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ABSTRACT

One of the most dramatic reductions in the wear of PTFE has been achieved by compositing PTFE with as little as
1-5 wt% of alumina particles; this has been reported to produce wear rates K ~10~7 mm®/Nm. The mechanisms
associated with this reduction in wear are multifaceted, including 1) preventing crack propagation and delam-
ination of the PTFE wear surface, 2) promoting tribochemistry and more recently 3) tribologically-induced
breaking of the filler into nanoscale fragments to stabilize and reinforce tribofilms. However, in an effort to
keep experiments comparable, many of the studies throughout the literature have focused on a narrow contact
pressure range. In these experiments, we explored the effects of contact pressure on the tribological behavior of
different PTFE and alumina composites, one of which is reported to achieve ultra-low wear (~1077 mm®/Nm)
and another that is reported to only have mild reductions in wear (~1 x 10°° mm3/Nm) compared to unfilled
PTFE (~4 x 1074 mm3/Nm). We found that with decreased contact pressures, the PTFE-alumina composite that
was previously reported as high wear could achieve ultralow wear rates. The PTFE-alumina composite previously
reported to achieve ultralow wear achieved ultralow wear at a range of low to high contact pressures, with a
higher pressure limit corresponding to increases in wear. The friction behavior of PTFE-alumina composites was
found to be highly dependent on contact pressure, with increasing pressures resulting in decreasing friction
coefficients (~0.5-0.17 over a 0.62-8.5 MPa range). This effect became more pronounced when the contact
pressure was incrementally varied during testing resulting in up to a 70% decrease or increase in friction co-
efficient due to increasing or decreasing the pressure, respectively. IR spectra of the polymer wear surface
showed that tribofilms rich in carboxylates and metal oxides form at the full range of contact pressures tested,
even at the extremes. This formation of tribofilms at the sliding interface not only contributes to the ultralow
wear of these materials, but plays a role in the friction behavior observed. From this, we gained new insight into
the role, functionality and limitations of the alumina fillers.

1. Introduction

PTFE has been achieved by compositing PTFE with as little as 1-5 wt%
of certain alumina particles; this has been reported to produce wear

The friction and wear of polytetrafluoroethylene (PTFE) have been ratesof 1 x 1077 =5 x 10”8 mm®/Nm [17,19-23,25-27]. Fillers like

central topics of the materials tribology community since PTFE’s acci-
dental creation and discovery of its remarkably low coefficient of fric-
tion [1-4]. However, PTFE’s high wear rate (K ~ 10~* mm3/Nm) under
engineering sliding conditions [5-7] limits its use in many tribological
applications. Filler materials of many materials, sizes, and shapes have
been shown to reduce the wear of polytetrafluoroethylene (PTFE) by up
to 10,000x [5-24]. One of the most dramatic reductions in the wear of

alumina appear to contribute to wear reduction through the prevention
of subsurface cracking and delamination, reducing debris filler size,
facilitating tribochemistry, and reinforcing the polymer wear surfaces
and transfer films formed during sliding.

Tribofilms of ultralow wear PTFE composites (K~10"7 mm3/Nm)
usually have chemical species present that are not found in the bulk
polymer composite. Shear-induced polymer chain scission of PTFE C-C
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bonds as well as reactions with the environment and the sliding coun-
tersurface can generate carboxylic acid end groups, which can be found
using IR spectroscopy [28-30]. In addition to the chemical changes at
the sliding interface, the alumina filler has been found to accumulate at
the sliding interface, leading to higher hardness and elastic moduli of the
polymer wear surface in comparison to the bulk polymer [30]. These
previous studies have shown that not only are the films chemically
altered during sliding, but their mechanical properties change as well,
leading to improved wear resistance of the composite.

The structure and mechanical properties of the alumina filler itself
have been found to be a large contributor to the low-wear behavior of
PTFE-alumina composites [17,30,31]. If the alumina is too dense, the
particles will only serve to reinforce the bulk composite but can abrade
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nanostructured 1 pm o alumina composite. The second filler was an Alfa
Aesar alpha-phase alumina powder (Stock #42573) with a
supplier-specified average particle size range of 0.35-0.49 pm, referred
to as 0.5 pm o alumina [19,21] and size characterized in Ref. [32], but
also used in Refs. [17,19,21,22]. The third filler was Nanostructured and
Amorphous Materials, Inc. (Stock #1015WW) 99.5%, with a median
size of ~4 pm as measured by static light scattering, referred to as
nanostructured 4 pm alumina [26,32,34-36]. This filler has a porou-
s/agglomerated architecture with nanoscale features. These powders
were selected because the nanostructured 1 pm alumina and the nano-
structured 4 pm alumina produced ultra-low wear PTFE composites,
while the 0.5 pm alumina provided only moderate reductions in the
wear rate of PTFE [19,21].

