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Abstract Over the last decade, researchers have explored

an intriguing polymer composite composed of granular

polytetrafluoroethylene (PTFE) 7C and alumina particles.

This material is extraordinary because a very small amount

of alumina additive (\5 wt%) decreased the wear rate of

the PTFE composite by over four orders of magnitude.

Previous studies have shown that this wear resistance was

initiated and maintained by the formation of a stable,

robust, and uniform polymeric transfer film on the surface

of the countersample. Although its importance to this tri-

bological system is clear, the transfer film itself has not

been well understood. Careful spectroscopic analysis

throughout the stages of transfer film development revealed

that tribochemistry plays a major role in the significant

wear rate reductions achieved in PTFE and alumina com-

posites. Fourier transform infrared spectroscopy and X-ray

photoelectron spectroscopy reveal that PTFE chains break

due to the mechanical stresses at the wear surface and, in

the presence of oxygen and water in the ambient environ-

ment, produce carboxylic acid end groups. These

carboxylic acid end groups can chelate to the exposed

metal on the steel surface and nucleate the formation of the

transfer film. The resulting thin and robust fluoropolymer

transfer film protects the surface of the steel and changes

the sliding interface from polymer on steel to polymer on

polymer transfer film. These effects keep friction coeffi-

cients and wear rates low and stable. Ultimately, the real

mechanisms responsible for the exceptional wear perfor-

mance of these materials are all about the tribochemistry.
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1 Introduction

For over a decade, composites of polytetrafluoroethylene

(PTFE) containing low concentrations (\5 wt%) of alpha-

phase alumina particles have been studied for their

remarkably low wear rates: *10-8–10-7 mm3/(Nm)—

three to four orders of magnitude lower than unfilled PTFE

[1–12]. Numerous studies of such composites point to

various mechanistic theories for the dramatic reduction in

wear caused by a small fraction of alumina filler. Mecha-

nistic theories based on both experiments and modeling

have indicated the importance of transfer films [2, 5, 6,

8–10], running films on the surface of the countersurface

[8, 11], polymer morphology [2, 4, 13, 14], filler phase,

filler size and shape [1, 3, 10, 14], composite dispersion [4],

filler reinforcement mechanisms [11, 14], PTFE fibrillation

[13, 14], environmental chemistry [5, 7], and countersur-

face roughness [10, 15]. It is difficult to directly rule out

many of the previously presented theories, because there

are multiple length-scale and time-scale, physical,

mechanical, chemical, and material dominated phenomena
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occurring in concert to result in the ‘‘ultralow’’ wear

behavior of these composites.

Most mechanistic theories for wear reduction in PTFE

rely on the transfer of polymeric material from the surface

of the composite to the surface of a countersample (steel

for many prior studies) [16]. PTFE has been shown to

transfer to a metal countersample in as early as one sliding

cycle [17, 18]. During these transfer events, carbon–carbon

bonds are broken, presenting an opportunity for tribo-

chemistry [5, 7, 8, 11, 17–28]. The importance of tribo-

chemistry in these systems is further supported by a direct

correlation between wear rate and amount of environ-

mental water vapor [5, 7]. In this paper, we reveal the

products of these tribochemical events and their contribu-

tion to the ultralow wear behavior of PTFE and alumina

composites. Fourier transform infrared (FTIR) spectros-

copy and X-ray photoelectron spectroscopy (XPS) were

used to identify the tribochemical products as a function of

number of sliding cycles. These characterization tech-

niques were applied to develop a conceptual framework for

the role of tribochemistry in the ultralow wear performance

of this material system.

2 Materials and Sample Preparation

The polymer composite consisted of a DuPont Teflon� PTFE

7C resin (*35 lm particle size) matrix filled with 5 wt%

alpha-phase alumina (27–43 nm particle size range as

specified by the supplier, Nanostructured and Amorphous

Materials Inc., Stock#: 1015WW) [6, 7, 29]. The polymer

sample was prepared by combining a dry powder collection

of PTFE (28.5 g) and 5 wt% alumina filler (1.5 g). Extra dry

isopropanol (IPA) was added to the powder mixture to a total

volume of 200 mL. The powder/IPA mixture was then

sonicated using an ultrasonic horn (Branson Digital Soni-

cator 450, titanium tip, 40 % amplitude (400 W), three

1 min agitations with 45 s rest between each). The disper-

sion was placed in a fume hood, and the solvent was allowed

to evaporate to dryness under ambient conditions ([7 days).

