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ABSTRACT: Remarkably low wear rates were observed in 10%3
PTFE—PEEK and polytetrafluoroethylene (PTFE)-alpha-alumina € 10+
composites when evaluated in a “self-mated” configuration, where a <
polymer pin is slid against a polymer countersample of the same £
composition. Each composite was tested in a controlled humidity o
environment on a linearly reciprocating tribometer on two different S107] g T self-mated

countersamples: a polymer countersample (self-mated) and a 510! A& I g JJower friction. near-record wear
stainless steel countersample for comparison. For all the self-mated 10°] SEN B m s acc’umulation of filler
PTFE—PEEK composites [polyether ether ketone (PEEK) wt % UB@EEd PTFE- F[);EFEIIE( and tribochemical carboxylates
10, 20, 30, 40, and 50], the average friction coeflicient was reduced,

and the steady-state and total specific wear rates were improved when compared to testing against stainless steel. Self-mated PTFE—
PEEK (wt % 10—40) achieved ultralow wear rates on the order of 107 mm®/Nm and friction coefficients of 0.08—0.14. When
compared with samples slid against stainless steel, IR spectroscopy of the sliding surface showed that the self-mated PTFE—PEEK
composites accumulate more PEEK at the sliding interface and more expression of a tribochemical carboxylate species, which have
been linked with ultralow wear PTFE materials. The PTFE composites slid on steel rely on the formation of transfer films for
ultralow wear performance. This is achieved by unidirectional increasing surface energy gradients from the polymer pin to the steel
substrate, which dominate the transport and wear of PTFE composites slid on steel. However, the self-mated ultralow wear PTFE-
based composites rely only on the formation and stability of tribofilms that consist of tribochemically altered PTFE with new
carboxylate end groups as well as accumulated filler (i.e., PEEK or alumina). These films have self-regulating, minimal differences in
surface energy. The close match of these low-energy surfaces contributes to low friction and ultralow wear. The self-mated PEEK-
filled PTFE outperforms the alumina-filled PTFE primarily because of the ease at which PEEK accumulates at the surface.
Additionally, the reinforcement and anchoring of the surface is better for a polymer blend than a particle-reinforced composite.

-surface energy gradient
from polymer pin to
steel substrate

1. INTRODUCTION works by Harris et al, critical contact lengths of PTFE fibrils to
fracture due to sliding were computed and concluded that high
molecular weight PTEE fibrils are unlikely to transfer an entire
polymer chain to the surface and C—C backbone bond scission
occurs during sliding."® Fluoropolymers with lower molecular
weights will have higher crystallinity, which was observed by
Sidebottom et al. using differential scanning calorimetry
analysis of perfluoroalkoxy polymer wear debris compared to
the bulk material, indicating that sliding induces chain scission
and chain shortening.*” Shear-induced polymer chain scission
of PTFE C—C bonds and reactions with the sliding

Polytetrafluoroethylene (PTFE) is widely used in tribological
applications due to its low friction, high melting temperature
and operating range, and hydrophobic properties.' > However,
PTFE is prone to high wear rates (K ~ 107* mm®/Nm).*™"
Filler materials can be added to PTFE to improve its wear
characteristics by 3—5 orders of magnitude. By adding less
than 5 wt % of microscale alpha-alumina particles, the wear
rate of the composite can be reduced to 1077 mm?®/Nm or
less.''™'® PTFE can also be blended with other polymeric

materials, such as polyether ether ketone (PEEK), to improve ; A
countersample and environment can generate carboxylic acid

wear rates by several orders of magnitude.'”~*" The fillers
7 ivle functi & f ducti end groups which are observable through IR spectrosco-
appear to serve multiple functions for wear reduction, 16182031 hemical ) I i
py. ese chemical species are only present after

including preventing delamination,10’12’19’22’23 reducing debris - oL . -
. 24-36 e . sliding, indicating that there are chemical differences between
size, and stabilizing the characteristic transfer
E@vm’unl\ [i§
g
|

films'>'>*"*77* and running films."®
While the specific mechanisms behind the role of fillers in Received: December 17, 2021

transfer film development vary between filler materials and are Revised:  April 27, 2022

not fully understood, the transfer films of ultralow wear PTFE Published: May 12, 2022

composites (K < 1077 mm®/Nm) usually exhibit chemical

changes generated through a combination of the physical

sliding motion and environmental factors.'””'®%12¢3%31
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the bulk polymer and the tribofilms (i.e., polymer transfer film
on the countersample and running film on the wear surface of
the polymer). Running films have also been shown to have
higher hardness and elastic moduli than the bulk polymer.'®
These tribochemical changes and more robust mechanical
properties of tribofilms contribute to the improved wear
properties in PTFE composites.12’16’18’20_22’32_35

The low-friction sliding of PTFE and PTFE composites is
attributed to the easy relative shearing of units of PTFE and
PTFE sliding on the transfer film formed on the opposing
material at the sliding interface. PTFE structural units, or
crystallites, contain slices of closely packed and folded polymer
chains. These slices are separated by amorphous or poorly
crystalline regions; during sliding, PTFE adheres to the sliding
countersurface, and the amorphous polymer regions are
sheared with relatively low stresses.” In many tribological
experiments and applications, PTFE composites slide against
steel alloys. The steel countersurface is much harder than the
PTFE composite and shears the softer PTFE during sliding.
The sheared material is deposited onto the steel countersur-
face, forming a thin transfer film. In situ surface plasmon
resonance experiments have shown that PTFE will transfer to
the sliding countersurface in as low as 1 sliding cycle.”” Due to
PTFE’s low surface energy and rigid, fluorine-encased polymer
chain structure, the bulk composite of PTFE can slide against
the thin transfer film with low forces and very low friction
coefficients (4 < 0.1)°. Ultimately, both the low friction and
low wear properties of PTFE composites can be mainly
attributed to well-developed transfer films that are persistent
throughout sliding.

