E = 3 

GPa, a normal load of Fn = 5N, and varying in thickness from 30 – 360μm. 

Measurements and Modeling 

Tribological Results 

A log-log plot of wear rate versus coating thickness was shown in Figure 4-15.  

This wear rate assumes that wear was the only mode of material removal.  The wear rate 

varies from 10−3 mm3/(Nm) to 10−8 mm3/(Nm) and decreases monotonically with 

increasing coating thickness.  The strong correlation between wear rate or life and coating 

thickness suggests that mechanical effects were contributing to the failure of these 

coatings.  It should be noted that the thickest four samples did not fail but only wore. 

Life Prediction Modeling 

Due to the strong correlation of decreasing wear rate with increasing coating 

thickness, there was motivation to determine what the other causes of failure were and 

led to the modeling of the life of the coatings based on thickness.  The following section 

will describe in detail the numerical simulation of this model.  Figure 5-1 describes the 

variables and functions used in this model. 
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Figure 5-1.   A table of the functions and variables used in the model along with the units 
in which they are described (left) and a schematic of the coating with the 
variables used in this model (right) 

According to Suh, N.P., when two sliding surfaces come into contact, the softer 

material experiences cyclic stresses that lead to crack formation and coalescence at some 

distance below the contact.  The joining of fatigue cracks cause sheets of material to 

delaminate from the bulk material [32].  For the coatings used in this study, the cracks 

initiate close to the bonded interface and when the cracks coalesce the coating will fail by 

debonding from the interface instead of ejecting wear debris at the surface.  This leads to 

the first failure mode which is cyclic fatigue due to the shear stress at the interface, in the 

absence of wear.  The second failure mechanism is wear of the coatings.  In the absence 

of cyclic fatigue, the coatings should wear at some rate leading to uniform material 

removal throughout the life of the coatings.  The basis of the model used in this study is 

the combination of the fatigue–induced failure and the wear–induced failure. 

Figure 5-2 shows a pictorial illustrating the three failure modes of the coatings 

under sliding.  The top series shows a coating that is subject to large shear stresses close 

to the interface.  The coating develops cracks that coalesce very early in its life and the 
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coating fails very quickly.  The second series shows a coating that initial has low enough 

shear stresses at the interface to begin the wear process, but eventually reaches a 

thickness where the stresses are higher and cracks begin to initiate and join leading to 

delamination of the coating.  The third series shows a coating that does not experience 

cyclic fatigue and only experiences wear. 

 

Figure 5-2.   Cartoon of the failure modes of the composite coating shown against 
number of passes.  The first row shows interfacial fatigue with minimal 
wear, the second row is interfacial fatigue and wear combined and the final 
row is wear with minimal fatigue. 

A hand calculation using Hertz’s formulas for a ¼ inch diameter steel ball (ν = 0.3, 

E = 200 GPa),  on a flat polymer surface (ν = 0.4, E = 3 GPa), gives a depth of maximum 

subsurface shear stress of approximately 70 μm, or the thickness at which wear rate 

becomes a strong function of thickness (Figure 4-15).  This simple calculation suggests 

that fatigue due to the shear stresses at the interface is governing the lives of these 

coatings under concentrated circular contacts.  Finite element analyses were performed to 

obtain accurate stresses at the coating substrate interface.  Figure 5-3 shows contour plots 
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of the subsurface shear stresses under the experimental conditions (Fn=5N and 

Ecoating=3GPa).  The maximum shear stress at the interface decreases with increasing 

thickness from 42MPa to 5MPa for the 30μm and 360μm coatings, respectively.  Also, 

the discontinuity in elastic properties can be seen to result in a stress discontinuity at the 

interface.  The contours are regions of constant shear stress with increasing stress as the 

color spectrum goes from dark blue to red.  The Appendix shows the contour plots of the 

entire finite element analysis which includes a matrix varying the normal load (1 – 7 N), 

the elastic modulus of the coating (1 – 7 GPa), and the thickness of the coating (30–

500μm) in order to see the affects due to these variations on the von Mises stresses. 

