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abstract

Fluoropolymers have unique mechanical, chemical, and tribological properties (low friction coefficients)

but their use as solid lubricants is inhibited by high wear rates (1–5 10 4mm3/Nm). The addition of

certain types ofα-alumina has been shown to reduce the wear rate of PTFE by over three orders of
magnitude, but due to its extremely high molecular weight PTFE cannot be screw injection molded.

However, PFA, a perfluorinated copolymer of tetrafluoroethylene (TFE) and a perfluorinated alkylvinyl

ether (PAVE), can be. Teflons PFA 340 samples with various weight fractions ofα-alumina (0%, 5%, 7.5%,
10%) were injection molded, and samples from each mold were wear tested against stainless steel

(P¼6.3 MPa,v¼50.8 mm/s). Experiments showed that the friction behavior of the PFA 340-αalumina
composite was very close to that of both unfilled PFA 340 and PTFE-αalumina composites. The wear rate
of unfilled PFA 340 was 1.4 10 4mm3/Nm, and dropped to 4.0 10 8mm3/Nm for the PFA-αalumina
composites. Just as in the case of PTFE-αalumina composites, these PFA composites generated brown-
colored tribofilms on both the polymer and metal surfaces, which were indicative of tribochemical

changes. ATR-IR and FTIR spectra of each surface showed evidence for the generation of perfluorinated

carboxylate salts and waters of hydration. This spectral similarity between PTFE and PFA 340 samples

shows that the same tribological mechanism found in PTFE-αalumina composites is responsible for
ultralow wear in PFA-αalumina composites as well.

&2016 Elsevier B.V. All rights reserved.
1. Introduction

The tribological properties of PTFE have been of interest for over 50

years due to its unique thermal, chemical and mechanical properties.

PTFE is a well-recognized tribological material, commonly used in

unlubricated journal bearings[1,2], that is known for its very low

friction coefficient yet unacceptably high wear rate[3–6].Inthepast

decade, the wear rate of PTFE has been reduced by 1000 to 10,000

times with the inclusion of 1–10 wt% of certainα-phase alumina
particulatefillers[7–20]. As the mysterious synergistic mechanisms for

this wear reduction have been more recently uncovered, the impor-

tance of tribochemistry[8,10–12,17,21],tribofilm formation[9,18–

20,22], multi-scale mechanics[13,17,23], environmental and sliding

conditions[8,10,12], countersample roughness[16,24,25]and numer-

ous other system phenomena/parameters has been highlighted.
þ1 610 758 6224.
However, one disadvantage of PTFE is its manufacturability.

PTFE has near infinite melt viscosity (near zero meltflow rate)[26]

which prevents the use of screw injection molding. Thus, PTFE

parts are typically manufactured using compression molding and

sintering, which can only create simple geometries. Complex

geometries must be machined after the part has been sintered,

which adds additional cost to the manufacturing process. How-

ever, perfluroalkoxy polymer (PFA) is a perfluoropolymer with

properties similar to PTFE, but with a higher meltflow rate

( 14 g/10 min)[26]. PFAs are a group of copolymers of TFE with

small amounts of various types of perfluoroalkylvinyl ethers (alkyl

¼methyl [PMVE], ethyl [PEVE], propyl [PPVE]) which along with a

chain transfer agent, decrease the molecular weight and increase

the meltflow rate enough to enable injection molding (seeFig. 1

for chemical structure)[27]. PFA has a larger coefficient of friction

than PTFE but it is lower than many bulk polymers and can be

used at a great range of operating temperatures[28,29].
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Fig. 1.Chemourss Perfluoroalkoxy Polymer (PFA) molecular structure.
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1.1. Review of PTFE andfilled PTFE composite wear mechanisms

Under typical engineering sliding speeds and loads, wear rates

of PTFE are often very high (as much as 1x10 3mm3/Nm). Tanaka

mapped out the wear of PTFE as a function of temperature and

sliding speed, reporting a transition in wear rate that suggests a

threshold between multiple wear mechanisms of PTFE[30].