The observation of low friction and low wear of PTFE
composites in sliding experiments where robust transfer films
can be formed points to the importance of PTFE composites
sliding against a deposited layer of the PTFE composite itself.
The characteristic tribochemical changes seen in ultralow wear
PTFE composite transfer films are important for the physical
bonding of the transfer film to the countersample and the
subsequent reduction in film delamination. Based on this, it is
possible that the sliding of a PTFE composite against a
countersurface made of the same PTFE composite could result
in low friction and wear. In this paper, the wear and friction
behavior of PTFE composites slid against compositionally
identical PTFE composites in a “self-mated” configuration
were investigated. Various PTFE composites (unfilled PTFE,
PTFE—PEEK, and PTFE-alpha-alumina) were tested in both a
self-mated configuration (composite on composite) and a
control (composite on stainless steel). Wear rate and friction
coeflicient were measured to observe the differences in
performance and potentially lower friction and lower wear
behavior in a self-mated configuration. IR spectroscopy of the
bulk polymer and the polymer wear surface (often referred to
as a “running film”) was used to evaluate if tribochemical
changes also occur in self-mated sliding when compared to
composite-on-steel sliding.

2. MATERIALS AND METHODS

2.1. Materials and Sample Preparation. Seven different PTFE-
filled composites were evaluated: PTFE (Chemours Teflon 7C resin)
with 10, 20, 30, 40, and 50 wt % PEEK (4SOPF, Victrex), unfilled
PTFE, and PTFE with S wt % alpha-alumina (Nanostructured and
Amorphous Materials, Inc., Stock #101SWW,99.5%). The alumina
has a supplier-specified approximate particle size of 27—43 nm (no
method given); however, it has been shown that the filler has a
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median size of ~4 pm as measured by static light scattering.
Furthermore, the filler has a porous/agglomerated architecture with
nanoscale features.'”

The dry powders were combined and mixed by hand using a
spatula, after which isopropyl alcohol (IPA) was added (at a ratio of
~5:1 alcohol to powder by mass) and mixed. The samples were
further combined using an ultrasonic horn (Branson Digital Sonifier
SFXS550) with a micro-tip attachment. Sonication was performed at
40% amplitude for three continuously pulsed S min intervals, with a
rest in between intervals of 1 min or until the mixtures were allowed
to cool down to room temperature. The IPA-dispersed samples were
placed in a fume hood to allow the IPA to fully evaporate over the
course of 3—5 days.

The mixed composite resin powder (50 g) was placed in a
rectangular 1”7 X 2.5” (25.4 mm X 63.5 mm) 440 C stainless steel
mold and compressed to 10 MPa using a hydraulic press. The molded
sample was wrapped in aluminum foil and free-sintered in an oven
using the following temperature profile: heated at 2 °C/min from
room temperature to 380 °C, 3 h dwell at 380 °C, and cooled at 2
°C/min from 380 °C to room temperature. The sintered sample was
used to make both the pin and the countersample. An 8 mm X 25 mm
section of the molded sample was cut off and machined to make two
6.35 X 6.35 X 12 mm pins. The remaining material was used as the
countersample for self-mated testing. Four holes were drilled to serve
as attachment points.

In addition to the self-mated testing, one of the two machined
polymer pins was also tested on a 304 stainless steel countersample
for comparison with the self-mated results and with previously
reported wear performance. A 0.1875” X 1”X 1.5” mirror finish 304
stainless steel coupon was used for testing. The real surface roughness
was measured to be 25 nm Ra using an optical profilometer.

Prior to testing, polymer pins and countersamples were submerged
in methanol and sonicated for 30 min. The samples were removed
and placed in a fume hood to dry. Stainless steel countersamples were
washed with Alconox soap, rinsed with water, and then rinsed with
methanol. The countersamples were also placed in a fume hood to
dry. After drying, the polymer samples were allowed to equilibrate in
the controlled humidity chamber used for testing.

2.2. Friction and Wear Testing. Friction and wear testing was
performed in a flat-on-flat sample configuration (Figure 1) on a linear

F .
polymer " running
(pin) ¢ film
ggrt]lqr;)t%r transfer film

Figure 1. Flat-on-flat configuration of polymer pin and the
countersample.

reciprocating tribometer. A 250 N normal force was applied, resulting
in a contact pressure of 6.2 MPa. Two load cells continuously
measured the normal and friction forces experienced by the polymer
pin. A constant contact pressure was maintained by servoing on the
measured normal load. The countersample was slid below the
polymer pin over a stroke length of 20 mm (40 mm/cycle) and a
speed of 50 mm/s using a larger ball screw-driven stage. The samples
were slid for a total of 1 million cycles (40 km of sliding). Interrupted
mass measurements were performed at the following cycle intervals:
1k, 4k, Sk, 10k, 10k, 10k, 10k S0k, 100k, 100k, 100k, 100k, 100k,
200k, and 200k. All experiments were performed in an environ-
mentally controlled glovebox with air at a 30 =+ 2% RH with an
ambient temperature of 24—26 °C. The sample temperature was not
directly measured. While we did not test multiple normal loads, we
present specific wear rates as they are the most broadly applicable
across the literature. Sliding speeds, contact pressures, and contact
geometries used in testing are comparable to many previous works on
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Figure 2. (a) Steady-state wear rates of PTFE composites slid against stainless steel countersamples and self-mated polymer countersamples. Wear
reported for polymer pins slid on steel, polymer pin slid self-mated against a polymer countersample, and the wear of the polymer countersample
itself. (b) Friction coefficients of PTFE composites slid against stainless steel countersamples and self-mated polymer countersamples. The friction
coefficient reported is the average friction coefficient measured during sliding over the steady-state wear region.