Approximately 10 g of the mixed, dried powder was com-

pressed in a 440 C stainless steel cylindrical mold (cylinder

diameter*12.7 mm) to*100 MPa using a hydraulic press.

The consolidated sample was then removed from the mold

and sintered in an oven. The oven was ramped at 2 �C/min to

380 �C, held at this temperature for 4 h, and then allowed to

cool to room temperature. The sintered sample was

machined into a pin (6.3 9 6.3 9 12.7 mm). The

6.3 9 6.3 mm face of the pin that was to become the sliding

surface was polished with 800 grit silicon carbide sandpaper

to an average roughness of Ra *100 nm. Then the sample

was sonicated in methanol for 30 min and allowed to dry for

3 h in laboratory air prior to testing.

The countersample used in this experiment was a flat,

rectangular plate of 304 stainless steel (115 9 25 9

3.7 mm). The sample was finished with a lapping process,

resulting in a root mean squared roughness (Rrms) of

*140–190 nm; this surface finish has been used as a

laboratory standard for this material system [1, 2, 5, 7, 11,

15]. The countersample was washed with soap and water,

rinsed with methanol, wiped with a low lint laboratory

wipe, and allowed to dry for *20 min prior to

experiments.

3 Experimental Methods

3.1 Tribological Experimentation

The wear experiments involved sliding a PTFE/alumina

composite against a 304 stainless steel countersample using

a ‘‘stripe test’’ methodology [30, 31]. In the stripe test, the

stroke length was reduced at fixed sliding cycle increments,

recording a history of the transfer film formed as a function

of sliding cycle (Fig. 1a). This method preserved critical

stages of tribofilm formation including early nucleation and

growth, transitional processes, and steady-state manifesta-

tions of the transfer film for ex situ analyses. A linear

reciprocating tribometer with flat-on-flat sample geometry

(previously discussed at length [32, 33]) was used to create

seven distinct regions of transfer film from one to one

million sliding cycles. Briefly, the PTFE/alumina com-

posite was mounted to a six-axis force transducer that

measured normal and frictional forces. A pneumatic cyl-

inder was used to load the polished face of the polymer

sample against the stainless steel countersample to 250 N

(nominal contact pressure *6.3 MPa). The steel count-

ersample was mounted to a linear ball-screw stage set to a

reciprocating speed of 50.8 mm/s. The reciprocating stroke

length was reduced after each experiment from a maximum

of 88.9 mm to a final 27.9 mm, leaving undisturbed

transfer film between each set of cycles for later analysis.

The mass of the polymer sample was measured using a

Mettler Toledo scale (±10 lg) and recorded prior to sliding

and after each set of cycles. The change in mass, mlost, and the

density of the sample, q, were used to calculate the change in

volume, Vlost. Dividing this wear volume (mm3) by the

product of the normal force, Fn (N), and the sliding distance,

d (m), resulted in , K [34], reported in units of mm3/(Nm), as

shown in Eq. 1. Wear rates are typically calculated as total

volume loss per total sliding distance (cumulative wear rate),

and as volume loss per test per sliding distance per test (test

cycle wear rate), as shown in Fig. 1b. Therefore, the cumu-

lative wear rate includes the run-in period of compara-

tively higher wear behavior prior to the onset

of ultralow wear upon transfer film stabilization. The test
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cycle wear rate differentiates between earlier, higher wear

rates, and the subsequent ultralow wear rates achieved after

much greater sliding distances.

K ¼ mlost

qFnd
¼ Vlost

Fnd

mm3

Nm

� �
ð1Þ

Friction coefficients were calculated by dividing the

average frictional force by the average normal force to

create friction loops and then processed using methods

discussed by Burris and Sawyer [32]. The associated

uncertainties in the friction coefficient and wear rate cal-

culations are described in greater detail by Burris and

Sawyer [32] and Schmitz et al. [33].

3.2 Tribofilm Characterization

Stylus profilometry (KLA Tencor P16) with a 2 lm radius

probe and 5 mg load was used to map transfer film

topography. Fifty 12 mm line scans were acquired over

2 9 12 mm sections in each region of transfer film

development. A section of the bare stainless steel surface

was used as a zero-height reference to shift the 3D profiles

according to a common baseline. The average thickness

was calculated from the difference between the baseline

and the center of the 2 9 12 mm section described above.