 

Figure 5-3.   Contour plots of the subsurface shear stress based on finite element analysis.  
The black line indicates the interface between substrate and coating.  The 
coatings varied in thickness from 30-360 μm, and a 5N load and 3GPa 
elastic modulus were used in the analysis. 

It was hypothesized that the cyclic shear stress at the interface was the critical 

parameter in determining failure of these coatings, so these data were extracted from the 



52 

 

finite elements results and are plotted in Figure 5-4a versus the coating thickness for each 

coating of with appropriate normal load and elastic modulus.  A curve fit to this data 

gives a continuous function for interfacial stress as a function of the distance between the 

interface and the point of contact, h, and is given in Eq1. 

0.729( 5.197*( / 0.001) )( ) 56.9 hh eτ −= ∗                                           (1) 

An in-situ LVDT trace and interrupted SWLI measurements of δ, or the wear 

depth, for several un-failed samples are plotted as a function of reciprocation cycles in 

Figure 5-4b.  Initially, the penetration rate is very high, likely a result of both the high 

wear rate transient period as well as the small initial area or contact.  Upon bedding in the 

penetration rate becomes stable around 10 million cycles.  The LVDT trace followed a 

coating of 200μm thickness from the start until failure.  The coating failed around 20 

million cycles.  The curve fit for delta as a function of number of cycles is fit to the 

LVDT data before the coating failed and is extrapolated out when the coating begins to 

wear in linearly.  The SWLI data, of several samples prior to failure, follows the same 

trends as the LVDT data, but the LVDT includes elastic deformation and creep.  The 

curve fit applied to this data is given by, 

68 ( / 4 10 )( ) (8 10 13)(1 )NN N eδ − − ∗= ∗ ∗ + −                                  (2) 

As wear occurs, δ increases, h = t−δ is decreased and the interfacial stress increases 

exponentially. 
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Figure 5-4. Plots of experimental data and model fits for the functions used in the 
cumulative damage model. (a)Finite element results for the maximum shear 
stress at the interface versus the coating thickness.  (b) The wear depth versus 
number of cycles for and in situ (LVDT) and ex situ (SWLI) measurements, 
along with the model fit to this data.  The open points are samples that wear 
not run to failure. 

The original coating thickness can be inserted into Eq1 to obtain the initial 

maximum shear stress at the interface.  This initial interfacial shear stress is plotted 

versus the experimental cycles at failure in Figure 5-5.  A confounded but conservative 

estimate of the S–N diagram can be obtained by assuming the samples having low cycles 

to failure did not incur wear.  An arbitrary 200,000 cycles was chosen as the cutoff for 

neglecting wear.  This data was curve fit and an endurance limit of 13 MPa is chosen 

based on the regression and the samples that only incurred wear.  The corresponding 

expression for the S–N diagram is given by Eq3, 

8 8(2.5 10 * ) (2.5 10 * )( ) ( 1.98 ln( ) 47)( ) 13 (1 )N NN N e eτ
− −− ∗ − ∗= − ∗ + + ∗ −             (3) 

and is valid for stresses greater than the endurance limit. 
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Figure 5-5. Initial interfacial shear stress plotted versus the experimental cycles at failure.  
A curve is fit to the samples failing less than 200,000 cycles and an endurance 
limit is set at 13MPa.  The samples accumulating less than 200,000 cycles 
were assumed to experience only fatigue, the second group experiences 
fatigue and wear and the run-out samples only experienced wear and did not 
fail. 

Solving Eq3 for the number of cycles to failure as a function of shear stress enables 

the calculation of damage per cycle at a given stress.  A numerical cumulative damage 

scheme is used to calculate the wear depth and the accumulated damage over a given 

cyclic interval.  The damage accumulation is calculated by dividing the number of cycles 

in an interval at the stress associated with the current thickness by the number of cycles 

required for failure at that stress level.  These accumulations are added to obtain the 

damage as described by Eq4.   