Table 1. Summary of Tribological Results

filler countersample Hsteady o, K
S wt % ALO, steel (pin) 0.234 0.004 51X
self (pin) 0258 0.003 21 X
self (sub.) 0.258 0.003 2.1 X
10 wt % PEEK steel (pin) 0.132 0.002 7.5 X
self (pin) 0.086 0.004 4.8 X
self (sub.) 0.086 0.004 32 X
20 wt % PEEK steel (pin) 0.123 0.003 1.8 X
self (pin) 0.101 0.002 7.9 X
self (sub.) 0.101 0.002 22 %
30 wt % PEEK steel (pin) 0.113 0.001 2.6 X
self (pin) 0.082 0.002 41 %
self (sub.) 0.082 0.002 43 X
40 wt % PEEK steel (pin) 0.144 0.004 4.2 X
self (pin) 0.094 0.008 7.5 X
self (sub.) 0.094 0.008 3.6 X
50 wt % PEEK steel (pin) 0.152 0.003 75 %
self (pin) 0.110 0.004 2.0 X
self (sub.) 0.110 0.004 7.1 X
unfilled steel (pin) 0.182 0.007 7.8 X
self (pin) 0.110 0.002 1.5 X
self (sub.) 0.110 0.002 40 x

steady (mm3/ Nm)

1078
1077
1077

UKsteady (mma/ Nm) Kiotal (mm3/ Nm) Uktotal (mma/ Nm)

33x107° 1.4 x 1077 12 x 107
3.8 x 1077 2.0 X 1077 1.5 x 107
2.5 %1078 1.9 x 1077 9.3 x 107°
8.6 x 107° 5.1 x 1077 2.6 x 107°
32 x 1077 58 x 107% 1.3 x 107
2.7 x 1078 43 x 1077 1.1 x 1078
4.6 % 1078 3.0 x 107¢ 1.5 x 1078
3.5x107° 1.3 x 1077 12 x 107
21x 1078 49 x 1077 7.9 X 107°
1.5 x 1078 9.7 x 1077 4.5 x 1077
2.8 X 107° 4.4 x 1078 1.1 X 10~
1.3 x 1078 2.5 %1077 5.1 x 1077
42 % 107 1.9 x 1077 1.4 x 107
33 x 1077 1.1 x 1077 1.2 x 107
32x 1078 2.5 %1077 1.3 x 1078
6.0 x 1077 3.4 x 1077 1.9 x 107
44 x 107 22 % 1077 1.5 X 10~
43 x 1078 7.2 % 1077 1.7 x 1078
5.6 X 107° 7.8 X 107 3.6 X 107°
1.1 x 107 1.3 x 107* 5.9 x 1077
2.7 x 1077 3.1%x10°° 1.5 x 1077

PTFE composites, and based on the studies on the tribological
properties of PTFE and PTFE—PEEK composites, should not cause
any significant frictional heating or creep of the sample.®'®!>197212%

Prior to testing, the polymer pins and polymer countersamples
were massed on a scale (Mettler Toledo XS205DU, 0.00001 g
resolution), and the dimensions of the samples were measured using
calipers (Mitutoyo AOS, 0.01 mm resolution). Material density was
determined using the volume of the sample and its mass (for polymer
countersamples, the volumes of the drilled attachment holes were
accounted for in density calculations). Interrupted mass measure-
ments were performed during the cycle intervals mentioned
previously. Volume loss was determined using the mass loss of the
sample and the material density. The specific wear rate of the sample
K was calculated using eq 1, where V'is the volume loss of the sample,
Fy is the applied load, and d is the sliding distance.

V[mm3]

K[mm?/Nm] = ———
(mm/Nm] = N ]

(1)
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Several types of specific wear rates were examined. Total wear rate
Ko can be calculated using the total volume loss of the sample and
the total sliding distance. Incremental wear rates Kj,. are calculated
using the volume loss per cycle interval and the sliding distance during
that interval. Steady-state wear rates K, and associated uncertainties
were calculated using a three-point fit using methods described in ref
38. The steady-state wear rates were calculated in regions of the
sliding distance where the volume loss exhibits a linearly increasing
trend.

Friction coefficients and their standard deviations were calculated
using the methods described in ref 39.The measured friction force was
divided by the measured normal force and plotted over the linear
sliding position for each cycle, creating a friction loop. The middle
50% of the loop was averaged to determine the friction coefficient for
each sliding cycle (as in ref 39).

2.3. Infrared Spectroscopy. A PerkinElmer Spectrum 100
Fourier transform infrared (FT-IR) spectrometer with an attenuated
total reflectance (ATR) accessory was used to identify the chemical
changes that occurred at the sliding interface of tribologically tested

https://doi.org/10.1021/acs.macromol.1c02581
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Figure 3. (a) Volume loss of PTFE composites over the total sliding distance. (b) Total wear rate of PTFE composites over the total sliding
distance. (c) Incremental wear rate over the total sliding distance. Note: Log scales for all axes.

PTFE composites. Both the sliding surface (tested surface) and the
bulk polymer (untested surface) for all composites were examined. All
spectra collected consisted of 32 scans with a spectral resolution of 4
cm™". The spectra were collected by cleaning the ATR diamond
crystal with isopropanol alcohol, followed by a background scan. ATR
measurements were made by placing the entire polymer sample wear
surface in contact with the diamond crystal and applying a normal
force using a manual probe, resulting in a spectra that samples the
entire surface. Baseline subtraction was performed using the
PerkinElmer Spectrum software’s baseline subtraction feature.

3. RESULTS AND DISCUSSION

3.1. Wear and Friction of Self-Mated PTFE Compo-
sites. The PTFE—PEEK composites as well as the unfilled
PTFE showed lower wear rates and lower friction coeflicients
in the self-mated configuration as compared to those slid on
steel (Figure 2 and Table 1). However, in the case of PTFE
with S wt % alumina, the friction coefficient and wear rate were
both moderately higher in the self-mated configuration than
when slid against stainless steel (Figure 2, Table 1).

The self-mated 30 wt % PEEK pin had the lowest steady-
state wear rate of all samples tested (4.14 X 10~ mm®/Nm) as
well as the lowest friction coefficient of 0.082. The unfilled
PTFE on steel had the highest steady-state wear rate of all
samples tested (7.80 X 10~* mm?/Nm), but the self-mated 5
wt % alpha-alumina pin had the highest steady-state friction
coeficient of 0.258.

The average steady-state friction coefficient (fye.qy), Steady-
state wear rate (Ksteady), and total wear rate (K,) with
associated standard deviation (o,) and uncertainties (UKsteady
and Upy,) measured for all PTFE composites tested are
presented in Table 1. The values are reported for the polymer
pin slid against steel (steel (pin)), the self-mated pin (self
(pin)), and the self-mated polymer countersample (self
(sub.)).