Infrared spectra were obtained by reflectance off of the

midpoint of the worn metal surface at three spots (i.e.,

spectra acquisition locations) along the centerline within

the transfer film area of each of the seven regions (based on

number of sliding cycles) using a Nicolet 6700 FT-IR

spectrometer with a Continuum Microscope (ThermoFisher

Scientific). A 100 lm square aperture defined each area of

analysis. This triplicate analysis showed the same spectral

results for three different spots in a given region. Each IR

spectra consisted of 150 co-added scans at 4 cm-1 reso-

lution. An unworn metal area was used to obtain the

background for all reflectance spectra.

X-ray photoelectron spectroscopy (XPS) was used to

analyze each transfer film region to investigate changes in

chemical composition and bonding that occur during

sliding transfer film formation. XPS performed on a

Physical Electronics Quantera Scanning ESCA Micro-

probe with a focused (100 lm) monochromatic Al

K-alpha X-ray (1,486.6 eV) beam operated at 18 kV and

100 W. The electron energy analyzer was operated in the

constant energy mode with pass energy of 55 and 0.2 eV

step size between points for high resolution spectra

(typically 20–40 eV scan for each element; energy reso-

lution of the system was approximately 0.84 eV using the

Ag3d5 peak). For the stripe test sample, each area was
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Fig. 1 a Experimental ‘‘stripe test’’ configuration wherein a polymer

sample of PTFE 7C and 5 wt% alumina was slid against a 304

stainless steel countersample for decreasing reciprocating stroke

lengths and increasing number of sliding cycles to achieve a

cascading pattern of transfer film development. b Single

point (cumulative) and differential (test cycle) wear rates were cal-

culated from interrupted mass measurements, and c average friction

coefficients were calculated for each set of sliding cycles. Error bars

correspond to the standard deviation of the friction coefficient per set

of cycles
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positioned using a sample positioning station by locating

an indentation mark next to the tested area. The exit angle

was 45� relative to the sample normal. PHI MultiPak�

software was used for data analysis and to calculate

composition. Atomic percent concentrations were nor-

malized to 100 %. Charge compensation in the form of a

dual electron and argon ion beam system was used.

4 Results and Discussion

4.1 Wear and Friction

An initial run-in period of higher wear rate (decreasing from

*10-3 to *10-5 mm3/(Nm) was observed during the first

*10 k cycles (*1,000 m), as was previously observed in

composites of this type [6, 8, 11, 35, 36]. This run-in period is

associated with the formation of the protective polymeric

tribofilm that eventually enables the stable, low wear system

to persist throughout the 1 M cycle (*56,000 m) experi-

ment (Fig. 1b). The average coefficient of friction decreased

from *0.20 at the beginning of sliding to *0.17 after

1 M cycles as the transfer film formed and evolved (Fig. 1c).

The run-in volume loss and wear rates for the stripe test

experiments seem to be slightly worse than fixed stroke

experiments [11], as the initial cycles are much longer. It is

during these initial cycles that the transfer film is being

established, and the wear rate is the highest.

4.2 Transfer Film Topography (Stylus Profilometry)

The topography of the transfer film varied dramatically

between the seven regions of its development, as shown in

Fig. 2. The measured root mean squared roughness (Rrms)

of the stainless steel substrate ranged from 140 to 190 nm.

At 10 k cycles and fewer, the average transfer film height

was on the order of the roughness of the surface, rendering

quantitative observations about transfer film thickness

difficult. The average height of the transfer film after 100 k

sliding cycles was approximately 200 nm above the base-

line average, with a local Rrms of *300 nm. The final

experiment, 1 M sliding cycles, yielded an average transfer

film height of approximately 1,000 nm above the baseline,

with a local Rrms of *610 nm.

Comparison of the profilometry in Fig. 2 indicates that

the character of the roughness changed significantly as the

transfer film developed. Visual inspection of the counter-

surface and the developing transfer film, combined with

profilometry, suggests that between 100 and 1 k sliding

cycles, the PTFE composite filled in the countersample

grooves caused by the lapping and polishing operations.

The most significant topographical changes in the transfer

film occurred between 100 k and 1 M cycles. It is impor-

tant to note that transfer film formation is different for

different inorganic additives; nucleation and growth of

tribofilms is a dynamic process which likely depends on the

chemistry, size, shape, hardness, and friability of the

inorganic particles, on the concentration thereof, and on the

evolution of the running film.

4.3 Transfer Film Chemistry (FTIR and XPS Analysis)

FTIR (Fig. 3) and XPS (Fig. 4a) spectra inside each of the

transfer film regions of the stripe test resulted in a cycle-

resolved chemical record of the transfer film formation.