Vendor
Reported [32]

Alumina Type Static Light

Scattering [32]

Tribological properties at ~6.25 Literature References

MPa contact pressure [32]

Shorthand Source Particle Size Median Particle Wear Rate x Friction
Notation (nm) Size (nm) 107® (mm®/Nm)  Coefficient
nanostructured 1 Alfa Aesar #44652 "60-80" 781 0.089 0.22 Referred to as 80 nm particle in Refs. [17,
pm 19,21,22,24]. Size measured in [32]
dense 0.5 pm Alfa Aesar #44573 "350-490" 267 26.00 0.18 Referred to as 0.5 pm particle in Refs.
[19,21]. Size measured in [32]
nanostructured Nanostructured and Amorphous "27-43" 3950 0.057 0.20 Referred to as 27-43 nm in Refs.
4 ym Materials #1015WW [34-36]. Size measured in [32]

the countersurface and tribofilms. These types of alumina particles
typically only reduce the wear of PTFE by 10-100x. However, if the
particles are friable and can be broken down during sliding, nanoscale
alumina fragments will not abrade the tribofilms and can accumulate at
the interface, and the micron scale aggregates can reinforce the bulk
polymer [17,32]. This breakdown of alumina particles to nanoscale
sized fragments is crucial for creating ultralow wear composites, and
these friable alumina particles can reduce the wear of PTFE by 10,000x.
While the development of transfer films has been found to be very
dependent on particle size and environmental factors, little is under-
stood about the contribution of contact pressure to the ultralow wear
behavior of these composites and the tribofilms needed to maintain it.

This study is designed to investigate the effects of externally applied
contact pressure on the sliding wear of PTFE and PTFE-alumina com-
posites. Perhaps the best example of the effects of contact pressure on
the wear of PTFE was Uchiyama and Tanaka [33], where the authors
evaluated the dependence of the wear of unfilled PTFE on pressure and
sliding velocity. This paper showed that “linear wear rate,” a (in units
[ecm/cm]) increased with increasing contact pressure and sliding ve-
locity, and was essentially governed by a master curve linked to tem-
perature. It is hypothesized that the wear of PTFE-alumina composites
could have a similar, if not increased, dependence on load. In these
experiments, we explored the effects of contact pressure on wear rate for
three different PTFE and alumina composites, two of which are reported
to achieve ultralow wear (~5 x 1078-1x1077 mms/Nm) and another
that is reported to only have mild reductions in wear (~1 x 107>
mm3/Nm) [19,21].

2. Materials and sample preparation

Unfilled PTFE and PTFE-alumina composites were made using
DuPont Teflon ® PTFE 7C resin. Three alumina fillers were used in this
study. The first filler used was an Alfa Aesar alpha-phase alumina
powder (Stock #44652) with a supplier-specified average particle size of
60-80 nm, later shown to be much larger, with a median particle size of
~781 nm [32].This particle source has three prominent peaks when
looking at the size distribution (centered at 250 nm, 1 pm and 4 pm)
[32], and for simplicity will be called “nanostructured 1 pm” alumina
and composites with this filler will be referred to as a PTFE with

PTFE powder was combined with 5 wt% alumina powder and
initially mixed by hand. The mixture was then dispersed in isopropanol
(~5:1 ratio of isopropanol to powder by mass) using a sonicating horn
(Branson Digital Sonicator 450 with microtip attachment at 40%
amplitude). Sonication was performed for three 5 min intervals, with 1
min rests in between to allow the sample to cool to room temperature.
The dispersion was dried in a fume hood for 3-5 days to allow the iso-
propanol to fully evaporate.

Approximately 10g of dried powder was placed in a cylindrical mold
(12.7 mm in diameter) and compression molded to 10 MPa of pressure
using a hydraulic press. The molded cylinders were wrapped in
aluminum foil and free sintered in an oven using the following tem-
perature profile: 2 °C/min ramp from room temperature to 380 °C, 3 h
hold at 380 °C, 2 °C/min ramp from 380 °C to room temperature. The
sintered cylinders were machined into 6.3 x 6.3 x 12.7 mm pins to be
used for testing. Prior to testing, the pins were sonicated in methanol for
30 min and allowed to fully dry in a fume hood.

The PTFE and PTFE-alumina composites were slid against 304L
stainless steel rectangular flat counter samples (38 mm x 25 mm x 3.7
mm) with an average roughness of approximately 150 nm, which was
measured using a scanning white light interferometer. These are a
standard counter sample used for many previous studies of these and
other PTFE composites [7,17,20,22-24,26,37,38]. Prior to testing, each
counter sample was washed with Alconx soap and then rinsed with
methanol. The counter samples were placed in a fume hood to fully dry.