Tanaka proposed that the banded structure of PTFE is responsible

for this large scale,flakey wear debris and compared it to a deck of

cards[31,32]. At lower sliding speeds and contact pressures, the

wear of PTFE is extremely low. Studies by Blanchet and Kennedy

suggested that at higher sliding speeds, delamination wear was

initiated due to the kinetic friction coefficient reaching a threshold

[3]. At this threshold, subsurface shearing of the polymer became

preferential as the shear stress at the internal interfaces of the

PTFE became lower than the shear stress at the interface. This

process led to subsurface crack propagation, joining, and delami-

nation wear[33].

A wide variety of materials have been included asfiller mate-

rials in PTFE[3–5,14,34–42]. Most serve to moderately reduce

wear (by one or two orders of magnitude) while increasing fric-

tion. Several hypotheses exist as to whyfillers reduce the wear of

PTFE. Preferential load support[34,43]and arresting crack pro-

pagation[3,37]are among the two most popular theories. Blan-

chet and Kennedy proposed thatfillers serve to shut down the

delamination wear of PTFE[44]. Through experiments with high

density and low density polyethylene, Briscoe proposed thatfillers

promote the generation of thin, well adhered transferfilms that

reduce wear by slowing the removal and subsequent replacement

of transferfilms[35]. For nanoparticlefilled systems that produce

low wear at lowfiller percent, Li et al. agreed with the theory of

Briscoe that thin, robust, well-adhered transferfilms bond to the

counter sample and protect the sample from further wear[35,40].

Others suggest that nanoparticles prevent the crystalline structure

of the PTFE from being destroyed during sliding[41].

1.2. Review of ultralow wear PTFE/alumina composite wear

mechanisms

For over a decade, composites of PTFE containing low con-

centrations (o 5 vol%) of certain special alpha-phase alumina

particles have been studied due to their wear rates that arefour

orders of magnitudelower than unfilled PTFE[7–9,13,14,16–18,45–

49].Mechanistic theories based on both experiments and modeling

have indicated the importance of transferfilms[8,9,16,18,45,47],

runningfilms on the wear surface of the polymer[17,47], polymer

morphology[14,45,49,50],filler phase, size and shape[7,13,16,50],

composite dispersion[14],filler reinforcement mechanisms[17,50],

PTFE fibrillation [49,50], environmental chemistry[8,10] and

countersurface roughness[16,24].Itisdifficult to directly rule out

many of the previously presented theories because there are mul-

tiple length-scale and time-scale, physical, mechanical, chemical

and material dominated phenomena 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)[9].PTFE

has been shown to transfer to a metal countersample after only a
single sliding cycle[51,52]. During these transfer events, carbon–

carbon bonds are broken, presenting an opportunity for tri-

bochemistry[5,6,8,11,17,46,47,51–60].

Recently, themechanismbehind this remarkable material has

been investigated using various research tools including XPS, FTIR,

AFM, nano-indentation, 3D X-ray microtomography, and envir-

onmental/vacuum testing[8–12,17]. Harris et al. explained that

the chemical signature of the transferfilms and runningfilms was

consistent with newly formed carboxylate end groups[11]. They

showed that these endgroups arose by a two-step process:first,

carbon radicals were formed by mechanochemical breaking of C–C

bonds in the PTFE backbone, followed by reaction with oxygen and

water from the ambient environment. These new endgroups were

shown to chelate to both the metal countersurface to form a

tenacious transferfilm, and to the aluminafiller surface, thereby

effectively crosslinking the polymer matrix[11].