3.2. PTFE/PEEK Composites. A weight percent series of
PTFE—PEEK samples (10, 20, 30, 40, and S0 wt %) was tested
on steel and on a self-mated polymer countersample. All self-
mated samples exhibited lower friction and wear behavior
when compared to the same material slid against a stainless
steel countersurface. All self-mated pin samples except 50 wt %
PEEK achieved ultralow wear rates on the order of 107 mm?3/
Nm (Figure 2a). All self-mated samples including the S0 wt %
samples had friction coeflicients lower than 0.11 and as low as
0.08 (Figure 2b). However, not all samples slid against steel
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performed in a similar manner. The wear performance of the
samples slid on stainless steel varied from orders 107 to 107
mm?®/Nm, with no correlation to the wear rates of the self-
mated samples. The friction coefficients when slid against steel
ranged from 0.12 to 0.15.

The steady-state wear rates of almost all the self-mated pins
reached below 2 X 107 mm?®/Nm (as low as 4.1 X 107 mm?>/
Nm); however, the wear rates of the self-mated counter-
samples were generally higher than the self-mated pins,
between 2 and 7 X 107 mm®/Nm but with the 10 wt.%
reaching as low as 3 X 107 mm®/Nm (Table 1).

There were no observable trends in wear rate or friction
coefficient related to wt % of filler for either self-mated or on
steel configurations. However, all self-mated pins from the 10—
40 wt % range achieved 107 mm®/Nm steady-state wear rates
(S0 wt % ~ 2 x 107® mm’/Nm), and all countersamples
achieved 10™® mm®/Nm steady-state wear rates, regardless of
PEEK filler percentage. The wear rates of the pins on steel
varied multiple orders of magnitude depending on filler
percentage (107 to 107 mm?/Nm). This indicates that the
inherent variability in wear performance often seen in PTFE—
PEEK (e.g., Burris and Sawyer reported PTFE—PEEK
composite wear rates can vary by 2 orders of magnitude at
comparable filler weight percentages in batch variations'”) can
be mitigated by running these materials in a self-mated
configuration.

Trends in wear performance can be more closely
investigated in Figure 3 where volume loss, total wear rate,
and incremental wear rate are plotted over sliding distance. In
Figure 3a, the wear volume of all self-mated PTFE—PEEK pins
are bounded below ~1 mm?, regardless of filler wt %. There is
a small amount of overlap between the upper bound of the self-
mated samples and the lower bound of the samples slid against
steel. This overlap in volume loss and total wear rate between
self-mated and on-steel is due to the markedly low wear of the
PTFE 40 wt % PEEK slid against steel as compared to the
other samples slid on steel, the lowest of any sample slid
against steel in the entire data set.

The total wear rate trends of the PTFE—PEEK samples were
very similar to the volume loss trends, shown in Figure 3b. A
small amount of overlap between the self-mated and the on-
steel total wear bounds can also be attributed to the relatively
high wear of the self-mated 50 wt % PEEK sample and the
relatively low wear of the 40 wt % PEEK sample slid against
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Table 2. Peak Assignments of IR Spectra of Worn PTFE/Alumina and PTFE/PEEK Composites

peak location (cm™")

source

IR assignment

Rg-carboxylate salts (monodentate and bridging)

1685—1725 Tribochemical

1660 tribochemical Rg-carboxylate

1650 PEEK PEEK marker

1595 PEEK PEEK marker

1489 PEEK PEEK marker

1449 tribochemical chelated Rg-carboxylic acid
1430 tribochemical chelated Rg-carboxylic acid
1410 PEEK PEEK marker

1360 PTFE shortened PTFE chains
1310, 1315 PTFE shortened PTFE chains
1278 PTFE chain alignment

1218 PEEK carbonyl stretch

1204 PTFE asymmetric stretching of CF,
1149-1190 PEEK aromatic C—H deformation
1149 PTFE symmetric stretching of CF,
800 Alumina aluminum oxide

found in:

PTFE—PEEK and PTFE-alumina
PTFE—PEEK and PTFE-alumina
PTFE—PEEK

PTFE—PEEK

PTFE—PEEK

PTFE-—EEK

PTFE-alumina

PTFE—PEEK

PTFE-alumina

PTFE—PEEK, PTFE—alumina
PTFE—PEEK

PTFE—PEEK

PTFE—PEEK and PTFE-alumina
PTFE—PEEK

PTFE—PEEK and PTFE-alumina
PTFE-alumina

citation
13,18,20,21,40,41
13,18,20,21,40,41
20,21
20,21
20,21
13,18,20,21,40,41
13,18,20,21,40,41
21,42
33,43,44
33,43,44
13,18,33,45
20,21
13,18,20,21,33,46
21
13,18,20,21,33,46

32

steel. In Figure 3¢, incremental wear rates had a similar overlap,
especially in the larger sliding distances. This figure also
demonstrates the distance of sliding required for samples to
achieve steady-state wear. For most self-mated samples, steady-
state wear (constant incremental wear) was not achieved until
20 km of sliding or more. Additionally, most samples slid on
steel took a comparable amount of sliding distance to also
achieve steady-state wear. This transition from initially high
wear rates to low steady-state wear rates is commonly referred
to as “run-in”.

The 40 wt % PEEK samples had the most similarity between
the steady-state wear self-mated and on-steel and also had the
lowest wear rate on steel of any of the samples. The steady-
state wear rates were plotted on the (volume loss) versus
(normal load times distance) plot shown in Figure 4a (Note:
the slope of this plot is the wear rate in mm?/Nm). The run-in
volume of the self-mated pin is several times lower than both
the pin on steel and self-mated countersamples. However, the
volume loss of the pin on steel is lower than the pin on the self-
mated countersample despite the steady-state wear rate of the
self-mated countersample being less than the pin on steel.
When considering the combined volume loss and wear rate of
the self-mated pairing, the combined volume loss is higher than
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the pin-on-steel, but the steady-state wear is the same as the
pin on steel (4.4 and 4.2 X 10™® mm®/Nm, respectively). It is
also important to note that the uncertainty in the steady-state
wear of the self-mated countersample is 3.2 X 10™° mm*/Nm,
which is on the order of the steady-state wear itself. This can
be attributed to the volume loss fluctuations as the counter-
sample approaches steady state as well as the very low volume
loss relative to the overall volume of the sample. This high
uncertainty indicates that further sliding cycles are needed to
improve the uncertainty of the measurement and potentially
reveal even lower steady-state wear rates as the countersample
continues to run in.