( )f

NDamage
N τ
Δ

= ∑                                                     (4) 

When damage is equal to unity, the coating is determined to have failed.  Equation 

4 is solved numerically to obtain the number of cycles to failure for a coating of any 
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thickness.  This solution process is easily visualized in the form of a flow chart; this flow 

chart is shown in Figure 5-6.  The inputs to the model are the initial coating thickness, to, 

and the cyclic interval. 

 

Figure 5-6.   Flow chart for numerical solution for life prediction based on coating 
thickness. 

The wear depth, δ, is first calculated at the initial cycle number and then the change 

in thickness, h, can be calculated.  Once the new thickness, h, is determined, the shear 

stress, τ, can be determined for that thickness.  That shear stress, τ, is then checked to 

determine if it is above the endurance limit (in this case τ = 13 MPa).  If the shear stress 

is less than the endurance limit, the number of cycles is incremented by the cycle interval, 

ΔN.  The values for δ, N, h, and τ are updated and will continue to be until the shear 

stress is above the endurance limit.  This implies that the coatings are only experiencing 

wear and no fatigue until this endurance limit is met.  Once the value of the shear stress 

reaches this limit the fatigue begins to enter into the life of the coatings.  The number of 
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cycles to failure, Nf, is determined for the calculated shear stress.  The amount of damage 

at that cycle number is then calculated.  Once the sum of the incremental damage is equal 

to unity the coating is considered to have failed.  If the damage is not equal to unity, the 

number of cycles is incremented and the process is repeated until the damage 

accumulates to unity. 

Life Predictions of ePTFE and Epoxy Coatings 

Figure 5-7a shows a plot of the number of cycles to failure versus coating thickness 

for the model fit using the cumulative damage model and the experimental data.  Curves 

for the expected life of coatings that experience wear in the absence of fatigue and for 

fatigue in the absence of wear are also given.  The lives of the experimentally tested 

coatings all fall closely to the predicted life.  Had the assumption that wear was negligible 

for coatings failing in fewer than 200,000 cycles been in error, the cumulative model 

would fall below the data; i.e., the model would predict failure faster than the coatings 

failed in the experiment indicating that the S-N curve was in error, and would require a 

reverse solution of the current model to find the S-N diagram.  This assumption is valid 

only because the wear rate of the material itself is very low.  Wear only begins 

contributing where the model and fatigue lines diverge for 150 μm coatings. The wear 

rate of the material is likely in the range from K=1–10×10−8 mm3/Nm.  A material with a 

wear rate of K=1×10−5 mm3/Nm, such as epoxy, would have equal contributions from 

wear and fatigue, while a less wear resistant material such as PTFE, K=1×10−3 mm3/Nm, 

would wear through before accumulating any fatigue damage.  Figure 5-7b shows this 

comparison of wear rates of PTFE, epoxy, and the composite coating.  
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Figure 5-7. Results of the numerical solution for coating life based on the thickness of the 
coating. (a) Plot of the number of cycles to failure versus coating thickness for 
the model fit using the cumulative damage model and the experimental data.  
Curves for the expected life of coatings with wear in the absence of fatigue 
and for fatigue in the absence of wear are also given. (b)Comparison of wear 
rates of PTFE, epoxy, and the composite coating along with the fatigue curve. 

One conclusion that could be drawn from the above analysis is that coating wear 

rates less than K=1×10−5 mm3/Nm does little to improve coating life. This is true only for 

this coating in this geometry for these loads.  To the author’s knowledge, however, there 

are few applications where one would contact a polymeric coating on a steel substrate 

with a steel ball.  This phenomenon is more of an artifact of the testing.  There are 

applications where Hertzian type contacts are incurred by solid lubricant coatings, such 

as a bushing with clearance.  However, they are comparatively conformal, the maximum 

subsurface stresses are low and deep, and for practical purposes, fatigue is absent.   