3. Experimental methods

A linearly-reciprocating tribometer was used for all wear experi-
ments [7,39,40]. Normal forces and friction forces were actively
measured using a load cell, and servo-on-load was utilized to maintain
constant normal loads throughout the course of testing. The polymer
sample was pressed against the counter sample and normal loads of
12.5, 25, 50, 80, 125, 250, 500 and 1000 N were applied to the ~40
mm? interface, resulting in nominal contact pressures of 0.31, 0.63,
1.25,1.93, 3.13, 6.25, 12.5 and 25.0 MPa respectively. It is important to
note that several of the pressures are greater than or on the order of the
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yield strength of the polymer. In some cases, the polymer deformed to
have an increased apparent contact area and accommodate the load; the
actual nominal contact pressures were calculated by dividing the
applied normal load by the deformed end of the polymer sample at its
sliding surface, which was measured with calipers after testing.

The counter sample was driven directly by a motorized linear ball-
screw stage, which reciprocated with a stroke of 25.4 mm at a rate of
50.8 mm/s. With the exception of applied contact pressure, tribological
sliding conditions were chosen to be the same as previous studies [7,17,
23,41-43] to match engineering conditions and to simplify comparisons
between studies. Friction coefficients have an uncertainty of less than
0.005 [40], but typically have higher variations as a function of sliding
cycle. Friction and wear testing was performed under unlubricated
sliding conditions in lab air at room temperature (18-24 °C) and a
relative humidity between 30 and 50%, which was monitored and
measured during testing.

Prior to testing, the densities of the composites, p [g/mm>], were
calculated for each polymer sample by dividing the measured initial
mass of the polymer pin [g] by the dimensions of the polymer pin
[mm3], measured using calipers (Mitutoyo AOS, 0.01 mm resolution).
The wear of the polymer sample was monitored through intermittent
mass measurements of the polymer using a Mettler Toledo scale with a
resolution of 10 pg. After each incremental set of sliding cycles, the
polymer sample was removed from the tribometer and weighed, similar
to testing methods described in Refs. [26,28,29,37]. Mass measurements
were used to quantify wear instead of using dimensional changes (i.e.,
height loss) in order to exclude effects of sample thermal expansion and
creep. The wear volume of the polymer, V., was calculated using the
change in mass, my, and the density of the composite, p. Wear rates are
calculated by dividing the volume lost during sliding, Vj,ss [mm?], by the
normal force, Fy [N], times the sliding distance, d [m], resulting in a
specific wear rate, K [mm?3/Nm] as shown in (Eq. (1) and Fig. 1) [39,40,
42,44]. Steady-state wear rates and associated uncertainties were
calculated using a Monte Carlo technique [42]; uncertainties in wear
rates are an order of magnitude lower than the wear rates themselves
and are often smaller than the data points shown on the plots.
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Wear rate calculations and visualizations are summarized in Fig. 1a.
In Fig. 1b, a plot of volume loss vs. sliding distance is shown for idealized
wear data for experiments using three different arbitrary applied normal
loads (Fn: Fy’, 2*FN’ and 4*Fy’). The slope of each of these lines is
proportional to the linear wear rate, a [cm/cm], as reported by
Uchiyama and Tanaka. Perhaps a better way to plot this information is
to plot volume loss [mm?3] vs. the product of normal force and sliding
distance (in Nm) as shown in Fig. 1c and d. In these plots, the slope of the
data is the wear rate, K [mms/Nm] as described in Eq. (1). Fig. 1c shows
the idealized wear for a material with a constant wear rate (or coefficient
of wear as described by Archard and Hirst) that does not depend on
contact pressure. Fig. 1d shows the case when the material no longer has
a constant coefficient of wear, but instead has a wear rate that is
dependent on contact pressure. These figures are used to illustrate that it
may be more appropriate to match sliding distance x normal load (or
sliding distance x contact pressure) when evaluating wear of materials
with varying contact pressures; this is done in an attempt to wear
comparable volumes of material during sliding and allow comparable
opportunity to develop transfer films and tribofilms.

A PerkinElmer Spectrum 100 Fourier Transform Infrared (FT-IR)
Spectrometer with an Attenuated Total Reflectance (ATR) accessory was
used to measure and identify the chemical changes to the polymer
composite that occurred as a result of sliding. Both the sliding surface
(tested surface) and the bulk polymer (untested surface) were measured.
Spectra was collected at a spectral resolution of 4 cm ™! with 32 scans per
measurement. Prior to the measurement, the ATR crystal was cleaned
with isopropyl alcohol, immediately followed by a background scan.
The entire polymer sample wear surface was placed in contact with the
diamond crystal and a normal force was applied with a torque limited
probe, resulting in a spectra representative of the entire surface. The
same method was used to measure an untested surface of the sample to
measure the bulk, unslid composite. The PerkinElmer Spectrum soft-
ware’s baseline subtraction feature was used to process the raw spectra
data.