To understand the tribochemical differences between the
running films of each sample, IR spectra were collected for the
worn surfaces of the self-mated and on-steel samples as well as
the bulk unworn composite for comparison. The absorbance
spectra of each 40 wt % sample are plotted in Figure 4b. All
spectra were normalized to the 1149 cm™ peak. The spectral
identification of new tribochemical species in the region
between 1400 and 1700 cm™! was challenging in this polymer/
polymer composite due to the multiple large absorbances of
the PEEK backbone (carbonyls and aromatic ring-breathing
modes) overlapping with those of new perfluorinated
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Figure 5. (a) Volume loss of PTFE 20 wt % PEEK run against steel and self-mated countersample plotted over Fyd. The specific steady-state wear
rate is indicated by the dashed line plotted for each sample. (b) IR spectra of worn surface of PTFE 20 wt % PEEK run against steel, the worn
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carboxylic acid end groups.”””' Peaks at 1149 and 1204 cm™’,

characteristic of PTFE, correspond to symmetric and
asymmetric stretching of CF, units in the backbone (Table
2). Peaks in the 1149—1190 cm™ range are aromatic C—H
deformations, characteristic of PEEK. Peaks at 1650, 1595,
1489, and 1410 cm™ are also markers for PEEK. The peak at
1218 cm™" corresponds to a carbonyl stretch, also associated
with PEEK. Both the self-mated and on-steel samples showed
differences in absorbance spectra when compared to the bulk
unworn composite. The change in ratio of infrared peaks for
the two polymers denotes an accumulation of PEEK at the
sliding interface. The shoulders present in the 1725—1685
ecm™' range and at 1449 cm™' are characteristic of
perfluorinated carboxylate salt formation, which were not
present in the unworn sample. These new peaks have been
observed by multiple groups in recent years and strongly
correlate with tribochemical species that only accumulate in
ultralow wear samples [13], [20], [21], [32], [36], [37]. The
shoulder of the self-mated sample is more pronounced than
that of the on-steel sample, and the additional carboxylic salt
accumulation could explain the lower steady-state wear rates of
the self-mated sample.

Other samples, such as the 20 wt % PEEK, had a much
larger difference in performance between the self-mated and
on-steel configurations. As shown in Figure Sa, the volume loss
of the pin run on steel was over an order of magnitude higher
than the self-mated pin. The steady-state wear of the sample on
steel was 1.79 X 107° mm?3/Nm, 2 orders of magnitude higher
than the self-mated countersample and 3 orders of magnitude
higher than the self-mated pin. The wear rate of PTFE with 20
wt % PEEK on steel was unexpectedly high, as the PEEK
loadings at or near 20% are often very low in many of the
previous studies of this material.”>™*! On looking back, the
original report on this material by Burris et al. showed a large
variation in the wear rates of this material, even at comparable
loading percentages.'” This suggests that there must be some
unknown processing variable that causes batch-to-batch
variation. However, self-mated configurations seem to be less
sensitive to batch variabilities, providing a more reliable
ultralow wear tribological pair.

The significant differences in the wear rate of the self-mated
and on-steel PTFE-20 wt % PEEK sample also correlated with
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differences in IR spectra (Figure Sb). Unlike the spectra of the
40 wt % PEEK samples, the relative peak intensities of the
worn self-mated and worn on steel were quite different. The
much larger absorbances at 1650, 1595, 1489, and 1410 cm™!
denoted a higher level of PEEK accumulation at the sliding
interface. In addition, the shoulder in the 1685—1725 cm™!
region was present for the self-mated pin but not for the pin on
steel. The lack of this shoulder in the pin slid on steel indicates
a lack of tribochemical development, which has been
correlated with higher wear rates.”’ When comparing the
PEEK accumulation at the wear interface of the self-mated and
on-steel samples, the self-mated samples generally have more
PEEK build-up.

For all PTFE—PEEK samples tested, the transition from
initially high wear rates to low steady-state wear rates of the
countersamples lagged behind the run in of the pins (see
Figures 4a and Sa). This could be attributed to the slower
development of tribochemistry on the countersample. The
stroke length during testing was 20 mm (40 mm/cycle), while
the width of the pin was ~6.35 mm. Over the course of a
sliding cycle, only 32% of the countersample track length was
in contact with the pin at any given time, while the pin was in
constant contact. This could cause the pin to develop a
tribofilm at a faster rate than the countersample, as any given
point on the pin experienced ~3.1 times more slip distance
than a point on the countersample. At the conclusion of
testing, all pins tested had achieved steady-state wear.
However, it is possible that the countersamples were still in
a transient period of run in. It is hypothesized that further
testing (past 1 million cycles) might result in equal pin and
countersample wear rates. Additionally, some interesting things
might be observed by varying the stroke distance relative to the
pin width.

While PTFE—PEEK composites are reported to be among
the most wear-resistant polymers ever recorded,”’ repeated
measurements resulted in a wide range of wear rates, pointing
to an uncontrolled element of this material’s remarkable
performance. This was highlighted in the seminal paper by
Burris and Sawyer where mixtures of comparable ratios
(nominally ~15 wt % PEEK as measured gravimetrically)
had wear rates ranging from 5 X 107 to 2 X 10~/ mm>/Nm."”
Subsequent manuscripts were unable to achieve wear rates of
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PEEK—PTFE below 1 x 107 mm3/Nm.*>*' Hypotheses for
this behavior range from thermal processing and resulting
microstructure’® to trace alumina filler contaminants,'*'>
Regardless of the origins of this variability in wear behavior,
the effects seem to be mitigated by the self-mated
configuration. Furthermore, the wear rates and friction
coeflicients are always lower for self-mated PTFE—PEEK
composites.