1.3. Preliminary hypothesis

Although PFA has been around since the early 1970s, its tri-

bological properties have rarely been evaluated[61], especially

compared to PTFE and PTFE composites. Considering PFA’s random

copolymer structure of mostly TFE and a small fraction of PPVE

monomer, the ultralow wear mechanism for PTFE-αalumina
composites described above would still apply to PFA-αalumina
composites. The tribochemical mechanisms explained by Harris

et al. would still occur due to similar mechanical stresses causing

chain scission along the carbon backbone of the PFA molecular

chain. This chain scission would still lead to the formation of

carbon radicals, which would likely bond with water and oxygen

from the environment. These endgroups would still likely chelate

to the metallic countersurface and the alumina particles on the

surface of the PFA-αalumina composites. To evaluate this
hypothesis, the tribological properties of both unfilled PFA 340 and

PFA 340-αalumina composites were investigated as well as the
chemical spectra of their tribofilms.
2. Materials and sample preparation

Blends of DuPont (now Chemours) Teflons PFA 340 (TFE-co-

PPVE) andα-alumina were prepared using a ZSK 18 mm co-
rotating twin screw megacompounder with a typical screw

design for dispersion of inorganics influorinated materials. Alu-

mina contents ranging from 0 to 10 wt% were studied. The alu-

mina was dried for 8 hours at 100°C prior to compounding; PFA

pellets were used as received. The aluminafiller was added to the

primary extruder feed along with the PFA. The resulting strand

was water quenched and pelletized. These pellets were dried and

then used to mold 40 40 7.5 mm plaques using a Boy Machines

22 AV single screw vertical barrel, vertical platen injection mold-

ing machine. When injection molding these parts from PFA, opti-

mal part strength was obtained by allowing the parts to cool

slowly in a relatively hot mold; in this case, the initial mold

temperature was 285°C and cooling times were approximately 40

seconds. Theα-alumina“nanoparticles”were purchased from
Nanostructured and Amorphous materials, Stock#1015WW. As

previously published[23]these particles were shown to bemicron

sizedporous agglomerates with aD50¼3.95mm by static light

scattering and a BET surface area of 41.4 m2/g.

After the part was removed from the injection mold cavity, the

6.3 mm 6.3 mm 12.7 mm polymer were machined for use in

wear testing. The surface to be tested was polished using a pol-

ishing wheel with 800 grit SiC sandpaper. The test samples were

then placed in a methanol bath and sonicated for thirty minutes to

ensure any contaminants on the surface of the samples had been
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removed. The polymer samples were removed from the bath and

allowed to dry for at least four hours in laboratory air before

testing began. 304L stainless steel with a lapped surfacefinish

(Ra 150 nm) was chosen as the countersurface for this study

(prepared by Metal Samples Co.). The countersamples were

washed with Softsoap s (Colgate-Palmolive Company) and tap

water and then rinsed with methanol at least thirty minutes

before testing started.
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Fig. 2.Friction coefficient versus sliding distance of unfilled PFA 340 and

unfilled PTFE.
3. Experimental methods

3.1. Tribometer

A linear reciprocating tribometer as previously described[62]

was used to perform the lab tests. Temperature and relative

humidity of the laboratory air were monitored during all tests.

Normal and frictional forces applied to the polymer pin were

monitored using a six axis load cell (AMTI MC3A-1000, Watertown

MA). A linear ball motor stage reciprocated the countersample

across the pin surface. Control of the pneumatic thruster, linear

stage, and data acquisition was performed by LabVIEWs (National

Instruments, Austin TX). Uncertainties in friction coefficient

reported are less than 0.005[62]; this uncertainty is much lower

than the statistical variation in friction coefficient.

3.2. Wear rate measurement

Wear rate was quantified on a mass/density basis (Eq.(1)). The

sample dimensions were measured using calipers before testing

(nominally 6.35 6.35 12.7 mm with small variations from

machining). Its mass was recorded using a balance with a 0.01 mg

resolution. From this initial measurement the density of the polymer

was determined (nominally 2.15 g/cm3). Wear rate of the polymer

(K) was calculated using Archard’swearlaw[63],whichdefines wear

rate as volume lost (Vlost) of the material divided by an applied

normal load (Fn) and sliding distance (d). This is rewritten in terms of

change in mass caused by wear (Δm)anddensity(ρ)(Eq.(1))

K¼
Vlost
FnUd

¼
Δm=ρ
FnUd

ð1Þ

Mass measurements of the polymer were taken incrementally

to evaluate wear rate as a function of sliding cycles. The number of

cycles between massing increased with increasing sliding cycles to

resolve transient wear of early cycles (run-in) from steady-state

wear rate at extended sliding cycles.