Fig. 1. a) Wear rate calculation schematic for linear
wear rate, a, and specific wear rate, K. b) Idealized
volume loss vs. sliding distance data for wear experi-
ments of a material with three different applied
normal loads (Fy: Fy', 2*Fy’ and 4*Fy’) or contact
pressures; the slope of this data is proportional to a. c)
Example of idealized volume loss vs. sliding distance
times normal force data for wear experiments of a
material with a load-independent wear rate (K); the
slope of this data is the wear rate, K. d) Example of
idealized volume loss vs. sliding distance times
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4. Results and discussion
4.1. Summary of steady-state wear rates

Steady-state wear rates for unfilled PTFE, PTFE filled with 5 wt%
nanostructured 1 pm alumina, PTFE filled with 5 wt% 0.5 pm alumina,
and PTFE filled with 5 wt% nanostructured 4 pm alumina are plotted
against contact pressure in Fig. 2. These wear rates and wear rate un-
certainties were calculated based on intermittent mass measurements
and a Monte Carlo statistical analysis. The contact pressures are based
on the measured normal load and measured contact area dimensions,
and error bars reflect contact pressure uncertainty calculated using
propagation of uncertainty. Unfilled PTFE appears to have some minor
load dependence, with marginal increases from 1 x 1074 to 7 x 107*
mm?/Nm with increasing contact pressure. In contrast, the PTFE filled
with 0.5 pm alumina and 80 nm alumina have load dependence when
certain contact pressure thresholds are passed. For the 0.5 pm alumina,
this threshold appears between 1.25 and 6.25 MPa. For the nano-
structured 1 pm alumina, when contact pressures exceed 6.25 MPa, the
wear rates of the samples increase by several orders of magnitude.
However, for PTFE filled with nanostructured 4 pm alumina, this tran-
sition to high wear is not evident, with only a minor increase to 2.3 x
107 mm®/Nm at ~8.5 MPa from 9.8 x 10~® mm®/Nm at 6.25 MPa.
Results and discussion of each composite are broken out below in more
detail.

4.2. Wear of unfilled PTFE

Unfilled PTFE was subjected to various nominal contact pressures
during wear testing. Volume loss due to wear is shown as a function of
sliding distance times normal force (Fyd) on a logarithmic scale (Fig. 3a)
and as a function of Fyd on a linear scale (Fig. 3b). The volume loss due
to wear appears to be linear when plotted against the product of normal
force and sliding distance for each test. PTFE wears at a constant wear
rate, K ~6 x 10~* mm3/Nm, for nominal applied contact pressures of
25, 12.5, 6.25 and 3.13 MPa. This is evident by the overlapping of the
volume vs. sliding distance x normal force plots for these pressures in
Fig. 2b, similar to the idealized data in Fig. 1c. At contact pressures

Steady-State Wear of PTFE-alumina Composites

3
10 e = EE@

= e
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Fig. 2. Wear rate as a function of contact pressure for unfilled PTFE, PTFE filled
with 5 wt% nanostructured 1 pm alumina, PTFE filled with 5 wt% nano-
structured 4 pm alumina, and PTFE filled with 5 wt% 0.5 pm alumina. Contact
pressure is based on measured normal load and measured contact area di-
mensions, and error bars reflect uncertainty in area and load. Error bars for the
reported wear rates are calculated using Monte Carlo technique.
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below 3.13 MPa, there is a monotonic reduction in wear rate with
reduction in applied contact pressure.

4.3. Wear of PTFE filled with nanostructured 1 ym alumina and
nanostructured 4 um alumina

Volume loss due to wear at various contact pressures is plotted vs.
sliding distance x normal force for PTFE and 5 wt% nanostructured 1 pm
alumina composites in Fig. 4 a-c (left side of Fig. 4) and for PTFE and 5
wt% nanostructured 4 pm alumina composites in Fig. 4 d-f (right side of
Fig. 4). When plotted on a linear scale large enough to visualize the
entire dataset (Fig. 4b), experiments with nominal applied contact
pressures of 12.5 and 25 MPa follow close to the y-axis, while experi-
ments at pressures of 6.25 MPa and lower follow along the x-axis. This
shows that the wear of PTFE with nanostructured 1 pm alumina was
disproportionately greater at pressures of 12.5 and 25 MPa than at
pressures of 6.25 MPa and lower. Fig. 4a is the volume lost due to wear
vs. sliding distance x normal force in log-log scale to better visualize the
experiments, which span several orders of magnitude in wear volume.