A cursory investigation of this highly designed coating on a rotating pin-on-disk 

tribometer would misrepresent the performance of the material.  This effect would be 

further exaggerated with a smaller radius ball.  This chapter illustrates the potential error 

in tribological analysis of coatings on one of the most common test configuration in 

tribology.  The methodologies presented should be considered whenever dealing with 
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wear resistant materials with potential fatigue stresses.  These concepts can also be used 

as a design tool in non-conformal bearing systems. 
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CHAPTER 6 
CONCLUSIONS 

This manuscript reports on a polymer composite coating that is comprised of PTFE 

nodes and fibrils encapsulated by epoxy.  In initial experiments of a high density and low 

density coating versus the composite’s constituents, the friction coefficients were reduced 

over that of pure PTFE and the wear rates were reduced by over 100x.  It is suggested 

that the mechanism for this reduction in both friction and wear is related to the PTFE 

being drawn out of the nodes and forming a transfer film over the epoxy regions.  This 

conclusion was in agreement with the hypothesis, and supported by nano-mechanical 

testing of the PTFE running films in the wear track and on the transfer film on the 

counterface.  The nano-mechanical testing in the wear track revealed that the epoxy 

regions were covered by mostly PTFE which led to reduced friction coefficient and wear 

rates.  The nano-indentation on the counterface transfer film showed that the transfer 

films were thin and uniform which was also expected to lower friction and wear rates. 

Further experiments on varying the PTFE availability and epoxy weight percent 

showed that the friction coefficients are largely insensitive to any variation.  The wear 

rates appeared to have a dependence on the amount of PTFE available in the matrix (2) 

showing increased wear resistance with increased amount of PTFE available.  Then the 

wear rates appeared to have a strong dependence on the amount of epoxy in matrix (3) 

with increased wear resistance with increasing epoxy weight percents.  The previous two 

results were in sharp contradiction with each other and therefore it was found the coatings 

when the data from both sets were collapsed together that the wear rate was dependent on 
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coating thickness.  Due to the overwhelming dependence of wear rate on coating 

thickness and the cyclic nature of the pin-on-disk tribometer, is was hypothesized that the 

failure was due to a fatigue induced delamination of the coatings, due to the cycle shear 

stresses, in conjunction with the wear properties of the material. 

This hypothesis was demonstrated by creating a cumulative damage model 

including wear and cyclic fatigue using finite element analysis and a numerical solution.  

The failures of the films were found dominated by cyclic fatigue caused by the shear 

stress at the interface.  This was in agreement with the hypothesis but concluded to be an 

artifact of the pin-on-disk test having no implications for the life of coatings in typical 

bushing or thrust face applications.  Despite the widespread use of pin-on-disk testing, 

and the typical casualness with which it is treated, careful consideration is required or 

incorrect conclusions can be drawn.  As with many tests, the potential error in wear 

quantification arises due to the very high wear resistance of the material being tested. 
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APPENDIX 
CONTOUR PLOTS OF VON MISES STRESSES 

This appendix includes contour plots of the von Mises stresses for the entire finite 

element analysis which includes a matrix varying the normal load (1 – 7 N), the elastic 

modulus of the coating (1 – 7 GPa), and the thickness of the coating (30–500μm) in order 

to see the affects due to these variations on the von Mises stresses. 

 

Figure A-1.  Contour plots of the von Mises stresses for the 30μm coatings with various 
loads and elastic moduli.  
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Figure A-2.  Contour plots of the von Mises stresses for the 100μm coatings with various 
loads and elastic moduli.  
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Figure A-3.  Contour plots of the von Mises stresses for the 300μm coatings with various 
loads and elastic moduli.  
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Figure A-4.  Contour plots of the von Mises stresses for the 500μm coatings with various 
loads and elastic moduli.  
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