3.3. PTFE-Alumina Composites. PTFE-5 wt % alumina
samples run on steel achieved a steady-state wear rate of 5.1 X
10~ mm?®/Nm. When run in a self-mated configuration, the
PTFE alumina pin and polymer countersample achieved
steady-state wear rates of 2.1 X 1077 mm®/Nm. In Figure 6a,
the volume loss of the samples was plotted over the normal
force times the sliding distance. The slopes of the lines plotted
indicate the steady-state specific wear rate of each sample. The
volume loss of the self-mated sample started off with a smaller
run-in region shown in Figure 6a and a lower total volume loss
prior to 18 km of sliding when compared to the sample run on
steel. The self-mated volume loss appeared to level out and
started to achieve a lower wear rate [K ~ 2 X 107® mm?®/Nm at
4 km of sliding (Figure 7c) or 10° Nm (Figure 6a)]. However,
a wear event occurred after 4 km of sliding, and the
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incremental wear rate started to increase as can be seen in
Figure 7c. Beyond this point, the wear rate of the self-mated
sample exceeded that of the sample on steel. The counter-
sample achieved roughly the same steady-state wear rate as the
self-mated pin (K~ 2.1 X% 1077 mm3/Nm).

IR spectra of the PTFE-S wt % alumina running films
showed much larger peaks at 1685 and 1430 cm™' when slid
against steel than when slid self-mated, indicating a higher
development of tribochemistry. As observed by various other
research groups, the peaks in these regions correspond to Rg-
carboxylate salts, which have been shown to be present in the
tribofilms of ultralow wear materials."®*°~** These tribochem-
ical species serve as functional groups to (1) chemically bond
PTFE transfer films to the countersample, thereby anchoring
the films, and (2) bond PTFE chains to the reinforcing
accumulated metal oxide filler fragments and metals (worn
from the countersample), eﬁectlvely increasing the hardness
and modulus of the tribofilms.'® The larger expression of
tribochemistry coincided with the lower wear observed in the
PTFE-S wt % alumina sample run against steel. The lack of
tribochemical development in the self-mated sample indicated
a potentially less robust tribofilm forming at the sliding
interface. This could explain the large wear event which
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occurred at 4 km of sliding and the subsequent higher steady-
state wear when compared to the sample on steel. Prior to the
large wear event, the incremental wear rate of the self-mated
PTFE-S wt % alumina sample was lower than the sample run
on steel. The lower IR absorbance in these regions could also
be attributed to a delaminated running film, where after the
large wear event at 4 km, some of the running film was
removed such that there was simply less tribochemical species
left on the surface.

Peaks at 1315 and 1360 cm™ can be attributed to axial
stretching of CF, and the presence of relatively short PTFE
polymer chains®>**** (Table 2). In previous work, these peaks
were only observed when the fluorocarbon chains were short.”’
Decreasing chain length can be caused by sliding-induced
chain scission. Peaks 1315 and 1360 cm™" in the running film
of the PTFE/S wt % alumina slid against steel indicated the
presence and accumulation of these short fluorocarbon chains.
The chain scission of PTFE is critical to the formation of
tribochemistry and tribofilms.'*** The lack of these peaks in
the self-mated sample indicates either a lack of accumulation of
these short PTFE chains in the transfer film or the self-mated
system does not generate shortened PTFE chains. This
contrast between the self-mated and on-steel configuration
supports the differences seen in their tribochemical expression
and wear performance.

Wear and tribofilm formation mechanisms for PTFE filled
with alumina microfillers have been widely stud-
ied.! VP19 TI8223L It has been demonstrated that the
accumulation of alumina in the transfer film and the running
film helps to reduce wear by reinforcing the compo-
site.'®'®*1% In those systems, it was necessary that the
alumina microfillers be friable enough to be broken down into
nanoscale fragments, which then accumulated at the sliding
interface and bonded to newly formed carboxyl end
groups.' " If the particulates were hard or remained at the
microscale, they abraded the transfer film and/or countersur-
face which led to delamination and large wear events.

It is possible that, when sliding in a self-mated configuration,
the degree to which these microscale fillers encounter a hard-
enough body or reach a high-enough stress to break down into
nanoscale fragments is limited. Even if they did contact
another particle, the frequency of these contacts would be
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significantly less than the frequency of which they interact with
steel. Thus, it is less likely to form the inherently wear-resistant
alumina-rich tribofilms previously observed with PTFE-
alumina on steel.">'®** If the alpha-alumina remained in its
microscale state, it could become a source of abrasion and wear
of developed tribofilms.

3.4. Unfilled PTFE. The unfilled PTFE sample exhibited
steady-state wear and friction that was lower in the self-mated
configuration than the sample run on stainless steel. Figure 7a
shows that the volume loss of the unfilled PTFE slid on
stainless steel is linear from the beginning of testing. This
linearity can be observed in Figure 7b,c, where the incremental
wear is constant, and the total wear is constant. The steady-
state wear was determined to be 7.4 X 107 mm?3/Nm. The
self-mated unfilled PTFE sample was observed to be much
more variable over the course of testing. Prior to 800 m of
sliding, the incremental wear of the sample is decreasing.
However, after this point, the incremental wear begins to
increase before achieving a steady-state wear of 1.5 X 107*
mm?®/Nm. The volume loss and steady-state wear behavior is
observed in Figure 8a. The self-mated countersample followed
a similar trend but maintained a lower total and incremental
wear rate than the self-mated pin and achieved a steady-state
wear rate of 4.0 X 107> mm®/Nm (Figure 8a). The increase in
wear at 800 m of sliding could be caused by several factors.
One possibility is similar to that of the PTFE alumina sample,
where the transfer film forms but begins to delaminate and
leads to a large wear event. The unfilled PTFE pin exhibited
significant amounts of creep, causing the sample width to
increase and the contact patch and wear track on the polymer
sample to increase, which could have also contributed to
increases in wear. Wear testing of the self-mated unfilled PTFE
sample was stopped at 4 km of sliding due to high mass loss
and lack of remaining pin length to test.