Fig. 4c and f are linear and cropped to show volume loss details for
0.31, 1.25, 3.13 and 6.25 MPa nominal contact pressures. Recall that for
a material that truly follows Archard’s wear law, with a wear rate, k, that
is independent of contact pressure, the volume loss vs. normal force
times sliding distance data should be linear with the same slope for all
experiments as in Fig. 1c. PTFE filled with nanostructured 1 pm alumina
is different from this idealized case in two major ways: 1) The wear is not
linear, with the exception of the experiment at a nominal contact pres-
sure of 25 MPa. 2) The wear data does not share a common slope, even at
steady state.

The PTFE filled with 1 pm nanostructured alumina was initially
presented by Burris and Sawyer with remarkably low wear [17]. Since
then, significant efforts have gone into understanding why that filler
created such a wear resistant composite [17,23,24,28-30,35,45-48]; a
major motivating factor was that the supplier stopped making the one
alumina powder that produced significantly lower wear rates. A
multi-lab effort (including various combined and independent efforts
lead by the labs of Greg Sawyer, David Burris, and Brandon Krick)
resulted in the nanostructured 4 pm alumina discussed here. Interest-
ingly, the composite with 4 pm alumina has comparable wear rates to
the 1 pm alumina across most contact pressures. There are two major
differences, both of which are likely due to the alumina’s particle size.
The first is that the 1 pm alumina composites generally have less run-in
wear volume. We posit that a large part of run-in for this system is the
breaking down and accumulation of alumina fillers in the tribofilms
(transfer film on the steel and tribofilm on the wear surface of the
polymer) [32]. As the alumina particles are added to PTFE on a per-mass
basis, there are a significantly greater number of particles in the 5 wt %
1 pm alumina composite compared with the 4 pm alumina. As such, it is
expected that the alumina left behind and accumulated as the PTFE
matrix wears during run-in forms a more uniform layer of alumina (as
shown in the microtomography work in Ref. [32]) with less overall
removal of composite.

The other major difference is that the 4 pm alumina wear rate does
not begin to increase until contact pressures are much greater than those
of the 1 pm alumina composites. This is attributed to better mechanical
reinforcement of the larger, more porous 4 pm alumina filler particles.
Again, because they are added to the PTFE composite on a per-mass
basis, these large nanostructured 4 pm alumina particles fill a larger
volume than the 1 pm alumina particles and can reinforce the bulk PTFE
matrix.

While attempts were made to perform experiments at selected
nominal contact pressures, it was unavoidable that the actual applied
contact pressures vary and differ from the desired nominal pressures,
especially for pressures near or greater than the material yield strength.
To accommodate this variation, the area of the worn surface of the
polymer samples were measured before and after testing, allowing for
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a) Wear of Unfilled PTFE (logarithmic scale)

2
10 Nominal Contact
Pressure (MPa)
- 0031 A3.13
< 125 V625 !
€ 104 150 125
= 198 P250
%)
wv
(o]
—
o 17
1S
=
o
>
104

102 10° 100 10°
FNd (Nm)

Wear 522 (2023) 204715

b) Wear of Unfilled PTFE (linear scale)
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Fig. 3. Wear of unfilled PTFE using a broad range of nominal contact pressures (Actual contact pressure discussed in results). a) Volume loss is plotted as a function
of Fyd on a logarithmic scale; connecting lines in (a) are for visualization purposes. b) Volume loss is plotted as a function of Fyd; Dotted lines in (b) represent fits for
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the correction of contact pressure values to reflect the real measured
loading and contact area of the sample. All contact pressure values
plotted are adjusted as such, reflecting a contact area closer to the
apparent contact of the plastically deformed sample, as samples tested
above 6.25 MPa of contact pressure experienced sample creep and an
increase in apparent contact area.

An example of the dimensional changes caused by these pressures
can be observed by comparing the images of the wear surface of the
PTFE- 5 wt% nanostructured 1 pm alumina nanocomposite after sliding
at 1.25 MPa (Fig. 5a) to those at 12.5 MPa (Fig. 5b). Both samples were
initially machined to approximately the same cross-sectional

dimensions of ~6.4 x 6.4 mm?. The sample loaded at 1.25 MPa expe-
rienced little to no observable dimensional changes while the sample
loaded at 12.5 MPa expanded to 8.16 x 7.44 mm? (a 50% increase in
nominal contact area); this is even more evident when viewing the
polymer sample tested at 12.5 MPa from the side (Fig. 5c). The contact
areas of the PTFE-5wt.% nanostructured 4 pm alumina samples were
also measured after testing, and experienced increases in contact area of
47% at 12.5 MPa (~6.35 x 6.40 mm? to 8.27 x 7.10 mm?) and 136% at
25 MPa (~6.34 x 6.38 mm? to 10.19 x 9.38 mm?). The majority of the
sample creep occurred in the first few hundred sliding cycles, and these
significant increases in contact area led to the decrease of the actual
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a) 1.25 MPa wear surface
6.4 mm

b) 12.5 MPa wear surface
8.16mm
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¢) 12.5 MPa side profile
8.16mm