3.3. Experiments

A normal load of 250 N (6.3 MPa) was used as a direct com-

parison to many PTFE-αalumina composite systems that have
been previously tested. A sliding speed of 50.8 mm/s and a sliding

stroke of 25.4 mm were used to simulate typical engineering

conditions and previous studies on PTFE systems[8–12,17–20,46].

Tests were run until the polymer pin failed due to excessive wear

(greater than 50 mm3) or until half a million sliding cycles

(25.4 km of sliding) were completed.

3.4. Infrared spectroscopy

Recent papers[8,11,19,23]have demonstrated the importance

of tribochemistry in creating ultralow wearfluoropolymer com-

posite systems. Multiple types of spectroscopy have shown that

chemical endgroups on the metallic countersample and running

surface of the polymer compositefilms are critical for PTFE-α
alumina composites to achieve ultralow wear conditions. Infrared
spectra of the running surface of the polymer pin and the bulk

surface of the polymer were taken using attenuated total reflec-

tance infrared (ATR-IR) with a Golden Gate (Specac) horizontal

diamond ATR. Infrared spectra of the polymeric PFA transferfilms

on the metal countersample were acquired using a Thermo Sci-

entific Nicolet Continumm infrared microscope (Thermofisher Sci-

entific) in reflectance mode. The size of the transferfilm area that

was analyzed was governed by the 100mm aperture used.
4. Results and discussion

4.1. Tribological behavior

The friction coefficient versus sliding distance for the unfilled

PFA and PTFE samples is shown inFig. 2. The initial friction coef-

ficient (average overfirst 1000 cycles) for unfilled PFA 340 was

0.29 and it slowly decreased over time to afinal value of 0.24. This

was significantly higher than the value of unfilled PTFE (m 0.14).

The reason for this difference in friction has been assigned to the

perfluoroethoxy (C2F5O-) sidegroups in PFA 340 disrupting the

smooth molecular profile of the linearfluoropolymer[29,64].

The initial friction coefficient (average overfirst 1000 cycles) of

PFA-αalumina composites ranged between 0.20 and 0.24, then
followed a moderate decrease in friction coefficient during thefirst

250 m of sliding (m 0.16–0.21) (Fig. 3b). This drop in friction

coefficient was followed by an increase in friction coefficient up to

0.24–0.27 during the last 15 km of sliding (Fig. 3a). Friction coeffi-

cient for PTFE-αalumina composite was initially very low, (m 0.16

and 0.18), during thefirst 250 m of sliding (Fig. 3a and b). After that

initial 250 m of sliding, the PTFE-αalumina composite followed a
similar trend of increasing friction coefficient with increasing slid-

ing distance seen in the PFA composites resulting in afinal friction

coefficient of 0.26. After the initial run-in period, the friction coef-

ficient of PTFE and PFA alumina composites is comparable which is

surprising due to the significantly higher friction coefficient of

unfilled PFA compared to unfilled PTFE. This shows that the

tribochemically-generated transferfilms and runningfilms for PFA-

αalumina composites are not that different from PTFE-αalumina
composites (this is supported below by IR spectroscopy).

The wear behavior of PFA and PFA-αalumina composites is
exhibited using volume lost versus sliding distance graphs (Fig. 4).

Fig. 4a illustrates the drastic improvement in wear rate achieved

by adding 5–10 wt% alumina to PFA. Thefinal wear rate of unfilled

PFA ranged between 1.4 and 6.7 10 4mm3/Nm and PFA-αalu-
mina composites were found to be 6.8 10-8mm3/Nm (5 wt%),
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4.0 10-8mm3/Nm (7.5 wt%) and 4.3 10 8mm3/Nm (10 wt%),

10,000 times better than unfilled PFA (Fig. 4). The volume loss

curves show that the initial wear rate of the PFA-αalumina
composites was quite high (first 1000 sliding cycles (50.8 m))

(Fig. 4b); but, the composites then transitioned to an ultralow

wear regime (Ko1 10-6mm3/Nm) after 2500 m (Fig. 4c).