The first detection of fluoropolymer transfer occurred after

one cycle of sliding, as indicated by small IR absorption

peaks at *1,149, 1,203 and 1,253 cm-1, and an XPS peak

at *292 eV. These findings are consistent with transfer of

unfilled PTFE previously measured by surface plasmon

resonance [18] and Auger [17] techniques.

With continued sliding, the transfer film chemistry

became much more complex. Infrared absorption peaks at

*1,432, 1,650, and 3,388 cm-1 reveal new chemical spe-

cies were formed in the transfer film. These new species are

not found in either the unworn polymer composite or the
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Fig. 2 Stylus profilometry of transfer film regions formed after 1

cycle, 100 k cycles, and 1 M cycles. The steel surface is shown in

gray to serve as a reference. The bulk of transfer film growth took

place between 100 k and 1 M cycles. Each line scan represents the

average of 50 line scans separated by 0.04 mm spacing (total width of

2 mm)
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stainless steel countersample, but are instead formed by

tribochemistry consistent with ultralow wear PTFE com-

posites. Peaks consistent with the formation of new fluoro-

polymer end groups first arose after 10 k cycles where the

wear rate was *1 9 10-5 mm3/(Nm), and the transfer film

thickness was nearly undetectable. These new species were

clearly present in the 100 k cycle region of the transfer film

(Fig. 3b) and dominated the IR spectra taken within the 1 M

cycle region (Fig. 3a) where the transfer film thickness was

measureable at *200 and 1,000 nm (respectively), and the

wear dropped significantly to 2.3 9 10-7 and

3.8 9 10-7 mm3/(Nm) (respectively). The IR absorption

peaks at *1,432 and 1,650 cm-1 reveal that these new,

tribochemically-generated species are consistent with metal

chelate salts of perfluorinated carboxylic acids M2(Rf-COO)

[26, 28]. The broad peak at 3,388 cm-1 is attributed to OH

stretches from water associated with the carboxylate salts.

There is likely another water peak near 1,600 cm-1 that

overlaps and broadens one of the carboxylate peaks. XPS

confirmed the emergence of the Rf-COOH peak (*289 eV)

with increasing sliding cycles, coinciding with the carbox-

ylate peaks in the IR spectra. The appearance of the perflu-

orocarboxylate salt was directly correlated to the run-in

transition from moderate wear rate to the ultralow wear rate

regime observed in PTFE/alumina composites.

It is hypothesized that these carboxylate end groups are

generated by the tribochemical breaking of C–C bonds in

the presence of a favorable environment with water vapor.

The importance of these species is highlighted by their

strong correlation to significant wear rate reductions and

the formation of a transfer film of measurable thickness.

The inability of these materials to achieve low wear

without environmental water vapor in dry air [5] and

vacuum [7] further emphasizes their importance to the

wear performance of this system and confirms the route

that they are formed: C–C chain scission and subsequent

end-group formation by reacting with gases from the

environment.

The metal-carboxylates, M2(Rf-COO), are hypothesized

to be involved in bonding to the metal countersample,
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Fig. 3 FTIR spectra comparing three regions of transfer film

development after a 1 M cycles, b 100 k cycles, and c 1 cycle
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thereby strongly anchoring the fluoropolymer transfer film.

It is likely that the observed broad IR peaks for the metal

salts include the carboxylate end group chelating to the

surface of the metal countersample as well as chelation to

alumina filler and worn metal fragments within the tribo-

films (on both composite and steel). This strongly bound

and stable transfer film changes the sliding interface from

polymer composite on steel to polymer composite and

polymer transfer film.

In lab air, the surface of the stainless steel countersur-

face was coated with adventitious hydrocarbon contami-

nants and mixed oxides; these oxides likely impede the

ability of polymeric transfer film to chelate to the metal

surface. A sputter depth profile was performed to determine

the approximate thickness of the surface contamination

layer and to measure the bulk metal composition. Within

the first 2 min of sputtering (using 2 kV and 2 lA Ar beam

rastered at 3 mm 9 3 mm at 45� exit angle), the carbon

and oxygen levels dropped below 10 %; this suggested the

contamination thickness was likely\10 nm. By the end of

the profile, iron was at an atomic concentration of 71 %,

chromium at 16 %, and nickel at 5 %, which is consistent

with bulk stainless steel considering measurement uncer-

tainties. In the high resolution XPS spectra of the carbon

region (shown in Fig. 4a), the CF2 peak (*292 eV) grew,

and the C–C/C–H peak (*285–286 eV) reduced with

increasing sliding cycles, indicating an increase in fluoro-

polymer coverage within the transfer film region. The XPS

spectra also suggest that tribomechanics involving the hard

alumina filler provide an opportunity to gently cleanse the

stainless steel countersurface of adventitious carbon and

oxides, which sets the stage for chelation and binding of

the –COOH terminated fluoropolymer, leading to tribo-

chemistry and formation of the protective tribofilm. A mild

cleansing/abrasion of the metal countersample is further

supported by observation of metals and oxides on the wear

surface of the polymer composite with energy dispersive

spectroscopy (EDS).