6.39 mm

744 mm

5mm
d) 1.25 MPa transfer film

5mm

Fig. 5. Images of worn polymer surface and transfer films generated during sliding of PTFE and 5 wt percent alumina composites on steel for various nominal

contact pressures.

contact pressure the samples experienced. A nominal contact pressure of
12.5 MPa resulted in a real contact pressure of ~8.5 MPa, and a nominal
contact pressure of 25 MPa resulted in a real contact pressure of ~10.5
MPa. This limitation in contact pressure is due to the yield stress of
PTFE, and testing these materials at contact pressures exceeding the
yield stress will lead to severe sample creep [49].

The average friction coefficient of each sliding cycle was recorded
and plotted over the total sliding distance for PTFE filled with nano-
structured 4 pm alumina to observe changes in friction over distance/
testing duration (Fig. 6a). There is a clear trend that with decreasing
contact pressure, the friction coefficient increases for samples tested in
the 0.62-12.5 MPa nominal contact pressure range. All samples under-
went a run-in period in the first 1 km of sliding, after which friction
coefficients appear to level out and slowly increase over the duration of
testing. Jumps in the friction data indicate an intermittent massing point
during testing, where sliding was stopped to perform a mass measure-
ment, after which testing resumes and the samples undergo a much
shorter run-in period and return to their previous friction coefficient.

To visualize the relationship between contact pressure and friction
coefficient, the average steady state friction coefficient from the last 2
km of sliding was plotted against the contact pressure (Fig. 6b). It should
be noted that the nominal contact pressure is described in the legend,
while the actual, measured contact pressure is plotted. The average
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steady-state friction coefficient of unfilled PTFE was also plotted for
comparison. For the unfilled PTFE samples, the friction coefficient ap-
pears to be largely unaffected by the change in contact pressure, with all
contact pressures exhibiting coefficients of friction near ~0.13. For the
PTFE-alumina composite however, the lower contact pressure samples
have the highest friction coefficients, and the friction coefficients taper
off non-linearly when approaching higher contact pressures. This
change in friction coefficient as a result of contact pressure is likely due
to the presence of tribofilms at the sliding interface. PTFE-alumina tri-
bofilms have been found to have higher surface energy than PTFE [50].
This higher surface energy is thought to contribute to the increase in
friction coefficient observed when tribofilms are formed on the sliding
surfaces [26,51]. Two likely sources of this higher surface energy are 1)
tribochemically-generated carboxylate end groups in the tribofilms,
which bond to the surface they are sliding against and 2) accumulation
of metals and metal oxides (transfer from the counter sample and
accumulation of alumina fillers).

In order to determine the effects of variations in contact pressure
during testing on the friction coefficients of PTFE alumina composites,
after testing was concluded on the samples shown in Fig. 6a (~10 km of
sliding), the same samples were tested for an additional 1.2 km of sliding
with incremental changes in the contact pressure (Fig. 7). Samples were
allowed to run in for ~0.35 km of sliding until friction coefficients

b) Steady-State Friction Coefficient
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Fig. 6. a) Measured friction coefficient for PTFE filled with 5 wt% nanostructured 4 pm alumina at nominal contact pressures of 0.62, 1.25, 1.98, 3.13, 6.25, and
12.5 MPa (Actual contact pressure discussed in results). b) Steady state friction coefficient measured at each nominal contact pressure for PTFE filled with 5 wt%
nanostructured 4 pm alumina and unfilled PTFE. Contact pressure plotted is calculated using the measured contact area of the sample and measured normal load.
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a) Cycle-Resolved Friction Coefficient
0.6

b) Representative Friction Coefficient
0.6
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Fig. 7. a) Measured friction coefficient for PTFE filled
with 5 wt% nanostructured 4 pm alumina tested using
starting nominal contact pressures of 0.62, 1.25, 1.98,
3.13, and 6.25 MPa. Samples were run-in until friction
reached a steady state, then load was increased or
decreased (depending on the sample) to change con-
tact pressure. b) Representative friction coefficient
selected for each loading region plotted against con-
tact pressure. Contact pressure plotted is calculated
using the measured contact area of the sample and
measured normal load.
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achieved a steady value. For samples with initial contact pressures of
0.62 and 1.25 MPa, the pressure was increased to 3.13 MPa for an
additional ~0.4 km of sliding (Fig. 7a, Load 2) without stopping the test.
For samples with initial contact pressures of 1.98, 3.13, and 6.25 MPa,
the pressure was decreased to 1.25 MPa for ~0.4 km of sliding (Fig. 7a,
Load 2) without stopping the test. After this second loading region, the
sample contact pressures were adjusted again, increasing the 3.13 MPa
samples to 6.25 MPa and decreasing the 1.25 MPa samples to 0.62 MPa
and were tested for an additional 0.4 km of sliding (Fig. 7a, Load 3).