This extraordinary decrease in wear rate was similar to that

seen in PTFE-αalumina composites[8,10–14,17,18,25], however
this is thefirst time wear rates this low have been reported for a

non-PTFE perfluoropolymer. A summary of the tribological tests

completed for this study is shown inTable 1.

4.2. Tribofilm morphology

Like the PTFE-αalumina composite system, the worn surface of
the PFA-αalumina composites and the metallic surface it slid upon
(i.e. the runningfilm and transferfilm respectively) show char-

acteristic differences compared to unfilled samples[17]. The pri-

mary qualitative differences between the unfilled PFA compared to

filled PFA-αalumina composites are the brownfilms on the sur-
face of the PFA-αalumina composite surface/metallic counter-
surface pair as well as a change in the shape and size of the wear

debris (Fig. 5). For the unfilled PFA runningfilm, there is no

noticeable change in color during the test duration (10,000 cycles).

At the end of the sliding stroke on the stainless steel countersur-

face, the unfilled PFA produced a large amount of string-like wear

debris (different from theflaky wear debris seen in unfilled PTFE

[3,6]). The brown color associated with ultralow wear PTFE-α
alumina composites after a thousand cycles on the sliding surface

of the polymer was also observed in PFA-αalumina composites
[17]. These runningfilms dull during the course of testing as

shown by the runningfilms after 25.4 km of sliding.

The transferfilm on the stainless steel surface was usually clear

with a few brown regions and particulates that accumulated at the

ends of the transferfilm (Fig. 6). These wear debris were much

smaller in size than the corresponding unfilled counterparts. The

difference in the quantity of wear debris produced in thefilled

versus unfilled PFA was quite startling, especially because the PFA-α
alumina composites pin ran for 50 times longer and exhibited only

a small fraction of wear debris compared to the unfilled sample.

4.3. Infrared spectroscopy of tribofilms

IR spectra revealed large differences in the chemistry of tribo-

films (schematically defined inFig. 7a) from PFA and PFA-αalumina
composites. ATR-FTIR spectra were acquired on the unworn surface

(Fig. 7a) and the wear surface (runningfilm) on the metal
counterface (Fig. 7b) of the PFA and PFA-αalumina composite.
Unfilled PFA had nearly identical spectra for both worn and unworn

surfaces, with characteristic peaks assigned to–CF2–units of the

backbone ( 1148 cm 1and 1204 cm 1) as well as a peak at

993 cm 1from the–CF3group of the PPVE comonomer. Unworn

PFA with 10 wt% alumina shared the primary peaks corresponding

to the TFE and PPVE monomers in thefluoropolymer matrix, but

also had an additional broad absorbance below 1000 cm1in the

metal-oxo region corresponding to the aluminafiller. New chemical

species were observed in the spectra of worn PFA-αalumina run-
ningfilm, similar to those found in previously reported PTFE-α
alumina tribofilms[9]. These include two broad C–Ostretchesof

perfluorocarboxylate salts ( 1434 cm 1and 1665 cm 1) and the

broad–OH stretches from waters of hydration (3265 cm 1).

FTIR (in reflectance mode) of the 10 wt% aluminafilled PFA

transferfilm showed peaks consistent with transfer of PFA to the

steel surface: 1159, 1216, and 993 cm1. There were also new broad

peaks at 1439, 1686 and 3265 cm 1, corresponding to hydrated

perfluorocarboxylate salts. Finally, the chemical signature of the

aluminum oxidefiller was again present (broad absorbance below

1000 cm 1).