Figure 4b shows the atomic concentration data from

XPS experiments (*top 10 nm) on the transfer film as a

function of sliding cycles. After the initial transfer and

increase of fluoropolymer in the first cycle, the fluoro-

polymer signal fluctuates as debris is generated and ejected.

The peaks in the C–F region of the IR spectra show similar

variability in this early stage of the wear process, which is

associated with wear rates gradually reducing from

*1 9 10-3 to 4 9 10-5 mm3/(Nm). This observation,

combined with the lack of peaks consistent with oxidized

fluoropolymer end groups, suggests that the transferred

fluoropolymer fragments have not yet had sufficient time to

both generate reactive end groups and find suitable binding

sites on the cleaned steel surface. Therefore, these frag-

ments were more easily shed from the surface and sloughed

off as loose debris which account for the higher wear rates

associated with the early cycles of the wear experiment—

consistent with previous observations on an in situ optical

tribometer and in situ surface plasmon resonance tribom-

eter [18].

Meanwhile, concentrations of metal species from the

steel (Fe, Cr) fluctuate while gradually reducing. The

concentrations of Fe and Cr change together. As the metal

concentration goes down, fluorine concentration goes up

and vice versa. Alumina is first detected at 100 cycles and

reaches several atomic percent with increased cycles. The

wear rate drops precipitously between 10 and 100 k cycles

due to the formation of the robust transfer film which

protects the metal surface and the running film which

protects the bulk polymer.

On a side note, the small CF2 peak observed in the XPS

for the ‘‘0 cycle’’ experiment is likely cross contamination

from fluorocarbon wear debris, as the spectrum was

acquired on the surface of the steel countersample outside

of the worn region.

5 Conclusions: A Conceptual Framework for the Role

of Tribochemistry

These newly discovered, tribochemically generated species

within the tribofilms are an important part of the enigmatic

mechanisms associated with ultralow wear PTFE and alu-

mina composites. While investigations are still underway

to discern the exact role of the low volume percent alumina

fillers (the topic of a future manuscript), the true mecha-

nisms for wear reduction are likely coupled with complex

multi-scale chemical, physical, mechanical, and material

phenomena—some of which are already presented in the

literature. This new tribochemical component of this

material system provides a direct route to formation of

robust tribofilms and can be placed within a conceptual

framework for their contribution to the wear mitigation:

1. New fluoropolymer end groups are formed during

sliding of PTFE and alumina composites in ambient

lab air. This implies that the tribological interaction is

sufficient for shear induced breaking of C–C bonds.

Furthermore, this tribochemistry is occurring at rates

and frequencies high enough to reveal end groups

detectable by IR after as few as 10,000 sliding cycles.

This is remarkable considering the initial molecular

weight of the PTFE is *107–108, resulting in a very

low end group density.

2. The end groups tribochemically formed in a humid

environment (favorable for ultralow wear) are carbox-

ylic acid groups (Rf-COOH). The arrival of the these

groups is timed with the significant reduction of wear
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in the sample from *10-3 to *10-7 mm3/(Nm).

These carboxylic acids form carboxylate metal salts,

chelating fluoropolymer chains to the metal counters-

ample. Robustly adhered, thin transfer films have been

a prevalent theme to the wear reduction mechanisms of

these ultralow wear PTFE alumina composites. These

chelation products finally offer a direct chemical

mechanism responsible for strongly adhered transfer

films and correlate with the formation of thin, uniform

transfer films.

3. The polymer/alumina composite gently abrades/cleanses

the adventitious carbon and surface oxides from the surface

of the steel. Without the cleansing of this oxide/contam-

ination layer, the chelation of the carboxyl terminated

fluoropolymer would not be possible, thus limiting the

adhesion strength and robustness of the tribofilm.

4. Fluoropolymer is transferred in the first cycle of

sliding. This plays an important role in the friction of

all PTFE systems, where PTFE readily transfers and

then promotes the low friction sliding of PTFE on

PTFE transfer film. The role of this initial transfer in

wear mechanisms of PTFE is unclear, but it suggests

that tribochemical breaking of bonds can happen early

in the sliding process.
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