For all samples tested with an increasing contact pressure over the
course of the load variation test, the friction coefficients of the samples
decreased. The opposite was true for samples with decreasing loads,
where the lower contact pressure corresponded to increases in friction
coefficient. The overall trend of this testing data set is shown in Fig. 7b,
which closely matches friction coefficient and contact pressure trend
established in Fig. 6b. However, the amount by which the friction co-
efficient increased or decreased for each sample was not the same and
was not proportional to the original contact pressure at which it was
tested. For the sample that was decreased from 3.13 MPa to 0.62 MPa,
the final friction coefficient of the sample was higher than the sample
initially tested at 0.62 MPa, a 70% increase from its original friction
coefficient. However, for the sample that was decreased from 6.25 MPa
to 0.62 MPa, the final friction coefficient was only 30% higher than its
original friction coefficient.

While all samples tested in the high contact pressure range (6.25
MPa) have converging friction coefficients, it appears at lower loadings,
there are larger variations. The behavior of these samples in response to
load variation appears to be very dependent on the history of the sample,
such as its starting friction coefficient and its tribofilm development. For
samples with more robust tribofilms, their load variation response could
be quite different than a sample with less robust films. In addition, it also
indicates that load variation during a component’s lifetime could have
significant (>50%) variations in the friction coefficient of the system
simply by changing the system contact pressure.

IR spectra of the polymer wear surfaces of PTFE filled with 5 wt% 4
pm nanostructured alumina were collected after testing at nominal
contact pressures of 0.62, 3.13, 6.25, and 12.5 MPa. Absorbance spectra
were normalized to the 1149 cm™! peak, which is CFo, a characteristic
peak of PTFE (Fig. 8). All samples showed accumulation of metal oxides
in the 800 cm ™! region, with a trend of higher levels of metal oxides at
higher pressures [46]. Carboxylates were found in the polymer wear
surfaces of all samples, as indicated by the carboxylate peaks at 1660
cm ! and 1430 cm ™! [26-29,52-54]. However, it appears that the level
of carboxylates in the low contact pressure sample (0.62 MPa) is the
lowest of all samples measured. It is possible that in order to increase the
level of carboxylates present, the 0.62 MPa sample would have to slide a
further distance than samples tested at higher pressures in order to
accumulate equivalent carboxylates. Alternatively, the 0.62 MPa sample
had the highest friction coefficient of all samples tested (~0.5), and
appeared to cause minor scratches in counter sample during sliding,
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Fig. 8. IR spectra of the polymer wear surfaces of PTFE filled with 5 wt% 4 pm
nanostructured alumina tested at nominal contact pressures of 0.62, 3.13, 6.25,
and 12.5 MPa. Absorbance was normalized to the 1149 cm™! CF, peak.

which may have resulted in instability of the tribofilms, leading to some
film delamination. The ultralow wear achieved by this sample (K ~ 1.8
x 1077 mm®/Nm), comparable to the wear of the highest load sample (K
~24x 1077 rnm3/Nm), indicates that sufficient tribofilm formation
has occurred to promote low wear.

For samples tested at 3.13, 6.25, and 12.5 MPa, the level of car-
boxylates at the 1660 cm™! peak were very similar. The 12.5 MPa
sample was only slid for ~10% of the sliding distance of the other
samples, and the comparable level of carboxylates measured may be due
to the very high contact pressure the sample experienced resulting in a
high Fnyd. The 12.5 MPa sample also had distinct peaks at 1360 and
1315 ecm™!, which are found when significantly shortened PTFE chains
are present [48,55,56]. The high loading of this sample may have
contributed to the increased level of shortened chains present in the
polymer wear surface. However, the 12.5 MPa sample had a smaller
peak at 1430 cm ™! when compared to the 3.13 and 6.25 MPa samples,
indicating a lower level of chelated carboxylic acids [26-29,52-54].
Tribofilms form and carboxylates accumulate at all contact pressures
tested, and this formation at a large range of loading contributes to the
low wear rates achieved by all PTFE- 5 wt% 4 pm nanostructure alumina
samples tested.
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4.4. Wear of PTFE filled with 0.5 ym alumina

As previously stated, PTFE filled with 0.5 pm alumina was selected
because of reports that it only produces marginal reductions in the wear
rate of PTFE and does not compete with the three to four order of
magnitude reduction observed with nanostructured 1 pm and 4 pm
alumina composites. Volume loss due to wear is shown as a function of
Fnd (Fig. 9) for PTFE filled with 5 wt% 0.5 pm alumina when subjected
to various contact pressures. As shown in Fig. 9a and b, the sample tested
at 6.25 MPa had a much higher amount of volume loss (~100x)
compared to the lower contact pressure samples over the same Fyd. In
contrast, the samples tested at 0.31 MPa and 1.25 MPa overlap in the
~0.5to 2 Nm range (Fig. 9c), with nearly identical trends in volume loss.
This indicates that at pressures within this low range, the 0.5 pm
alumina samples are unaffected by contact pressure variation.