The IR spectra of the worn surfaces of the self-mated and
on-steel unfilled PTFE samples, as well as the unworn bulk
composite, are shown in Figure 8b. The unworn and worn on-
steel surfaces are the same with no noticeable peak variation
except for a slightly larger 1204 cm™ peak. There was no
evidence of an increase in carboxyl peaks (~1650 and ~1450
ecm™) from unworn to worn samples, thus no significant
accumulation of tribochemical species. The spectrum of the
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self-mated sample is similar to that of the worn-on steel but
displays peak broadening at 1149 cm™". The broadening of this
peak likely indicates degradation of PTFE in the near-surface
region. There is a slight absorbance at 1254 cm™" in the self-
mated spectrum, which has previously been attributed to
alignment of PTFE chains.'”** Additionally, a small increase at
1300 cm™" in the self-mated sample can also be attributed to
the shortening of PTFE chains (Table 1). The overall
differences in the IR spectra of the self-mated and on-steel
samples indicated some change in the self-mated surface that is
not typical of lower wear samples. The improved wear and
friction behavior of self-mated unfilled PTFE may simply be a
result of the interaction of two low surface energy materials as
opposed to a steel countersample that is more likely to adhere
to PTFE through interatomic forces; for example, the Hamaker
constant of PTFE—PTEE is reported to be significantly lower
(~3.63 to 6.02) than that of PTFE and metals (e.g.,, Ag-PTFE:
8.34—16.44; Cu-PTFE: 8.72—14.92).>° The increased wear on
steel could also be attributed to high contact—pressure
interactions with steel asperities that could be damaging, as
opposed to lower contact pressures in the self-mated case. In
addition, the alignment of the PTFE chains at a molecular level
is more favorable in the self-mated configuration, as indicated
by the shoulder at 1254 cm™; this could also reduce the wear
of the material.

4. MECHANISTIC DISCUSSION
4.1. Self-Mated PTFE-Alumina. In this study, the self-

mated PTFE-alumina composites exhibited exceptional wear
rates and friction coefficients. However, their wear rates and
friction coeflicients were higher when compared to samples
slid against steel. Ultralow wear PTFE-alumina composites rely
on the breakdown and accumulation of alumina at the sliding
interface to create robust transfer films.'"> A countersurface
such as stainless steel has a high-enough hardness to break
down friable alumina particles during sliding. However, when
sliding in self-mated configuration, a low wt % PTFE-alumina
composite is mostly sliding against PTFE. In an alumina-on-
PTFE contact, the hardness of the alumina particles makes it
difficult to imagine a scenario in which PTFE can break them.
It is possible that two alumina particles contact each other and
break; however, the frequency of this occurrence is expected to
be much less. Additionally, although the IR spectra show the
existence of perfluorinated carboxylates in the worn self-mated-
configuration, a significantly lower absorbance near 800 cm™
(metal-oxo species from alumina) points to the lack of alumina
particle breakdown and accumulation in the running film.
One function of alumina accumulation in the PTFE-alumina
tribofilms is reinforcement of the polymer surface and near-
surface regions. This surface layer has been observed to have
more than 50% alumina by volume, as composed to the bulk
composite of ~2.8% alumina by volume.'” This results in it
being significantly harder.'® Creep is a significant factor in
PTFE with the applied loads used for testing, as the contact
pressure used in testing approaches half of the reported yield
strength of PTFE.”" Polymer pins for wear experiments are
initially machined to square ~6.35 X 6.35 mm cross sections.
With most experiments that we run on PTFE-based systems,
we do not see this dimension change significantly. However,
the area of the sliding surface of the self-mated PTFE-alumina
pin increased by 10%, from ~40 to ~44 mm?, a result of plastic
deformation, presumably from creep. The PTFE-alumina slid
on steel did not deform, which indicated that the tribofilm was
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mechanically robust due to the increased alumina composition;
this alumina accumulation limits creep, a major failure mode of
PTFE. In the case of unfilled PTFE on steel, we generally do
not observe creep; however, creep is likely occurring, but the
evidence (a widened contact surface) is likely worn before it
can be observed because of the high wear rate of unfilled
PTFE. Surprisingly, for the self-mated unfilled PTFE sample,
the area of the sliding surface visibly increased, presumably
because we were able to slide much longer due to the lower
wear rate in the self-mated, whereas in typical PTFE on steel
experiments, the pin is not loaded long enough to observe
creep (or perhaps it is wearing too fast to observe creep).

The self-mated PTFE-alumina pin does undergo an ultralow
wear transition region (~2.1 X 107 mm®/Nm between ~50k
and 100k cycles) similar to that reported with PTFE-alumina
on steel. However, it then increases by approximately an order
of magnitude for the remaining 900k cycles. Similarly, the
countersample in the self-mated PTFE-alumina reaches a
minimum wear rate (~2.5 X 107® mm?®/Nm between ~500k
and 600k cycles). It also then increases by approximately an
order of magnitude for the remaining cycles. Without
intermediate IR measurements, it is hard to speculate how
the tribofilms evolve during these transitions in wear rates. In
the case of PTFE-alumina on steel, the accumulation of
alumina filler fragments can also play a role as an anchor for
the tribochemically degraded PTFE, forming bonds between
the carboxyl group and the accumulated metal and metal
oxides.

In the self-mated PTFE-alumina, the countersample has
significantly lower surface energy than a steel countersample.
The IR suggests that there is also less tribochemically degraded
PTFE accumulation in the selffmated PTFE/alumina as
compared to sliding on steel. Third-body wear debris is
more likely to stick to steel than a PTFE/alumina counter-
sample. This would result in third-body debris fragments being
maintained in the contact longer, causing more degradation of
the PTFE (carboxylate groups) and increasing the probability
of it remaining stuck in the contact with each new carboxylate
anchor formed. Ye et al. have recently reported that a gradient
in surface energy drives the direction and magnitude of system
wear.> They suggest that in a PTFE-alumina on steel system,
the surface energy increases as you progress from the bulk
polymer, through the polymer wear surface (running film),
then the transfer film, and finally to the steel countersample;
this sets a general flow of tribochemically generated material
from the pin to the transfer film. They find that the difference
of the surface energy between the polymer wear surface and
the transfer film is critical for the wear rate and stability of the
transfer film. An optimal case exists when the surface energy of
the running film is lower than the transfer film by just enough
to create an ideal balance of tribochemical wear and
subsequent incorporation of worn species into the transfer
film. In other words, the wear of the polymer surface matches
the replenishment needs of the transfer film with a safety
factor. If the surface energy of the transfer film is too high
relative to the polymer wear surface, there is higher wear of the
polymer with the formation of a stable transfer film. If the
direction of the gradient is flipped, the transfer film may
become unstable (i.e., wear or delaminate).