4.4. Mechanistic discussion

It was expected that aluminafillers would reduce the wear rate

of PFA by several orders of magnitude, comparable to the well-

documented reduction of wear in PTFE-αalumina composites. The
wear rate of PFA was reduced by more than three orders of mag-

nitude with the inclusion of 5–10 wt% aluminafiller. The char-

acteristic morphological and chemical changes linked to the

ultralow wear performance of PTFE-αalumina composites were
also observed in PFA-αalumina composites. The carboxylate salts
observed in the runningfilm and transferfilm of PFA-αalumina
composites were consistent with the hypothesized mechanism

that included tribochemical breaking of C–C bonds along the

fluoropolymer backbone. This is followed by the reaction of carbon

radicals and environmental species, resulting in the formation of

new endgroups (carboxylic acids) which can subsequently chelate

to metals and metal oxides, forming well adhered transferfilms

(through substrate-polymer chelations) as well as mechanically

reinforced tribofilms (from multiple carboxyl endgroup chelations

to the same metallic/metal oxide particle, essentially forming a

crosslinkedfluoropolymer surface). This extends the conceptual

framework for wear of PTFE-α-alumina composites to wear of
other perfluoropolymer/alumina composite systems.
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Table 1

Initial andfinal wear rates and friction coefficients (m) for various weight percen-

tages of Al2O3in PFA and PTFE composites tested.Kinitialis the mass based wear rate

after 1000 sliding cycles.Kfinalis thefinal differential mass-based wear rate: for

unfilled polymers this is thefinal 5000 sliding cycles (from 5000 to 10,000 total

cycles); forfilled polymers this is thefinal 200,000 sliding cycles (from 300,000 to

500,000 total cycles).minitialis the average friction coefficient overfirst 1000 cycles

andmfinal is the average friction coefficient for the last experiment (i.e.5000to

10,000 total cycles for unfilled and 300,000 to 500,000 total cycles forfilled).

wt% Al2O3 Kinitial(mm
3/

Nm)

Kfinal(mm
3/

Nm)

minitial mfinal RH (%) RH STD

DEV (%)

Unfilled PFA 6.6 10 4 1.4 10 4 0.29 0.24 26 0.6

5.0 (PTFE) 6.9 10 6 4.4 10 8 0.17 0.26 19 1.0

5.0 1.7 10 5 6.8 10 8 0.23 0.27 28 3.6

7.5] 1.0 10 5 4.0 10 8 0.24 0.27 13 2.5

10.0 9.4 10 6 4.3 10 8 0.20 0.25 12 1.4

0 cycles (0 m)

1,000 cycles (50.8 m)

5,000 cycles (254 m)
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5.0
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Fig. 5.Runningfilm evolutions for PFA and PFAα-alumina composites after

25.4 km of sliding. Periodic photographs of wear surface of the polymer/polymer

composites.

after 10,000 cycles
PFA with 7.5 wt. % Al2O3
after 500,000 cycles

Fig. 6.Transferfilms of PFA unfilled after 508 m of sliding and 7.5 weight percent

α-alumina after 25.4 km of sliding.
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5. Conclusions

The addition of 5–10 wt%αalumina to PFA 340 polymer
achieved ultra-low wear rates that were nearly 10,000 less than

unfilled PFA 340 at 6.25 MPa of applied pressure. Frictional

behavior of theαalumina-filled PFA composite was comparable to
unfilled PFA andαaluminafilled PTFE. The reduction in wear
corresponded to the development of tribofilms at the sliding

interface. A dark brown runningfilm was seen in PFA 340-alumina

composites after 1000 cycles that dulled in color with increasing

cycles, (no brown coloring was seen on the unfilled PFA 340
sample). Transferfilms on the steel countersurfaces slid against

thefilled PFA 340-alumina showed a slight brown color. Wear

debris produced by the PFA-αalumina composites was much
smaller and darker than the largeflakey debris found in

unfilled PFA.

Infrared spectroscopy of the tribofilms of PFA-αalumina com-
posites revealed chemical groups that were not present in the

unfilled PFA sample's tribofilms. The chemical endgroups present

in the tribofilms of theαaluminafilled PFA samples include car-
boxylate groups which are hypothesized to form from the ends of

mechanically broken PFA chains and environmental constituents.

These carboxylates chelate to metal/metal oxides on the surface of

the polymer and countersample to form robust, protective transfer

films. This mechanism extends the framework for ultra-low wear
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PTFE-α alumina composites, which similarly relies on tribochem-
ical reactions at the sliding interface to produce robust tribofilms.
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