This wear behavior does differ from the idealized case shown in
Fig. lc, as there is not a constant linear wear rate and both samples
exhibit run in during early sliding cycles. However, it does appear that in
the lower contact pressures of 0.31 and 1.25 MPa, the volume loss vs.
Fnd data overlaps on one curve. This suggests that the run-in transition is
a linear function of both cycles and the applied normal load. As such, it
seems that this composite just depends on accumulation of tribofilms. As
these alumina particles are smaller and fully dense, we theorize that they
accumulate in the tribofilms without the need to fracture into smaller
particles as reported for the other types of nanostructured alumina [32].
While this results in low wear rates, they are still never as low as the
wear rates observed by the friable nanostructured 4 pm alumina-filled
PTFE composites. We hypothesize that the inability to break down
into smaller fragments will prevent these fillers from achieving lower
wear rates, as the alumina that accumulates at the sliding interface will
be the primary particle size and can lead to high stress abrasive in-
teractions with tribofilms on the counter surface material.

While the 0.5 pm dense alumina fillers do not need to be friable to
achieve low wear rates at lower pressures, their smaller size makes them
less effective as a mechanical reinforcing filler (as discussed when
comparing the 1 and 4 pm alumina-filled composites). The 0.5 pm
alumina PTFE composite slid at 6.25 MPa exhibits a high, linear wear
rate almost immediately, exhibiting no run-in transition. From this, we
see that the overall load carrying ability increases with the actual size of
the particle, as the PTFE filled with 5 wt % 0.5 pm alumina transitions to
a higher wear at a lower pressure than the 1 pm alumina, which tran-
sitions to a higher wear rate at a lower pressure than the 4 pm alumina.
Overall, there must be a balance in the particles’ primary size as well as
its ability to fracture and accumulate at the interface. It seems that
smaller particles might facilitate less run-in volume, while larger parti-
cles will help facilitate mechanical reinforcement. A unique combina-
tion was found in the nanostructured 4 pm alumina particles, in that
they are large enough in the bulk to reinforce mechanically yet can
break up into small particles and accumulate in protective tribofilms.

5. Conclusions

The wear behavior of PTFE-alumina composites was found to vary
based on filler type (dense vs nanostructured) and applied contact
pressure during testing. PTFE filled with 0.5 pm dense alumina achieved
low wear rates only at the lower range of contact pressures tested, with a
transition to high wear at contact pressures >1.25 MPa. PTFE filled with
nanostructured alumina fillers demonstrated contact pressure depen-
dence in both wear rate and friction coefficient. PTFE filled with 1 pm
nanostructured alumina achieved low wear at contact pressures be-
tween 0.31 and 6.25 MPa, but transition to high wear at higher contact
pressures. When tested at contact pressures ranging from 0.62 to 8.5
MPa, PTFE filled with 4 pm nanostructured alumina achieved ultralow
wear rates from 7 x 1078 to 2 x 1077 mm®/Nm. The steady-state wear
rate of the PTFE filled with 4 pm nanostructured alumina remained low,
even when sliding was performed at contact pressures at or exceeding
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Fig. 9. Wear of PTFE filled with 5 wt% 0.5 pm alumina using nominal contact
pressures of 0.31, 1.25 and 6.25 MPa. a) Volume loss is plotted as a function of
Fnd on a logarithmic scale; connecting lines in (a) are for visualization pur-
poses. b) Volume loss is plotted as a function of Fyd on a linear scale. ¢) A closer
look at wear behavior in low volume loss region. Dotted lines in (b and c)
represent fits for steady-state wear rates.
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the flow stress of the polymer. IR spectroscopy indicated that tribofilms
rich in carboxylates and metal oxides form at the sliding interface, even
at low contact pressures, and promote ultralow wear behavior in the full
range of contact pressures tested. The friction coefficients of the PTFE- 5
wt% 4 pm alumina samples were observed to decrease with increasing
contact pressure, reaching friction coefficients as high as 0.5 and as low
as 0.17. This dramatic difference in friction coefficient was investigated
through contact pressure variation experiments, which demonstrated
that if the contact pressure is incrementally changed during testing, the
sample can experience up to a 70% increase or decrease in friction co-
efficient. The observed change in friction coefficient due to contact
pressure variation does not appear to scale directly with pressure, and
instead is heavily dependent on the history of the sample, such as its
initial friction coefficient and its tribofilm development.
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