In the case of self-mated PTFE, a surface energy gradient for
transfer film stability is unnecessary. It seems that sliding on
PTFE-alumina, even in the self-mated case, creates an
inherently wear-resistant surface. The mechanisms associated
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with this are likely tied to accumulation of alumina at the wear
surface, bound by carboxylate groups on tribochemically
reacted PTFE fragments. In this system, the alumina also
serves to shut down the large-scale delamination wear
mechanisms routinely achieved by filling PTFE with just
about anything.'*">'” The formation of tribochemistry results
in higher attractive energies between the sliding surfaces. This,
combined with the potentially lower level of adhesion between
the film and the countersample/pin, can cause delamination of
the film. This cycle repeats itself, causing multiple wear events
and higher levels of wear rate over time. This is different from
the PTFE/alumina on steel, which has a general flow of
material from the pin to the transfer film.

4.2, Self-Mated PTFE—PEEK. In the case of PTFE—PEEK
composites, the accumulation of PEEK at the sliding interface
and the formation of carboxylates help to reinforce the
tribofilms formed on steel countersurfaces, in a similar manner
to the accumulation of alumina in PTFE-alumina. PTFE—
PEEK in a self-mated configuration exhibits even lower wear
rates and friction coeflicients when compared to PTFE—PEEK
slid against steel. The improved wear performance and lower
friction coefficient of the self-mated configuration can be
explained by the following mechanisms: (1) low surface energy
of the PTFE—PEEK surface results in low friction coefficient.
(2) High conformality of the surfaces and lack of abrasion
contributes to low wear. (3) PEEK accumulates at and
reinforces the sliding surface of the composite. (4) Minimal
surface energy gradient prevents large-scale transfer of
accumulated PEEK and tribochemical carboxylates (and
removal). (5) Self-mated configuration negates needs for a
transfer film. (6) Interpenetrating networks of PEEK and
PTFE "anchor surface films better than the particulate-
reinforced PTFE-alumina.

In all self-mated samples, the pin appeared to run in faster
than the countersample. This could be due to the competing
development of tribofilms on each surface. Unlike the case of
sliding on steel, the two sliding surfaces are degrading/wearing
simultaneously. The pin is in constant contact, and for every
sliding cycle, only 31% of the total countersample track length
is in contact with the pin. The pin transfer film most likely
experiences higher levels of degradation due to its entire
surface constantly experiencing sliding affects. In previous
works,”” interfacial surface energy gradients are necessary to
drive the direction of wear. Material tends to transfer from low
to high surface energies, and the rate of transfer is dependent
on the magnitude of the gradient between the two. In the self-
mated case, the pin is running in faster and developing high
levels of tribochemistry, giving it higher levels of surface energy
than the countersample. This drives wear from the counter-
sample to be slightly higher than the wear of the pin.

Before sliding begins, the surface energies of the two
materials are low and of the same magnitude. Over the course
of sliding, the overall system is low wear due to a lack of a high
surface energy differential. However, as the pin slides, a
tribofilm develops at a faster rate due to experiencing longer
periods of sliding forces; it becomes the lower wear component
of the system. The lack of a large surface energy differential
between surfaces allows tribofilm formation and run in to
occur for both samples, but the small differential results in
slightly different rates. In this case, shorter sliding strokes or
constant contact in a thrust bearing configuration could result
in a more similar behavior between the countersample and the

pin.
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Interestingly, the friction coefficients of self-mated samples
increased with increasing steady-state wear rates of both the
pin and the countersample (Figure 9). Conversely, the friction
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Figure 9. Steady-state wear rate plotted against friction coefficient for
all the filled PTFE composites tested. The friction coeflicient reported
is the average friction coefficient in the steady-state wear regime of the
sample. Note: Dashed lines are not trend lines but are provided to

guide the eye.

coefficients decreased with increasing wear rate for the
polymer composites slid against steel (Figure 9). For self-
mated samples, lower friction coefficients generally correlate
with lower wear rates. This is surprising for ultralow wear
PTFE materials, as they have generally been reported to
increase in friction with decreasing wear rates. For polymer-on-
steel sliding conditions, lower wear rate is typically achieved at
the expense of friction coefficient. We posit that for the case of
composite-on-steel, the reduced wear rate is enabled by well-
established tribofilms, which typically have a significant
amount of tribochemically generated carboxyl end groups
that have a greater affinity to attractively interact with the steel
countersample, thus increasing the friction coeflicient.
Conversely, there is evidence that the wear rate scales with
the amount of frictional work done when transfer film
formation is not imperative. The unique finding that lower
wear rates and friction coefficients can be achieved
simultaneously in self-mated configurations can have immedi-
ate and significant industrial and application impacts.

5. CONCLUSIONS

Ultralow wear and low friction can be enhanced when sliding
PTFE-based polymer composites in a self-mated configuration.
Self-mated PTFE—PEEK achieves lower wear when compared
to on-steel for all wt % compositions tested, with most
achieving 10~ mm3/Nm wear rates. PTFE alumina, which
requires the breakdown of microscale fillers to form robust
transfer films, achieves ultralow wear and forms tribochemistry
but undergoes large wear events, resulting in slightly higher
wear rates self-mated than when paired with steel. Surface
energy gradients dominate the transport from ultralow wear
PTFE composites to incorporation in transfer films on steel.
Surface energy gradients are minimized in self-mated PTFE
systems, negating the need to form a polymer transfer film
adhered to a metallic surface. Instead, these self-mated systems
rely only on the formation and stability of tribofilms that
consist of tribochemically altered PTFE with new carboxylate
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end groups as well as accumulated filler (i, PEEK or
alumina). Interpenetrating networks of PEEK and PTFE are
more effective at anchoring these surface films than the
particulate-reinforced PTFE-alumina.
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